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The aim of the NPO Research Programme is to gather knowledge on the
decomposirion of Nitrogen {N), Phosporus (P}and organic marter (O} in
the soil, and on thetr impact on lakes, watercourses, inlets, groundwater
and the sea.

This report is one of a total of about 50 reports to be issued in con-
nection with the implementation of the NPO Research Programme.
The National Agency of Environmental Protection (NAEP) is
responsible for the programme, under which about 70 NPO projects
have been launched, carried out at 25-30 institutions.

In the 1970’s and the beginning of the 1980’s there was a growing
awareness of the threats to life in watercourses etc. presented by dis-
charges of nutrients - and of the risk of nitrate contamination of
groundwater. In 1984 a report was prepared, synthesising existing
knowledge in this field. The report, known by the name of NPO
Report, was published by the NAEP.

To follow up this report the Dansih Parliament took the first steps in
1985 to reduce pollution with nutrients - laying down requirements
for storage and application of farm yard manure in the agricultural
sector.

For the purpose of improving our knowledge on the impact of
nutrients in nature, the Danish Parliament also reserved 50 million
DKK for the research programme, running from 1985 to the end of
1990.

The significance of the NPO Research Programme was further
underlined with the Danish Parliament’s adoption of the Action
Plan on the Aquatic Environment in 1987. The results of the NPO
Research Programme will play a vital role in the evaluation of the
effects of the Action Plan.

To safeguard the technical and economic interests relating to the
research activities a steering group was set up, having the overall
responsibility for the implementation of the NPO Research
Programme. Furthermore, three coordination groups were formed,
each of them responsible for one of the three fields: soil and air,
groundwater, and surface water.

The reports are published in the series »NPo-forskning fra Milje-
styrelsen« (NPO Research in the NAEP), divided into three sections:

A: reports on soil and air
B: reports on groundwater
C: reports on watercourses, lakes and marine waters.

The NAEP has been secretariat for the research programme. The
reports published in this series are edited by the Agency with the
assistance of the coordination groups.
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INTRODUCTION

Emissions of the nutrients nitrogen and phosphorus from cities,
industries and agriculture are associated with environmental im-
pacts in atmosphere, soils, groundwater and aquatic ecosystems.

In Denmark, the dominating source of nitrogen is related to
agricultural production, In 1985, the Danish Parliament establis-
hed the NPo-action plan with its primary objective 10 reduce
nitrogen losses from agriculture, in particular in connection
with application of manure and slurry. At the same time it was
realized that the scientific basis was insufficient to provide a
reliable evaluation of the effects of the proposed measures.

Accordingly, the NPo research El)rogram was initiated to provide

a multidisciplinary and comprehensive study of the entire trans-

ort- and transformation cycle of nitrogen (N) and phosphorus
P), as schematically shown in figure 1.1
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Figure 1.1 Transport and transformation of nitrogen and phosphorus in the environ-
ment



The Parliament atlocated 50 million Danish kroner for the pro-
gram and put the National Agency of Environmental Protection
in charge of the execution, Afier a planning phase in the win-
ter of 1986 the program was initiated by spring 1986 with
about 50 interrelated projects and participation of about 25
Danish research institutes.

The projects were divided in three groups:

- Group A:  Soil and atmosphere:

* Farming practices in application of mineral
fertilizers and manure

* Ammonia volatilization

* Nitrogen transport and transformation in the
atmosphere

* Nirogen transformation in soil

* Nitrogen leaching from the rootzone

- Group B:  Groundwater:

* Surveys of extent of nitrate contamination

* Nitrate transport and transformation in
unconfined alluvial aquifers

* Nitrate transport and transtormation in
confined limestone aquifers

* Nitrate reduction processes in groundwater

* Modelling of nitrate transport and transfor-
mation in regional aquifers.

- Group C:  Meadows, streams, lakes and marine waters:

* Nutrient transport and accumulation in
sediments

* Internal phosphorous load from sediments in
lakes

* Denitrification in sediments

* Effects of nutrient load on biological
structures.

The results have been published as a summary report (Dyhr-
Nielsen et al. 1991 Nitrogen and Phosphorus in Soil and Water,
NPo-forskning fra Miljgstyrelsen, National Agency of Environ-
mental protection, Denmark ), as three abstract volumes in
English and as 56 project reports, mainly in Danish.



The project reports may be grouped as presented in table 1.13.

Table 1.1 Reports in Group A: Seil and atmosphere

Farming practices in
application of mineral
fertilizers and manure

Ammonia volatilization
Nitrogen transport and
transformation in the
atmosphere

Nitrogen transformation in soil

Nitrogen leaching from the
rootzone

Measurements and
interview

A2, A21

AT, All, A12, AlS

Ad, A5, A6

A3, A9, A13, ALG, AIS

AB, A9, A13, ALT

Modelling

Al

Al8, AZ2

Al0, A20

A0, Al4, A20

Table 1.2 Reports in Group B: Groundwater

Surveys of nitrate
contamination

Climate and discharge data
Nitrate reduction processes

Nitrate transport and
transformation

Modelstudies

Unconfined aquifers

B4,B16,B18
B9, B17
B3

B5, B7, B8, B10, B11,
B12,B17

B8, B13,BI5

Conlfined aguifers

B4, B16,B18§
B9, B17

B1, B2, B6

B7,B17,B19

B14,Bi5

Tahle 1.3 Reports in Group C: Meadows, streams, lakes and marine water

Meadows
Erosion and C12,C13
leaching Cl4
Transport and
accumulation C10,C11
Inicmat load
Denitrification C13,C14
Ci3
Elfects on bio-
logical structure

Streams Lakes
C12
Cl1
C4,C5
C2 c9
C7,Cl10 C9

Marinec
Waters

Co
C8

Ci

C3,05,




In the planning of the research programme, a close integration
of fielcE and laboratory studies with mathematical modelstudies
has been emphasized. Accordingly, the program was established
around three main activities:

*  Detailed investigations of particular subsystems, performed
as field and laboratory studies,

*  Integrated studies of total systems in selected catchments,

* Syl:lthlesis of field- and laboratory findings in mathematical
models

The field studies of particular subsystems have been located in
representative regions all over Denmark, as shown in figure 1.2.

REGIONAL INVESTIGATIONS
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Figure 1.2 Location of the NPo-projects.

The integrated studies of wansport and transformation pro-
cesses have been situated in two small catchments, Syv creek
and Rabis creek.



Rabis creek is located in western Jutland, as shown in figure
1.3. The geology and agricultural practices are characteristic
for large regions in western and central Jutland. Ground water
aquifers are found in unconfined aquifers in glacial outwash
plains, highly vulnerable to nitrate leaching. The runoff is
dominated by ground water baseflow. Manure and slurry are
important nitrogen sources, as some of the highest concentra-
tions of animal production are found in these regions.
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Figure 1.3 The study basin Rabis creek in Jutland.



Syv creek is located in Sealand, as shown in figure 1.4, The
geology and the agricultural practices are characteristic for the
eastern islands Sealand and Funen. Ground water aquifers are
confined and protected by thick layers of moraine till. Runoff
is dominated by contributions from tile drains of the loamy
soils. Minerat fertilizer is the dominating nitrogen source, as
the region has a relatively small animal production.

TRy oyl
e R
P N

i

Y
) e

10

Figure 1.4 The study basin Syv creek on Sealand.

The present volume is one of three abstract volumes containing
abstracts from Group A on Soil and Atmosphere, Group B on
Groundwater and Group C on Meadows, Streams, Lakes and
marine waters.
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SUMMARY

Chemical NO;” reduction by Fe{II) in presence of
Fe silicates (arfvedsonite and augite) was
demonstrated at slightly acidic conditicns. The
NO;,” reduction by Fe(II) was not mediated by
ionic (dissolved) Fe(II}) or by the silicate
mineral surface per se, but took place only if a
precipitation of Fe oxyhydroxide was present on
the mineral surface. The importance of Fe oxyhy-
droxide in catalysis of chemodenitrification was
further demonstrated for chemical NO,” reduction
by Fe(Il), which was strongly stimulated by
presence of an Fe oxyhydroxide (lepidocrocite):
maximum rates were here recorded at slightly
alkaline conditions.

Unknown Fe(II)-containing compounds, e.g. mixed-
valence Fe(II)-Fe(III) oxyhydroxides ("green
rusts"), seemed to support the chemodenitrifica-
tion process in the in vitro experiments. Such
compounds are likely to be present in the sub-
soils, where chemodenitrification could bhe
significant,



1. INTRODUCTION

In G, —-free layers of subsoils, NO3 or NO may be
reduced to nitrogen gases (prlmarlly N, O and N,)
by denitrification. While bacteria certaln Y
mediate the process, inorganic compounds such as
ionic Fe(II) may be reductants in chemical NOy
or NO, reduction (chemodenitrification). Ionic
Fe(II) appears from dissolution of Fe(II)-contai-
ning minerals such as Fe silicates and Fe sulfi-
des in aquifers (Postma and Brockenhuus-Schack,
1987). Chemodenitrification by Fe(II) is not well
studied under in situ conditions, however, and
there is little information on reaction rates and
kinetic control of the process.

In the present study, the catalytic effect of Fe
silicates, pyrite and Fe oxyhydroxides on chemi-
cal NO; and NO,” reducticn by Fe(II) was invest-
1gated in v1tro in 0,~free reactors.

2. MATERIALS AND METHODS

Two O,—free experimental systems were used: 1.
Fluidized bed reactor to study the slow process
of chemical NO;” reduction by Fe(II), including
the catalytic effect of Fe silicates and pyrite.
2. Batch reactor (bulk suspension) teo study the
rapid process of chemical NG, reduction by
Fe(II), including the catalytic effect of Fe
oxyhydroxides.

Mineral phases were analyzed for purity and
crystallinity by scanning electron microscopy
(SEM) and X-ray diffraction (XRD) analysis.
Specific surface areas of the minerals were
determined. The soluble phase was analyzed for
Fe(II), NO;” and NO,” by standard chemical tech-
niques anci’ the gaseous phase for N,0 by gas
chromatography. The pH was determlned by an
electrode inserted in the reactors.

3. RESULTS AND DISCUSSION

1. Chemodenitrification by Fe(II) in presence of
Fe silicates.

Dissclution of Fe silicates (arfvedsonite and
augite) and chemical NO,” reduction were studied
under acidic conditions in the fluidized bed
reactor. Under O,-free and strongly acidic condi-
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tions {pH 1) arfvedsonite crystals dissolved and
released ijonic Fe(II) into solution (Postma,
1990). As shown in Fig. 1, however, release of
ionic Fe(II) at slightly higher pH (pH 3) resul-
ted in precipitation of Fe oxyhydroxide on the
arfvedsonite crystals.

ki — —
18 pm2T38kU 13&6E32 ATE9-08

Figure 1. Arfvedsonite crystals without (a} and
with (b) precipitation of Fe oxyhydroxide on the
surface.

Chemical NO; reduction by Fe(II} was absent at
pH 1, but occurred at pH values above 2, when
precipitation of Fe oxyhydroxide was found on the
silicate mineral. From an experiment initiated at
pH 1, Fig. 2 demonstrates that Fe precipitation
(consumption of ionic Fe(II) resulting in lower
concentration in reactor soluticon) took place
concurrently with an increase of pH to about 2.
The formation of Fe oxyhydroxide (occurring after
the increase of pH) was observed by SEM analysis
during this perlod Chemical NO; reduction
(consumption of N0y to a lower concentration in
reactor solution) occurred after the precipita-
tion of Fe oxyhydroxide. It was concluded that
NO,” was reduced chemically by an Fe(II)-contai-
n1ng compound formed during the prec1p1tat10n af
Fe oxyhydroxide, rather than by ionic Fe(II) in
solution or by the silicate mineral per se.
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Figure 2. Binding of Fe(II} and release of
protons (shown by increase of pH) during precipi-
tation of Fe oxyhydroxide on arfvedsonite cry-
stals in O,-free fluidized bed reactor (reaction
occurs at about 1000 h of incubation). Reduction
of NO;” (shown by difference of NO, concentra-
tions relative to initial concentration of 15 uM)
after Fe oxyhydroxide precipitation (reaction
occurring at about 1100 h of incubation).

Similar results were obtained with another
silicate mineral, augite, whereas pyrite showed
no reactivity under these experimental condi-
tions.

Several experiments were performed in the pH
range from about 2 to about 7; the highest rate
of NO,” reduction by Fe(II} in experiments with
Fe sificates was observed at pH 4 (Postma, 1990).

2. Chemodenitrification by Fe(II) in presence of
Fe oxyhydroxides:
Chemical NO,” reduction by Fe(II)} in presence of

Fe oxyhydroxide, lepidocrocite (gamma-FeOOH) or
ghoetite (alpha-FeOOH), was studied in the batch

15
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Figure 3. Binding of Fe(II), release of protons,
and reduction of NO, during lepidocrocite (left)
and ghoetite (right% transformation to magnetite
in 0,-free batch reactor (controlled pH value of
8). Strong (s) and weak (w) XRD signals for

crystalline phases are indicated.

reactor. Experiments were not performed at acidic
conditions, where NO, is chemically unstable
(self-decomposing).

Figure 3 demonstrates that lepidocrocite trans-
forms into magnetite (Fe;0,) in presence of ionic
Fe{II}) and slightly alcaline conditions (pH 8).
The transformation takes place after binding of
Fe(II) to the solid phase and release of protons
into solution. A change of the suspension color,
from ochre (lepidocrocite) to green-olive ("green
rust" ?)}) and eventually to black (magnetite),
could observed during the experiment (S¢rensen
and Thorling, in press). A similar exchange of
ionic Fe(II) and protons was observed in the
parallel experiment with ghoetite, but at a
slower rate. Green or black coleoraticon, indica-
ting "green rust" or maghetite formation, was not
observed by the duration of this experiment.

Chemical N@,” reduction took place as soon as



binding of Fe(II) to lepidocrocite was initiated
{Fig. 3), but was absent in the experiment with
ghoetite and in control experiments without Fe
oxyhydroxide (only ionic Fe(II) present). It was
concluded that NQ,” can be reduced chemically by
an Fe(II)-containing compound formed during the
transformation of lepidocrocite intoc magnetite,
rather than by ionic Fe(II) in solution or by
lepidocrocite in the solid phase.

Experiments with lepidocrocite, performed at
different pH values above 6, showed the highest
rate of NO, reduction at pH 8.5 (Sgrensen and
Thorling, in press).

Chemical NO,” reduction by Fe(II) in presence of
Fe oxyhydroxides could not be demonstrated in the
short-term experiments using the batch reactor,
but has been demonstrated earlier at a high
temperature of 70°C (Styhr Petersen, 1979).

4., CONCLUSION

Chemical NO,” and NO,” reduction by Fe(II) is
stimulated by the presence of lepidocrocite. The
catalysis may be due to the reducing power of
Fe(II}) in an amorphous or mnicro-crystalline
silicate or mixed-valence oxyhydroxide ("green
rust" ?), formed during binding of ionic Fe(II}
to lepidocrocite. Chemodenitrification with ionic
Fe(II) is slow. Iron silicates and oxyhydroxides
could be important catalysts of chemodenitrifica-
tion, e.g. in the redox transition zone of
subsoils (agquifers), where lepidocrocite is
commonly found.
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Abstract

In an area dominated by clayey till the subsoils' abili-
ty to reduce nitrate was investigated below beech wood
and arable land till a depth of 10-21 m.

In subsoils below wood the nitrate contents (N03') are
below detection limit at all depths, whereas nitrate
occurs in measurable quantities in the upper oxidised
zone (until c¢. 3 m) in subsoils under arable land. The
NO,~ reduction is assumed to take piace in anaerocobic
parts of the oxidised zone or at the redox line. Presum-
ably, the reduction is caused by structural ferrous iron
{Fe(II)) in the clay minerals.

Below wood and arable land the Fe(II) in the oxidised
zone make up 157 and in the reduced zone c. 507 of the
total iron content. A leaching of 50 kg N/hectare{year
in a period of 80-160 years is calculated to use up the

reduction capacity in a 1 m layer of clay.



1., Introduction

Previous investigations of subsoclls below arsble land
have demonstrated that nitrate occurs in considerable
amounts in the upper oxidised part, whereas the nitrate
content is low in the reduced zone where large amounts
of easily accessible ferrous iron occur (Lind & Peder-

sen, 1976).

Likewise, an investigation of clayey till to a depth of
14 m demonstrated that nitrate was present in the upper
oxidised layer, and that the soil layers' ability to
reduce nitrate was assumed to be caused by structural
ferrous iron in the clay minerals (Ernstsen & Lindgreen,

1985).

The aim of the project was to investigate the nitrate
reduction in clayey sediments and the concurrent changes
in different chemical components and in clay mineralogy

below the root zone in arable land and wood.

2. Materials and methods

2.1 Materials

The investigation was carried out in Sealand in
quaternary sediments dominated by clayey till from the
Weichsel glaciation, figure 1.

At 4 locations, i.e. two in arable land: Sparresholm
(SH) and Ravnsbjerg Lpjed (RL) plus two in beech wood:
Denderup Venge (DV) and Storskov {S8T), sediments were
sampled at approx. 0.5 m intervals to a depth of 10-21
m. The samples were frozen until analysis.

The oxidised reddish brown zone was about 3 m deep under
arable land (SH and RL) and forms a relatively well-
defined transition (the redox line) te the underlying
reduced zone. Below wood (DV and ST) the oxidised zone
was deeper, 5-6 m, and the transition to the reduced
zone was more diffuse. At SH, RL and DV distinct red and
grey mottles were found till a depth of approx. 3 m

caused by temporary perched water table (pseudogley).

21



22

Figure 1. Investigation field in clayey till from the

Weichsel glaciation.

The glacial clayey till (to a minimum depth of 2 m) was
overlying alternating layers of glacial melt-water sand,
and melt-water clay, and clayey till.

In clayey till the content of clay (<2um) was between 13
and 352, in glacial melt-water clay 35-55% and in gla-
cial melt-water sand <52. At SH and RL the pH(CaClz)—
value was c. 8 and the calcite content was high (5-301).
At DV and ST acidification processes in the soil had re-
sulted in PH{CaCl,)-values of c. 4 to a depth of approx.
2 m. Deeper down the pH(GaCl,)-value increased to c. 8
and at the same time the calcite content increased to 5-
201,

The primary content of phosphorus (P) was approx. 400
ppm P (mg P/kg soil) in the clayey sediments and approx.
150 ppm P in sandy sediments. Under wood the vegeta-

tion's consumption of the primary content of P could be

detected to a depth of 2 m (Ernstsen, 1990).



2.2 Methods

Nitrate was extracted from soil with 2ZM KCl, exchange-
able ammonium was replaced with sodium acetate, pH 8.2
and fixed ammonium was determined after treatment with
5N HF: 1N HCl (Silva and Bremer, 1966).

Easily accessible ferrous iron was determined after ex-
trraction inte a 3% AlCl3 solution (Lind & Pedersen,
1976). Free Fe oxides were determined by the dithionite/
citrate/bicarbonate method {Mehra & Jackson, 1960), and
the total contents of iron and manganese in the sail
layers were determined by decomposing the sample with HF
{(Mpberg et al., 1988). Different forms of iron were ana-
lysed by MUssbauer spectroscopy (Murad, 1988). Phos-
phorus was extracted into 0.02M sulphuric acid, and or-
ganic matter was determined by differential thermal ana-
lysis (DTA) with evolved gas analysis (EGA).

The composition of clay minerals (<2 pm) was studied by
X-ray diffraction. Calcite was removed by treatment with
sodium acetate, pH 5.0. Fine clay (<0.2 pm) and coarse
clay (0.2-2 um) were separated in a continuous-flow cen-
trifuge, and Fe- and Al-oxyhydroxides were removed by
the dithionite/bicarbonatejcitrate method. Diffrac-
tometer mounts were prepared by the pipette method:
Mgz+- and K'-saturated air-dried specimens, Mg2+-satura-
ted glycerol specimens and kY _saturated specimens heated

at 300°C.

3. Results

3.1 Different nitrogen compounds.

Below arable land, SH and RL, nitrate (N03") pccurs in
variable quantity in the oxidised zone (max. 3.0 ppm
NO3-N; ppm = mg N/kg fine seil), figure 2. At the tran-
sition to the reduced zome (the redox line) the content
decreases pointedly to below detection limit.

Below wood, DV and ST, the content of N0,  is below the
detection limit both in the oxidised zone and in the

reduced zone, figure 3.
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Fipure 2. Sparresholm (SH) and Ravnsbjerg Lpjed (RL).
Nitrate (NO3') and ammonium (NH4+) below arable land.
4,2 : Glacial clayey till,

Glacial melt-water sand,

: Glacial melt-water clay.

Below arable land as well as below wood the conteat of
exchangeable NH," is relatively low in the oxidised
zone. In the reduced zone the gquantity of NH4-N in-
creases in the clayey sediments {glacial melt-water clay
and clayey £ill) up to a maximum of 25-30 ppm NH&4-N
whereas the content stays permanently low in melt-water

sand, figures 2 and 3.

Nitrogen in the form of fixed NH4+ occurs in much larger
quantity than those found as exchangeable NH4+ and

NO,”, table 1. There are no marked differences between
the content under arable land and under wood. The dis-

tribution seems to depend on the content of clay.
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Figure 3. Denderup Venge (DV) and Storskov (ST).
Nitrate (NOS—) and ammonium (NH4+) below beech woad.

8,4 : Glacial clayey till, : Glacial melt-water sand

and silt, : Glacial melt-water clay, B=q : Chalk.

3.2 Different iron varieties

The content of easily accessible Fe?* in the oxidised
zone is normally less than approx. 10 ppm Fe?* (ppm = mg

2+

Felkg fine soil), increasing to 11-42 ppm Fe in the

reduced zone, table 2.

The content of different forms of iron extracted with
dithionite-citrate-bicarbonate is higher in the oxidised
zone, 0.5-1.52 Fe203, than in che reduced zone, 0.1-0.72
Fe203. table 3.

Different forms of iron was determined in samples of
fine clay (<0.2 um), coarse clay (0.2-2 um) and fine
soil (<2mm) by Mbssbauer spectroscopy.

Ammonium saturated fine clay and coarse clay from arable

land were analysed at room temperature, and a few spec-
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tra are shown in figure 4. Smaller amounts of iron were
found a&s components at velocities of 6-7 and 8-9 mm/sec.

and may be hematite or goethite.

DENDERUP VENGE KC1 [ Na-Ac I HF:HC1
Depth (m) Geology ppm NHy=-N

2.0 ML 0.6 1.9 150

5.95 DL 5.2 9.2 180

6.24 DL 4.2 9.2 170

STORSKOV KC1 l Na-Ac | HF:HC1
Depth {m) Geology ppm NH4q-N

1.54 ML 0.9 2.0 110

6.04 DL 5.9 9.8 180

9$.75 DL 19.5 24.7 220

SPARRESEOLM KC1 l Na-Ac | HF:HC1
Depth {m) Geology ppm NHj-N

1.0 ML 0.6 2.3 200

2.68 ML 0.5 4.6 1690

2.75 ML 1.4 7.3 160

6.23 ML 3.0 10.9 130

16.0 DL 18.0 32.0 210

RAVNSBJERG LOJED KC1l l Na-Ac | HF:HC1
Depth (m) Geclogy ppm NH4-N

2.74 ML 0.9 3.1 80

6.0 ML, 1.7 4.2 80

21.0 ML 2.4 6.8 50

Table 1. Ammonium extracted into KCl, gsodium acetate
(Na-Ac), and fixed ammonium (HF:HCl).
Redox line is shown as a double line. ML: Glacial clayey

till, DL: Glacial melt-water clay.

The major part of the iron found in these fractions oc-
curs as structural ferrous iron (Fe(II)) and structural
ferric iron (Fe(III)) in the clay minerals, fipure 4 and
table 4. The Fe(II)/(III) ratio changed at the redox
line, i.e. from the oxidised zone (2.7 m below surface)

to the reduced zone (2.8 m below surface).



Ravnsbjerg Iajed Sparresholm
Depth Geology ppm Fel* bepth Geology ppm Fel*
(m) {mg/kg) {m} (mg/kg)
2.9 ML 5 1.0 ML 4
2.37 ML 2 2,09 ML 3
2.68 ML 9
2.74 ML 11
4.04 ML 15 3.66 ML 24
6.0 ML 27 4.68 ML, 13
7.0 ML 26 6.23 ML 18
10.25 DS 17 7.5 ML 19
14.5 DS 17 11.7s DS 32
17.0 ML 19 15.0 DL 13
21.0 ML 15 17.5 DL 16
Storskov Denderup Vange
Depth Geology ppm Fel* Depth Geology ppm Fe2*
(m) (mg/kg) (m) {mg/kg)
0.75 ML <1 0.5 ML <l
1.54 ML <1 1.5 ML 1
2.04 ML 1 2.5 ML <1
3.04 DV 1 4.0 DL 5
3.61 DV 2 4.5 DL 11
4.5 DS 3 4.91 DL 4
5.8 DL 21 5.5 DL 12
65.04 DL 17 5.67 DL 7
6.32 DL 14 6.38 DL 22
7.11 DL 21
9.75 DL 45 7.80 DL, 28
10.0 DL 42
12.0 DL 37

Table 2. Easily accessible ferrous iron.
Bedox line is shown as a double line, and the transition
zone as two double lines. ML: Glacial clayey till, DL:
Glacial melt-water clay, DS: Glacial melt-water sand,

DV: Alternating thin melt-water beds.

Furthermore, at the same depths, the content of Fe(II)
is seen to be generally smaller in fine clay than in
coarse clay, tahble &.

In samples of fine socil the main part of the total con-
tent of iren is found in clay minerals and, furthermore,
the changes in distribution of the Fe(II)/Fe(III) ratio

are seen at the redox line, table 5.

Changes in structural ircon are reflected in the
composition of the clay minerals, especially in chlorite
which occurs normally in the reduced zone only. Further-

more, the oxidation processes seems to influence the
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formation of vermiculite, smectite or illite-smectite

(Ernstsen, 1990).

Ravnsbjerg Lejed Sparresholm
Depth Gealogy Fes03 Depth Geology Fey03
(m) (%) (m}) (%
1.75 ML - 1.0 ML 1.27
2.43 ML g.35 1.80 ML 1.18
2.60 ML - 2.09 ML -
2.67 ML 0.22 2.29 ML 1.46
2.54 ML 1.02
2.74 ML 0.16 2.68 ML 2.01
2.79 ML 0.16
4.82 ML 0.14 2.75 ML 0.24
6.0 ML 0.12 2.80 ML -
7.0 ML 0.25 15.0 DL 0.69
10.25 DS 0.12 16.90 DL 0.58
i9.5 ML ¢.13 17.5 DL 0.48
Storskow Denderup VEnge
Depth Geology Fe%03 Depth | Geology Faj03
{m) (%) (m} (%)
0.5 ML 0.94 0.5 ML 1.83
1.04 ML, 0.95 1.5 ML 0.90
1.54 ML - 2.5 BL 1.44
2.04 ML 0.87 4.0 DL 0.83
3.04 DV 0.57 4.91 DL 1.28
3.61 DoV 0.83
4.5 DS 0.24 6.58 DL 0.39
5.8 DL 0.35 7.81 DL 0.48
6.04 DL .38 12.0 DL 0.47
6.32 DL 0.32
7.11 DL 0.43
5.75 DI 0.50

Table 3. Iron extracted inte CBD. Redox line is shown as
a double line, and the transition zone as two double
lines. ML: Glacial clayey till, DL: Glacial melt-water
clay, DS: Glacial melt-water sand, DV: Alternating thin

melt-water beds.

Sparresholm |Particles <0.2 um Particles 0.2-2 um
Fell FelIl Fell FeIll
Depth Geo-
(m) logy % absorption % absorption
1.0 ML 12 88 25 75
2.7 ML 20 80 3g 62
2.8 ML 29 71 51 49

Table 4. Structural ferrous iron (Fe(II)) and structural
ferric iron (Fe(III)) in ammonium saturated clay from

clayey till at Sparresholm.
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Figure 4. MBssbauer spectra of ammonium saturated clay
from clayey till at Sparresholm.
Sparresholm |Particles <2 mm Ravnsbjerg WParticles <2 mm
Lejed
Fell FelIll ] Fell Felll
Depth | Geo- Depth | Geo-
(m) logy % absorption {m) logy % absorption
2.4 ML 28 71 1.8 ML, 15 a4
4.2 ML 47 532 2.7 ML a4 56
6.3 ¥L 44 56 4.8 ML 48 52
Denderup Particles <2 mm
Venge
Fell Felll
Depth Geo-
{m) logy % absorption
3.3 DL 14 86
4.8 DL 15 85
7.7 DL 41 5%

Table 5. Structural ferrous iron (Fe(II)) and structural

ferric iron (Fe(IIT)) in fine soil (<2 mm). Redox line
is shown as a double line. ML: Glacial clayey till, DL:

Glacial melt-water clay.
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3.3 Orpanic matter and manganese

Regardless of the land use, the content of organic mat-
ter make up a maximum of 0.4% C and seems to be deter-
mined by the clay contents of the layers, and in view of
this the contents in the oxidised zone and in the re-

duced zone are breadly alike, table 6.

Ravnsbjerg Lejed Sparresholm
Cepth | Geology C (%) Depth | Geology C (%)
(m) (m)
1.74 ML <0.1 1.0 ML 0.2
2.60 ML 0.1 2.29 ML 0.3
2.67 ML 0.1 2.54 ML 0.3
2.68 ML 0.4
2.74 ML, 0.3
6.0 ML, 0.1 2.75 ML 0.3
19.5 ML 0.1 4.75 MI, 0.3
17.0 DL 6.4
Storskov Denderup Vange
Depth Geology C (%) Depth Geology C (%)
(m) {m}
0.5 ML 0.1 0.5 ML 0.2
2.04 ML 0.1 2.5 DL 0.1
3.61 oV 0.1 1,91 DL 0.2
4.5 DS <0.1
6.38 DL 0.3
5.8 DL 0.3
7.11 DL 0.3 7.81 DL 0.3

Table 6. Organic matter (C). Redox line is shown as a
double line, and the transition zone as two double
lines. ML: Glacial clayey till, DL: Glacial melt-water
clay, D8: Glacisl melt-water sand, DV: Alternating thin

melt-water beds.
Under arable land, at SH, the amount of manganese is
seen to vary between 0.7-0.8% Mn()2 in beth the oxidised

and in the reduced zone (Ernstsen, 1990).

4. Discussion and conclusions

In an area dominated by clayey till and with different
nitrogen impact (arable land and wood) the distribution
of different nitrogen compounds, forms of iron and clay

mineralogy was investigated.



The limit between the oxidised zone and the reduced zone
(the redox line), i.e. at approx. 3 m below surface
under arable land and at 5-6 m below surface under wood,
visualises the changes in the redox conditions in the
subsoil, and this limit has proved to be very important
for the distribution of different chemical and clay
mineralogical parameters.

Below arable land N03' occurs only in the oxidised zone
where, by the way, the distribution seems to depend on
both variations in the nitrate concentration in the per-
colating water and the redox conditions. At the redox
line the content of nitrate decreases distinctly to be-
low the detection limit. Under the root zone the reduc-
tion is assumed to be attached primarily te the redox
line and in anaercbic parts of the oxidised zone. Cor-
responding results has been obtained at oth?r Danish
investigations in clayey till {Ernstsen et al., 1990).
Below wood without N-application the nitrate content is
below detection limit in all levels.

Exchangeable ammonium (NH4+) occurs mainly in the re-
duced zone. The amount of exchangeable ammonium make up
1-157 of the amount found in the soil layers as fixed
ammonium.

Under the root zone the amount of nitrogen in fixed am-
monium exceeds the amount found in the form of nitrate
and exchangeable ammonium. Probabliy, fixed ammonium
forms a primary content in the sediments.

Different redox conditions are alsc reflected in the
distribution of different forms of iron. Easily access-
ible ferrous irecn occurs mainly in the reduced zone
where it makes up a rather small amount (up to a maximum
of 50 ppm) compared to the amount of structural ferrous
iron in the clay minerals (1-27).

Free iromn oxidehydroxides, primarily presumed to be for-
med by oxidation of structural ferrous iron outside the
crystal structure, occur meinly as coatings in the oxi-
dised zone.

The main part of the iron in the clay sediments consists
of structural ferrous iron (Fe(II)) and structural fer-

ric iron (Fe(III)). The Fe(I1)/Fe(III) ratio is changed
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at the redox line. Fe(I1) makes up approx. 157 Fe(II) in
the oxidised zone and approx. 501 Fe(IIl) in the reduced
zone. This applies to arable land as well as to woaod.
The composition of the clay minerals is influenced by
the Fe(II)/Fe(III) ratio.

In this investigation it has been possible to prove the
result of the nitrate reduction processes. The process
course has not yet been described in detail but it im-
plies both chemical reactions and microbiological pro-
cesses {(Ernstsen, 199Q0).

Maenganese and organic matter are assumed to participate
in the nitrate reduction to a smal extent. Therefore,
the ferrous iron capacity has been used in the calcu-
lation of the soil layers’ ability to remove nitrate.
The part of the soil layers' total iron content which is
presumed to be sctive at different processes, including
nitrate reductipn, has been calculsted as the ferrous
iron capacity of the soil layers, table 7.

Below arable land and wood the guantity of active fer-
rous iron is assumed to be 257 which corresponds with
the difference between Fe(II) in the reduced zone and
the oxidised zone. The total content of iron in the soil
leyers was calculated to an averapge of 3I Fe for SH,
1.9 Fe for RL and 3.6% Fe for DV. The volume weight of

the soil is assumed to be 1.6.

Capacity of ferrous iron per m3
g mol
Sparresholm 12000 210
Ravnsbijeryg Leojed 7600 140
Denderup Vange 15600 280

Table 7. Capacity of ferrous iron.

The nitrate reduction process is assumed to take place

according to the eguation below:

5Fe2+

- +
+ N0~ + 12H, ---> 5Fe(0H)4 + 0.5N, + 9H



On an annual nitrate leaching of 50 kg N/hectare (0.355
mol[mz) the capacity at SH will be used up in a 0.8 cm
thick layer, which corresponds to approx. 120 years per
metre clay layer. At RL the capacity is 1.2 cmfyear, and
at DV 0.6 cm/year.

Therefore, intensive farming with application of large
guantities of nitrogen seems to play & relatively modest
roele for the oxidation of ferrous irem in clay layers in
comparison to the oxidation processes, which have taken
place in the last 10-15,000 years, in arable land as

well as in wood.
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Abstract

A new term called Total Reduction Capacity (TRC) is intfroduced to quantiy the
total amount of reduced compounds in aquifer materials analytically. By applying
the method to 48 aquifer samples from Rabis Creek it is shown that TRC is
mainty attributed 1o organic carbon in the sediment. A distinet increase of TRC
was observed at and below the oxidation-reduction front. Oxygen and nitrate
were present above the oxidation-reduction fromt but disappeared in the front,
indicating TRGC to be an important bulk parameter in controlling nitrate concentra-
tions in groundwater.

In simple batch experiments only biological nitrate reduction was seen, and the
reduction was not correlated with the TRC content or the oxidation status of the
sediment. No increase of suffate concentration was seen during the batch experi-
ment, indicating that nitrate reduction caused by oxidation of reduced sulfur
compounds was not a significant process. Increasing contents of inorganic
carbon in batch with significant nitrate reduction pointed at sofid organics in the
aguifer material as the major nitrate reducing component.



Introduction

The contamination of groundwater by nitrate found in many countries has lead
1o increasing interest in natural processes in aquifer materials lowering the nitrate
concentration in the groundwater.

In top soils the main mechanism for reducing nitrate is denitrification, i.e. migrobial
reduction of nitrate to nitragen gas by organic matter oxidation. In the early
studies of nitrate reduction In deep sail profiles by Lind and Pedersen (1976b)
both the number of nitrate reducing bacteria and the amount of organic matter
was expected to be too low to support microhiological nitrate reduction, and
nitrate reduction by chemical oxidation of ferrous iron was considered to be the
major oxidation-reduction process. The reaction can be expressed in the form:

5Fe>* + NO; + 12H,0 - 5Fa(QH), + 1/2N, + 9H* )

showing that reduction of 1 mg NO;-N requires approximatety 20 mg of ferrous
iron. Based on Lind and Pedersen (1976a) the amount of available ferrous iron
in sandy Danish aquifer material is roughly estimated to 0.05 %, which according
to Equation 1 indicates that 40 g of aquifer material is needed to reduce 1 mg of
NO;3-N.

Recently a significant microbial activity has been documented in groundwater and
aquifer raterial (see e.g. Ghiorse and Wilson {1988)). Consequently, microbiclogi-
cal nitrate reduction processes seems feasible in groundwater and aquifer mate-
rial if other reduced compaounds than ferrous iron are present.

Oxidation of reduced sulfur compounds as thicsulfate, sulfur and hydrogen sulfide
are known to support nitrate reduction through the activity of the bacteria
Thiobacillus denitrificans (Vishniac (1975)). Kdlle et al. (1983) propased nitrate
reduction in groundwater by the oxidation of iron sulfides (e.g. pyrite, Fe5,)
through the process

5/14FeS, + NO; + 2/7H*
5/7S0Z" + 5/14Fe® + 1/2N, + 1/7TH,0 @
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showing that 1.6 mg of Fe3, is required to reduce 1 mg of NO;-N. Pyrite has
been found in the level of 1-2 % in association with lignite in a number of aquifers,
but in most aquifers the amount of available reduced sulfur compounds is
believed to be approximately 0.01 % which according to Equation 2 indicates that
16 g of aquifer material is needed to raduce 1 mg of NO3-N.

Recently nitrate reduction by microbial oxidation of organic matter (denitrification)
has gained interast with respect to aquifer material (Leuchs {1985), Trudell et al.
(1986), Morris et al. (1988), Starr and Gillham (1989)). The danitrification process
may be represented by the reaction

5/4CH,O + NO37 + H* —+ 5/4CQ, + 1/2N, + 7/4H,0 3

where CH,0 indicates solid organics in aquifer materials. According to Equation
3 approximately 1.1 mg of organic C is required to reduce 1 mg of NQ;-N.
Organic C may be found dissolved in groundwater in concentrations from
approximately 1 to 10 mg C/l and as solid organic C in aquifer material. In coarse
grained aguifers the content of solid organic C is supposed to be in the range
0.005 10 0.5 %. Both dissolved and solid organic C may potentially act as elactron
donor for denitrification, but from the amounts given it can be estimatad, that tha
main theoretical capacity for denitrification must ba attributed to the salid organic
C. Assuming a content of 0.05 % organic C is available for denitrification in an
aquifer material, Equation 3 indicates that 2.2 g of aquifer material is required to
for denitrification of 1 mg NO3-N.

Based on the processes and estimated nitrate reduction capacities presented
abova it is assumed, that both the oxidation of reduced sulfur compounds and
solid organic C can contribute significantly to nitrate reduction in sandy aquifer
material, whareas nitrate reduction through the oxidation of ferrous iron is
believed 1o ba insignificant.

This study was initiated to (i) determine the Total Reduction Capacity (TRC) of
sandy aquifer materials from different soil profites, (i) correlate the TRC of the
aquifer materlals to their content of Total Organic Carbon (TOC) and Total
Reduced Sulfur (TRS), and (i) determine whether nitrate reduction as chserved



from simple lab-incubation experiments could be assigned to oxidation of organic
C or reduced sulfur compounds.

Materlais and methods

Aquiter materials and groundwater were sampled by The Geological Survey of
Denimark at the NPo-research area at Rabis Creek and at the plantation of
Mangehay, both iocated in the westsrn part of Jutland. In this study approximately
70 wet and 50 freeze dried samples of aquifer material from sight 30-35 m deep
profiles at Rabis Creek and 50 wet samples from a 62 m deep profile at
Mangehaj are included. All wet samples were dried at 105°C and sieved < 2mm.

Incubation experiments

Incubation of aquifer materials were performed as simple batch experiments in
brown glass bottles with polypropylena screw tops. 5 to 50 g of aquifer material
from selected depths were weaighted into series of 15 bottles. The battles wera
filled with water low in oxygen, containing nitrate {approximately 8.5 mg NO;-N/i),
inorganic pH-buffer (pH = 7.1, total alkalinity 2.0 meqg/l}, glucose (5 mg/l) and
inoculum and incubated at 20-C. pH, total alkalinity and concentratian of nitrate,
nitrite and sulfate were then followed as a function of incubation time by
harvesting 1-2 bottlas each time step. Ta control the incubation method and the
involvad matsrials a parallel series wera performed without aquifer material, 3
bottles from each series were sterilized by autoclavation 2 days after setup to
make it passible to separate chemical and biological nitrate reduction.

Addition of pH-buffer was required to maintain a neutral and relatively constant
pH throughout the experiment, especially in aquifer samples from the oxidized
part of the Rahis Creek profiles. Glucose was added to obtain anasrobic condi-
tiong in the battles immediately after the incubation was started. If there was no
oxygen in the bottles, glucose was used only for nitrate reduction, and the
glucosa could then account for the reduction of a maximum of 1.9 mg NO;-N/I.
As the aquifer materials were freeze dried or dried at 105°C it was decided to
inoculate the water to ensure a homogsneous bialogical activity in all batches.
Tha inoculum was composed of a mixture of pretreated waste water, extracts
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from top scils and a culture of sulfide oxidizing and nitrate reducing bacteria
(probably Thiobacilfus denitrificans).

hemical water lysis in i i xperimen

Water samples from the incubation experiments were analyzed for pH, total
alkalinity, nitrate, nitrita and sulfate. pH was measured with a Radiometer
Research pH Meter PHM 64 and a combination electrode. Total alkalinity (TAL}
was determinad by connecting a Radiometer Autaburette ABU 11 to the pH Meter
and titrating with 0.05 N sulfuric acid to pH 4.5. Nitrats, nitrite and sulfate analysis
was performed on a Technicon AutoAnalyzer. Nitrate and nitrite was datermined
by methods based on modifications of procedures from Technicon Corporation
{1968}, Sulfate was detarmined by the methylthymol blug method described in
APHA (1985).

nitrate in groundwater

Dissolved oxygen and nitrate in groundwater samples from Rabis Creek were
determined by The Geclogical Survey of Denmark (refer to Kristiansen st al.
{1990)).

Total R i i

A new and more sensitive term called Total Reduction Capacity (TRC) is
intraduced 1o determine the content of reduced species (s.g. reduced iron,
reduced sulfur compounds and organic carbon} in aquiler materials. TRC was
measured with 8 modification of a procedure originally developed for determi-
nation of organic carbon in topsoils by Mebuis (1960). Fiva to ten grams of the
aquifer material samples were treated with 9.5 ml ot a digestion solution far one
hour at 140+ G in Pyrex 26 x 200 mm glass tubes with plastic screw tops with
PTFE cap liners on an electric heating block. The digastion solution was 0.04 N
potassium dichromate in 60 % (w/w) sulfuri¢ acid with silver sulfate as catalyst.
The residual dichromate was determined after cooiing and dilution by titration with
a 0.1 N ferrous ammonium sulfate solution and with Ferroin as an oxidation-
reduction indicator. All TRC results are given in milliequivalents of electrans/kg.



Total Organic Carbon and Total Reduced Sulfiur

Total Organic Carbon {TOC) and Total Reduced Sulfur (TRS) in tha aquifer
materials was determined by The Geclogical Survey of Denmark on the freeze
dried samples (refer to Kristiansen et al. {1990)).

lationshi tween T TRS and TR

The determined TRC-values are believed to be caused only by the axidation of
TOC and TRS in the aquifer materials, and the TRC may be expressed as

TRC (meq/kg) = aTOC (%) + bTARS (%) + ¢ {4)

where a and b are constants representing the composition of arganic matter and
reduced sulfur, respectively, and ¢ ideally equals zero,

Basad on the assumptions that the average oxidation state of organic carbon in
aquifer materals is similar to the average oxidation state of organic carbon in
soils (approximately zera), and that the organic carbon is oxidized to the oxida-
tion state +4 (corrasponding to CO;,) in the TRC analysis, the magnitude of a can
be estimated to 3333 meq/% TOC.

The oxidation stata of reduced sultur in aquifer materials may vary from -2
{corresponding to FeS) to zero (corresponding to elemental S). Assuming
raduced sulfur to be oxidized to the oxidation state +6 (carresponding to SO37)
in the TRC analysis, the magnitude of b can be estimated to vary betwesn 1875-
2500 meq/% TRS.

Results
Correlati f TRG with TOC TS
Results from the TOC and TRS analysis performed by The Geological Survey of

Danmark on 50 freeze dried samples of aquifer materials were compared with the
determined TRC-values. The average content of TOC, TRS and TRC were
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Table 1: Uinear regression analysis on TRC versus TOC and TAS for 48 samples
of aquifar material from Rabis Creek (TRC in meq/kg, TOC and TRS in %).

Model 1: TRC =aTOC + bTRS + ¢

Estimated parameters: a = 2070 £ 1894
b = 1581 + 632 **
[ =-79 £ 20 ™
R = 088

Madal 2: TRC =aTOC +c

Estimated parameters: a = 3072 = 201
c = -89 = 21
RR = 084

0.09+0.05 %, 0.013+0.015 and 211+ 167 meg/kg, respectively, showing that the
main part of TRC was attributed to TOC., In a preliminary statistical analysis TOC
and TRS were found to be independent. Only 48 sarnples are included in the
linear regression analysis shown in Table 1, while two of the samples had
extremaly high TOC- {approximately 0.7 %} and TRC-values ( > 1000 meq/kg)
due to a considerable content of lignite. The statistical analysis shows a
significant correlation betwean TOC, TRS and TRC (Model 1), and the observed
TOC- and TRS-coefficients are close to the expected valuss. As a consequence
of the fact, that TOC was the main contributor to TRC, it was, however, not
surprising to find an squivalent correlation when TRS was excluded from the
statistical analysis (Model 2). Figure 1 shows a scatterplot of TRC versus TOC
and the estimated regression line for the 48 samples under investigation. The
estimated TOC-coefficient is again close to the expected value.

In a parallel test TRC-values determined on a number of aquifer samples before
and after drying at 105°C were compared, and it was found that drying did not
affect TRC. Unfortunataly, it was not possible directly 1o compare TRC-values
determined on freeze dried samples and samples dried at 105°C, while thers
were no coincident samples, but generally no difference in TRC-levels were seen
in the two treatments.
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Figure 1: TRC versus TOC for 48 samples of aguifer material from 8 profiles at
Rabis Creek.

IRC-profiles

In Figure 2 a TRC-profile of the aquifer materials from Mangehg) is shown. TRC
is low (< 30 meq/kg) throughout most of the profile, but both in the top and in
the botiom of the profile the TRC-level iIs much higher (> 500 meqg/kg). The
higher TRC-level at the top of the profile is due to organic matter in the root zone,
whereas the higher level at the bottom is a result of a cansiderable content of
lignite, The changea in TRC &t the depth of 58 m represents the transition from the
oxidized to the reduced zone of the profile (the oxidation-reduction frant). At the
same depth a distinct change in calor of the sediment from red to grey was ob-
sarved.

In Figure 3 TRC-profiles of aquifer materials taken at the boreholes T2, T3 and TH
at Rabis Creek are shown together with the respective concentration profiles of
dissoived oxygen and nitrate in groundwater, As in the profile from Mangehej the
observed increase in TRC could be used to locate the oxidation-reduction front.
Generally, TRC is < 150 meq/kg in the oxidized part of the aquifer and > 150
meq,/kg in the reduced part. The color of the sediment changad from mainly red
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TRC (meq/kg)
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0 t + ' +

Depth (m)

Figure 2: TRC-profile from the borshole at Mangehaj.

to grey at the oxidation-reduction front as seen in the Mangehe] profile. Both in
T2 and T3 thin strata with significant contents of lignite leading to very high TRC-
values were seen at approximately 30 m depth.

Comparison of the oxygen and nitrate concentrations found in groundwater with
the TRC-profiles in Figure 3 shows that oxygen and nitrate is present above the
oxidation-reduction front while both compounds disappear completsly in the front
zone. According to Postma and Boesen (1990) the disapperance of axygan and
nitrate cannot be explained only by dilution with oxygen and nitrate free water in
the aquifer. The reduction of uxygen and nitrate at the oxidation-reduction front
may then be attributed to the oxidation of reduced compounds leading to
decreasing TRC-content of the sediment and a depression of the oxidation-
reduction front,
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xperiment

Generally a considerable variation were cbserved with respect to nitrate and nitrite
concentrations between batches in the time series. Nitrate reduction and nitrite
waere only observed in unsterilized batches indicating that nitrogen transformations
were caused by biological activity. To examina the progress of the nitrate
reduction alt determined nitrate and nitrite concenirations were converted to
nitrogenaus oxidation equivalents (Oxeqya: o)

Oxedyg; +noy (Mea/l) = 5/14-NO; (mg N/ + 3/14NO; (mg N/i)

In Figure 4 the time course of Oxeqg-, yoy and sulfate is shown In both sterll-
ized and unsterilized batches for the control series without aquifer material and
for two series with aquifer material. From the control series it can be seen that the
glucose added initially primarily has been used to reduce axygen, and that the
oxidation of glucose has been completed within the two days before sterilization,
as the content of Oxeqg,q- .y COmesponds to the initial nitrate concentration
(6.5 mg NO-N/I = 2.3 mag/1 of Oxeqmo;mog) throughout the axperiment in
both sterfized and unsteriized batches. The fact that OXequg.,ngy S
unchanged throughout the experiment in the unsterilized batch without aquiter
material indicates that the plastic screw caps do not act as electron acceptors.

Except for presence of aquifer material the setup conditions were the same as in
the control series for all other batch series. By comparing the series with aquifer
material with the control series the reduction of Oxeqmo; +NOD caused by
reduced compounds in the sediment {i.e. TRC) could be isolated. Generally, the
extend and rate of Oxeqq-,ngy reduction was not associated with the TRC
content or the oxidation status of the sediment, or the amount of TRC added with
the sediment. Reduction of Oxeqmo;mo;) was mainly seen in aquifer materials
that had been freeze dried before incubation and the reduction rate decreased
significantly after the first month of incubation indicating that the freeze drying
treatment had made some of the TRC available as electron acceptors for nitrate
reduction.

Noincrease in sulfate concentration were cbserved in batch series with significant
nitrate reduction indicating that oxidation of reduced sulfur compounds are not
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Figure 4: Time course of oxidation equivalents (Oxeqyq-.noy) and sulfate in
sterilized and unsterilized batch series.
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a significant contributor to nitrate reduction, since this process according to
Equation 2 would resuft in a release of approximately 1.6 mg S0} -5/mg NO;-N
reduced.

If the observed nitrate reduction was attributed ta oxidation of organic matter, this
process would according to Equation 3 result in a release of inorganic carbon
(TIC) of approximately 0.03 mmol TIC/mg NO;-N reduced. Based on the deter-
mined pH and total alkalinity the amount of TIC released in each batch were
calculated. For sach batch the calculated TIC release is shown as a function of
the observed nitrate reduction in Figure 5, and in spite of a considerable variation,
soma correlation between released TIC and nitrate reduction is seen. This points
to solid organic carbon in the aguifer material as the major nitrata reducing
component in the batch experiments carried out.

Discussion and conclusion

Based on the observed correlation between TOC, TRS and TRC it seems
reasonable to use TRC as a simple and inexpensive measure of the reduced
compounds in aquifer materials. TRC may be detected as low as 5 meq kg™' with
fair precision. This detection limit, assuming that all the reduction capacity is dug
only to solid organic carbon, corresponds to a sediment content of less than
0.002 % C. Such a low conterit of solid organic carbon is according to Pawell et
al. {1989) very difficutt, if at all possible, to detarmine analytically by direct ana-
lysis. In this study, the major contributing companent of the TRG was found to be
organic carbon.

The comparison of oxygen and nitrate concentration profiles with TRC profiles
from the Rabis Creek area has shown, that axygen and nitrate ara present above
the TRC-detarmined oxidation-reduction front while both compounds disappear
completely in the front zone. Pedersen et al. (1990) has presented similar
obsarvations in profiles from another Danish sandy aquifer. According to these
observations, the performed charactarization of the sediment in terms of TRC
profiles shows that TRC seems to be an important bulk parameter in controliing
the oxygen and nitrata concentration in the profiles. However, as a consequence
of the very strong chemical oxidation conditions used in the TRC-determination
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Flgure 5: Increase of TIC as a furction of ohserved nitrate reduction in batch
series with aquifer material from Rabis Creek. The line represents the expected
TIC-increase according to Equation 3.

and the fact that reduction capacity is still present in the oxidized zone, it is
obvious that TRC is not a measure of reduction capacity immidiately available for
natural chernical and biclogical processes.

In the batch experiments only biological nitrate reduction was seen, and the
extend and rate of reduction was not associated with the TRC content or the
oxidation status of the sedimeént, or the amount of TRC added with the sediment.
However, freeze drying of the sediment before incubation may have made parts
of the TRC available for oxidation, hiding the ariginal characteristics of the
sediment.

Na increase of sulfate concentration was seen during the experiment, and the
nitrate reduction caused by oxidation of reduced sulfur compeounds indicated by
the field investigations by Postma and Boesen (1990), could not be repsated in
the lab-experiments. On the contrary, increasing contents of inorganic carbon in
batches with significant nitrate reduction rather points to salid organic carban in
the aquifer material as the major nitrate reducing component.
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Summary
This report describes an investigation of nitrate-

and phosphate concentration in ground water and

drinking water from 20 important aquifers in Den-
mark. The investigation is based on existing data
registers and databases at the Geological Survey
of Denmark and the Institute for Applied Geology,

Technical University of Denmark.

The study shows that the nitrate content is par-
ticularly high in phreatic aguifers without cover-
ing clay layers. In confined aquifers protected by
thick clay layers the nitrate content is signifi-
cantly lower. Locally high nitrate concentra-
tions are found in deep confined aquifers due to
insufficiant well head protection. However, the
extent of contamination is limited and in none of
the investigated aquifers a hindrance for drinking
water supply. No correlation is found between
aquifer lithology and nitrate concentration.

The water treatment on Danish waterworks does not
include nitrate removal at present. Simple oxida-
tion and filtering are the most common treatment.
Small amounts of nitrate in drinking water, there-
fore, can arise from oxidation of ammonia. In
general, however, nitrate concentration in drin-
king water is a good indicator of the nitrate
concentration in ground water.



Phosphate in
drinking water
rarely above

permissible value
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Danish aquifers

Phosphate concentrations in ground water in ge-
neral are low compared to present standards for
drinking water. In deeper wells there is a ten-
dency to lower concentration than in shallow
wells. Analyses from dug wells show a significant-
ly higher phosphate contents. This indicate that
phosphate in ground water is primarily restricted
to shallow aquifers and due to local contamina-
tion.

By the common drinking water treatment the phos-
phate content normally will be reduced. Drinking
water concentrations reflect therefore both the
ground water character and the water treatment.
Phosphate content (P-total) above the standard for
drinking water (0.15 mg/l) is found in appx. 1% of
the examined analyses. The range 0.01-0.05 mg/l is
the most frequently represented.

1. Introduction

This report is a contribution to the Danish NPo-
research programme on environmental effects of
Nitrogen, Phosphorus and Organic matter.

The object of this investigation is to study the
nitrate- and phosphate concentrations in some
important Danish aguifers and illustrate the gua-
lity of drinking water applied from these aqui-
fers. More than 95% of the drinking water supply
in Denmark is based on ground water from aquifers
in depths from 0 to 100 metres. The most important

aquifers are:

- senonian chalk

- danien limestone

- selandien limestone

- miocene guartz sand

- guaternary glaciofluvialtile sand and gravel.
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The aquifers are of different age and lithology,
and are found in different depths. Furthermore,
the aquifers are covered by sediments of different
thickness and lithology.

These factors influences the nitrate- and phospha-
te content of the ground water. Other important
factors are the hydrological conditions and the
technical standards of the waterworks and wells.
The most serious contaminations are found in shal-
low wells located near dunghills and sewers. Also
in wells with inadequate wellhead protection local

contamination occurs.

There are appx. 3000 waterworks in Denmark. The
most common water treatment is oxidations and
subsequent filtering. This treatment does not
affect the nitrate content, but small amounts of
nitrate can occur from oxidation of reduced ground
water containing ammonium. In general the drinking
water data are valuable as indicators for the
nitrate contents in ground water. This is not the
case for phosphate, as the water trxeatment nor-
mally will reduce the phosphate content due to
oxidation formation of ferri-phosphate. In oxida-
ted ground water only small amounts of phosphate
are to be expected. In reduced ground water a

certain phosphate content is expected.

The drinking water database, therefore, is not
very suitable for studying phosphate in ground
water.

2. Material and Methods

2.1 Ground water

Mapping of nitrate and phosphate in Danish aqui-
fers are done on the basis of lithological and
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technical
standard

water quality data from geological and geochemical
databases at the Geological Survey of Denmark. The
geclogical database contains well data from water
supply wells reported by the drillers supplied
with sample descriptions and geclogical interpre-
tations. The geochemical database contains repor-
ted analyses from samples generally taken in con-
nection with well development. Time series of
water guality data from single wells are generally
not available.

The amount of data in both databases are large
although uneven distributed in the different are-
as. Detailed informations about the number of ana-~
lyses from the different areas are found in (Kel-
strup and Nielsen, 1989). Reduction in data have
been done in cases of doubthful litholeogical de-
scription, and in cases where the analyse values
are given in terms like trace, greater than and
less than. '

The observation point in this survey is the water
supply well, which have been performed for prac-
tical purpose and not scientific purpose. This
implies for wells in a water table aquifer, that
the the screened part is placed in the lower third
of the aquifer. A water sample, therefore, may
represent the nitrate free part of the aquifer or
a mixture of water from different levels of the
aquifer. Thus the analyses hawve a tendency to give
too low values.

In Denmark it is common that the well head, pump
and other technical installations are placed in a
so called well pit often with leaky bottom and
sides. In clayey areas, it is common in the winter
season to find intermittent saturated conditions
around the well pits with the consequence that
surface water may have direct access through the
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casing to the aquifers. In a well-cum-bore well
situation an even more hazardeous situation occur
when the well head are placed below the water
table in the old dugged wells.

Situations as those discribed above are probably
the reason why a relatively high nitrate content
can be found in areas, where the aquifers are
confined and below thick layers of clay.

The amount of water supply wells performed in
old wells (the well-cum-bore well situation) may
in some areas reach 30% of the total number of
wells. For these reasons nitrate data from

data from drilled wells in old dugged wells,

as well as from dugged wells, are shown

for comparison with data for the selec-

ted aquifers, fig. 1. The twenty aquifers,

which are chosen to describe the nitrate situa-
tion, are selected with regard to geogra-

phical and lithological spreading, see fig. 1 and
2.

The above mentioned aguifers have been analysed
for nitrate content by means of three different
diagrams for each agquifer. That is a nitrate-
frequency diagram, 5 year mean diagram and a clay
-thickness diagram (Kelstrup and Nielsen, 1989).
Finally, a conclusive diagram has been prepared,
fig. 1.

The nitrate frequency diagram shows for each
aquifer the percentage number of analyses distri-
buted in concentration classes of 5 mg/l. Further-
more, location, total number of analyses, mean
year of sampling, spreading and mean depth are
indicated on the diagram.

The 5 year mean diagram shows for each aquifer the



901h Percentage of anaiysas
aqual 1o o lass than

§ Indicated values
501n

B ¥ &5 & BIBER

42 31 43 50 49 38 H® M 3 38 44 59 25 42 41 N Average dapth, m
T4 45 64 43 B1 10 42 41 40 81 48 93 59 79 53 % anatyses

1} equal Il
_________ 1 | eaua dmgyi]

n @ ~ROo

w

=3
L

-

-

1. Chaik, Julland 9. Quartzsand, South Jutland 17. Glacloftuvial sand Norheast Zealand,
2. Chatk, 2ealand 19. Glaciof| sand, Vend 1 depth, >-20m b.s.|
10. Glaciatiuvial sang, Northeast Zealand,

3. Limesiona, Djursland 11. Glaciofluvial sand, Djursiand
depth <-20m b.s.l.
4. Limestana, North Zealand 12. Glaciofuviai sand, Mid Jutland
19 Giaciofluvial sand, West Zealand
%. Limeatone, Mid Zealand 13. Glaciafluvial sand, East Jutiand
20 Glacioflyvial . h 1 Zealand
6. Limestone, Stevns 4] 14. Glaciofluvial sand, South Jutland uviai sand, Southwest Zealan
21, Drified wells performed in dugged wel
7. Gregnsandlimestone, Zaaland %) 15. Glaciofluvial sand, South Jutland pe Ggec wells.
22. Dug wells,
8. Guartzeand, Mid - Julland 18, Glaciofiuvial sand, Finen o w

| Waiarlevel below surface and Cl<100 mg /1

Fig. 1. Nitrate concentraticns in Danish aquifers.

59




60

V4
- -’ E
[ [
i = 3
12 / 18
N 12/ |1e3[TR®Y. 17
b
5
A s ‘.
/ i X %
Va6 3 1%5 76/_:
/ A ] 8
| 115 d S /P
Ln- :‘-a ?‘ 2
] [
A
Fig, 2 Selected Danish aquifers

Numbers refer to the aguifers on Fig.l.
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mean concentration of 5 year interval classes.
Furthermore number of analyses are shown in each 5
year interval, the mean thickness of covering clay
layers and the mean deapth. Finally are shown
location and total number of analyses.

The clay thickness diagram shows the nitrate con-
centration versus thickness of covering clay and

silt layers above the screened interval.

The conclusive diagram, fig. 1. shows the nitrate
concentration for each aquifer corresponding to
the 10%, 25%, 50%, 75% and 90% guantiles, mean
deapths of sampling and number of analyses with
mg/l nitrate.

The phosphate situation is not described for each

aquifer, but for the whole country.

2.2 Drinking water

The Institute for Applied Geoleqgy, Technical Uni-
versity of Denmaxk, has for the National Agency
for Environmental Protection established a natio-
nal database for drinking water supply (Overgaard,
1986 and Overgaard et al., 1990).

The database contains information for appx. 3000
waterworks covering 99% of the drinking water
supply in the country. The database contains a
total of appx. 70.000 chemical contrcl analyses -
each of 1 to 20 chemical parameters.

The database system is PC-based and it is runned
on a standard PC with MS-DOS. With a minimum ef-
fort it is possible to create regional ocutlines
for drinking water guality, for instance nitrate
concentrations for a given period. Furthermore, it
is possible to print or calculate trends for a
given chemical parameter.
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In this project waterworks from the selected 20
regions have been chosen for further analyses. For
these waterworks the productive aguifers have been
defined and only waterworks using one aquifer are
accepted for this investigation. A total of 501

waterworks are fulfilling these criteria.

For each of the 20 regions the mean-value for
1985-87 nitrate and total-P are calculated for
every water work. The nitrate values are plotted
on geographical maps, where the mean concentra-

tions are graduated in 4 ranges.

A trend analyses for nitrate has been carried out
for waterworks fulfilling the following criteria:
- mean nitraconc. greater or equal to 5 mg/l
- at least 8 analyses available in the period

1980-89.
The results of this trend-analyses are shown in a
table.
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3. Results

3.1 Nitrate in ground water

Aquifers in chalk (No. 1 and 2 and fig. 1 and 2)
Two agquifers have been investigated, one situated
in Northern Jutland (1), and one in Southern Zea-
land, Lolland-Falster and Moen (2}.

The aguifer in Jutland is phreatic as well as
confined with great variability in thickness of
covering clay layers. The Zealandic aquifer are
confined and covered with thick clay-layers. In
both aquifers are found a correlation between the
thickness of clay layers and nitrate content. The
difference in thickness of clay-layers causes a
difference in nitrate content. In Jutland 75% of
the analyses are below 30 mg/l, the median value
12 mg/l, the same values for the Zealandic chalk
aquifer are 0,5 mg/l and below 0,1 mg/l.

Aquifers in danian limestone (No. 3, 4, 5 and 6 on
figs. 1 and 2).

The aquifer in Djursland (3) have phreatic condi-
tions with thin to lacking cover layers or con-
fined conditions with covering clay layers less
than 10 m. The aguifer in north eastern Zealand
(4) are confined below thick clay layers and at
least two overlying sand aquifers. The aquifer in
Middle Zealand (5) are confined with thin covering
c¢lay layers and one overlying sand aquifer.
Finally, the aquifer on Stevns (6) are confined
with thin covering clay layers in the eastern part
with increasing thickness towards west.

In all 4 aquifers a connection with thick clay
layers and low nitrate content and vice vexrsa have
been established. Some exceptions occur especially
in Middle Zealand and on Stevns, probably due to

insufficient well head protection.
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The nitrate concentration in the ground water fron
the four areas shows a significant correspondence
with depth to agquifer and thickness of clay lay-
ers.

In Djursland 90% of the analyses are below 40 mg/l
nitrate, 75% below 19 mg/l, the median value is ¢
mg/l. The agquifers in north eastern Zealand and or
Stevns show almost identical results with 75% of
the analyses below 0,7 and 0,9 mg/l and median
values below 0,1 mg/l. In the aquifer in Middle
Zealand 75% of the analyses are below 0,1 mg/l.

Aquifers in selandian limestone (No. 7 in figs. 1
and 2)

The aquifers are confined with thick cover layers
cf clay, which generally gives good protection to
the aquifer. Exceptionally high nitrate values are
attributed to insufficient well head protection.
75% of the analyses are below 0,85% mg/l nitrate
with a median value below 0,1 mg/l.

Aquifers in miccene guartz sand (No. B and 9 in
figs. 1 and 2)

Aquifers in quartzsand are represented from 2
areas, one from Mid-Jutland (B) and are from Sout-
hern Jutland (9).

The aquifers are confined and have similar depths.
In the aquifer material layers of mica clay and
lignite occur. These rocktypes are not aquifers,
but have a content of organic matter and pyrite,
which generally are regarded to have nitrate redu-

cing capacities.

The thickness of covering clay layers varies and
may be missing, so a hydraulic contact to the
overlying water table aguifers (No. 12 and 14) on
figs. 1 and 2) may be established. Nitrate free
water is found in connection with clayey cover
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layers, where the clay layers are missing high
nitrate values may be found.

The 75% quantile from the Mid-Jutland area are
0,8% mg/l compared with 6 mg/l in the southern
area (fig. 1). The median value in both areas is
0,1 mg/l.

Aquifers in glaciofluviatile sand and gravel from
11 areas have been investigated, 4 of these are

phreatic and 7 confined.

The phreatic aquifers are all situated in Jutland
(No. 11, 12, 14 and 15 on figs. 1 and 2). The
agquifers are mainly found in Weichselian outwash
plains, although Saalian and Weichselian till
deposits in some areas are included.

For the aquifers in Djursland (11) and Mid-Jutland
(12) the 75% qguantile are 28-20 mg/l nitrate with
a median value of 10-6 mg/l and 50-45% of the
analyses above the maximum permissible value of 50
mg/l. In the more southern situated aquifers the
75% quantile are 5-4 mg/l and the median value 0,1
mg/l and with 35-50% of the analyses are above 50
mg/l. The lower values in the southern Jutland are
reflected in a relatively higher amcunt of clay in
the cover layers and greater depths to the aqui-

fers.

Confined aquifers are found in Vendsyssel, Eastern
Jutland, the island of Funen, and on Zealand with
surrounding island (No. 10, 13, 16, 17, 18, 19 and
20 in fig. 1 and 2). The agquifers are covered by
thick layers of clayey till and often secundary
aquifers. The 75% gquantile are between 7-0,1 mg/l

and median values are between 0,5-0,1 mg/l.

For comparison with the above given figures simi-
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lar data are given for well-cum-bore wells and duc
walls (No. 21 and 22 in fig. 1). For well-cum-bore
wells are found that the 75% quantile is 40 mg/l

and for dugged wells are the median value 45 mg/l.

3.2 Nitrate in drinking water

The main results of the investigation of nitrate
in drinking water for the selected aquifers are
illustrated for the selected ranges for the perioc
1985-87:

0,5 mg NO3/1 59%

5-25 " 27%
25-50 " 12%
50 " 2%

The nitrate content show considerable variations
from area to area, which reflects partly the dif-
ferent aguifer and partly different hydrogeologi-
cal conditions in the same agquifers.

Chalk- and limestone aquifers (No. 1-7 con fig.2
and fig.3). The nitrate content is significantly
higher in the area south of Aalborg (1) and in

in Djursland (3) than in the other areas. In thes
two areas the aquifers are covered by glacial
deposits of highly variable thickness and composi
tion and, locally, the aquifers are phreatic and
not covered by younger sediments. In the other
areas the aquifers are covered by glacial tills o
moderate to considerable thickness. These signifi
cant geclogical differences are assumed to be the
cause of the observed variation in the nitrate
concentration from area to area.

Aquifers of sand, Jutland (No. 8-15, fig. 2, 4,
and 5). A considerable number of waterworks with
elevated nitrate concentration is found - in the
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Nitrate in drinking water from Senonian chalk

and Danian limestone.
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areas 41% to 100% of the waterworks

works have a mean nitrate concentration greater
than 5 mg/l. 12% - 60% of the waterworks exceed a
nitrate concentration of 25 mg/l.

In area 10 and 13 the agquifers are in general
confined. In the other areas the aquifers are
commonly phreatic where the covering layer of

glacial tills are missing or of limited thickness.

Aquifers of glaciofluviatile sand, aquifers,
Funen and Zealand (No. 16-20, fig. 2 and 6)

The nitrate content in general is low. Only 4 of
the 106 waterworks in the areas have a nitrate
concentration greater than 25 mg/l.

In general the sand aquifers are confined and
covered by considerable layers of tills, and the
nitrate vulnerability is therefore assumed to be
low.

3.3 Phosphate in ground water

The phosphate concentration have been surveyed for
wells from all aquifers in Denmark for the follo-
wing screen intervals: 0~-15 m; 15-30 m, below 30
m, for well-cum-bore well, and foxr dugged wells.
There has not been found any great difference in
the 5 situations. For the first 4 situations 60%
of the analyses show values below 0,1 mg/l, and
for the dugged wells 33% of the analyses are below
0,1 mg/l. No correlation between phosphate and
nitrate concentration are found.

Phosphate in drinking water

Phosphate concentrations are registered for 445
waterworks in the investigated areas. 1,8% of the
waterworks exceed the drinking water guide level
of 0,15 mg/l {total-P). 17% of the waterworks show



C 0- 5mg/l
© 5-25mg/l
® 25-50mg/!

'q ® >50mg/

;!I‘IIIITIIII]JlllllIIW[IIIIiIIIIW\r]IiIII

LIRERIN |

T T

‘l_r_l—l—l_‘f'ﬁll|TlIllillllllllrll

IL\lI\IlllllLIIIIllkllllxlllil!IlllIIIIl\ll;J]LlllllLIlll\Ill\IIlIIIJJlll{]llllllltllllll

Fig. ©

aquifers, Funen and Zealand.

Nitrate in drinking water from glaciefluviatile sand

71



72

concentrations in the range 0,05-0,15 mg/1l. The

highest concentrations are found in glaciofluvia-
tile sand aquifers, and the lowest concentrations
are found in limestone aguifers in Djursland (area

No. 3) and Stevns (area No. 6).

4. Discussion and conclusicon

4.] Nitrate in ground water

The lithclogical character of the aguifer material
are not found to influence the nitrate content.
The thickness of covering clay layers and depth tc
agquifer have a deciding influence on the nitrate
content. Technical conditions, especially insuffi-
cient well head protection, are often the cause tc
high nitrate content. The 9%90% guantile for the
nitrate analyses are conly in one case above the
maximum permissible value for drinking water and
in nine cases above the recommended wvalue. The 75%
quantile are in 2 cases above for the recommended
value. The investigated aquifers are not critical-

ly contaminated with nitrate.

4.2 Nitrate in drinking water

It has not been possible to show a correlation
between aquifer type and level of nitrate in drin-
king water.

In the same aguifer type a considerable variation
in nitrate level is found from area to area. This
variation is assumed to be caused by variaticns in
the thickness and composition of the glacial sedi-

ments covering the aquifers.

The preliminary conclusion, therefore, is that the
nitrate level in drinking water primarily is go-

verned by the thickness and composition of sedi-



ments covering the aquifers and only to a lesser
extent by the aquifer type itself.

4.3 Phosphate in ground water

Only 10-15% of the analyses from danish agquifers
show values above the maximum permissible value
0,5 mg/1l phosphate for drinking water. 37% of the
analyses from dugged wells exceed the maximum
permissible value. The higher percentages for the
dugged wells are due to local pollution. No corre=-
lation between nitrate and phosphate concentra-
tions are found.

4.4 Phosphate in drinking water

Only 1,8% of the waterwcrks in the investigated
area exceed the drinking water guide level of 0,15
mg/l (total P),.

72% of the waterworks show phosphate concentra-
tions in the range 0,01-0,15 mg/l (total-P). There
is no correlation between the nitrate concentra-
tion and the phosphate concentration.
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Abstract

The Rabis Creek catchment area is a part of the Karup
sandur in the western part of Jutland outside the border
of Weichselian glaciation.

The deposits in the unsaturated zone and in the aquifer
congist of sand and gravel.

In the deeper strata in the aquifer the Pleistocene sand
and gravel have a small content of lignite fragments and
pyrite originating from reworked material from the
underlaying Miocene deposits.

The aquifer is unconfined, and the unsaturated zone has
a thickness about 15 metre in the investigated area
except in areas nearby the creek.

Groundwater samples and sediment samples for chemical
analysis were taken from 8 borings carried ocut in a
transect at a distance of about 2.5 kilometres along a
groundwater flow line, passing areas with arable land as
well as forrested areas.

Sediment samples were taken for every half metre
interval under performance of the drill work, and the
borings were equipped with a multisampler system
allowing sampling of groundwater for every metre
interval.

The chemical analysis of the groundwater samples showed
groundwater with dissolved oxygen and nitrate in the
upper strata of the aquifer down to a depth of 10 to 15

meter below the groundwater table. Groundwater from the



upper strata deriving from heather and plantation areas
had small concentrations of nitrate (0 - 4 milligramme
N03' per litre), whereas water deriving from arable land
has large concentrations (30 - 150 milligramme NO,~ per
litre).

Groundwater from the deeper strata in the aquifer was
reduced and free of dissolved oxygen and nitrate.This
groundwater contained dissolved ferrcus iron (Fe2+).
however the concentrations of ferrous iron in ground-
water deriving from arable land were up to ten time
higher than the concentrations of ferrous irom in
reduced groundwater deriving from heather and forrested
areas.

It was concluded, that denitrification has taken place
in the deeper strata of the aquifer caused by pyrite and
probably alsc by lignite in the sediments.

Tritium analysis of groundwater samples showed, that
groundwater deriving from precipitation fallen in 1963
has penetrated to a deeper strata, than the nitrate
bearing water, and groundwater from 1963 as well as the
nitrate front have pentrated to the deepest level in
the upstream end of the transect nearest to the water
divide.

It was concluded, that the progress of the redox cline
{oxygen- and nitrate front) was a relatively slow
process governed partly by the groundwater flow pattern
and partly by the content of lignite and pyrite in the
deposits.

Analysis of sediment samples showed, that leaching of
phosphorous from the root zone and transport to the
aguifer must be hampered by among other the content of
reactive ferric hydroxide in the sediments in the
unsaturated zone and in the oxidized strata of the

aquifer.
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1. Introduction

A sub project carried out as part of a larger investiga-
tion of the leaching, transport and transformation of
nutrients in the Rabis creek catchment area in the
western part of Jutland (figure 1) is described. In
connection with this project processes of the nitrate
reduction in a sandy aquifer were studied in detail by
the Institute for Applied Geology, Technical University
of Denmark (Postma and Boesen, 1990) and mathematic
modelling of the movement of nitrate in & groundwater
flow system was carried out by the Institute of Hydro-
dynamics and Hydraulic Engineering, Technical University

of Denmark (Engesgaard and Jemsen, 1990).

All the examinations within the Rabis Creek area were
coordinated, and the results were utilized in coherence
of the collaborating institutes.

Rabis Creek is a tributary to the river Karup A.
Nitrate pollution of groundwater in the catchment area
to the main river system is well-known from earlier
examinations, for instance from examinations under the

International Hydrological Decade in 1965 - 1975.

Investigations carried out by the Geological Survey of
Dernmark in the years 19786 - 1982 showed that nitrate
polluted groundwater was extended in the upper strata of
the aquifers, and high levels of nitrate were found in
groundwater originate from leaching from arable lands
(Andersen et al., 1980) and (Andersen and Kristiansen,
1984).

Examinations of groundwater samples and sediment samples
collected from different depths in two investigation
wells showed that denitrification was going on in the
deeper layers in the aguifer, where lignite and pyrite
was present in the aquifer materials (Kristiansen and

Zimmer Hansen, 1986).

The aim of the project described in this article was to

get further informations about the occurence of redu-



cing materials in the agquifer, the amounts and distribu-
tion of such materials, and their importance for the
transport and transformation of especially nitrate in

the aquifer.

2. Material and methods

The obiectives of the project comprise the geological
and the hydrogeological conditions as well as geochemi-
cal and hydrochemical processes important for the
transformation of nitrate and the transport of phospho-

rous.

2.1 Geological model

A geological model covering the catchment area of the
main river system was performed with emphasis on the
Rabis creek field site, where detalled examination of
the hydrological and geochemical condition was carried
out. A cyclogram map in the scale 1:10.000 covering the
Rabis creek area was produced, and 16 geological
profiles were designed in the direction east - west with
intervals of 200 metre.

Existent data from the well file data base at the
Geological Survey and new data from 13 investigation
borings were applied in the production of the geological

map and the profiles.

2.2 Hydrogeological examinations

The hydrogeological examinations comprise sounding the
groundwater level in existent wells, and in new borings
carried out in the project.

The results of the sounding were used for determination
of the groundwater flow direction and especially for
selection of the location for B8 transect borings carried
out along a flow line, in the drilling programme for the

investigation area.

2.3 Drilling programme

The drilling programme for the area was carried out &t
two stages. At the first stage percussion drills were

carried out on locations spread over the Rahis creek
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catchment area. From the percussion drillings ground-
water samples were taken at half metre intervals from
the groundwater table to a depth of 8 - 33 m. The
groundwater samples were analysed for nitrate,
sulphate, chleride, calcium, magnesiwmm, sodium,
potassium, ameng others. Furthermore, dissolved iron and
manganese were determined on separate samples filtered
on the site through a membrane filter with a pore size
of 0.45 micron.

The aim at this stage was to elucidate the extension and
the depth of the nitrate polluted groundwater.

After evaluation of the results obtained in the first
stage, locations were selected for 8 transect borings
along a groundwater flow line.

The locations were selected, to make it possible ta
collect samples of groundwater deriving from arable land
as well as from plantation land and heather.

The land use in the Rabis creek field site and the

locations for the 8 transect borings are show in figure
1.
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Figure 1. Rabis creek. Hydrological conditions, land use
and location for the transect borings (T 1 - T 8).

(After Postma et al., 1989).

The 8 transect borings were carried out to a depth of 30
- 35 m below the surface. Sediment cores were taken from

every half metre interval during the execution. The




sediment samples were taken by using a "Stade" sampler,
which allows cores to be taken in PVC sleeves. The cores
were frozen at the site and stored frozen until the

chemical analysis.
N 2
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Figure 2. Drawing showing the framework of the multi-

sampler system.

Finally the borings were equipped with multisamplers
for every one metre interval from the groundwater table
to the bottom of the horing.

The multisamplers were developed by the Geoclogical
Survey in close cooperation with the Institute for
Applied Geology. The system of the multisamplers is

shown in figure 2.

The multisamplers are equipped with a ball valve in the
bottom which allow groundwater to penetrate into the
sample reservoir, but will be closed under pressure.
Furthermore, the samplers are supplied with a two line
connexion of PVC tubes to the surface which allow
groundwater samples to be taken by nitrogen pressure
without air contact.

The 8 transect borings were carried out in 1987 - 1988,
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In the auturn of 1989 additionally 3 deeper horings were
carried out. The aim of these borings was to get more
information about the strata in the levels below the
bottom of the transect borings. Especially information
about the redox cline and the maximum content of tritium
upstreams in the transect, where these two frontiers
were not reached in the deepest level of the boring T 6
(see figure 1). One of the supplying borings was carried
out in a locality close to boring T 6 to a depth of 70
metre below the surface.

The total number of sample point in the transect is
around 140 as the groundwater level in the main distance
of the transect is about 15 meter below surface, and the
depth of the 8 borings is between 30 and 35 meters. Only
in the westernmost downstream boring no. T 8, the

groundwater level was higher (7.9 metre below surface).

2.4 Groundwater sampling and field analysis

After installation, the samplers were left alone for a
pericd of at least 3 months to make sure that the
groundwater chemistry was stable after the drilling
work.

Groundwater samples were taken in 2 to 3 series in the
pericd from ultimo 1988 to primeo 1990.

Groundwater samples were taken by application of
nitrogen pressure. Before sampling every sampler was
emptied 2 to 3 times.

Determination of the pH-value, ferrous iron and alkali-
nity was done in the field immediately after the
sampliing. Dissolved oxygen was measured potentiometri-
cally using an oxygen electrode and a flow cell coupled
directly to the outlet tube of the samplers.

Samples for measuring the stable main components were
taken without any treatment. Separate samples for
measuring dissolved iron, manganese, nitrate and
ammonium were filtered on the site immediately after
collection through a membrane filter with a pore size of
0.1 micron (Postma and Boesen, 1990).

Groundwater samples for determination of the concentra-

tion of tritium were taken from selected levels once.



These samples were taken in glass bottles closed with

screew caps.

2.5 Chemical analysis

Sediment samples taken from the unsaturated zone were

analyzed for aluminiumhydroxide {Al,04), ferrichydroxide

(Fe203) and phosphorous (P) on a sclution prepared by
extraction with an asmoniumoxalate solution (Schwert-
mant, 1964). Sediment samples taken from levels below
the groundwater table were analyzed for total carban,

carbonate carbon end reduced sulphur components (pyrite

(Fe5,), monosulfides and elemental sulphur) among others

(Postma and Boesen, 19%0),

Groundwater samples were analyzed for nitrate, sulphate
chloride, orthophosphate, calcium, magnesium, sodium,
potassium, ammonium, total dissolved iron (Fe <0.1
micron), manganese and siliciuvmoxide.

The sampling programme as well as the chemical analyti-
cal programme were carried out in close cooperation
with the Institute for Applied Geology, Technical
University of Denmark.

Tritium analyses were performed by the Force Institutes
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3. Results

3.1 Geolopy
The catchment area the main river system Karup 4 and

its tributary Rabis creek is a part of the Karup sandur.
The whole area is located outside the boundary of the
landscape of Weichselian age. The sand and gravel
sediments of Weichselian apge are deposited by braided
rivers and are underlain by mioccene guartz sand and
micaceous sand and clay. To a lower ar higher degree the
miocene sediments contain lignite and pyrite. The
lignite may be present in thin layers or scattered in
the sandy sediments.

The prequaternary surface level is modulated with at
least to deep valleys.

The layers of the Pleistocene deposits are of varying
thickness with a maximum at 110 metre.

The investigated agquifer is located in the Pleistocene
sand and gravel deposits, and the drillings carried out
in this preoject have not penetrated these sediments.
However, the Pleistocene deposits have inclosures of
micaceous clay and, in varying degree, a content of
reworked lignite fragments.

Lignite and pyrite are present in the deeper strata,
below 30 metre under the surface. This could be ex-
plained as a resuit of the pattern of the sedimentation
in the Weichselian but it is more probable that it was
caused by chemical processes (oxidation) after the
deposition in the last glaciation (Kristiansen et al.,
1990).

3.2 Hydropeology
The aguifer is mostly unconfined in the Rabis creek

catchment area, except under the wetlands along the
creek where strata of peat and gytja are present,
somewhere up to a thicknes about 2.5 metre. The ground-
water level is therefore up to 2 metre higher than the
water level in the creek close to the line between the
hillside and the meadows along the creek.

The watershed to the Rabis creek catchment area is



following a direction North - South and is located about
1.5 kilometre east of the upstreams transect boring no.
T 6 (figure 1). The groundwater level drep from an
elevation of 48 metre at the watershed to 45 metre over
2.5 kilometre in western direction. The downward
gradient is therefore approximately 1.4 per thousand.
From this area toc the stream the downward gradient is
much higher, approximately 7 per thousand.

The groundwater flow direction is East - West, almost
parallel to the streams. Only in the westernmost part of
the catchment area, the flow direction deviate against
the streams.

The catchment area to the creek from the outlet to the
regional watershed is approximately 16 sguare kilome-
tre. The minor catchment area to the downstreams and of
the transect is only about 3 sguare kilometre.

The net precipitation in the investigated area is about
350 mm per yr. The infiltration time to the groundwater
level is about 7 years near the watershed. Along most of
the transect, the infiltration time is about 5 years,
except near the downstream transect boring no. T 8 where
the unsaturated zone is thinner (about 8 metre).

The flow of the groundwater is 30 - 60 metre per yr in
the upper part of the aquifer, and the flow direction
along the main part of the transect is nearly horizon-
tal, except at the upstream end where the flow direction

is more downward.

3,3 Tritium concentrations

The tritium content in groundwater samples from dif-
ferent levels in the eight transect borings and in a
supplementary deeper boring (T 10) close to the up-
streams boring no. T 6, is shown in table no. 1.

The tritium concentrations are given in Tritium Units
(TU) corresponding to 1 tritium atom per 1018 hydrogen

atoms.
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Weltno] Ts| T7| T1| T2 Ts| T4f T5| T&| T10
Elevat,| +45.8 | 4572 +60.2 | +80.6 | +60.3 [ +609 | +61.8 | +62.2 { +42.2
|Depth
¥4 19.4
18 38.2
19 26.1
20 52.9 313
2 26.2
22 55.6 36.1
23 29.0
24 189 6.4
25 38 KLA 2715
26 59.8
27 16| 360 754! 3147 510 295
28 471 835] 365 452 274
20 <l0| 8L7 634 | s60| 323 2719
30 64.7| 49.9( 604| 439| 308 219| o0
31 200| 70| 54 411
32 334} 1050 718 36.6
33 26| 999 429
34 121 752 29
35 2 428
26 68.4
37 76.0
38 89.3
39 100.7
40 1128
42 9.8
43 96.7
4 104.1
45 97.0
46 981
47 100.8
51 26.8
54 88
57 480
60 15.1

Table 1. Tritium content in groundwater from different

depths.

The results of the tritium determination show, that one
tritium maxima in relation to the depths are found in
the boring ne. T 1 - T 2, and T 8. In boring no. T 10
tritium maximum is found in more than one level at
depths from approximately from 39 to 47 meters below
surface. The more diffuse distribution can be caused by
differences in the groundwater flow velocity.

The tritium maxima can, with some uncertainty, be
applied in an assessment of the age of the groundwater,
and the groundwater layers with maximum concentrations
of tritium are interpreted as deriving from precipita-
tion fallen in 1963.

In the two borings no. T 1 and T 8 groundwater from

1954 or elder is found in the deepest levels.



3.4 Groundwater chemistry

The groundwater types can be devided into 4 main groups.
The groundwater samples collected from the upper part of
the aguifer above the redox c¢line contain dissolved
oxygen (0,) and nitrate and have small concentrations of
dissolved iron (typically less than 0.1 milligramme Fe
per litre).

Groundwater from this part of the aquifer deriving from
plantation areas and heather areas has small concentra-
tions of nitrate (typically 0 - 4 milligramme NO3_ pPT.
litre}, and groundwater deriving from arable lands has
nitrate concentrations in the size of 30 - 150 mil-
ligramme NO,” per litre.

The figures 3 - 4 are show examples of chemical profiles
of groundwater in relation to depth, and a profile
showing the character of sediments in the

different levels.
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Fipure 3. Boring no. T 6, arable land, chemical pre-

files, groundwater samples november 1988.
The boring no. T 6 is located in arable land upstream in

the transect (see figure 1),

The profiles show oxidized groundwater deriving from
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arable land from the groundwater table to the bottom.
The nitrate concentration decreases from a depth of 26
metre to the bottom, but groundwater free of nitrate is
not reached in this boring. In a supplying boring T 10,
carried out close to boring no. T 6, nitrate free
groundwater was found in a depth of 35 metre below the

surface.
The sediment profile shows brownish oxidized sand in

most of the profiles except in the lowest 1 - 2 metre

where a small amount of lignite is present.
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Figure 4. Boring no. T 2, plantation, chemical profiles,

groundwater samples, november 1988.

The boring T 2 is located in a plantation area ap-
proximately 300 metre west of arable land and down-
stream of this {see fipure 1}.

The praofiles show oxidized groundwater from the water
table to a depth of 24 metre below surface. This water
has small concentrations of nitrate, small concentra-
tiong of dissolved iron and small concentrations of
sulphate. In this upper strata the groundwater derives

from the plantation area around the location.



From a depth of 25 metre to 28 metre, the groundwater
has a high level of nitrate (40 - 100 milligramme NO,~
per litre). This groundwater derives from the arable
lands upstreams the boring locality.

The groundwater layer from 29 metre below surface to the
bottom of the boring is free of nitrate, but the
concentrations of sulphate and dissolved iron are at a
high level. The composition of this groundwater is
interpreted as a result of denitrificetion caused by

pyrite after the equation:

5 FeS, + 13 N03- + 5 Hy0 ----- >
7.5 N, + 10 $0,%” + 5 FeOOH + 5 H'

(Postma and Boesen, 1990) and (Postma et al., 1990).
The sediments from the level of 27 metre to the hottom
of the beoring in 34 metre below surface consist of sand

with lignite fragments,

[_ N.Oa mght, $Q, myit ¢ Fa soluted mg/l »
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Figure 5. Boring no. T 7, arable lands, chemical
profiles, groundwater samples july 1989.

The boring no. T 7 is located in arable land west of and

downstreams the plantation area (see figure 1).

The profiles show oxidized groundwater with high levels
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of nitrate from the water table to a depth of ap-
proximately 18 metre below the surface. This groundwater
derives from the arable lands around the boring loca-
tion.

From a depth of approximately 21 metre to a depth of 27
metre the groundwater is free of nitrate but still
oxidized with a very low level of dissolved ircon. This
groundwater derives from the plantation areas upstreams
the boring locality.

The groundwater from the deepest level, below 27 metre
is reduced with a concentration of dissolved ferrous

2t per litre but there is

iron of 2 to 5 milligramme Fe
no indication for impact of denitrification by pyrite,
as this groundwater derives from plantation areas from
which the seepage has only small concentrations of

nitrate.

3.4.1 The content of orthophosphate in the groundwater

In general groundwater samples taken from the upper
oxidized zone of the aquifer have concentrations of
orthophosphate below the detection limit (0.02 mil-

: 3-
ligramme PO,

per litre). Higher levels (0.18 and 0.25
milligramme per litre) were found in two samples from
the uppermost part of the agquifer in the bering no. T 6.
The orthophosphate content in these two samples might
originate from periodic seepage of phosphorous com-
ponents from applied slurry, but it cannot be excluded
that the higher level in these two samples could be
caused by contamination of the samples.

In the deepest part of the aquifer higher concentrations
of orthophosphate (up to 0.7 milligram PO43' per litre)
are common. It is concluded that this is caused by the

geochemical conditions in the deeper strata.

3.5 Sediment chemistry

Chemical analysis of sediment samples for reducing
matter (organic carbon and reduced sulphur components)

showed 8 very low content (below 0.05 I C and below



0.001 ¥ 5) in samples taken from the upper strata in the
aquifer above the redox cline. From the deeper strata
below the redox cline organic carbon and reduced sulphur
components were present in concentrations at the level
of 0.1 - 0.3 2 C and 0.05 - 0.02 2 S,

It has been calculated that the reduction capacity of
this content in a 10 centimeter soil layer correspond
with approximately 2100 - 2300 kilogramme nitrogen (N)
per hectare. Even if it cennot all be utilized in
denitrification of nitrate leached from the arable land,
the amounts are high in relation to the rate of nitrate
leached annually (25 - 90 kilogramme nitrate (N) per
hectare).

Determination of phosphorous extractable from sediment
samples by ammoniumoxalate solution (Schwertmann, 1964)
showed a level around 50 - 200 parts per million P in
the uppermost soil layer from 0 - 1 metre below the
surface, and, commonly below 50 parts per millicn in the
deeper layer. The contents of aluminium hydroxide and
especially ferric hydroxide extractable by the same
solution were typically 4 to 10 times the equivalent
amount of phosphorous in the soil layers from a depth of
1 metre below surface to the level of the redoxcline in
the aquifer. Therefore, phasphorous leached from the
root zone will be fixed in an unsoluble form in the
strata above the redox cline, as well in the unsaturated

zone as in the aquifer {(Kristiansen et al., 1990).
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4, Discusgsion and conclusion

Figure 6 shows a vertical section through the transect

area.

Arable land

Plantation and heather Arable land

Eleyatio
5
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{20

————— Water table

1 2 3km
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Flow direction
Redox cline

- Approximat, leve] of wataer T1-8: Transect borings
from 1963

Fipure 6. Vertical section of the investigation area.

The figure shows the summation of the results obtained
in the combined examinations.

Nitrate leached from the root zone will reach the upper
part of the aquifer without measurable denitrifikation,
as the unsaturated zone and the upper part of the
aquifer are fully oxidized. On the other hand a complete
denitrifikation will take place in the groundwater which
is transported to the strata below the redox cline.

The denitrification is caused mainly by the content of
lignite and pyrite in the sediments in the strata below
the redox cline.

Denitrification in water with high nitrate concentra-

tions lead to an increase in the concentrations of




sulphate and dissclved iron which must be considered a
deterioration of the groundwater quality.

Groundwater from 1963 has penetrated toc a deeper level
than groundwater with nitrate, caused by the ongoing
denitrification in the aquifer. Both groundwater with
nitrate and groundwater from 1963 have penetrated to the
deepest level in the upstream end of the transect.

This is a result of the flow pattern with a more
vertical direction of the groundwater flow near the
water divide.

If the redox cline progresses to & deeper level, the
ratio of nitrate bearing groundwater reaching the water
course will increase, but this seems to be a very slow
process since the reduction capacity in the sediments is
highly related to the annual leaching of nitrate, and
especially because the depth of the redoxcline seems to
be governed mainly by the flow pattern in the part of
the aquifer covered by the transect. This can alsec be
concluded from the fact that the level of the redox-
cline is a result of both leaching of water with
dissolved oxygen in 13.000 to 15.000 years since the
last glaciation, as well as leaching of water from
arable lands with high concentrations of nitrate in the
last 40 - 50 years. Although water derived from arable
land with the actual high levels of nitrate has a load
of "electron quivalents" about five times larger, than
water with dissolved oxygen derived from plantation
areas (Postma and Boesen, 1990), the great difference in
leaching time must be taken into consideration.

The progress of the redox cline and the nitrate front is
probably more rapid under areas nearby the water divide,
but the total veolume of sediments through which the
groundwater must pass under the transport to the water
course from these areas are much larger, than the
corresponding volume for water leached from areas closer
to the creek.

Anywhere, there must be a requirement for further
investigations of material and processes in the deeper
strata in the aguifer near the water divide.

The leaching of phosphorous from arable land in the
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investigated area seems to be negligible as strata with
a rather high content of especially ferric hydroxides in
the unsaturated zone and in the upper part of the

aquifer form a barrier against the transport of leached
phosphorous to the deeper part of the aquifer and to the

creek.
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Abstract

In two geological type areas with clayey till dating
from the Weichselian time, transport and transformation
of nitrogen (N) and phosphorus {(P) were investigated in
the unsaturated zone and in the upper part of the satu-
rated zone. Type 1, the Syv creek type, represents areas
with confined aguifers overlain by a thick confining bed
of clayey till (10-60 m}, and type 2, the Glim type,
represents areas with unconfined aquifers overlain by

thin confining beds of clayey till (<10 m).

Below arable land, nitrate (Nos') occurs pormally in the
oxidised zone of the soil only, and the content de-
creases markedly at the transition to the reduced zone
(the redox line). The oxidised zone is 3 to 10 metre
deep. Exchangeable ammonium (NH4+) occurs meinly in the
reduced zone. Nitrogen in fixed ammonium, which 1s as-
sumed to form & primary content in the clay minerals,
exceeds the amount of nitrogen found in nitrate and am-

monium.

The distribution of tritium in the soil water demon-
strates that young water originally containing nitrate
is now nitrate-free, so the original nitrate content

must have been removed from the percolating water. The



results indicate that structural ferrous iron (Fe(II))
in the clay minerals is oxidised when the nitrate is
reduced as the structural ferrous iron (Fe(II}) and fer-
ric iron (Fe{III}) ratio changes markedly at the redox
line. The nitrate reduction process has not yet been

described in detail.

The primary content of phosphorus forms between 110 and
460 ppm P, and low concentrations of orthophosphate
(P043'} in soil water show that phosphorus is adsorbed

very effectively in the clayey sediments.

1. Introduction

Normally, drainage water from arable land contain high
concentrations of nitrate. The increasing application of
nitrogenous fertiliser since 1920 has increased the risk

that nitrate may influence the aquatic environment.

However, In 1970 an investigation of the nitrate con-
tent in groundwater and surface water showed that water
from confined aquifers did not contain nitrate whereas,
water from near-surface, unconfined agquifers usually
contained between 100-150 mg/l NOg4 (Christensen, 1970).
The extension of nitrate-containing water in areas with
clayey till seemed to be attached to the upper cxidised
zone with low contents of easily accessible ferrous iron
(Lind & Pedersen, 1976), and the structural ferrous iron
in the clay minerals was assumed to form part of the

nitrate reduction process (Ernstsen & Lindgreen, 1985).

The aim of this investigation was to describe the impact
of nitrogen (N) and phosphorus (P) on surface water
(streams)}, drain water and groundwater. The main stress
was laid on a description of different nitrogen com-
pounds as previous investigations had indicated that
normally, P is adsorbed effectively in the unsaturated

zone (Hansen & Pedersen, 1975 and Hansen, 1981).

The investigations of geology, groundwater hydrology,

geochemistry and hydrochemistry were restricted to two
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geological type areas in the catchment area of Langvad

river.

2. Materials and methods

Geology
The geology in the catchment area of Langvad river is

described by well records which are shown in a cyclogram

map on scale 1:25000, and in 9 profile lines, figure 1.

«s¢ Catchment area of Langvad river
a Discharge gauging station

— Profile line

~*x Catchment area of Syv creek

~ =~ The Glim area

Figure 1. The catchment area of Langvad river, the Glim area and the catchment
area of Syv creek. The profile lines are included in the description of the

geology.

The geology in the Syv creek catchment area is il-
lustrated by a fence diagram based on the well records,
figure 2, together with 3 E-W profiles (P21-P23}) and 5
N-5 profiles (P31-P35), figure 3.

The geclogy in the Glim area 1s described by well re-
cords and geophysical logs at the wells 1A-7 which were
used for estimation of the character and extension of

clayey till.

100



3 >,,%n\

SIS NS
AIRL 7

3" /

\

*p h
G RN
4 "7/1/1/1;/'//

2 ¥

Witz

o

Ao iiiis

A AOPV Y s

ol A

AL P2 227927

$ NP 2I2297 7,
212222,
9

X

=, 5
Y s IV

oy

RUX Lt
7 BRI
poINEE

1 14| Postglacial peat
o] Glacial melt - water sand

'Jug'g'." Glacial melt - waler sand and gravei

+40 Glacial claysy lilt
+20
+20 Paleccene greensand limestone
+10 Paleocena clay
0
-10 Danian bryozoan himeslone
-20 Syv creek
-30
40 Faull
-50 Peter Gravaser, DGU juv 1990

Figure 2. Geology in the catchment area of Syv creek.

101



A

“ﬁ@w;f

- = TOPOGraphic
catchment area

~—— Creek
® Well
4  Catchment drain

Electrical sounding 7 -
—— Profile line ! R T S il lnay<H

" Lpannghis |

Figure 3. Investigation field, the catchment area of Syv creek. The profile

lines are shown in figure 2.

Groundwater hydrology

In the catchment area of drain well no. 52.29, figure 3,
the water table was registered by the manometer prin-
ciple in three fields. In each field 5 observation tubes
with filtre (diameter: 7.5 cm, length: 90 cm) were in-
stalled in depths from 0.7 (assumed drain depth) to 2.4

metre (assumed lowest water table level).

Drillinp programme

In the catchment area of Syv creek and in the Glim area
19 wells were drilled, and sediments were sampled for
geological description and different chemical analyses.
The sediment samples were stored frozen until chemical
analyses, and sediment samples for tritium analyses were

stored in plastic bags in airtight containers.
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Chemical analyses of soil samples

The content of nitrate and exchangeable ammonium was
extracted from the solil with 2M KCI1, and fixed ammonium
in the soil was determined after treatment with 3N HF:
1N HCL (Silva & Bremmer, 1966). Easily accessible fer-
rous iron was determined after extraction with a 3%
AlCl3 solution (Lind & Pedersen, 1976). The total con-
tent of irom was determined by decomposing the scil with
HF (Mgberg et al., 1988). Different forms of iron were
analysed by Mdssbauer spectrascopy (Murad, 1988). Phos-

phorus was extracted with 0.02M sulphuric acid.

Tritium
The age of the socil water was determined by the content
of tritium. 1 TU equals 1 tritium atom per 1018 hydro-

gen.

3. Results

Geclogy in the catchment area of Langvad river

Almost everywhere in the area Danien bryozoan limestone
is found overlain by Palaeocene greensand limestone
which is intersected by marked fault zones.

Quaternary deposits dominated by clayey till overlay the
pre-Quaternary layers. In the clayey till layers, which
are up to 80 metre thick, numerous isolated lenses of
glacial melt-water sand and gravel are found. Addition-
ally, in the northern part of the catchment area two
formations of glacial melt-water sand and gravel are
found: the Thorkildstrup Formation and the Hedeland For-
mation, lying on either side of an erosion valley,

(Jacobsen, 1984, Gravesen, 1990).

Geology in the catchment area of Syv cpeek

Danien bryozoan limestone and Paleocene greensand lime-
stone and Paleocene clay are intersected by faults and
joints. Because of movements along these faults the

boundary between the Palacocene and Quatermary deposits
is found at different depths, figure 2. The Quaternary

iayers are thickest in the down faulted areas in the
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pre-Quaternary deposits. The Quaternmary layers are be-
tween 10 and 60 metre thick end are dominated by clayey
til! which was probably formed as subglacial till. Gla-
cial melt-water sand and gravel occur as lenses in the
clayey till, and in the valleys as larger bodies. All

the glacial deposits date from the Weichselian.

Geology in the Glim area
Tn the Glim area the clayey till overlies the Hedeland

Formation which consists of melt-water sand, gravel and

stone, which were deposited
to the melting of a glacier

time. The clayey till layer

as an outwash plain related
in the Middle Weichselian

varies between 2 and 12 me-

tre,

Groundwater hydrology in the catchment area of Syv creek

In the fields 1-3 the water table was registered once or
twice a month in the period from September 1588 till May

1990. The results showed that in observation tubes with

filtre in clayey till the water table respended faster
to the changes in the soil water content than the water
table in observation tubes in thin layers of sand or

gravel, figure 4.

west East

Observation tube A Observation tube B
. Terrain » . '

. 3 - - e 'y
FAAAAAAAAAAAA&AAAAAAAAAAAAAAAAAAA A A A AL A A A LA
AL A AL A AAALA AAALABAAAAAMLAAADLDADAODAAMNMAALAAMNALLALA
A A MNA B L LLA AL AL AL AAA
4 A A a

Assumed drain depth

A A AL AMLALAAAAAALDLS AL A4 A A S ALGG
A AL DL AL DL LD DDA LA A A A A A AAA .

A CE A A A A A N A AA A AN ANAANANNAA

S Ha a o o 8 o 6 8 A8 AA ;A A AAABAAAANLAAAAANAMAA 1.0
AL LD AAAALAA . o

aln L8888 05 e e s N A T :

2% ATa"a"a" s a8 a5 K 1 'm:oﬁlu l.atélalrnel w;atenf 3:1,5

A aA|b A A A A A A B A A A A sy orgUi.e gravel s it

N ata"a e A A A Aoﬁ:%%{)e‘clva.

Do WA e rD Y
A A Ao “5-3%,33.
ATA A A AN AANANAANAANALAAAAA ARG
A A AN NANNANAN oo o AT o
AT ATAT A AR AT A AT A s Glacial clayey Gill 47 A A Al aUA A A ST
—(1988) A A A A A A A A AAAAAAMALNALAAANANALAALA
A A A A A AL AAAMAAAALAAAANAAALAMLALAALA
A A A& AEAD 6l Den. e (1988) A A 8 A AN ALNANLLLD LD SSNASASLLA A
AT ATA : ATA A A aTe A A A A A AT A A A A A AN A A A AR A AN A
o a Middle ot M b A AAAAAAAAAAAAAAAAAAAAAAS ﬂ1AAAAAAAAAAAAAAAAAAAAAAAAAA
) [
Y SY ot Ma (1989) 28,0000 B0 Ba2n0a %008 2 2 2 T 2 2 & A A A A A A A
LA A A A AAALALAALAAAALAAALAAAAALAALAAMALDLAALAAADLDSL
AA A ATATA AR ATA AT AT A A A AT A A B AN AN N AANAAANNAAAANAAA
B A A A A A T AT AT ATAT AT AT AT ATAT A A TATATA A A A A A B AN A AN A AN AN A A

A A A A

2"aa"a
AAAA 2" End ol Sep. —— (1988)

Figure 4. Field 1. Groundwater level in observation tubes A and B, and assumed

drain depth.
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In the drain sesson the water level was normally higher
in observation tubes in clayey till than in those in
sand/gravel, and the hydraulic gradient was orientated
in direction of the layers of sand and gravel, figure 4.
Furthermore, the results from field 3 showed that a very
large part of the percolating water flows through near-
surface layers of sand and gravel to the stream.

The water levels in observation tubes with filtre in
clayey till (A) and in sand/gravel (B) are shown in fi-
gure 5. At A the water table rose to assumed drain depth

only in short spans of time.

1988 1989 1980
. , . . 0
a T » m——
20 rl 20
40 40
E
£ &04 8C
B initation .
-~ Precipitation (mm} Lo
0o 00
0.5 . K]
77777777 Assumed drain depth
1.8
B
= Observation tube
£ 15 B
(=}
K] Screen-2,26-1.41 cm
20 - Observztmn tube L20
77777777777 Screen:2,38-1.53 cm
25 N
Araaraanvas ARl RVAR R P AL IV A RPN S a T T A e

Figure 5. Water level in observation tubes A and B shown

in figure 4.

Nitrate (NO3-N) in the catchment area of Syv _creek and

the Glim area

In the catchment area of Syv creek the nitrate content
was determined in 11 profiles below arable land, namely
SBT and SBIIT~-SBXII, fipure 6. Measurable amounts of ni-
trate occur in the oxidised zone. The largest amounts,
up to a maximum of 17 ppm NO4-N (mg NO3-NIkg fine soil)
were found in the root zone to a depth of 1 metre. Deep-
er down in the oxidised zone the nitrate content varies

between 2-4 ppm NOg-N.
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Figure 6. The catchment area of Syv creek. Nicrate (NO3—N), ammonium (NHA-N]

and tritium below arable land.
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At the transition to the reduced zone (the redox line}

the content of nitrate decreases to under the detection

limit.

In the Glim area the wells Glim 1A-5 and 7 were drilled
in arable land, and Glim 6 was drilled in a former dung

yard, figure 7.
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Figure 7. The Glim area. Nitrate (N03—N), ammonium (NHQ—N) and clay content

below arable land (Glim 1A-5 and 7), and a2 disused dung yard (Glim 6).
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In the profiles Glim 1A, 2, 4 and 7 with thin oxidised
layers of clayey till, nitrate occurs at almost all
depths., In Glim 5 the distribution of nitrate cor-
responds to that of the profiles in the catchment area
of Syv creek. In Glim 3, below the redox line in the
fractured clay layer overlying unsaturated sand, small
amounts of nitrate are found. In the disused dung yard,
Glim 6, the clay layer is oxidised and the amount of

nitrate is rather large (1-10 ppm N03-N).

The distribution of nitrate in the oxidised zone below
arable land will vary throughout the year in consequence
of differences in c¢limate (precipitation and tempera-
ture}, crops, scil management etc. (Ernstsen et al.,

1994} .

Nitrate and the redox line

The redox line marks the shift between soil water with
nitrate and soil water without nitrate. The transition
from the oxidised zone to the reduced zone is estab-
lished by the base colour and the colour pattern in the
sediments determined after the Munsell Soil Color
Charts. The results from the catchment area of Syv creek

appear from figure 8.
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Figure 8. Geology and redox line at SBI and SBIIT-SBXII.
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At SBIII and SBIV the sediments are prey at all depths,

and the redox line indicates the occurrence of red/yel-

lowish brown mottles. In the other profiles the redox

line marks the shift from reddish brown to grey base

colour of the sediments.

In sreas with thick layers of clay, e.g. SBVII-SBX, the

redox line is found in a depth of 3-4 metre, and in

areas with layers of sand/silt and glacial gravelly till

the line lies deeper down (maximum 7 metre below sur-

face). In the Glim area (Glim 1A, 2,

4 and 7) thin

layers of clay (<5 metre) overlying unsaturated sand are

oxidised, and in Glim 3 and 5 with thick layers of clay

the redox line is between 5 and 8 metre below surface,

figure 7. Below the dung yard, Glim 6, the oxidised

layer of clay is 9 metre thick.

Nitrate and tritium

The age of soil water at different depths was suggested

by the tritium content, and the results obtained for

profiles from the catchment area of Syv creek appear

from table 1 and figure 6.

Soil water dating from:

After 1963 c., 1963

Before 1963

1950 or before

Well No. Depth (m)

S8 I 5 5 5 >20.5
SB ITI <3 <3 <3 9
SB V 12 12 12 >14.5
SB VI 13.5 13.5 13.5 >14.8
SB VII c. 5 c. 5 5.5 >14
SB IX 8 8-12 12 >15
SB X c. 6 c. 6 c. 6 11
SB iI c. 11 c. 11 c. 11 »>12

Table 1. Tritium in soil water in profiles from the catchment area of Syv

creek.

Soil water with increased contents of tritium dating

from 1963 is recovered at depths from <3 metre to 13.5

metre, and water dating from before 1950 is recovered
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below a depth of 9 metre. Soil water of similar age is
recovered at different levels in the profiles which is
caused by variations in the flow pattern of the per-

colating water.

Exchangeable ammonium (NH,-H) in profiles in the catch-
ment area of Syv creek and the Glim area

In SBI and SBIII-SBXII the content of exchangeable am-
monjum is high (1-4 ppm NH,-N; ppm = mg NHA-N!kg fine
soil) in the root zone to a depth of ¢. % metre. With
the exception of SBIV, the content of exchangeable am-
monium decreases to <l ppm NH,-N in the deeper part of
the oxidised zone. At the transiticn to the reduced zone
the content increases to 1-3 ppm NH,-N in clayey till,
to 10 ppm NHA-N in melt-water clay and to 28 ppm NH4-N
in Palaeocene greensand limestone and Palaesocene clay,

figure 6.

In the Glim area the content of exchangeable ammonium is
<0.5 ppm NH,-N in oxidised clay layers below arable
land, whereas the content below the former dung yard was

<0.9 ppm NH,-N, figure 7.

Fixed ammonium (NH, -N) in profiles from the catchment

area of Syv creek

Non-exchangeable ammonium, i.e. fixed ammonium, made up
between 30-160 ppm NHa-N in SBI, S5BVII, SBX and SBXI.
The results obtained in SBVII indicate that fixed am-
monium occurs primarily in the clay particles (<2 pm),

(Ernstsen et al., 1990).

Different forms of iron

The content of easily accessible ferrous iron in the
subsoils of SBV and SBVI make up <25 ppm Fe (ppm = mg
Fe/kg fine soil) in the oxidised zone, and 25-100 ppm Fe

in the reduced zone.

The distribution of different forms of iron was deter-
mined by Mdssbauer spectroscopy in SBI, SBIV, SBVIII and
SBX, table 2.



SB I Fine soil
Fell FelIll Fe3*t oxide Total iron
Depth Geo-
{m) lagy % % Fey03
1.8 DS/DI 14 86 - 3.3
3.5 ML 20 80 - 3.8
5.3 ML 52 48 - 1.8
7.1 ML 49 51 - 1.9
19.5 ML 32 68 - 2.7
SB IV Fine soil
Fell Felll Fed* oxide Total iron
Depth Geo-
{m) logy % % Fealj
1.8 ML 31 69 - 2.0
2.6 ML, 45 55 - 1.8
5.8 ML 48 52 - 2.4
SB VIII Fine soil
FeIl FelIl Fe3* oxide Total Lron
Depth Geo-
(m} legy 3 % 5'9203
1.5 ML 10 64 26 2.0
3.5 ML 48 52 - 1.5
7.5 ML 52 48 - 2.7
SB X Fine soil
Fell Felll Fed* oxide Total iron
Depth Geo-
{m) logy % % Feay03
1.5 ML 11 48 4i 2.5
4.5 ML 53 47 - 2.2
7.5 MY, 50 50 - 2.7

Table 2. Structural ferrous iron (Fe(II)}, ferric iron (Fe(III)) and free iron

oxides plus total amount of iron. Redox line is shown as a double line. DS/DI:

Glacial melt-water sand/silt, ML: Glacisgl clayey till.

The resuits indicate that structural ferrous iron
(Fe{II}))} and structural ferric iron (Fe(III)) in the
clay minerals form the mairn part of the total content of
iron. In the oxidised reddish brown zone of SBI, SBVIII
and SBX Fe(ll) makes up 10-20Z, and in the oxidised zone
with red mottles in SBIV Fe(II) makes up 31X, table 2.

In the reduced nitrate-free zone the content varies be-

111



112

tween 45% and 50% Fe(II). In SBI, at a depth of 19.5
metre, the content of Fe(II) i1s only 32, probably be-
cause the clayey till is thoroughly mixed with the
underlying Palaeocene greensand and clay.

The change in the Fe(II}/Fe(III) is accompanied by
changes in the composition of the clay minerals. For
instance, chlerite is found only at or below the redox

line (Ernstsen et al., 1990}.

In clayey till the total amount of iron varies between

1.57 and 3.8I FeZO3' table 2.

Phosphorus in the catchment area of Syv _creek

The primary content of phosphorus varies between 110 and
44Q ppm P (mg P/kg fine soil), and the content has in-
creased only in the upper c. 10 cm of SBIV and SBXI
after application of fertilisers containing phosphorus
for several years, table 3.

In soil water from the upper part of the saturated zone,
to a depth of 1.6 metre, the concentration of orthophos-

phate was below 0.0l mg/l PO,-P, (Ernstsen et al, 1990).

Discussion and conclusion

In the catchment area of Langvad river two geological
type areas have been investigated. The Syv creek type
with thick layers of clay overlying confined aguifers,
and the Glim type with thin layers of clay overlying
layers of sand and gravel with unconfined aquifers. The
two types are presumed to make up 80% and 20Z of the

catchment area of Langvad river.

In the catchment area of Syv creek calculations based on
measurements of precipitation, evapotranspiration,
groundwater level and tritium in soil water have demon-
strated that 25-35% (approx. 60 mm/year) of the per-
colating water flow slowly (decades to centuries) to the
confined aquifers, and the remaining 65-73% (approx. 120
mm/year) flow quickly (days to years) through near-sur-
face satursted layers of sand and gravel plus through

subsurface drain. In the drained clayey till the water



table rose to 0.7 metre below surface in autumn and win-
ter. In the Glim area the water flow downward through
the unsaturated clayey till and sand to the unconfined

aquifers.

SB I SB XI
Depth ppm P Depth ppm P
{m) {mg/kg) (m) (mg/kg)
1.0 350 0.1 570
3.2 430 0.5 280
4.3 460 3.5 330
4.8 430 6.5 340
5.8 330 7.5 430
10.8 420 16.5 240
16.8 430
SB XII
5B IV
Depth rpm P
Depth ppm P {m) {mg/kg)
(m) {mg/kg)
0.1 440
0.1 2100 1.0 330
0.8 440 2.0 315
1.8 370 2.5 450
3.6 370
6.7 370 5B X
9.5 350
16.8 380 Depth ppm P
{m} (mg/kq)
8B VI
0.1 250
bepth ppn P 0.5 110
(m) (mg/kg) 2.5 330
3.5 340
1.9 490 8.5 340
2.3 410 14.5 340
3.4 360
4.6 450
5.1 270
8.9 370
11.9 350

Table 3. Phosphorus in profiles from the catchment area of Syv creek.

Below arable land nitrate is normally present only in
the oxidised zone above the redox line. In Glim 3, below
the redox line in the fractured layer of clay overlying
unsaturated sand, little amounts of nitrate may have
formed by oxidaticn of ammonium. Deeper down than c. 3
metre the content of nitrate is higher below the disused
dung yard than below arable land. The content and dis-
tribution of nitrate in the oxidised zeone vary
throughout the year in consequence of the variations in
precipitation, mineralisation, denitrification, crops,

s0il management etc.
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In areas with thick layers of clayey till, e.g. SBIV and
SBVII-SBX, the oxidised zone containing nitrate is 3-4
metre thick, and in areas with clayey till overlying
layers of sand or gravel the oxidised zone is maximum 9
metre thick. In the Glim type area the oxidised zone can
be very thick as oxidation may happen from the surface
as well as from below caused by air in the unsaturated

layers of sand/gravel.

The age of the scil water was determined by the tritium
content. By comparing the distribution of tritium and
nitrate it was stated that nitrate is removed effective-
ly from the percolating water. Soil water dating from
before 1950, which must have contained considerable
amounts of nitrate originally, now appears without ni-
trate. The nitrate and tritium profiles demonstrate that
the extension of water containing nitrate depends on the

redox line and not on the flow pattern of the water.

Exchangeable ammonium occurs especially in the reduced
zone where the distribution seems to be determined by
the clay content and the lithology. Fixed ammenium makes
up & primary content in fine clay and coarse clay. The
content of nitrogen in fixed ammonium exceeds that of

nitrate and exchangeable ammonium.

The ability of the clay layers to remove nitrate, i.e.
the nitrate reduction capacity, is probably due to
structural ferrous iron, Fe{II), in the clay minerals.
In clayey till the amount of Fe(IIL), which can bhe used
in different oxidation processes, including the reduc-
tion of nitrate, was calculated to be c. 9,600 g ferrous
iron!m3 or ¢. 170 molfma. The nitrate reduction process
is assumed to take place according to the equation be-
low:

sFe?* + NO4 + 12H,0 ---> SFe(OH)z + 0.5Nj + ont

On an annual nitrate leaching of 50 kg N/hectare (0.355
mol NOS'ImZ] the capacity will be used up in a 1 cm
thick layer, which corresponds to approx. 100 years per

metre clayey till.



In an investigation of clayey till and glacial melt-
water clay from the central part of 5jmzlland the con-
sumption of reduction capacity has been calculated to be
0.6-1.6 cm/yesr on an annual nitrate leaching of 50 kg
N/hectare (Ernstsen, 1990),

Furthermore, calculations have proved that the major
part of the structural Fe(II) in the clay minerals may
have been used up by oxygen dissolved in water which has
flown through subsoil since the Weichsel (for c. 10,000
years). For this span of years the amount of dissolved
oxygen has been calculated to be c. 4.8 kg Ozfmz, and in

comparison with this the loss of nitrogen from the root

zone in the last 40 years is
NO4™. Part of this has flown
soil drains and near-surface
and only a small part of the
confined aquifers. Increased

iron in the last 40 years as

assumed to be c. 250 g!mz
with the water through sub-
layers of sand and gravel,
nitrate has reached the

use of structural ferrous

a consequence of the in-

creased nitrate leaching from the root zone is register-
ed only with difficulty in the Fe(II)/Fe(III)} ratio at
present. Thus dissolved cxygen in the percolating water
has made it easier for nitrate penetrate into the sub-

soil.

In 8yv creek type areas nitrate-containing water may
occur in the upper part of the saturated zone, whereas
water in confined aquifers is well protected against
nitrate pollution. A reduced loss of nitrogen from the
root zone will soon be measured in the nitrate con-
centration of the water flowing through subsocil drains
and near-surface sand and gravel layers to the stream.
Part of this nitrate may be removed in organic sedi-
ments¢, e.g. in meadows (Brlsch & Nilsson, 1990). This
type is found in Sjelland, in the northern part of Fyn
and in the isies Lolland, Falster and Mgn which equal
452 of the areas with clayey till in Denmark.

In ¢lim type areas the groundwater is not, or only to a
small degree, protected against nitrate from the root

zone because the nitrate reduction is not effective in
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thin oxidised clay layers. Groundwater below thin layers
of clay will contain nitrate in various concentratioms,
and 8 reduced loss of nitrogen from the root zonme will
be registered in the groundwater on a long view. This
type is found south of Roskilde and south of Alborg plus
lecally in Sjazlland which equal c. 52 of the areas with

clayey till in Denmark.

The remaining part, approx. 50, of the areas dominated
by cleayey till forms a mixture of areas with confined
and nitrate-free water as described for the Syv creek
type, and in other parts unconfined water centaining
nitrate as described for the Glim type. Therefore, the
consequences of a reduced leaching of nitrate from the
root zone will vary. Areas of this type are found in the
southern part of Fyn and in Jylland north and east of

the ice-border of the Weichsel.

The primary content of phosphorus makes up 110 and 460
ppm P, and only in two profiles, i.e. in SBIV and SBXI,
did application of phosphorus fertiliser result in an
increased content in the root zone. In the upper soil
layers the original content of calcite (CaCl,) is used
up and here phosphate is adsorbed in iron oxides and
aluminium oxides. Deeper down the phosphate is adsorbed
in calcite which is found in large amounts (10-40%1). In
the upper part of the soil the phesphorus is adsorbed
effectively, and below arable land the content of or-

thophosphate in the soil water is low.
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Résume.

In the surrounding area of Langvad Stream on
Sealand 3 drillings were performed toc the depth
of 14 m. Soil samples from different depths
were studied chemically and microbially in the
laboratory to explain the possibilities of
microbial nitrate reduction in unsaturated
sandy loam profiles. By measuring the ATP
contents of the scil the biomass of the deeper
seil layers was found to be 0.1-1.5% of that in
the surface soil. Denitrifying bacteria were
found in all depths in numbers from 10% to 10°
bacteria per gram of seil. The actual denitri-
fication activity in the deeper soll layers was
in most cases less than in the surface soil.
Studies of the potential denitrification ac-
tivity showed that in all depths there was a
lack of an easily decomposable carbon source,
and in some cases a lack of nitrate as well.
The lack of easily decomposable carbon sources
has thus a limiting effect on a major nitrate
reduction down through the unsaturated zcne.

However taking into account the huge soil



volume below the root zone and the relative
long infiltration time, it is possible that
even the small denitrificatien activities
measured can contribute to the removal of

leaching nitrate.

Introduction.
Nitrate leaching in soil is mainly due to the

fact that this nitrogen compound as opposed to
many other plant nutrients does not bind to the
soil particles. Once nitrate has left the root
zone it is most likely to enter the ground
water, unless it is reduced either chemically
or micreobially down through the unsaturated
zone.

Nitrate in the ground water is undesirable, as
it can be harmful to human health. Nitrate is
only toxic at very high concentrations, but it
can be reduced to nitrite, which is direct
toxic at far lower concentrations. Moreover
nitrate can combine with amides and amines into
nitrosamines in the intestinal system, and this
compound is considered to have carcinogenic
effects.

The purpose of this study was to elucidate
the possibilities of microbial nitrate reduc-
tion in unsaturated profiles in the surrounding
area of Langvad Stream.

By microbial dissimilatory nitrate reduction
nitrate is transformed into gasecus nitrogen
compounds (denitrification) and inte ammonium.
The dissimilatory nitrate reduction into
ammonium can be of importance in environments
with low redox potential and relatively high
contents of organic matter. However in most en-
vironments the denitrification will be the
dominating process, for which reason we only
have dealt with this process. In the following
text the term denitrification is used synony-
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mous with nitrate reduction.

The results from this study goes linto the
main project "Transpert and transformation of
N and P in the surrounding area of Langvad
Stream", which aims at establishing typical
patterns of watermovement, nitrate reduction
and relevant chemical and biclogical conditions
in the unsaturated zone and in the ground water

zone.

Materials and methods.

S80il samples: The =oil samples originated from
3 drillings performed in the surrounding area
of Langvad Stream. The 3 drillings named Syv
Bek I, III and IV were made to the depths of
10, 5 and 14 meters respectively. Surface soil
was only taken at one locality in the area. A
more detailed description of leecality, geology
and hydrology is given in report Bé: "Transport
and transformation of N and P in the surroun-
ding area of Langvad Stream. I. Geological,
geochemical and hydrological investigations".
chemistry: Some chemical parameters of the soil
were determined according to Danish standard
procedures (Ministry of Agriculture, 1988) .
This included determination of total-N, total-
P, pH (Cacl,) and the contents of CO;-C. Fur-
thermore, NO;-N and NH, -N were determined after
extraction with 2 M KCl1 by measurement on a
Flow Injection Analyser (Tecator 5020 Analy-
sator). Total organic C was determined accor-
ding to Ter Meulen, while water soluble organic
¢ was determined on a TOC Analysator (Dohrmann
DC-180) ; UV-promoted persulfate oxidation and
measurement of the CO, product by infrared gas
analysis.

Microbiclogy: The total microbial biomass was
determined by measurement of adenosintriphos-
phate (ATP) in the scil as described by Eiland



(1985). The bacterial biomass (Colony forming
units (CFU)) was enumerated by plate count on
soil-extract agar and on 100 times diluted
soil-extract agar. The number of nitrate
reducing and denitrifying bacteria was estima-
ted by the Most Probable Number (MPN) - method
(Alexander, 1965) using a medium rich in
nitrate (Vinther et al., 1982). Bacteria able
to reduce nitrate to nitrite are named nitrate
reducing bacteria, and bacteria able to reduce
nitrate or nitrite to gaseous nitrogen
compounds are named denitrifying bacteria.

Incubation experiments: In selected depths down
through the 3 profiles soil samples were taken
for incubation experiments. The incubations
were performed in laboratory-bottles in which
rubber membranes were placed in the 1id to make
removal of air samples possible. A quantity of
soil corresponding to 40 g of dry soil was
weighed out aseptically in each bottle and the
water contents were adjusted to 13%. From each
depth soil was weighed out in 10 bottles: After
2 days of incubation 4 bottles were added
sterile filtered glucose-solution, and after 4
days further incubation, they were added
sterile filtered nitrate-solution - of these 4
bottles 2 were incubated with 10% (of airvolume
in the bottle) acetylene (C,H,) and 2 without.
In addition 4 other bottles were added nitrate
after 2 days of incubation and glucose after 4
days further incubation, and similary 2 of
these bottles were incubated with acetylene and
2 without. The last 2 bottles were only added
water, at the time the others were added
glucose and nitrate - these 2 bottles were
incubated with acetylene. Nitrate was added as
KNO; to a concentration of 100 ppm N in the
soil. Glucose was added to a concentration of

0.1%. All samples were incubated aerobic at
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16°C, and at certain intervals air samples were
taken for analysis of carbon dioxide (CO,) and
nitrous oxide (N,0).

Gaschromategraphy: The CO,-measurements were
performed with a ML GC 82 gaschromatograph,
which had a Poropak N column (1.1 m x 0.6 cm).
The temperatures of the detector and the column
were 150 and 60°C, respectively. The N,O-mea-
surements were carried out on a Varian 3300 GC,
equipped with a Poropak T celumn (1 m x 0.3 <)
and a ®Ni electron capture detector. The
temperatures of the detector and the column
were 350 and 45°C, respectively. A gas mixture
of 95% Ar and 5% CH, was used as carrier gas at
a flow rate of 25 ml/min.

Results.

Chemistry: The results of the chemical measure-
ments are shown in Tab. 1, and there will in
the following be referred to this.
Microbiology: The ATP contents (reflecting the
total biomass) of the surface soil was about
650 ng ATP/g soil (not shown), and the contents
of the subsurface soil varied from nearly 0 to
about 10 ng ATP/g soil (Fig. 1). The ATP-con-
tents of the soil after incubation with glucose
and nitrate is shown along with the contents in
the untreated soil (Fig. 1}. The ATP-contents
of the individual soil samples generally was
from 2 — 10 times higher in samples after than
before the addition of glucose and nitrate.
This is probably because the addition of
glucose has caused a micreobial growth.

The results of the enumeration of bacteria
(CFU)} in the 3 profiles are shown in Fig. 2.
The number of bacteria in the surface soil was
about 107/g soil independent of the medium.



Tab.1l. The contents of total N, NH,-N, NO,-N, total P, CO;-C, total
organic C, water soluble organic C and pH (CacCl,).
« not measured.

Depth|tot-N|NH,-N |NO;-N |tot-P|CC4-C [total [water pH
(m) |[{(pcti|(ppm) | (ppm) | (ppm) |(pct) |org.C|sol.org|(CacCl,)
(pct) |C (ppm)
0 0.13} 2.9 16.1 537 |<0.1 1.36 20.5 5.4
1.2 0.011 0.3 13.6 337 2.7 0.53 18.0 8.7
Drillingj 3.1 0,02] 0.4 3.4 396 2.8 . . 8.6
I 5.1 0.01) 1.2 <0.1 362 3.9 . L 8.6
7.1 0.01] 2.1 <0.1 411 3.5 0.65 15.32 B.4
10.3 0.01]| 2.8 <0.1 343 2.0 0.65 15.2 8.7
0 1.13§ 2.9 16.1 537 [|<0.1 1.36 20.5 5.4
Drilling} 1.5 0.02] 0.5 1.9 385 3.0 0.59 43.7 8.5
ITI 3.0 0.02} 1.8 <0.1 438 3.3 0.65 19.3 8.3
5.0 0.02] 2.6 0.4 391 2.9 0.65 15.7 8.1
o 0.13} 2.9 16.1 537 [<0.1 1.36 20.5 5.4
1.5 0.02| 0.8 2.5 365 3.1 0.59 26.0 8.4
3.0 g.02| 1.3 <0.1 341 3.9 . 24.0 8.4
Drilling| 5.0 0.02] 4.1 6.1 403 3.2 . 20.3 8.3
Iv 8.0 0.03] 3.0 0.6 526 5.1 0.65 26,6 8.1
11.6 0.01| 3.1 0.2 3186 3.2 . 25.5 8.4
14.0 0.0} 3.5 0.1 397 4.6 0.66 18.6 8.2
ng ATP/g soil
o8 10 25 30 40
2 4
44 . I, unlreated
L dedcdobd No. lll, untreated
o 64 EudEa No, |V, unireated
@ 08020 No, 1, cffer incubation
° adetrs No, |il, ofter incubation
F 84 . IV, after incubalion
3 104
124
144
16-

Fig. 1. The ATP-contents of untreated soil samples
(dark symbols) and secil samples incubated with

nitrate and glucose (open symbols).
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Drilling ! Oritling It Drilling IV
CFU/g soil CFU/g soil CFU/g soil
10107102 107 40, 10 © 102.107.10..10.2,10.2. 10
] 2 2+
41 44 44
pw)
5 61 6 51
7 8 8- 8
310« 104 104
124 124 124
14 14 14~

Fig. 2. The number of colony forming units (pacteria) estimated

after plate count on a nutrient rich - (dark symbols) and a

hutrient poor medium {open symbols).

The number of bacteria dropped to 10° - 10°
bacteria/q soil in 2 - 3 m's depth and remained
in this order of magnitute down through the
profiles. In most cases the enumeration of
bacteria in the subsurface soll was dependent
on the medium as there was scored until 10
times more on the diluted medium (Fig. 2). It
has been found {e.g. Ohta and Hattori, 1983)
that bacteria from deeper soil layers, ground
water and other oligotropic environments can be
so adapted to these nutrient poor environments,
that they are unable to make colonies on a
medium rich in nutrients.

The number of bacteria able to reduce nitrate
is shown in Fig. 3. The number of nitrate
reducing bacteria (able to reduce nitrate to
nitrite) in the surface soil was about 10%/g
soil and the number of denitrifying bacteria

(able to reduce nitrate to gaseous nitrogen



compounds) was about 10°/g. This means, that in
the surface soil the nitrate reducing bacteria
made up 10% of the total amount of bacteria,
and the denitrifying bacteria made up 1%.

Nitrate reducing bacet./g soil Denitrifying bact./g soll
1 107 10° 10° 1 107 10°* 10°
O_ O PR RTINS I R I T B RTIT
24 27
44 44
g 5
5 67 o 64
5 >
T84 T8y
3 3
104 10+
121 124 seses Drilling |
| acaeacaea Drilling i
147 14 =aswa Drilling 1V
Fig. 3. The number of nitrate reducing- and denitrifying bacteria.

In all 3 profiles the number of both nitrate
reducing and denitrifying bacteria dropped
considerably from the surface scil to 1 - 2 m's
depth. In higher depths the number either
dropped further (drilling I), increased or
remained more or less constant. The number of
denitrifying bacteria below the root zone was
as mentiocned above less than in the surface
soil, but apart from that, there was noc corre-
lation between depth and number of bacteria.

Incubation experiments: As an example from the

incubation experiments only results from 2
depths in drilling IV are given (Fig. 4).
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Fig. 4. Accumulated N,C-production in soil samples from drill:
IV in the depth of 3 and 8 m.

Treatment 1 = glucose added after 48 hours (A)
and nitrate added after 140 hours
{B)}. Incubated with acetylene.

nitrate added after 48 hours (A)
and glucose after 140 hours (B).

[}

Treatment 2

Incubated with acetylene.
Treatment 3 = glucose added after 48 hours (A)

and nitrate after 140 hours (B).

Incubated without acetylene.

Treatment 4 nitrate added after 48 hours (A)
and glucose after 140 hours (B).
Incubated without acetylene.
Treatment 5 = Control; water added after 48
hours (A) and after 140 hours

(B) . Incubated with acetylene.

There was no measurable denitrification
activity in 3 m's depth until after 140 hours,
where the samples had been added nitrate as
well as glucose. This indicates, that there was
a lack of both nitrate and an easily decom-

posable carbon source. In the samples from
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8 m's depth the denitrification activity
increased already after 48 hours in one of the
treatments (treatment 1). In this case the
activity increased after the addition of
glucose, which indicates that nitrate was
present and only an easily decomposable carbon
source was in short. In Tab. 1 the contents of
nitrate- and ammonium in the 3 profiles are
shown, and actually some nitrate was measured
in drilling IV, 8 m.

The pattern of the denitrificatien activity
found in drilling IV, 3 and 8 m (Fig. 4) was
observed in all the incubation experiments. In
samples from depths with nitrate present (Tab.
1) the addition of glucose caused an increase
in the denitrification activity, but in most
samples the nitrate level was so low, that
addition of both nitrate and glucose was
required before the denitrification activity
increased. In no subsurface samples addition of
nitrate alone caused an increase in the de-
nitrification activity.

The denitrification activity in the samples
before the addition of glucose is assumed to be
a measure of the actual event in situ.

The actual denitrification activity in the
surface soil was 0.1 ug NO,~N kg™' hour™? without
addition of nitrate and 0.2 ug NO,-N kg™' hour™
after addition of nitrate (Tab. 2). The ac-
tivity after addition of nitrate would corre-
spond to a disappearance of approximately 4 kg

' in the ploughed layer, if the ac-

N ha’' year
tivity was constant throughout the year. The
actual denitrification activity in the 3
profiles was in several depths too low to be
measured, also after addition of nitrate, while
it in other depths was equal to or even higher
than the activity in the surface soil (Tak. 2).

For instance the activity in drilling Iv,
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Talb.

2.

11.6 m after the nitrate addition was twice the
activity in the surface socil. An activity of
0.4 pg N,0-N kg soil”’ hour ! would correspond to

a disappearance of 40 kg N ha™' year' in a soil
layer of 1 m's thickness, if the activity was

constant throughout the year.

The denitrification activity without and with

NO; (100 ppm NO;-N addition).
+ not measured.

pg N,0~N kg soil” hour™
Depth (m)| without NO;-N with NO;-N

Drilling I 0 0.1 0.2
1.2 0.0 0.0

10.4 0.0 0.2

prilling III 0 0.1 0.2
1.5 . 0.0

3.0 0.0 0.0

5.3 0.0 0.0

Drilling IV 0 0.1 0.2
1.5 0.0 0.0

3.0 0.0 0.1

8.0 0.0 0.1

11.6 0.1 0.4

14.0 0.1 0.1

Discussjion and conclusion.

Although the total biomass in the deeper soil
layers was only 0.1 - 1.5% of that in the
surface soil, and the bacterial biomass was
only 1 - 10%, it is not likely, that this was
the reason for the often very low denitrifica-
tion activity in samples from the deeper soil
layers. The biomass (total as well as bac-
terial) in the subsurface was low in proportion
to the biomass in the surface, but in itself it
was fairly high. Denitrifying bacteria were
found in all depths down to 14 m, and as a
result of the incubation experiments with



nitrate and glucose addition, it could be
concluded, that there was a potential for
denitrification all the way down through the
unsaturated zone. And it could be concluded,
that the denitrifying bacteria in the sub-
surface apparently were gquite as effective in
reducing nitrate as the surface organisms as
long as they were supplied with an easily
decomposable carbon source. The actual denitri-
fication activity - i.e. the activity without
addition of glucose - in the deeper soil layers
was in most cases less than in the surxface
s0il. This is probably because the subsurface
is an oligotropic environment, where the
microorganisms are living with a more or less
constant lack of organic matter. Decomposable
organic matter serves the purpose of being both
carbon- and enerqgy source for mest microorga-
nisms, and the lack of it results in a low
micreobial activity. In most of the samples from
the subsurface the microbial activity was quite
low before the addition of glucose - both the
denitrification activity as already mentioned,
and the total activity expressed by the CO,-
evolution (not shown).

The lack of easily decomposable carbon sources
in the subsurface so0il will thus be limiting to
a major nitrate reduction down through the
unsaturated zone. In some of the samples the
actual denitrification activity was relatively
high. Taking these locally higher activities
and the huge soil volume into account it is
still possible, that microbial nitrate reduc-
tion can contribute tc the removal of nitrate
in deeper soil layers. It has not been possible
to explain the locally higher denitrification
activities. The contents of organic matter was
the same in all depths, but it is possible that
the decomposability has differed.
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S8UMMARY

Nitrate distribution and reduction processes
were investigated in an unconfined sandy aquifer
of Quaternary age. The groundwater chemistry was
studied in a series of 8 multisamplers along a
flow line, deriving water from both arable and
forested land. Results showed that plumes of
nitrate containing groundwater emanate from the
agricultural areas and spread through the aquifer.
The aquifer can be subdivided into a upper oxic
zone of 10-15 m with ground waters containing 0O,
and qu and a lower anoxic zone characterized
by Fe?f-rich waters. The redox boundary is very
sharp and suggest that reduction processes of 0p
and NO, occur at a rate which is fast compared
to the downward water transport.

The total content of dissolved ions is 2 to 4
times higher in nitrate containing groundwaters
derived from arable land than in groundwaters
derived from forest areas. The persistence of
the high content of total dissolved ions in the
NO3~-free anoxic zone indicates that active nitrate
reduction is taking place. These deductions are
only possible because the sediment contains no
carbonate.

Possible electron donors in the reduced zone of
the aguifer are organic matter, present as
reworked brown coal fragments from the underlying
Miocene and low amounts of pyrite at an average
level of 3.6 mMole/kg. Electron balances across
the redoxcline, based on concentrations of Op ,
NO3, S0, and TIC indicate that pyrite is by far
the dominating electron donor even though organic
matter is much more abundant. Apparently the
reactivity of the brown coal fragments is too
low to affect the chemical composition of the
groundwater significantly. Furthermore, nitrate
pollution increases the total electron acceptor
load on the agquifer by a factor of five.

Transport and chemical reactions of both natural
waters and nitrate containing waters from agricul-
tural areas, in an unconfined sandy aquifer were
nodelled using the 1-D code PHREEQM, which com-
bines an equilibrium model with a mixing cell
transport model. Only the vertical component of
the water transport was modelled since, in con-
trast to rates along flowlines, the vertical rates
are close to constant as required by the one-
dimensional model. A further advantage of this
procedure is that data from different borings
can be collected in a single depth prefile,
normalized to elevation, yielding a more general
picture of changes in water chemistry. Average



vertical transport rates of water in the saturated
zone were obtained by tritium dating.

The modeling process is a two step procedure.
First the sediment column is initialized with
natural water containing only oxygen as electron
acceptor. Subsequently agricultural waters con-
taining both oxygen and nitrate are fed into the
column and spatial and temporal variations in
groundwater chemistry can be modelled.

The gquasi-steady state profile predicted by the
model for natural waters containing oxygen as
electron acceptor and pyrite as the only electron
donor is in good agreement with the field data.
However, the model predicts that a non-carbonate
buffer is in operation and this is presumably
FeCOH.

The nitrate concentration of agricultural waters
entering the saturated zone varies with time and
an input function was therefore constructed by
linear mixing, using PHREEQE, of natural waters
and agricultural waters. This input function was
fed intc the column initialized with natural
water, and the model run forward in time to the
year 1988 were field data are available. Com-
parison with field data shows that major changes
in groundwater chemistry are well described by
the model comprising reduction of oxygen and
nitrate and pyrite oxidation.

Downward progression of the redoxcline is ac-
celerated with a factor of five by the nitrate
pollution of the agquifer, but absoclute rates
remain small in the order of cm/yr. The contrell-
ing factor for nitrate migration through the
acquifer, once it has reached the anoxic zone, is
the concentration and distribution of pyrite in
the sediments.
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SUMMARY

Run-off and transport of plant nutrients have
been measured in streams and drains in the selec-
ted NPo-workshop areas near the brooks, Rabis and
Syv.

The 660 ha catchment area of Rabis brook consists
of diluvial coarse sand to a great depth, and
the inflow to the stream takes place almost enti-
rely by ground water. There is no subsurface
drainage in the area. Compared to other streams
the concentrations and quantities of plant nutri-
ents are low. The average annual transport per ha
of the most important plant nutrients has been:
NH,-N 0.3 kg, NO;-N 9.2 kg, PO,-P 0.32 kg, total
P 0.5 kg, K 13 kg, Ca 125 kg, Cl 100 kg and SG,
113 kg.

The 1170 ha catchment area of Syv brook mainly
consists of till. The annual plant nutrients
transport per ha at the stream station has been
19 kg NO,-N, 21 kg total N, 0.3 kg PQ,-P, 0.4 kg
total P and 8 kg K. Average quantities for the
subsurface drainage water stations have been 35
kg NO,-N, 40 kg total N, 0.4 kg PO,~P, 0.7 ka to-
tal P and 7 kg K. Average P-quantities at the
drainage water stations show traces of waste
water discharges, however. In addition there
seems to be a considerable decomposition of some
parameters in the upper part of the stream.



Objective

Rabis brook

Syv broock

Rabkis brook

1. INTRODUCTION

Run-off and plant nutrient transport have been
measured in the two streams which drain the se-
lected NPo-workshop catchments areas as well as
in selected drainage systems. The measurements
are an integrated part of several projects which
include water and plant nutrient balances for the
two catchments.

The catchment area of Rabis broock consists of
diluvial sand down to a great depth. The soil
type is coarse sand, and there is no subsurface
drainage within the area. The ground is generally
flat; the upper part of the stream, however, runs
in a quite deep melt water valley. The inflow to
the stream takes place almost entirely from
ground water.

The catchment area of Syv brook mainly consists
of till. The ground is rather flat in the major
part of the area, some parts are quite hilly,
however. The soil type is mainly sandy clay. The
mapping of subsurface drained areas is insuffici-
ent, but according to information from the owners
approx. one half of the agricultural areas is
pipe drained (Hansen, 1990}. In the upper part
of the stream there is a couple of smaller ponds
which the stream runs through. Furthermore, the
slope of the upper half of the stream is very
small and so delays the run off.

2. MATERIALS AND METHODS
At Rabis brook the water and plant nutrient
transport is determined at 2 measuring stations

in the stream. The placings are chosen so that

the stations - as far as possible - represent
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Measurements

Manual measu-
rements of all
drainage outlets
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areas of different uses. The catchment area of
the down-stream station is mainly agricultural
areas. The topographic catchment area is approx.
980 ha. The up-stream station is placed so that
heather and plantations make up as great a part
of the catchment area as possible. The topogra-
phic catchment area of this station is approx.
660 ha and is part of the catchment area of the
down-stream station. For both stations the ground
water catchment area is considerably smaller than

the topographic catchment area.

At Syv brook a measuring station was established
in the stream, and 2 measuring stations were
established in selected subsurface drainage water
systems near Damgaard and Nordmarksgaard.

The topographic catchment area of the stream sta-
tion is approx. 1170 ha. For the drainage water
station near Damgaard the drainage system covers
approx. 55 ha. However, only a small part of the
drainage system near Nordmarksgaard has been
mapped. The topographic catchment area of this
drain outflow is aprox. 60 ha. According to the
collected information (Hansen, 1990) approx. 15
ha are systematically pipe drained. Of the remai-
ning part aprox. 35 ha are partly drained, that
is some of the fields are drained in depressions.
There is not any information available about
drainage of the remaining 15 ha of the area.

The run-off at the measuring stations has been
determined by continuous registration of the
water level. Furthermore, water samples have been

taken reqularly for chemical analyses.

For financial reasons it was not possible to car-
ry out continuous measurements of run-off and
regular sampling from all drainage outlets into
Syv brook. Therefore, in addition to the conti-



Precipitation and
run-off

Increased runoff

nuous measurements on the two largest drainage
systems, manual measurements were carried out on
the other drainoutlets 9 times during the period.

3. RESULTS
3.1 Rabis

The monthly average run-offs are shown in Figure
1, which alsoc show the monthly precipitation.
From this it appears that at both stations there
are relatively small variations in the run-off.
This corresponds to the fact that there is almost
entirely inflow of ground water to the stream.
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Figure 1. Monthly average run-off and precipita-
tion at Rabis brook.

Comparisons with earlier measurements near the
down-stream station (Hansen, 1986) show that the
run-off in 1988 has been 10-20% higher than nor-
mal. Near the up-stream station the run-off this
year has been correspondingly higher than the
previcus and following year. This is due to ex-

ceptionally large rainfalls in the summer and
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Chemical ana-

lyses

autumn of 1987. At both stations the increased
run-off is delayed several months compared with
the increased precipitation. The delay is least
at the down-stream station, where the run-off
culminated in March 1988, while the run-off at
the up-stream station first culminated in July
1988.

Average concentrations for each analysis parame-
ter at the 2 stream stations are shown in table
1.

Table 1. Average element concentrations in Rabis brook.

HCO; TOC NH,-N NO4-N PO,-P tot-P Ca Cl T-Fe Fe't X Mg Mn Na SO
Station mmol/]l ===

---------------------- mgfl —————m e
up-stream 0.72 2.1 0.014 0.82 0.035 0.093 18 18 0.77 0.11 1.1 3.2 0.14 14 17
downstream ¢.92 1.9 0,064 1.88 0.041 0.106 25 20 0.79 ©.12 2.7 3.7 0.18 13 23

Plant nutrient
transport

Quantities per ha

142

Compared with analyses from other Danish streams
the concentrations of plant nutrients are gene-
rally low. Variation for the analysis parametres
with the highest variations is shown in Figure 2.
For NO,-N, NH,-N, Ca, Mn, S50, and especially K
there is an increase in the concentrations from
the up-stream to the down-stream station, Table
1 and Fiqure 2.

The plant nutrient transport has been calculated
by multiplying daily run-off with daily concen-
trations, As the concentrations are only deter-
mined once every month, the concentrations for
the intervening days are calculated by linear
interpolation between the nearest previous and
following analysis.

The size of the catchment area of the down-stre-
am station has earlier been estimated by water
balance calculations at approx. 770 ha (Hansen,
1986) . Assuming the run-off in mm in the measu-

ring period has been the same for the two measu-



ring stations, the ground water catchment area
of the up-stream station can be estimated at
approx. 200 ha. Plant nutrient transport per ha
calculated under these circumstances is shown in
Table 2.
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Figure 2. Variations in plant nutrient concentrations at Rabis brook.

Table 2. Plant nutrient transport, kg/ha, at the measuring stations in
Rabis brook.

month HC:O3 TOC NH4—N N03—N P04-P tot-P Ca Cl tot-Fe Fe++ K Mg Mn Na 80O

Upstream station

1987 2-12 2.7 7.0 ©0.05 3.3 0.13 0.27 65 65 2.5 ©.47 3.6 11 0.42 53 69
1588 1-12 3.7 11.9 0.06 4.5 ©.17 0.42 90 103 3.0 0.65 5.9 17 0.80 76 87
1989 1-12 3.2 7.9 0.07 2.9 0.15 ©.3% 83 71 3.3 0.31 4.1 14 0.65 52 73

Down—-gtream station

1987 1-12 4.1 9.2 0.32
1988 1-12 5.0 10.8 0.33 1
1989 1-12 4.5 7.6 0.31

0.20 0.50 120 90
0.21 0.45 132 116
0.20 0.56 123 94

0.45 13.7 17 0.75 &9 102
0.90 15.2 21 0.92 77 126
0.48 10.4 18 0.89 56 112
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3.2 Syv brook

Precipitation and average run-off at the 3 sta-
tions with continuous measurements at Syv brook
are shown in Figure 3. From this it appears that
there are high seasonal variations in the run-
off at all 3 stations. The variations are rather
uniform for each station; however, the run-off is
reduced a little faster in the spring and after
rainfall periods at the drainage water stations
near Damgaard than at the other stations.
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Figure 3. Monthly precipitation and average run-
off at Syv brook. Notice that there are 2 diffe-
rent scales for run-off.

The run-off has been much higher in the 1. half-
year of 1988 than in any other half-year period,
Table 3. The difference in run-off cannot appa-
rently be explained by the precipitation figures
alone. The distribution of precipitation with
large quantities in the 1. guarter of 1988 combi-



ned with large rainfalls in the summer and autumn
of 1987 is probably a contributing cause.

Table 3. Half-yearly precipitataion, mm, and run-off at Syv brook.

Period precipi- Stgeam Damgaard Nordmarksgd.
year month |tation 1000 m”> mm [1000 m” mm 1000 m> i)
1987 7 -12 445 6532) s562)

1988 1 - 7 312 2763 236 171 31l 171 428
1988 7 =12 420 562 48 31 56 36 89
1989 1 - 7 222 476 41 50 91 36 90
1989 7 -12 415 414 35 55 100 34 84
1990 1 - 4 238 983 84 72 131 55 138
1) subsurface drained area estimated at 40 ha
Run-cff in September - December
At all 3 stations there have been periods without
run-off in the summer months.
Chemical analysis The average concentrations for each analysis
parameter at the 2 measuring stations at Syv
brook are shown in Table 4.
Table 4. Average for plant nutrients koncentrations at Syv brook.
Station COD NH4-N NO3-N tot-N PO4-P tot-P Cl K S04
mg/l  mwg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l
Stream 22.5 0.15 11.2 12.8 0.143 0.225 37 5.0 46
Damgaard 18.7 0.07 11.3 13.2 0.071 0.103 38 1.8 57
Nordmarksgaard 16.0 0.29 13.0 13.8 0.204 0.358 30 2.9 58

The temporal variation for each analysis parame-
ter is shown in Figures 4-6.

Average plant nutrient concentrations (Table 4)
and the variations in the parameters (Figure 4-
6) indicate that the stream and drainage water
near Nordmarksgaard - as expected - are polluted
with waste water or other pollulants. Especially
in summer periods with low run-off there are high
concentrations of NH,-N, PO,-P, total P and K at

these stations.
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Figure 4. Plant nutrient concentrations at the stream station, Syv
brook.
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Figure 5. Plant nutrient concentrations at the drainage water sta-
tion at Damgaard.
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Figure 6. Plant nutrient concentrations at the drainage water sta-

tion at Nordmarksgaard.

Annual gquantities

Variatien in
quantities

Quantities of plant nutrients per area unit are
shown in Table 5. In the calculations it is sup-
posed that the ground water catchment area of the
stream station is of same size as the topegraphic
catchment area (1170 ha) and that the subsurface
drained areas of the drainage water stations near
Damgaard and Nordmarksgaard are 55 and 40 ha re-
spectively.

Due to high run-off rates the amounts of plant
nutrients has been highest in the first six
months of 1988. The lower guantities in the last
part of the measuring period are similarly due to
lower run-off. At the stream station the quan-
tities of NH,-N, PO,-P, total P and K are greatly
reduced in the measuring period because of redu-
ced discharges.
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Tabel 5. Yearly plant nutrient transport, kg/ha, at Syv brook.

Station Peried

Stream 1987/881)

1988/89
1989/90

Dam- 1987,/882)

gaard 1988/89
1989/90

Nord- 1987/882)
marks- 1988/89
gaard 1989/90

COD NH,;-N NO,-N tot-N POu-P tot-P (1 X 56,
58 0.44 32.9 36.8 0.40 0.61 94 15.7 109
26 0.16 7.9 9.3 0.19 0.30 39 4.9 49
29 0.13 15.6 18.1 0.14 0,22 51 4.3 73
58 0.19 33.6 37.9 0.17 0.24 B89 5.8 136
24 0.16 15.1 15.8 0.10 0.15 66 2.6 90
46 0.14 29.2 37.3 0.23 0.32 104 4.1 165
77 0.32 48.4 49.8 0.53 1.12 113 10.0 291
21 1.12 24.8 26.7 0.58 0.93 56 7.7 88
35 0.97 34.9 38.4 0.59 0.92 77 6.8 103

1) September 1987

~ April 1988

January 1988 - April 1988

Manual measuments
of drain outlets
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Manual measurements of all drain outlets were
carried out 9 times during the measuring period.
At the same time the run-off was measured, and
water samples were taken at the measuring station
in the stream.

The results showed that the major part of the in-
flow to the stream takes place by drainage flow,
but that there is also a considerable inflow
directly from ground water. There is a tendency
that run-off and plant nutrient guantities in
drainage outflows make out a greater part of the
quantities at the stream station by high than by
low run-off.

The results also show that N predoninantly origi-
nates from subsurface drainage ocutflows. For the
other analysis parametres the results are appa-
rently more uncertain. This is probably due high
decomposition rates in the stream and/or that a
greater part of the quantities in drainage out-
flows come from waste discharges from farm buil-
dings. Discharges from agricultural hcldings
increase the sampling error, especially when as
in this case instantaneous samples are taken, as
discharges form agricultural heldings are usually
irregularily.



Rabis brook

Syv brook

4. DISCUSSION AND CONCLUSION

There are only small variations in run-off and
plant nutrient transport at the 2 stream stations
in Rabis brook. This agrees with the fact that
the inflow to the stream almost entirely takes
place by groundwater inflow.

Compared with other streams the nutrient concen-
trations and transports are low. For the down-
stream station the average annual gquantities per
ha of the most important ones have been: NH,-N
0.3 kg, NO,-N 9.2 kg, PO,~P 0.32 kg, total P 0.5
kg, K 13 kg, Ca 125 kg, Cl 100 kg and S0, 113 kg.

The nutrient concentrations and transport per
area unit have generally been lowest at the up-
stream station where a great part of the surroun-
ding area is plantation and heather.

There are high seasonal variations in the run-
off at Syv brook. Most of the investigated stream
stretch is usually without run-off a part of the
summer periocd. This corresponds with the fact
that the major part of the inflow to the stream
takes place by subsurface drainage outflow, espe-
cially at high run-off intensity. Apparently
there is also a substantial groundwater inflow to
the stream.

The determination of the pipe drained area is
uncertain because the mapping of the drains in
the area is inadequate, but according to informa-
tion from the owners approx. one half of the

catchment area is drained.

The instantaneous manual measurements of the run-
offs from drainage outlets show that N is predo-
ninantly conveyed from drainage cutflows. For the
other elements the sources are uncertain,
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Apparently there is a considerable nutrient de-
composition in the upper part of the stream. This
is especially due to the low slope of the streanm
and to the bog holes through which the stream
passes and therefor delays the run-off.

The annual plant nutrient transport per ha for
the stream station at Syv brook has been 19 kg
NO,-N, 21 kg total N, 0.3 kg PO,-P, 0.4 kg total
P and 8 kg K. Average quantities for the drainage
water stations have been 35 kg NO;-N, 40 kg total
N, 0.4 kg PO,-P, 0.7 kg total P and 7 kg K. Ave-
rage P-quantities for the drainage water stations
show traces of waste water discharges, however.
The plant nutrient quantities at the measuring
station in the stream have been affected by dis-
charges of small amounts of waste water and
especially in the beginning of the measuring
period. Furthermore there is a substantial plant
nutrient decomposition in the upper part of the
stream. The plant nutrient quantities in the
stream are therefore not necessarely representa-
tive for the quantities which are conveyed from
agricultural areas,

5. LITERATURE
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Abstract.

Fladerne Brook watershed 1s an intensive
agricultural area with more than 75% cropped
fields. It is gituated in an outwash plain and
the geological material is mainly sand with
minor contents of pyrite and lignite. The
annual loss of nitrate to the groundwater is
120 kg N/ha, while the discharge from the
watershed is 3.3 kg N/ha. The brook is acid
with high iron content.

The aguifer is 20 meter thick and the nitrate
reduction front is located in 6-9 meter. Below
this depth nitrate is reduced in the aquifer
by oxidation of pyrite and lignite.
Laboratory experiments has proved that the
reaction is microbioclogical and a 1. order
reaction with respect lignite and pyrite. By
addition of bactericide the reduction process
is stopped, while addition of dglucose acce-
lerated the reaction.

A calculation of the total reduction capacity
of the upper aquifer results 80 000 kg N/ha,
equivalent to 650 vears loss from the cropped
fields.



1. Introduction.

In large areas of wegstern Jylland outside the
deglaciation line the river water is acid and
iron rich. Although some of the watersheds is
intensively agricultured the discharge is low
in nitrate. A former study from Fladerne Brook
watershed showed an annual discharge of 3 kg
N/ha in spite of a calculated leaching from
the arable land of approximately 80 kg N/ha,
Hansen & Sommer (1987). Consequently, it is
believed that nitrate is reduced 1in the
groundvater by oxidation of pyrite and ligni-
te.

The aim of present study is to demonstrate the
chemical and biological reactions in the
aquifer and in the root zone under a intensi-
vely cropped farmland. Additionally, the
acidification of the groundwater is determined
and a Xkinetic approach towards the nitrate
reaction with pyrite and lignite are setup. A
programme of field measurements and laboratory
experiments is combined.

2. Materials and Methods.

Location.

Fladerne Brook watershed is situated 25 km
north of Herning i midwest Jylland, Fig. 1. It
is a tributary of Karup river system and
covers an area of 250 ha. The surface is
rather flatten tilting towards west from 4%
m.b.sl. to 39 w.b.gl. at the river station.
The area is located in a outwash plain, mainly
consisting of diluvial sand overlaying Terti-
ary quartz sand with a low pyrite and lignite
content.
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7| PRE WEICHSELIAN MORAIN
——— DEGLACIATION LINE
[ ]OUTWASH PLAIN

Fig.

1. The investigation area, Fladerne Brook.

Field station.

Based on hydrogeological information four
groundwater stations (B1-B4) were placed along
a groundwater flowline, Fig. 2. On each field
station a well was drilled to a depth of 12.5
meter below water table. The boring was equip-
ped with 7 groundwater 0.5 m filters with 1
meters interval and soil-air filters. Soil
samples for geochemical analyses and experi-
mental use were collected while drilling.

At each station (B1-B3) 3 lysimeter (42 * 32
* 22 cm) with an electronic perceolation dauge
was placed in 1.0 meter below surface.

At station B2 four teflon suction cups attac-
hed to an automatic vacuum pump were installed
in 1.0 meter for soll water sampling. A clima-
te station was placed at the fringe of the

field recording socil and air temperature,



precipitation, percolation and groundwater
level averaged hourly.

Adjacent to the station B4 a river station was
setup, collecting water from the brook each
hour. A plate weir in the brook enabled dis-
charge measurements. For further information

on technical equipment, see Jacobsen (1991).

Analvses and measurements.

ALTITUDE, m.b.sd

1 FLADERNE BROOK

GROUNDWATER

. , WELLS WL | WELL1
0 200 400 800 800 1000
DISTANCE FROM BROOK, m

Fig.

2. Transect of the aquifer.

S0il samples from the borings were described
geologically and chemical analyzed by the
Geological Survey. Analyses of TOC, Caco,,
pyrite, reduced sulphur and mobilizable orga-
nic matter (MOM) were performed. Analyses of
N© were carried out on a Varian 6C 3300 and
C02 was measured on a ML GC 82 at Danish
Research Service for Plant and Soil. Water
analyses were performed on unfiltered samples
immediately after return to the laboratory.
Analyses of pH, alkalinity, NO,, NH,, 80,, Fe'',
K, Cl1, POy, total-N and total-P were processed:
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for further analytical information, see Jacob-
sen et al. (1990).

Periodically sampling.

With intervals of approximately one month
groundwater, water from lysimeters and teflon
cups, so0il air samples and c¢limatic records
were collected. Groundwater is pumped up by a
impeller pump trough a flowcell with a tem—
perature and pH probe attached. Analyses of
Fe™ and PO, was carried out instantanecusly.
Experiments.

Experiments were gsetup to determine the nitra-
te reduction in the saturated zone. Kinetic
experiments were carried out in batch runs.
Spil samples, 200 g in 1000 ml groundwater,
were added nitrate and incubated in a N, at-
mosphere in sealed blue cap bottles at 22 °C
or 10 °C. Some s0ils were added 1% pyrite, 2%
lignite or 0.1 mg glucose/l. In some parallel
runs the microbial activity was stopped by
addition of a bactericide (NaN3}. Water sam-
ples were extracted during a periocd of 112
days and analyzed for pH, alkalinity. 804, NO,
and NH;. In some runs PO; was determined in
order to detect a release of phosphate from
the lignite decomposition.

Water balance.

Based on climatic records from the field
stations it was possible to calculate a water
balance for each field. The model in use,
Evacrop, take into account precipitation,
temperature, global radiations and type of
crop, Olesen & Heidmann 1990. The model is
based on WATCROS / NITCROS conhcept, Aslyng &
Hansen, 1982 and Hansen & Aslyng, 1984.



3. Results.

Geology and chemistry.

Fladerne Brook watershed upstream the weir
station covers an area of 250 ha. The ground-
water level is 1 - 2.8 m.b.s. The longitudinal
gspan is 2700 meter and the width 900 meter.
The brook covers approximately 1200 meter open
water coarse downstream with no drain systems
and nearly 500 meter upstream in pipes with
minor drain systems. The top s0il is mostly
sand with exception of areas near the brook
where peaty soils are abundant. The soils
below 1 meter consists of more than 98% sand

fraction :

Well no Bl:

0-0.5 m sandy soil, Post Glacial
0.5-4.5 m diluvial sand, Glacial
4.5-12.5 m quartz sand, Miocene

Well no B2:
0-0.5 m sandy soil, Post Glacial
0.5-3.0 m diluvial sand, Miocene

3.0-13 m gquartz sand, Miocene

Both profiles contains no carbonate and the
organic carbon content (TOC) is in the subsoil
part between 0.04-0.09 %, Fig. 3. The reduc-
tion capacity of MOM is less than 200 mg 0,/49
scil. A well for household water supply 200
meter from well B2 showed a clay laver in 20
meter. Using this information a pumping test
showed a hydraulic conductivity 6.5-107" m/sec,
corresponding to a transmissivity 1.2-107
m¥/sec. Using corresponding data of precipita-
tion and groundwater level, the unsaturated
conductivity is estimated to 1.2-1.5-10° m/sec
equal to a pistonic translocation time of

28~-36 hours from soil surface to groundwater.
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Fig. 3. Reduced sulphur and organic matter in the four soil
profiles.

Nitrogen, agriculture and leaching from top

s0il.

The landuse in Fladerne Brook watershed is 79%
agriculture and 12% forrest. In 1984 Hansen
and Sommer (1987) made a calculation on the
frequency of crops. Compared to the present
study a remarkable change has occurred as
pulses crops increased from 2% to 27%, whereas
cereals decreased from 34% to 10%. The area
covered with root crops is rather constant
31-34%.

Most of the fields are irrigated during the
sommer desiccation.

Information on the amount of fertilizer and
manure applied to the fields was obtained from
the farmer and the farmer consultants., Using
data on crops and recorded climatic parameters
a water balance of the root zone was simulated
by use of the FEVACROP model. Leaching of
nitrate and sulphate from the rcoot zone could
then be estimated from the infiltration volu-
mes and soil water concentrations obtained in
teflon cups and lysimeters, Fig. 4. The annual
loss of nitrate from 1 meter was in 1989-90

about 120 kg N/ha equivalent Lo a mean con-
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Fig. 4. Leaching of nitrate and sulphate from the root

zone at station B2.

centration of 25 mg N03~N/1. The corresponding
values for sulphate was 75 Kg 8/ha and 15 wg
50,-8/1.

So0il air.

The compesition of s0il air showed rather low
values of N,0 and COy, whereas 0y is about
constantly 19 %, similar to an earlier study,
Lind (1986} and Jacobsen (1986). The N;0
content varied between 0.63-1.43 ppm compared
to the atmospheres (.27 ppm, and thus indicate
a low denitrification activity in the unsa-
turated zone and the upper groundwater. The CO,
contents was about ten times the atmospheric
value and confirmed the low microbiolegical

activity in the unsaturated zone.

Watershed discharge.

The outflow from the watershed has been mea-
sured in the period 1989.10.01 to 1990.06.01
which mean that not an annual value could be
calculated. The discharge was estimated to 375

mm compared to 488 mm of infiltration. The

159



160

outflow of nitrate and sulphate made up 3.3 kg
N/ha and 84 kg S/ha.

The transect.
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5. Groundwater temperature in September 1989,

The physical and chemical parameters of the
groundwater along the transect may give in-
dications of the dynamics in the reservoir. It
is general accepted that the groundwater
temperature is 8°C in average. Present study
has, however, shown a temperature in 11 meters
depth of 10.2°C in September, Fig. 5., while
in March only 8.4°C. This indicates a rapid
flux of groundwater through the aquifer.

A further indication of the flow pattern can
be obtained from the potassium content in the
transect. As the clay content in the soil is
leags than 1% the potassium concentration
reflects influence from agricultural leachate,
Fig. 6. The 1limit in concentration between
water from cropped and uncropped areas 1is
usual set to 10 mg K/1, and leachate measured
in teflon cells varies between 15-40 mg K/1.
Hence, agricultural water is present down to
approximately 10 meter b.s.
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on B2, March 1990.

The nitrate concentration in the

profiles
decrease with depth caused by a reduction by

pyrite and 1lignite, Fig. 7. As pyrite is

oxidized by nitrate, Fe++ and H+ ig released,

which consequently decreases pH. Ti has been

observed that the nitrate reduction iront is
not stable through the vear. The zero isoline
(7-9.5

In March after the winter

tluctuates vertically about 2 meter,

meter b.s.}. in-
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filtration the nitrate front is at the lowest,
Fig. 8.
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Fig. 8. Nitrate in groundwater in March 1950, mg NOy-N/1.

Laboratory experiments.

In order to describe the kinetics of the
nitrate reduction by oxidation of lignite and
pyrite laboratory experiment with reservoir
soil were processed.

In runs without addition very low activity was
recorded, Fig. 9. Addition of 2% lignite
increased the reduction rate about ten times.
The presence of pyrite accelerates the reduc-
tion significant and deplete the nitrate in
130 days. This corresponds to a reductions
rate of 0.4 mg N/kg soil day. If both pyrite
and lignite is in the batch the reaction rates
are summed.

The nitrate reduction using glucose as carbon
source very rapid and diminished the oxidation
of pyrite, Fig. 9.

Addition of bacteric¢ide to the batch causes no
activity could be detected, not even in batch
runned for a period of 280 days. The nitrate

reductioh is conseguently believed to comple-



tely controlled by microbial metabolism in the
agquifer.
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Fig. 9. Nitrate reduction and sulphate production in batch

experiments.

In batch experiments with inoculated material
from a lignite mine the reaction rate increa-
sed considerably, apparently caused by the
increase in the bacteria population, Andreasen
& Larsen (198%a, 1989b, 1989c).

4. DISCUSSION AND CONCLUSION.

The aim of this study was primarily to evalua-
te the impact of nitrate from intensive far-
mimg on the groundwater and the processes in
the aquifer which enables a reduction of
nitrate.

Fladerne Brook watershed has an annual preci-
pitation of B00 mm and the infiltration is
near 400 mm. The annual loss of nitrate to the
groundwater is about 120 kg NO3-N/1, which
gives an average concentration of 25 mg NO3-
N/1. This wvalue is higher than an earlier

study based on caleculated values, Hansen &

163



Sommer (1987}, but lower than obtained by
K6lle et al. {1985} on a similar soil. Only a
minor denitrification occurs near or above the
groundwater and is estimated 5-10 kg N/ha
year, similar to values recorded by Jacobsen
& Vinther (1990).

The calculated discharge of nitrate amounts to
3.3 kg N/ha year which imply a mean reduction
of 115 kg N/ha year.

Investigations of the groundwater transect
indicate that the nitrate reduction mainly
occure in 6-9 meter b.s. Coincidentally, a
decrease in pH and a increase sulphate is
determined, which demonstrates that pyrite
oxidation is a part of the reaction. Studies
in sandy aquifers near Hannover, Germany. has
indicated this reaction, Ké&lle et al. (1985)
and Kdlle & Schreeck (1982). The predominant
processes in nitrate reduction have been
examined in laboratory experiments. The three

main reactions in the aquifer are:

5 FeS, + 14 NO;” + 4 H' => 7 Ny + 10 50, + 5 Fe'' + 2 HQO (1)

)
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“ 4 NO, + 7 HO -> FeOOH + 0,5 Ny + 9 ' {2)
5 CqHy0, + 28 NOy

-> 14 Ny + 28 HCO{ + 7 COp + 6 HyO (3)

Reaction 1 and 2 are related to pyrite and
iron, while reaction 3 is a general oxidation
of organic matter (lignite/humus). Oxidation
iron generates a decrease i pH, while oxida-
tion of organic matter tends to increase the
alkalinity. As the two processes usually run
synchronously the change in pH will be less.
The laboratory experimentg showed that sedi-
ments below the oxidation front were able to
reduce quantitative amounts of nitrate. The
reaction rate was estimated to 0.022 mg N/ kg
soil day, equivalent to 135 kg N/ha year per
meter of sediment, the same magnitude as the

iecached from the root zone. Increasing con-



centration of pyrite and lignite in the sedi-
ment raise the reduction rate, corresponding-
1y, probably following a 1. order reaction. By
adding bactericide to the batch experiments no
reactions could be detected. This confirm that
the nitrate reduction in the agquifer is total-

1v biological governed.

Earlier studies in clay soils indicated a
geochemical nitrate reduction, Lind (1980),
while Hendry et al. (1984) and Lind {1986)
showed that nitrate reducing bacteria was
present in c¢layey soils. The temperature
dependency has been described by Vinther
{1990) . An estimation of the nitrate reduction
capacity in the upper aquifer (0 - 12 meter)
gives following values:

pyrite 18 000 kg NOC3-N/ha
lignite {organic} 61 000 kg NO3-N/ha

totally 80 000 kg N/ha equivalent to 650 vears
loss from the root zone at the present level.
To this capacity a considerable guantity must
be added as no recognition of leached organic
matter is considered in the calculation,
Jacobsen & Vither {1990}. Further, the aguifer
is known to be at least 2) meter deep.
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IMPACT CN GROUNDWATER QUALITY FROM TWOQ MANURED
FARMLANDS ON SANDY SOILS.

Abstract.

In two sandy so0ils in mid Jylland, the N-
transport and N-transformation processes in
the unsaturated zone were investigated during
a two year period. The nitrogen leaching was
estimated to 45 to 205 kg N/ha year, and was
largest when liquid manure was spread on bare
soil followed by a rainy period. Leaching of
organic N was found to be app. 25 % of the
total N-leaching. Acidification of soil due to
nitrification was registered after spreading
of manure. A high potential for nitrate reduc-
tion was measured in soll layers around the
ground water table. It was estimated that app.
120 kg N/ha year was denitrified from a 1
meter thick soil layer.

No phosphor leaching of any impeortance was

neasured in the two scils.



1. Intreduction.

Leaching of nitrogen from agricultural areas
in Denmark has been investigated in different
types of farming practices. However, some
farming practices invelving heavy manure loads
on sandy soils may cause changes in the
groundwater quality of the upper aguifer,
Opposite will the use of catch crops reduce
the leaching of nutrients from manured soils.
A large livestock cause an extended load of
ammonia and organic nitrogen, which after
leaching to the subsoil may preduce an secon-
dary acidification.

The aim of the present study was to deman-
strate the chemical and bioclogical reactions
in the root zone and in the unsaturated zone
under two manured farmlands. The one has had
regularly catch crop during several years, the
other has not. Both farmlands are situated on

sandy soils and has used manure.

2. Materials and Methods.

PRE WEIGHSELIAN MORAINE
{ <

o
DEGLACIATICN LINE
| OUTWASH PLAIN
—

VESTERLUIND
QUNDERUP

Pigur 1. Location of field stations.
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Two farms.

Two farmlands sandy soils in mid Jylland were
selected as field stations. Vesterlind situa-
ted 5 km south of Herning has an annual pig
production of 2000 pieces. The manure/liquid
manure was applied to the fields once a year.
Before 1988 no catch crop has been grown
(black soil practice). The other farm, Gunde-
rup, is situated 1.5 km east of vesterlind and
had until 1988 pig preduction of the same
size. Opposite to Vesterlind, Cunderup has a
25 year catch crop practice and a moncculture
of spring barley.

Field station.

on each field station a boring was drilled to
a depth of 1-2 meter below water table. The
boring was eguipped for ground water and soil
air sampling. Soil samples for experimental
use were collected while drilling. Teflon
suction cups for soil water sampling were
installed at different depths in the un-
saturated zone. A lysimeter (40 x 60 x 15 cm)
with percolation meter was placed 1 meter
pelow surface. At the fence a climate station
was placed for recording average temperatures,

precipitation, percolation and light.

Analyses and measurements.

Soil samples from the borings were chemical
analyzed according to the Danish agriculture
standard and geclogical description were
performed by the Geological Survey. In addi-
tion, bacterial counts and identification were
made on uncentaminated soil samples. The total
microbial active biomass was determined by the
ATP content, Eiland 1985. The bacterial bio-
nass {Colony Forming Units (CFU)) was
encounted by plate spreading procedure and

nitrate reducing bacteria and denitrifiers was



estimated by the Most Probable Number method,
Alexander, 1965, modified by Vinther et al.
1982.

Analyses of N,0 were carried out on a Varian G¢C
3300 and CO, was measured on a ML GC 82.
Water analyses were performed on unfiltered
samples immediately after return to the labo-
ratory. Analyses of pH, alkalinity, NO;, NH,,
50,, €1, PO, 5i0,, total-N and total-P were
processed; for further information see
Jacobsen & Vinther 1990.

Perjodically sampling.

With intervals of approximately one menth
water and air samples and climatic records
were collected.

Nitrogen mineralisation, nitrification plant
uptake and leaching from the upper soil layer
was determined by incubation of intact 35 cm
long soil columns in the field, using the 'in-
situ method', Debosz & Vinther 1989.
Denitrification was measured a few times
during the investigation. Soil columns {30 x
3 cm) in a number of 15 were taken, brought to
the laboratory, acetylene added, then sealed
and incubated at actual temperature for 24
hours. Head space gas was analyzed for N,0
production. Kinetics were carried out with re-
spect to water content and temperature, vin-
ther 199%0.

Laboratory experiments.

Experiments were setup to determine nitrogen
metabolism in the unsaturated zone. Kinetics
were carried out on intact secil columns as
well as in batch runs. Soil samples added
nitrate, or slurry were incubated in sealed
bottles at 20 °C and the N,0 production was
determined during 14 days. Acetylene was added
to 6 out of the 12 runs from each depth.
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Soil samples from the same depths were in-
cubated at 22 °C in open plastic jars in a
vapored box allowing scoil-air exchange.
Nitrate, ammonia or ligquid manure was added
and changes in pH, ammonia and nitrate was

analyzed during 79 days incubation.

Water balance.

Based on c¢limatic records from the field
stations it was possible to calculate a water
balance for each field. The model in use,
Evacrop, take inte account precipitation,
temperature, global radiaticons and type of
crop, Olesen & Heidmann 1990. The model is
based on WATCRQOS / NITCROS concept, Aslyng &
Hansen, 1982 and Hansen & Aslyng, 1984.

3. Results.

Geology and chemistry,
The gevlogical profiles on Vesterlind and
Gunderup are interpreted as follows:

Table 1. Soil description.

Vesterlind:

0-0.5 m sandy soil, Post Glacial
0.5-1-0 m diluvial sand, Glacial
1.0-4.0 m quartz sand, Miocene
Gunderup:

0-0.5 m sandy loam, Post Glactial
0.5-4.5 m sandy till, Glacial
4.5-5.0 m sandy clay

5.0-9.5 m quartz sand, Miocene

The top socil at Vesterlind is classified as
JBl and at Gunderup as JB3 according to the
Danish Soil Classification System, Fig. 2.
Although, the total profiles are sandy, a
miner clay layer at Gunderup may have some
hydraulic effect on the infiltration rate and
on the water retention capacity.

Both profiles contains no carbonate and the
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Figure 2., Soil texture of the two profiles.

organic carbon content (TOC) is in the subsoil
around 0.02 %. In the topsoil of Vesterlind
and Gunderup the values are 1.45 % and 1.9 %
respectively. The corresponding values for
total-~N are 0.09 % and 0.15 %.

The phosphorus level is in general very high
in the topsoil, 1000 ppm, and low in the
quartz sand 20 ppm. At Gunderup the clay layer
in 1-4 meter total~P raise to akout 160 ppm.
These values coincide with cther observations
for topsoils and for some profiles, Jacobsen

1986.

Microbiology.

The microbial active biomass was estimated as
the so0il content of ATP (adenosintriphos-
prhate). The topsoil showed values 380-480 ng
ATP/g soil, which is a normal level in Danish
agricultural soils, Andersen et al. 1983. The
subsoil content was guite low, less than 20 ng
ATP/g soil.

Plate countings on soil extracts with high and
low nutrient levels showed that no significant
distinction, indicating that the bacteria may

be adapted to low nutrient level. Opposite to
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Figure 3. Number of denitrifying and nitrate
reducing bacteria.

the ATP measurements the CFU levels in the
profile were not decreasing notable with
depth. The quantity varied between 10* and 10%
CFU/g soil.

Only a part of the total bacterial biomass is
able to reduce nitrate. In the topsoil the
counts were in the same range of 10° /g soil,
whereas in some depth the counts decreased to
10* /g sail (Fig. 3). These figures are in
accordance with findings from several Danish
snils, Lind 1980 & 1986, Vinther et al. 1982,
Zeuthen et al. 1990.

The denitrifiers accounted nearly 90 % of the
total nitrate reductive bacteria, except for
the clay layer from 1 -4 meter at Gunderup,
where they made up less than 15 %.

Nitrogen metabolism in top soil.

Results of N-mineralization in the rocct zone
are included i Table 4. The denitrification
rates are based on five measurements during
the investigation, and therefore the annual
rate is only to be considered as estimates.
However, the values have been evaluated by a
denitrification model, Vinther 1990, which



documents a rather

good cCoOnsensus.

The mea-

sured annual denitrification estimates resul-

ted in 8 kg N/ha and 2 kg N/ha,

whereas the

model resulted in 3 kg N/ha and 2 kg N/ha for
Gunderup and Vesterlind, respectively.
Soil air.
GUNDERUP YESTERLIND
sesee gtmosphere s+eee Atmosphere
ik depth: 1T m aasad depth: 0.8 m
sesss depth: 7 m ssasn depth: 1.4 m
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Figure 4. Composition of soil atmosphere at different depths.

The composition of soil air during the period
showed considerable variation concerning N,0
and CO,, whereas 0, constantly was about 19 %.
Very high concentrations of N,0 were found at
Gunderup near the groundwater table at 7 meter
b.s., Fig. 4.

At Vesterlind station only one measurement was

high corresponding to a slurry spreading event
in late 1988.

Incubation experiments,

In order to verify the high nitrous oxide
contents above the water table at Gunderup,
the
nitrogen metaboliszm. In some experiments the

experiments were setup to determine
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Figure 5. Denitrification capacity in different soil depths
at Gunderup.

nitrification and the N,0 reduction was blocked
by addition of acetylene, Fig. 5.

The very high activity in 6.5-9.0 meter, which
iz even higher than the activity in the top
soil confirms the soil air measurements.
Denitrification above the water table was
calculated based on this results to the annual
range of 35 -120
kg N/ha y. Nitrate
reduction requires

_ mg TOC-C I
an organic source, OO‘ 100 200 300

either mo-bile or

fossil or-ganic
matter. Measure-
ment of TOC in
soil water support
this as the con-
tent of soluble
organic matter de-
creased 150 mg C/1
from 5 to 9 meter 10 :::::S:;iﬁm%
b.s., Fig. 6. If

the nitrate reduc- Figure 6. Content of total
organic carbon.

w ‘ypdag

tion is based on

organic decomposition the graoss reaction may



follow

= C7H804 + 28 NOs' -—> 14 N2 + 28 HCO3' + 7 CO2 + 6 HEO
which give a C/N ratio of 1.1 equivalent to a
reduction of 135 mg NOy-N/1 at Gunderup

Station.
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NITROGEN METABOLISM, 0.4-0.6 meter

60 e
N NO3, +NITRATE
el e il —
: NO3, +LI0. MANURE
8 ——
240+ -~ —-- NH4, +NITRATE
T —=—
z ] NH4, +LIQ. MANURE
030--
E -
20
=
T
3 10-
'Ué: ]

0..

0 25 50 75 100
TIME, DAYS
NITROGEN METABOLISM, 1.0-3.5 meter
60 -
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V- = — = = = = — — ——

. NO3, +L1Q. MANURE
——

NH4, +NITRATE
—_——

NH4, L1G. MANURE
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Figure 7. Nitrogen metabolism at Vesterlind and Gunderup.
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Laboratory experiments.

S0il sample experiments with addition of
nitrate and 1ligquid manure showed that
nitrification of ammonia was completed within
twoe months in the clay from Gunderup, Fig. 7.
In the sandy soil from Vesterlind a total
nitrification was complete in less than one
month, whereas no nitrate reduction was ob-
served. In Gunderup clay nitrate seems toc be

reduced as fast as it generates.

N_transport through the scil profile.
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Figure 8. Concentration of nitrate-N (mg/l) in soil water at
Vesterlind.

In a period of more than two years the nitrate
and ammonia ceoncentrations were measured in
the unsaturated zones of Vesterlind and Gunde-
rup, Fig. 8 & 9.

In the sandy s0ll at Vesterlind movements of
nitrate is very easily recalled. The liquid
manure spreading on uncropped scil in autumn
1988 of 120 kg N/ha was recognized as a plume
moving through the subscil. During mid winter
it reached the ground water table with a
concentration exceeding 50 mg NO;-N/1. As
considerable amounts of organic nitrogen and
some ammonia was leached, the oxidation to
nitrate (NH + 2 O, => NO;” + H,0 + 2 H"), could
cause a decrease in pH.
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Figure 9. Concentration of nitrate-~N (mg/l) in soil water at
Gunderup.

This toock place within 1.5 meter and caused a
decrease in pH to around 5.

Next summer very high concentrations was found
in the topscil as fertilizer excess and low
precipitation occurred. Late autumn only a
minor leaching of nitrate take place.

The situation at Gunderup was more complicated
as manure spreading stopped =pring 1988.
Furthermore the clay layer in 1 - 4 meter
attend to delay the water movement in the
upper unsaturated scil. In 1988 the profile
had concentrations on 20 - 50 mg NO,-N/1, Fig.
9. As only moderate fertilizer was applied
during 1989 and 1990 on the perennial grass,
low concentrations moved slowly from top soil
towards the ground water.

The upper ground water had nitrate concentra-
tions of 7 - 22 mg NO,-N/1 at Vesterlind,
whereas the concentrations were as high as 34
- 48 myg NO;-N/1 at Gunderup. This may reflect
a more extended lecad prior to this investiga-
tion at Gunderup.
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Water from two supply wells adjacent to the
field showed contents between 12 and 20 mg NO,-
N/1 i 15 meters depth.

Water balance.

Based on climatic records from the two sta-
tions and records of crops, a water balance
was calculated with the EVACROP model, Olesen
& Heidmann (1990).

Table 2. Crop rotation at the two stations.

Crops From To
Gunderup.

Bare soil 01.01.1988-~15.04.1988
Spring barley w.

Catch crop 16.04.1988-01.03.1989
Spring barley 02.03.1989-01.09.1989
Grass 02.09.1989-_ .05.1990
Vesterlind.

Bare soil 01.01.1988-15.04.1988
Peas 16.04.,1988-31.08.1988
Winter wheat 01.09.1988-15.09.1989
Winter barley 16.09.1989-_ .05.1990

Due to the simulations precipitation and
infiltration is given below in hydrological
pericds terminating 1. May :

Table 3. Precipitation and infiltration at the
two stations.

Period Vesterlind Gunderup
Precipitation:

1988-89 961 mm 1047 mm
1989-90 768 mm 918 mnm
sum 1729 mm 1965 mm
Infiltration:

1988-89 537 mm 579 mm
1989-90 368 nmm 470 mm
sum 905 mm 1049 mm

It is assumed that the lysimeter used, estima-

tes the macropore transport through the top
soil. This transport was measured also in

periods with water contents below field capa-



city and hence tends to bypass top soil water
volumes. During the investigation pericd,
macropore transport accounted for 223 mm and
57 mm, correspeonding to 12.92 % and 2.9 % of
the precipitation at Vesterlind and Gunderup,

respectively.

Leaching of nitrogen.

T T T

‘Dec-88  Jul-83  Dec-83  Jul-30
DATE
Figure 10. Leaching of total nitregen at Vesterlind and

Gunderup.

Ull[ll]l
Jan-88 Jul-88

Based on the simulated infiltration and the
measured concentrations of nitrate, ammonia
and organic nitrogen in the teflon cups, the
leaching of total nitrogen from the rocot zone
was calculated, Fig 10. Analogous to this the
macropore transport of was calculated using
lysimeter measurements of infiltration.

Throughout the period the loss of nitrogen was
nearly the same for the two sites. However,
the autumn leoss at Vesterlind after manure
spreading accounted for approximately half the
total loss at Vesterlind. Correspondingly, 60

% of the total macropore transport took place
following the same event, Fig. 11.
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Figure 11. Macropore transport of nitrate and ammenia.

Nitrogen balance,

PRECIPITATICN
MANURE FERTILIZER

N-F1 XHTION CROP

ROOTZONE P 4

¢LEHCHING FROM ROOTZONE

~

_[_
MINERALTZATICN SHTUQHTED DENITRIFICATION
ZONE

LOSS TO GROUNDWATER

MINERALTZATICN

Figure 12. Diagram showing the principles of the N-balance
calculated in Table 4.

Combining the measured field data with the
experimental results of mineralization and
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denitrification,

an estimate

of

nitreogen

balance at the two sites is enabled, Fig. 12.

VESTERLIND GUNDERUP

1988-89% 1989-90 1988-89% 1989-90
ROOT ZONE
PRECIPITATION 33 10 28 24
MANURE 118 151 0 0
FERTILIZER 121 108 72 72
N-FIXATION 100 g 0 0
MINERALIZATION 118 171 241 76
INPUT TOTAL 490 440 341 172
CROP YIELD 134 141 75 75
DENITRIFICATION 10 10 40 40
LEACHING 258 48 212 103
LOSS TOTAL 402 199 327 218
BALANCE 88 241 14 -46
UNSATURATED ZONE
INFILTRATION 258 48 212 103
DENITRIFICATION =50 =30 -80 =50
LOSS TO GROUNDWATER -223 -58 =315 =162
BALANCE -15 ~40 -183 =109

Records on crop yields, applied fertilizer and
manure was given by the farmer consultants
bureau. N-fixation i the pea-crop was estima-
ted to 100 kg N/ha, Hansen & Kyllingsbazk
(1983).

The N-balance is of course restricted due to
the inaccuracy of the data and of areal varia-
bility. The post 'Balance' covers some of this
inaccuracy together with changes in the stor-
age capacity in the soil and ammonia evapora-
tion from the manure spreading, Christensen &
Sommer (1989). Further, the mineralization and
denitrification in the unsaturated zone seenms
underestimated as assumed from the soil water
concentrations during the pass of 1liquid
manure autumn 1988, Fig. 8.

Comparable situation was detected during the

same pericd at Gunderup, Fig. 9.
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Phosphate.
Precipitation, soil water and groundwater was

analyzed for PO,~P and total-P. The general
trend shows that concentration seldom exceed
0.005 mg P/l. The calculated leaching of
total-P during the two year period and using
identical methods as for nitrogen showed that
0.3 kg P/ha and 1.5 kg P/ha leaving the top
soil at Vesterlind and Gunderup, respectively.

DISCUSSTION AND CONCIUSION.

The original purpose of this project was to

elucidate the impact on the ground gquality
from the use of permanent catch crop practice.
The legislation on obligatory use of green
fields, however, has done that the field areas
has been cropped all year during the period of
investigation. Besides this change in practi-
ce, the field stations showed up to be mncre
unlike regarding texture. At Gunderup a clay
layer is present in 1-4 meter depth, and the
top soils are JB1 and JB3 at the stations. On
the other hand, the project has given an
extraordinary opportunity to study the lea-
ching of nutrients from a field with heavy
manure lecad and a field with perennial grass.
The other field may be regarded as a conven-
tional farm practice with annual manure sprea-
ding.

The leaching of nitrogen on the two station
has wvaried during the periocd depending on
manure leoad, crops and precipitation. At
Vesterlind 245 kg N/ha was leached in 1988-89
compared to 45 kg N/ha in 1989-90. In 1988-89
more than 100 kg N/ha was lost within one
month due t¢ manure spreading in the rainy
autumn on bare soil. Similar records has been

obtained by Lind et al. (1990). Macropores



transport during this period accounted for
nearly 60 % of the total loss. In the period
1989-90 macropores were responsible for 10 %
only of the total nitrogen transport.

At Gunderup the leaching of nitrogen made up
166 kg N/ha in 1988-89 and 95 kg N/ha in 1989-
90. Concurrently the soil solutions of nitrate
were decreasing steadily through the whole
period as a consequence of the stop in ma-
nuring and the perennial grass from late
summer 1989.

The analyses of soil water have shown that a
significant leaching of organic nitrogen may
take place. The amounts may be as high as 20~
30 % of nitrate leached. Mineralization and
nitrification of organic nitrogen in the unsa-
turated zone may subsequently cause a decrease
in pH, which has been recorded in the pro-
files.

The transport of nitrate through a sandy
unsaturated zone is not a passive transloca-
ticn, as previcusly accepted. As the leaching
of nitrate is accompanied of minor amounts of
organic matter a base for microbial activity
is present as shown. At Vesterlind a decrease
in nitrate concentration from 140 to 60 mg N/1
in 2.35 meter b.s. after 2 months residence is
partly due to a nitrate reduction.

The active microbial biomass was measured by
ATP, the total bacterial count (CFU) and the
number of nitrate reducing bkacteria do not
disagree with findings from investigation at
similar soil types, Andersen et al., 1983;
Lind, 1980 & 1986; Vinther et al., 1982; Zeu-
then et al., 1990. At Gunderup very low counts
were made in 1-4 meter b.s. in the clay. The
activity in deeper soils may normally be low,
Zeuten et al. 1990, due to lack of organic
carbon. In spite of this, nitrate reducing
bacterial in deeper soils, up to 40-50 meter,
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has found to be quite numerous, Hendry et al.,
1984; Lind, 1986.

Several studies on sandy sc¢ils have shown that
the potential denitrification is low, Andersen
et al., 1983, Christensen et al., 1990, Lind
et al., 1990, Vinther 1990., identical to the
results in this investigation. In contrary,
results from the experiments and soil air has
indicated a significant nitrate reduction near
the water table. In the interval & to 9 meter
b.s. high N,0 contents in the soil atmosphere
corresponded to a decrease in both nitrate and
TOC. ©On yearly base the capacity may account
for a nitrate reduction of 120 kg N/ha. The
incubation experiments indicate corresponding-
ly a potential reduction of 35 - 120 kg N/ha
per meter scil = 675 kg N/ha y. As no increase
in sulphate is detected, a nitrate reduction
by pyrite, FeS,, is negligible.

The leaching of phosphorous was measured to be
less than 1 kg P/ha y and as the concentra-
tions was lower than 0.005 mg P/l no implica-

tion of thread to groundwater is introduced.
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INTRODUCTION

Seasonal fluctuations of the nitrate
content in pumped water from a number of
private water-supply wells in Western
Jutland, Ringksbing County, during the
last decade have not been evidently
explained. Changes in input of nitrate
or leakage around the well casing
{"Skorstenseffekten” ("Chimney Effect"})
have been given as explanation of the
fluctuations (Petersen, 1986 & 1987).
And as an experience, during the inves-
tigation of this project, the authors
put forward that seasonal pumping from a
nearby well, named "Irrigation Effect”
was the causal explanation cf this type
of fluctuations (Andersen & Kelstrup,
1989).

The goal of this investigation was to
explain or throw light on the causes of

the observed fluctuations.

Two wells with fluctuations of nitrate

content were selected, Figures 1, 2 and
3. The geology and hydrogeology were
described, together with their technical
completion, i.e. screened interval,
degree of penetration and vertical dis-
tribution of the nitrate zone. The in-
vestigations were made on the basis of
existing data or data from new drilled
or driven wells, constructed for level-
accurate water sampling at the sites

where the fluctuations were observed.
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INVESTIGATION METHODS

The selected wells were test-pumped with
constant pump rate and sampling of
pumped water, regularly over a period
about 1 or 2 weeks {(Fig. 4 and 5). The
water samples were analysed for nitrate
and some other major components. Fur-
thermore test pumpings were run simulta-
neously at two neighbouring wells in the
same aquifer at different depths. The

last mentioned pumping method is named
separation pumping test (Andersen et
al., 1989). Finally, during the period
of investigations, 1987-%0, regularly
sampling of water was made, about quar-

terly, for analysis of nitrate content.

RESULTS

The two sites: Holmegaard {Figure 2) and
Borris (Figure 3) were investigated in
details. Technical and geclogical data
of the well completion are given in
Table 1, and results of nitrate as func-
tion of time or depth are given in Fig-
ures 6, 7 and 8.

These analyses give the time series of
nitrate during the whole period, while
the analyses from the test pumpings give
the changes during pumping from the well
itself or nearby situated wells.

The results of the performed test pump-
ings and analyses show that the nitrate
content of the pumped water and the
aquifer water were significantly influ-
enced by pumping and governed by the

duration of the pumping, see Figures 2 &
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NEST I - DGU File No. 94.2476

TECHNICAL DATA - NEST ; A inch percussion drilled well to 25.5 m.b.s,, 27 mm X screen with restricted vaive,
screen langth 1 m with 0.3 mm slots.

GEQLOGICAL LOG:  0.0- 0.5m.b.s Sand
(DGU File no. 94.2475) 0.5- 9.0 m.b.s Clayey til
9.0 - 25.5 m.b.s. Meltwater sand

DGU Screen Screen
File no. no. top and bottom
m.b.s
94.2476 A 14.00-15.00
94.2476 B 16.00-17.00
94.2476 C 19.00-20.00
94,2476 D 21.20-22.20
94.2476 E 24.25-25.25

NEST N - DGU File no, 94,2506 and IRRIGATION WELL - DGU File no. 94.2011

TECHNICAL DATA - Nest 1I: 3/4 Inch driven well with removable drive point, 16 mm X PVC screen with restricted valve,
length: 0.27 m and slots: 0.03 mm

TECHNICAL DATA - IRRIGATION WELL: 270 mm percussion drilled wall, 200 mm PVC casing, 160 mm X PVC screen - 6 m long
and with 0.6 mm slots.

GEOLOGICAL LOG : 0.0- 0.5m.b.s Noinformation
{OGU File ne. 94.2011)  0.5- 6.5 m.b.s. Clayey till
6.5 - 28.0 m.b.s. Meltwater sand

DGU Screen Total Casing Screen
File no. no. drill bottom top and bottem
length m.b.s m.b.s.
m.b.s
94.2506 A 13 11 12.23-12.50
94.2506 B 16 14 14.73-15.00
94.2506 c 18 16 17.23-17.50
94.2506 D 21 19 19.73-20.00
94,2306 E 23 21 22.23-22.50
94,2506 F 26 24 24.53-24.78
94.2011 - 28 - 22.00-28.00

NEST lll - DGU File no. 94.2507 and WATER SUPPLY WELL - DGU File no. 94.2196

TECHNICAL DATA - NEST lll: 3/4 inch drivan well with removable drive point, 16 mm X PVC screen with restricted valve,
length: 0.27 m and slots: 0.03 mm

TECHNICAL DATA - WATER SUPPLY WELL : 270 mm percussion drilled well, 125 mm X PVC casing, 120 mm PVC screen -
length: 4 m and slots: 0.6 mm.

GEOLOGICAL LOG : 0.0- 10.0 m.b.s. Sandy il
{DGU File no. 84.2196) 10.0- 22.0 m.b.s. Meitwater sand

DGU Screen Total Casing Screen
File no. no. drill bottom top and bottom
length m.b.s m.b.s.
m.b.s
94,2507 A 18 14.5 14.55-14.82
94,2507 B 18 16 17.23-17.50
94 .2507 [ 21 19 19.73-20.00
94,2507 D 23 21 22.23-22.50
94,2507 E 26 24 24.73-25.00
94.2196 - 22 - 18.00-22.00

Table 1.: Technical and geclogical data of the wells and monitoring
nests attest site Borris, Jutland, Denmark.
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3. In some wells the nitrate content was
increasing with the pumping time (Fig-
ures 4 & 5), and in other wells it was
decreasing. At a single site the nitrate
content was nearly constant during the

pumping period.

CONCEPTUAL MODEL

These results were the background for
establishment of a conceptual model
which was used for the interpretation of
the observed nitrate-graphs obtained
during test pumpings at the various

wells, Figure 8.

In the model 15 different types of
change of nitrate content in the pumped
water versus time are described, of
which 14 is schematically shown on Fig-
ure 8. The established model is applied
for the interpretatiocn of the observed
nitrate-graphs from the performed test
pumping and the interpretations are
correlated with the well logs and

aquifer information.

The conditions under which "seasonal™

nitrate fluctuations as described above
can appear are: that the well is pumped
seasonally, that the well is partially
screened, and that the water gquality of
the aquifer, from which the well take
the water, is stratified, in this case

by nitrate.
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VERIFICATION OF THE MODEL

It is the opinion of the authors that
the model has been able to explain the
cbserved nitrate-graphs in a satisfac-
tory way, and the main conclusion of the
investigation is: that the seasocnal
fluctuations of nitrate concentration in
pumped water and groundwater are pumping
affected. The fluctuations are caused by
a changed fiow regime and by a different
mixing ratio between groundwater, above
and below the nitrate front, in an
aquifer pumped by a partially penetra-
ting well.

THE IRRIGATION FEFFECT

Intermittent pumping from a well can

result in change of quality of the
pumped water from or in the water gqual-
ity in a nearby well. In case of sea-
sonal pumping from such a well, seasonal
fluctuations will appear in the observed
well. As irrigation wells mostly are
seasonally pumped, irrigation wells are
often the origin to such fluctuations in
chemistry of the pumped water. Therefore
the phenomenon is termed ™Irrigation
Effect" as described by Andersen & Kel-
strup (1988). The explanation of the

Irrigation Effect appears form Figure 9.

In the two described cases from Borris

and Holmegaard a nearby irrigation well
exists. In these cases the fluctuations
of the nitrate content in the nearby
water-supply well could be interpreted
as changes of the position of the

nitrate front within the area of influ-
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ence in a nitrate stratified agquifer
pumped by a partially penetrating well.
In cases when the fluctuations appear in
a water well placed in a greater dis-
tance from the irrigation well the fluc-

tuation can be explained from Figure 9.

At Holmegaard the increase of the
nitrate content during 1987-1390, Figure
6, has been up to 5 times as big than
that during the period before 1987.
However, this increase has modified the
seasonal fluctuations, but not destroyed
them.

On the other hand during the period
before 1987 seascnal fluctuations were
not detected most likely due to low

frequency of cobservaticn, Figure 6.

INADVERTENT INFLUENCE

As intermittent pumping may influence
the water quality in a well, attention
should be paid to the Irrigation Effect
in connection with monitoring of ground-

water gquality.

In cases when the cone with water con-

taining nitrate moves through aquifer
material below the nitrate zone, the
decrease of nitrate in the cone along
its flow path might be a result of the
reduction capacity of the aquifer
material. If this assumption is correct
the Irrigation Effect can be used for
determining the nitrate reduction capa-

city of aquifer materials.
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CONCLUSIONS

Pumping from partially penetrating wells
can change the vertical distribution of
the nitrate zone and consequently the
nitrate content of pumped water from a
nearby well, situated either within the
area of influence or downstream. This
phenomenon is named the Irrigation
Effect.

The changes of the water quality in
monitoring wells with their screen
placed within the transition =zone of
nitrate may be due only to seasonal
pumping and therefore without any rela-
tion to c¢limatic events or land-use

activities.

The Irrigation Effect may be utilised to
get information about the nitrate reduc-

tion capacity of aguifer materials.
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The field site

1. Introduction

The unconfined aquifers in the western part of
Denmark have increasing problems with nitrate
contamination. The vulnerability of the unpro-
tected aquifers is dependent on a balance between
the mass flux of nitrate to the aguifers and the
amount of nitrate removal by denitrification
processes ocurring in the aquifers. These pro-
cesses take place when nitrate oxidizes pyrite
and lignite, which are both present in the gla-

cial outwash sands.

The Rabis Creek field site, Figure 1, is located
in the western part of the country. The aquifer
at the gite can be divided into an upper, fully
oxidized zone, 10-15 m thick, and a lower, re-

duced zone.
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Figure 1
The Rabis Creek field site.

The oxidation-reduction or redox front separating
the two zones is characterized by chemical/bi-
ological processes, where first oxygen then
nitrate oxidize pyrite and organic material like



Scope of the study

Groundwater flow

Hydrodynamic

dispersion

lignite. The significance of the denitrification
process 1is dependent on the fraction of the
nitrate leached to the aquifer, which is subsequ-
ently transpeorted vertically to the reactiocn

Zone.

The primary objective of the project has been to
determine, through application of numerical
groundwater flow and geochemical transport mo-
dels, which processes control the extent of
nitrate contamination at the site. If a large
fraction of the total flux of nitrate to the
aquifer is transported to the reaction zone, the
nitrate problem is in essence controlled by
chemical/biological processes, if not, the nitra-
te problem is controllied by the groundwater flow
system.

2. Results

Figqure 2 shows the observed and simulated water

table in March 1989. Figure 3a and 3b show cal-
culated velocity wvectors in a cross-section
coinciding with the model cross-section shown in
Figure ! and in another c¢ross-section one km
south of here, respectively. The simulaticn
results are based on the application of a three-
dimensional groundwater flow and transport model.
The figures show that groundwater flow is pri-
marily horizontal with most of the flow ocurring
in the upper one-third of the aquifer with only a
small vertical flow component. However, close to
Rabis Creek, Figure 3a, significant upward flow
from the deeper parts of the aguifer takes place.

Simulations of tritium transport and comparisons

with measurements in three of the wells shown

in Figure 1, indicate that the amount of dis-
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(km; 0

persive mixing in the aguifer is low, especi-

ally in the transverse direction. The combination
of almost horizontal flow right at the redox
front, Figure 3, and low transverse dispersion
thus indicate that the nitrate problem at the

site might be groundwater flow controlled.
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Figure 2

Observed and simulated water table contours (m},
March 1989.

A comprehensive geochemical model accounting for
mineral and agueous reactions has been applied te
a one-dimensional streamtube crossing the redox
front. Assuming a representative interstitial
groundwater flow velocity of 25 m/yr normal to
the redox front and choosing average conditions
for the chemical inlet and background conditions,
gave model predictions of the wvertical rate of
redox front movement of the order of 40 cm/yr.

A vertical flow velocity of 25 m/yr is close to a
factor of 50 higher than those simulated with the
three-dimensional model. Since the rate of redox
front movement is proportional to the interstiti-
al flow rate, the actual redox front movement
rate can be calculated to be less than 1 cm/yr.



This rate of movement agrees with the prediction
based on simulations with the three-dimensional
model coupled with a simple nitrate reaction

model .

Figure 4 shows simulated nitrate concentrations
in a cross section c¢oinciding with the model
cross section shown iIin Figure 1. The charac-
teristic plume of nitrate below the plantation
area has been observed based on measurements in
the transect of wells. Figure 4 shows that the
plume will reach the redox front in the mid 70's,
and that the plume will persist for an extended
period. The latter is due to the mixing of deep
nitrate-free groundwater, see Figure 3a, and
upper contaminated water close to Rabis Creek.
The low concentrations of nitrate found in Rabis
Creek is a consequence of this mixing, but, also
because the actual flow to the creek, where water
trickles across the adjacent meadows is respon-
sible for a further reducticn in concentration by
denitrification processes. Based on the model
results the reduction is estimated to be at least
50%.

From a 95 year simulation it is calculated that a
little more than one-third of the total flux of
nitrate to the aquifer is removed at the reaction
zone while close to one-half is discharged to the
creeks. The remainder of the total flux of nitra-
te to the aquifer is change in storage in the

aquifer.

3. Conclusgions

The problem of nitrate contamination of the
groundwater and surface water at the Rabis Creek
field site is groundwater flow controlled, be-
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(b)

Figure 3

Calculated velocity vectors at the transect of
wells (a) and 1.0 km south of here (b)y. Each
velocity vector represents a computational node
point. No attempt has been made to properly scale
the velocity vectors. The redox front is shown as
a dashed line.
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cause, the simulations show that the combination
of dominating lateral flow and low transverse
dispersion right at the reaction zone, located
10-15 m below the water table, results in a low
vertical flux of nitrate to the pyrite deposi-
tions.

The groundwater flow system then results in an
upper contaminated zone and a lower uncontamina-

ted zone.

The groundwater flow to Rabis Creek is a mix
between deep nitrate-free groundwater and upper
contaminated groundwater, which, in combination
with the estimated 50% reduction in nitrate
concentration ocurring when water trickles across
the creek meadows, results in relatively low

nitrate concentrations in Rabis Creek.

The model simulations indicate that on a long-
term basis a little more than one-third of the
total input of nitrate to the agquifer will be
removed by nitrate reduction processes while
close to one-half will be discharged to the

creeks.
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Scope of study

Scil variability

syv field site
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1. Introduction

The study reported has the objective to inves-

tigate the influence of scil heterogeneity and
preferential flow on the rainfall-discharge rela-
tionship using a very simplistic modeling ap-
preach, but, on the other hand compare and
analyze the predictions against reliable real-
life data. The study does not attempt to develop
or improve the mechanistic process descriptions
of these two flow problems, but it is rather an
attempt to address these problems through a
parameter sensitivity analysis using a simple

model analysis.

Transport of water and nitrate in the upper soil
horizons is significantly influenced by the
complicated and apparent random composition of
the soil. Furthermore, many soils have structures
arising from drying cracks, earthworm channels,
decayed roots, interpedal voids and fractures,
which provide preferential pathways (macropores)
for water and nitrate. Soil wvariability and
preferential flow must therefore be considered in

a modeling effort.

The Syv field site, Figure 1, was established in
order to investigate the impact of nitrate
leaching to surface water and groundwater sys-
tems. Specifically, the outflow through two
drainage systems to the Syv creek was of inter-
est. The two drainage catchments shown in Figure
1, werc monitored all year long from the be-
ginning of 1988 to the summer of 1990. Such tile
drain systems are sampling devices which can
provide information on the cumulative or integra-
ted recharge and nitrate contamination lcad from

large-scaie soil systems.



Soil profiles
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Small variations in recharge characteristics
arising from soil heterogeneity or preferential
flow paths are to a certain degree filtered out
and the outlet response in itself does not
provide detailed information on the processes
taking place in the system. However, by inter-
preting the response in combination with model
simulations, it is possible to assess the signi-
ficance of spatial variability and preferential
pathways on the flow behavicur. Spatial wvaria-

bility in soil properties are available from mea-
surements of retention characteristics in nine
scil profiles, see Figure 1. In all of these
profiles worm and root channels were present at
a density of 1-10 per square decimeter. Data for
hourly rainfall and daily potential evapotrans-
piration have been collected at the climate

station, see Figure 1.
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Flow model

Bypass flow

z18

The SHE-model has been used for analyzing the

rainfall-discharge relationships of the ¢two
catchments. The unsaturated zone component of

the SHE-modelling system, extended with an
empirical description for bypass flow, together
with a simple groundwater and river flow descrip-
tion, is used to simulate movement of water
through the unsaturated zone and the subsequent
discharge to the creek either through the drains

or from the groundwater, Figure 2.

Rainfall

Soil ewaporalion Inliltrolion

% ¥y |
—

Bypass flow

Soil malrix low

( ) J ——— Droinage faw

——— Groundwoter low

Leakoge fiow
Figure 2

The flow model

The unsaturated zone component is thus a two--
domain model, idealizing the soil as consisting
of two domains; the porous matrix domain, where
a darcy-type flow occur and a macropore domain

with more rapid bypass flow. The amount of bypass
flow is determinded by the moisture content of
the soil. When the soil is at a moisture content
above field capacity, bypass flow is determined
by a bypass ratio expressing how much of the

rainfall will bypass the scil matrix. When the



Case simulations

Case 3

moisture content is below residual no bypass flow
occurs. Between field capacity and residual there
is a linearly dependency on the actual moisture
content. All bypass flow is routed directly to
the groundwater, because the absorption of water
from the macropore domain to the porous matrix
domain is assumed to be negligble. This simple
empiricial bypass flow description includes a
bypass ratio, which can only be assessed through

calibration.

2. Results

A parameter sensitivity analysis was carried out
in order to explore the significance of the
spatial variability and bypass flow and included
three simulation case studies. In case 1, reten-
tion data from only one location are applied

assuming the data are representative for the

whole cathcment area. Two sets of retention
curves measured at the two locations closest to
the drainage catchments are tested. In case 2,
the two sets of retention data from case 1 are
now assumed to represent half of the drainage
area and the total drainage outflow is thus
obtained as the equal weighted sum of the two
individual responses. In case 3, all nine sets of
retention curves are included, each representing

1/9 of the outflow response.

Figure 3 shows the simulated integrated outflow
response for catchment 2 when all retention data
are considered and either 0% or 50% bypass flow
is allowed for. A comparison with the results
from the other two cases clearly indicated, that
it is necessary to introduce all the field-docu-
mented soil variability, in order to obtain the
best match of the recorded coutflow. However,
Figure 3 also indicate that bypass flow is a
likely mechanism in the drainage catchment.
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Simulated and observed outflow from catchment 2
for case 3. Zero bypass flow (top) and 50% bypass
flow (bottom)

220



Scil variability

Bypass flow

Without bypass flow, the early discharge events
are not described satisfactorily, and a bypass
ratio of the order of 50% must be Introduced in
order to generate outflow at the same time as
that observed. The same kind of results are alsc
obtained for catchment 1. The discrepancy between
the simulated and observed outflow during the
first part of 1988 is probably due to measurement
problems of either the outflow or rainfall,
because, with the available data it is not
possible to obtain a water balance.

The seguence of simulation case studies demon-
strate that bypass flow is a likely mechanism in
both catchments. However, using a modelling
approach based on a simple and empirical descrip-
tion of bypass flow and given the available field
data it is not possible to provide an in-depth
quantification of the bypass flow mechanism.
Other phenomena may also interfere, such as
variations in drain depth and water table posi-
tion over the cachtment area. These other pheno-
mena are probably the reason why a high bypass

ratio of 50% is needed in the case 3 simulation.

3. Conclusions

The outflows from two drainage catchments have
been analyzed using a two-domain model for
unsaturated flow coupled with a simple descrip-

tion of drainage and groundwater flow.

It has been demonstrated that the best simulation
of the outflow from both catchments are obtained
by including all the field-documented variability

in retention properties.

Despite the inclusion of the full field-docu-
mented retention variability, it was not possible
to simulate the early drainage flow events

occuring in the months before the drains start
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Leaching risk
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tlowing continously. This behaviour can be
explained by the existence of preferential flow
paths in the soil. Allowing 50% of the rainfall
to bypass the soil matrix and flow directly to

the groundwater gave better simulations.

A bypass ratio of 50% is probably in the high
range, and could indicate the contribution from
other phenomena, such as variations of drain and

water table depths over the catchment areas.

Although the problem of bypass flow can not be

quantified more directly, it does show, that
there is a risk, that a good part of fertilizers
or manure applied prior to a rainfall event, may

be leached directly to the surface waters.
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The problem: In-
creasing amounts
of nitrate in

groundwater

Resumé

The main objective of this study is to develop
a hydrological model for simulation of water
and nitrate transport on catchment scale. The
developed modelling system, SHE(DK), includes a
three-dimensional groundwater component and an
integrated solute transport model for the un-
saturated and saturated zones. The SHE(DK) has
been applied in combination with the DAISY
model (Hansen et al., 19%0) to simulate the
transport and transformation of nitrogen from
application on the fields to the streams in two
catchments in Denmark, the 445 sq.km Karup A
catchment, and the 178 sq.km Langvad A catch-
mentc.

The results of the simulations show a consider-
able variability in NO;-concentration in time
and space in the groundwater aquifer. The vari-
ous time lags in the catchments with respect to
nitrogen transport from the field to the
streams have been estimated.

i. Introduction

In recent years, nitrate concentrations in the
groundwater have been reported to increase in
many areas of Denmark. The transport of nitrate
via streams may contribute to the nutrient load
in the inner Danish seas, which have frequent-
ly caused periods with serious depletion of
oxygen,



The aim of the
study is to
develop a model-
ling toocl which
includes water
and sclute trans-

pert

The study areas
represent import-
ant hydrological
regimes in Den-
mark

Regional simula-
ticns may form

the basis for ex-
trapolations and
national assess-

ments

In order to solve these problems it is necess-
ary to fully understand the complex mechanisms
of water and nitrate transport in the catch-
ments. The aim of this study has been to devel-
op a modelling tool, which includes the basic
hydrological processes and can be applied to
catchments with different hydrological regimes
and of various sizes. The modelling system
developed, SHE(DK),
operational tool which can support action agen-

is also intended as an
cies in regulatory and planning functions.

The SHE{DK) has been applied to the 445 sq.knm
Karup & catchment and the 187 sqg.km Langvad &
catchment. These represent the two most im-
portant and at the same time most common hydro-
logical regimes in Denmark. Based on historical
information on farming practices in the areas
-and the available basic information on geolagy,
climate and other characteristics of the catch-
ments, the water and nitrogen regimes have been
modelled. The output from the modelling exer-
cises includes spatial and temporal variations
in the nitrate concentrations in the ground-

water and nitrate contribution to the streams.

A rigorous modelling approach offers several
advantages compared to simpler methods. How-
ever, as the size of the areas to be modelled
increase, larger uncertainties on the simula-
tion results are expected, because of uncer-
tainties in the input data. On the other hand,
regional analyses, compared to small studies on

research fields, provide estimates which may
form basis for extrapolations and data for

national assessments.
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SHE (DK)

Simplified chemi-
cal reaction

model included
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2., Material and Methods

2.1 Model Descript

Simulation of the water and nitrogen transport
on catchment scale requires a comprehensive
modelling effort. During the project, an ex-
tended code SHE(DK) of the European Hydrol-
ogical System, SHE (Abbott et al., 1986) has
been developed.

The SHE(DK) is fully distributed and the flow
of water and solutes in the catchment are cal-
culated by solving the governing eguations of
the major processes in the hydrological cycle
of the land phase. The flow in the soil water
2one is calculated by the one-dimensional
Richard’s eguation. In the groundwater zone the
three-dimensional Boussinesqg eguation is ap-
plied. Utilizing the computed velocities from
the above equations, the transpert of the solu-
tes is calculated from the corresponding advec-

tion-dispersion equations in the two subsurface

zones.

Denitrification plays only a minor role in the
unsaturated zone below the rootzone, wherefore,
nitrate is treated as a conservative solute
here. A simple chemical reaction model has been
introduced in the groundwater zone, assuming
that all the nitrate reaching the redoxcline is
removed instantaneously. The redoxcline is
considered stationary and form part of the



Spatial discreti-
zation in the
SHE(DK)

initial conditions, In the Karup A& catchment
this approach is based on the results from
field experiments and modelling in the Rabis
Creek subcatchment carried cut by Postma and
Boesen (1990), and Engesgaard and Jensen
(1990) .

The catchment characteristics are represented
in the horizontal directions by a network of
sguares. Within each square the soil columns
are divided in a series of horizontal layers of
variable thickness. In the unsaturated zone it
varies from 5-40 cm. The vertical discretiza-
ticn in the groundwater zone may be carried out
in two ways. In the Karup A catchment, which is
mainly a single unconfined aquifer of glacial
deposits, the saturated zone is divided into

layers of e.g. 5 metres (Fig. 1)}, except for

LANGVAD A
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= AGRICULTURE

Fiqure 1 SHE (DK} model set up for (a) the Karup A catchment, and
(b) the Langvad A Catchment.
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DAISY simulates
the growth of
agricultural
crops and root

Zone processes

Output data from
DAISY are trans-
ferred to SHE(DK)

Data reguire-
ments:

Geology
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the upper layer, which has a variable thick-
ness depending on the actual watertable posi-
tion, and the lowest layer, which extend to the
impermeable bedrock. In the Langvad A catch-
ment, which is situated in a moraine clay land-
scape with several isolated aquifers the bou-
ndaries between the layers in the model follow
the boundaries between the individual aguifers
(Fig. 1).

The SHE(DK)} does not include a detailed soil-
plant-atnosphere description which can account
for plant growth and nitrogen transformation in
the rootzone. To complete the description of
the nitrogen transport from the field to the
streams the rootzone processes are medelled
separately by the DAISY model developed by
{1990). The DAISY model is a

in which the
flow description is compatible with the one in
the SHE(DK).
first simulating the nitrate leaching fer all

combinations of crop rotations identified in

Hansen et al.,

ocne-dimensional mechanistic model,

The two medels are run stepwise by

the catchments, with corresponding estimates of
fertilizer and manure applications and farm
management schemes. Time series of daily crop
status and nitrate leaching (in kg/ha) are
distributed spatially in the SHE(DK) grid net-
work.

2.2 Data Provision

Vast amounts of data and information are re-
quired in applications of the models. The
three-dimensional flow description in the
groundwater requires a detailed geological de-
scription of the catchment which has been car-
ried out by the Danish Geoclogical Survey

1990,

(Hansen and Gravesen, and Gravesen,



Climate

Landuse and farm-

ing practices

Results from the
Karup A catchment

presented below

Nitrate leaching
from the rootzone
varies from 2-190
kg Nos-N/ha/y,
depending on the
crop rotation

1990). A pre-processing package attached to the
SHE(DK) have been used to digitize geological
layers, contour lines and other features.

The climatological data, rainfall and poten-
tial evapotranspiration, are the driving vari-
ables, and discharge data and groundwater
levels form the basis for model evaluation of
the simulated hydrological regime.

To assess the farming practices and the devel-
opment in fertilizer and manure applications in
the areas, statistical information and informa-
tion from local agricultural advisers has been
assembled.

3. Results

The modelling procedure followed in the two
catchments has been very similar. Since the
major emphasis has been put on the analysis of
the results from the Karup & catchment, the
results presented here are confined to this
catchment. The results are based on twenty

years of simulation.

3.1 Nitrate Leaching from the Root Zone

The amount of nitrate leaching has been calcu-
lated for 15 crop rotations in the catchment.
Fig. 2 shows the results for three typical
rotations in Karup. The amount leached varies
substantially between fields. Under permanent
grass, the leaching is limited to approx. 2 kg
NO;-N/ha/y, while under rotations with beets,
barley and grass receiving cattle manure, the

229



(kg/ha}

average from 1969-88 is between 97 and 117
kg/ha/y, due to the large amounts of manure
distributed to the beets. Without beets, this
type of rotations leach 26-71 kg/ha/y, depend-
ing on the amount of grass included. Rotations
receiving pig manure (mainly barley and pota-
toes) show the most severe leaching, 180-190 kg
NO;-N/ha/y. The average leaching over 20 years
for all rotations in Karup are approx. 75 kg
NO;-N/ha/y.
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Figure 2 Nitrate leaching from various rotations calculated with
the DAISY model. NB: The results in 1968 are influenced
by initial conditions.

Leaching losses
have been reduced
with 20% since
1984
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The average leaching has been calculated for
the periods 1970-74, 1975-79, 1980-84, and
1985-88. The relative values are 77, 83, 100
and 81%, respectively. The decrease in leach-
ing during the last years is due to a decrease
of the amount of manure available {(approx. 11%
less), a small decrease in the amount of ferti-
lizer used, less manure being spread during au-
tumn and winter, and more green fields during
autumn.



Climate influ-

ences leaching

Simulated and ob-
served streamflow
show good agree-

ment

Groundwater
levels and vari-
ations are simu-
lated successful-
ly

Average perco-
482 mm/y
in agricultural

areas

lation:

Climate has been found to influence the nitrate
losses and final nitrate concentrations, partly
by determining the plant growth, partly by de-
termining the amount of percolation in which
the nitrate will be dissolved. Bypass, which
may occur in Langvad is not adequately describ-

ed by the model.

3,2 Water Balance and Water Flow

A good description of the hydrological regime
is a prerequisite for a reliable simulation of
the nitrate transport. The SHE(DK) has been
calibrated using records of streamflow and well
observations.

The simulated and the observed streamflow at
the outlet of the catchment is shown for the
years 1981-88 in Fig. 3a. For the entire peri-
od the water balance show an excellent agree-
ment, however, with a tendency of overesti-
mation (max.

12%) in dry vears, and a slight

underestimation (max. 6%) in wet years. Daily
flows are simulated reasonably accurate, with a
tendency to underestimate the peaks. Surface
runoff during the winter is limited to wetland

areas adjacent to the streams.

Simulated groundwater levels have been com-
pared with cbservations from a large number of
bore wells. As shown in Fig. 3b both levels and

yearly variations are simulated successfully.

The average percolation from agricultural areas
is calculated to 482 mm/y. This is in good
agreement with the average measured runoff of
456 mm/s, considering that plantations and
areas with shallow ground water usually show
higher actual evapotranspiration and that a net
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storage in the groundwater zone has been ob-
served during the simulation period.
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Figure 3 (a) Simulated and observed runoff for the period 1981~

88 at Hagebro, Karup A catchment, and (b) Simulated
angd observed groundwater table (1969-88) in selected
wells.
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Simulated front
propagation and
particle veloci-

ties

Nitrate concen-
trations in
groundwater
depends on leach-
ing, rainfall,
distance to the
groundwater
table, geochemis-
try,

and flow pattern

The nitrate con-
centrations vary
widely in time
and space

An average front propagation and a particle
velocity of 3,5 m/month and 4-6 m/y respective-
ly have been simulated for areas with a deep
s0il water zone. The simulations show that the
solute moves down the profile in a step-wise
manner, the movements taking place primarily

during the autumn.

3.3 Nitrate in Groundwater and Streams

The variations in the nitrate concentration in
the groundwater is a function of the amount of
nitrate leached, the rainfall, the distance to
ground water, and geohydrological and geochemi-
cal conditions in the ground water. The nitrate
leaving the rootzone will, after some time be
found in the upper layer of the ground water,
and the concentration is directly related to
the leached amount. However, the solute becomes
dispersed in the unsaturated zone. This averag-
ing process is most pronounced where the un-
saturated zone is deep.

The flow condition= in the groundwater depends
on the hydrogeological conditions. In the Karup
& catchment, the flow has a significant verti-
cal component near the groundwater divide
(downwards) and near the streams (upward).
Water which has passed the redoxcline will mix
with water containing nitrate in the areas
close to the streams. A certain degree of dilu-
tion therefore takes place in these areas,

Fig. 4 shows the wide variation in the simu-
lated nitrate concentration in the upper
groundwater layer in the autumn 1984 and 1988
in the grid squares with agricultural land use,
Nitrate free water occurs in the grid squares
where SHE assumes 100% reduction in the first
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node below the water table. The large nitrate
concentrations are typical for areas receiving

large amounts of farmyard manure.

The decrease in leaching in the late 80fies
results in a decrease in the number of grids

with high concentrations of nitrate.

a)
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Figure 4 Distribution of NO;~concentrations in the upper ground-
water layer below agricultural areas in the Karup &
catchment - (a} autumn 1984, and (k) autumn 1988.

Fig. 5 shows the temporal variation in nitrate

concentration simulated for three crop rota-

234



tions. The cropping history influences the pat-

Point measure- tern substantially and may superimpose other
ments are ex- trends. The values shown are average values for
pected to vary 25 ha and approx. 3 m depth. Point observa-
more than simu- tions may show even larger variations in time
lated estimates and space.
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Figure 5 Temporal variation in NOj;-concentrations in the upper
groundwater layer below three selected rotation
schemes, with two different distances to the ground-
water table.

The increase in the concentration in the first
few years of the simulation for areas with a
deep unsaturated zone is influenced by the in-
itial conditions, and does not reflect reali-
ty. The effect of climate may be deduced from
rotation 14 (shallow groundwater table). In
1976 and 1980, the leaching was 256 and 312 kg

235



The amount of ni-
trate reaching
the stream
depends mainly on
leaching totals
and position of

the redoxcline

(mg/1}
6. 00

respectively. Due to a larger percolation rate
in 1980 compared to 1976, the concentration in
the ground water was larger during the winter

1976/77 than in 1980/81.

The total amount of nitrate reaching the stream
depends on the land-use and the depth of the
redcxcline. The lowest concentrations of nitra-
te reaching the stream are found in areas with
superficial redoxcline and with a large percen-
tage of moose or plantation. The highest con-
centration are found in areas with large dis-
tance to the redoxcline, and with a high popu-
lation of pigs, see Fig. 6. The simulations
show that in average, half of the leached ni-

trate is reduced in the aquifer.
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Figure 6 Temporal
catchment. NB:
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in wetlands is
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The yearly variations are larger in areas with
a high groundwater table. In the calculations,
the denitrification taking place in wetlands

near the stream has not been included. All the



not included in
the SHE(DK)

With simple
measures, leach-
ing losses may be
reduced with at
least 35% in

Karup

The maximum poss-
ible effect of
recommended
measures is ap-
prox. 50%
Reduced leaching
leads to reduced

concentrations in

experimental field site in the Xarup A catch-

ment, Ambus et al. (198%) found a reduction of
approx. 50%, however, it may vary through the

25% of the leached
nitrate may reach the streams.

catchment. In total approx.

3.4 Effects of Changes in Agricultural

Practices in the Karup Area

Results from the analysis of various changes in
agricultural practices indicate that part of
the benefits of moving the time of ploughing
and the spreading of manure from autumn to
spring have already been gained. The leaching
by the end of the 80’ies is only 80% of the
leaching in the beginning of the decade. When
expanding these practices and combining them
with a more uniform distribution of the manure,
the level of leaching decreases to 65% in the
medel simulations.

The analygis may have two errors which leads to
an overestimation of the leaching. Firstly, the
amount of mineral fertilizer may not be reduced
sufficiently in the rotations receiving ma-
nure. Secondly, the amount of manure produced
in the catchment has decreased approx. 70.000 T
over the 5 year pericd being cycled. This de-
crease may not be taken into account correctly
in the analysis. Taking into account both of
these errors, a total reduction in nitrate
leaching of 47 % (compared to the 1980-1984-
level) can be reached. This is c¢lose toc the
goals set by the National Agency of Environ-
mental Protection.

The scenariocs lead to less variation in the
concentrations in the groundwater, as well as a

reduced average concentration. The time to
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streams within 5
years

The model devel-
oprment includes:

A three-dimen-
sional ground-

water model

An integrated so-
lute transport
model

and operationali-
zation

The animal popu-
lation in the
catchment plays
an important role
in leaching
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egquilibrium in the groundwater is, however,
large, while for the stream, the average con-
centration will be reduced corresponding to the
decrease in leaching already after 3-5 years.

4. Discussion and Conclusion

The SHE(DK) is a generalized and improved
version of the SHE, which is able to describe
the movement of water and nitrogen in most
Danish hydrological catchments. The project has
comprised several new developments:

a. Development of a three-dimensional
groundwater component which can be
used for artesian and free ground
water aquifers, or combinations of
the two.

b. Development of an integrated solute
transport model for the unsaturated
and saturated zones.

¢. Operationalization of the model
system with programmes for data
processing and graphical presenta-
tion.

The results of the reoetzone model, DAISY, shows
farmyard manure to be a very important factor
for nitrate leaching. A reduction in nitrate
leaching of 50 % in Karup is only possible
because of the decrease in the animal popula-
tion which have taken place during the last
half of the 80‘ies. From the beginning to the
end of the 80’ies, the leaching has been re-

duced with 20 % in Karup.



The location of
the redoxcline
influences the
NO;-contribution
to streams

Modelling pro-
vides information
on variability,
sensitivity and
time lags

An important factor in Karup is the location of
the redoxcline since it determines the percen-
tage of the nitrate which will reach the river.
In average, half of the leached nitrate is re-
duced in the aquifer. In addition, a signifi-
cant denitrification may also take place in the
areas around the streams, as has been shown in
other NPo-studies, and it is estimated that
only approximately 25% of the nitrate leached
from the root zone in the Karup A& catchment
will enter the streams.

The main advantages of simulations carried out
with the combined modelling system compared
with e.g. monitoring alone, are related to
estimation of the variability of investigated
variables in time and space, evaluation of the
importance of different components and proces-
ses, and estimation of the time lag between
changes on the surface and measurable changes
in groundwater and rivers. For Karup it is
obvious that point measurements of nitrate
concentrations are representative for small
areas and timespans only. The nitrate concen-
tration in the upper groundwater layers varies
with the cropping history of the soil, the
thickness of the unsaturated zone and the
amount and distribution of the rainfall. In

deeper layers, the variations are less.

The model system SHE(DK) now present is unique,
also in an international context. It has sev-
eral possible uses. Among these are future
studies of the dynamics of nitrogen movements,
modelling of catchments subject to monitoring
programmes, support to planning of future stu-
dies, testing of alternative or proposed solut-
ions, as well as support to management and
decision making,
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Summary

A map of the nitrate reduction potential is pre-
pared from a sandur-hilly island area in western
Jylland. The map is based on existing geological,
hydrogeological and geochemical data in manual
archives and databases, results and data from
other NPO-projects and data from eight wells car-
ried out during the project. The map shows the
nitrate reduction capacity of the geological lay-
ers below the redoxcline and areas of equal capa-
city are separated from other areas. The map can
be used in the planning of ground water abstrac-

tion and protection.

1. Introducticn

The ground water projects of the NPO research prt
gramme have investigated nitrate transport and d¢
nitrification processes in the saturated and uns:
turated zone in small catchment areas. The collet
ted data are used in mathematical models, which

have synthesized hydrogeological, hydrological ai
geochemical processes in these areas. The trans-
port and proces results are alsc used in mapping

projects together with older record data.



This project is an attempt to develop a method to
map on a regional scale the nitrate reduction
potential of Danish sediments. The processes and
materials in the subsurface beds, which cause
reduction of nitrate, vary according to the geolo-
gical setting. Therefore, the concentration of
nitrate in the ground water is dependent also on
the geological conditions as well as the climato-
logical and agricultural factors.

2. Material and methods

2.1 Geclogical conditions

The test area in this pilot study is situated in
the western part of Jylland, Denmark (Fig. 1.).
The deposits which are relevant as aquifers or
protection layers are of Miocene and Quaternary
ages (Gravesen et al., 1990).

The Mioccene aquifers are build of alternating, in-
terfingering marine and limnic deposits such as
quartz sand and -gravel and mica sand, often with
a content of fine-grained organic matter, pyrite
and also lignite. The Miocene aquitards consists
of mica silt and mica clay, often with fine-grai-
ned organic matter and pyrite. Also layers of
lignite may act as aquitards. Quaternary deposits
from the Saalian and Weichselian glaciations are
found above the Miocene deposits. The aquifer
sediments are glacio-fluviatile sand and gravel,
which often contains reworked Miocene material
with lignite fragments and pyrite. The aquitards
of glacial age are clayey tills and glacio-lacu-
strine fat clays.
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Fig. 1. Locality map

Post-glacial sediments, of no importance as aqui
fers but with some protecting effect, consist of
marine and freshwater muddy sand with some organ

matter.
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The boundary surface between the Miocene and
Quaternary deposits is formed due to the fluvia-
tile erosion at the end of the Miocene Epoch and
glacial and fluviatile erosion during the Quater-
nary glaciations. The topography of this surface
is very irregqgular with deep erosion valleys in the
Miccene layers, which act as important aquifers
when filled with glacio-fluviatile sand and gra-

vel.

2.2 Nitrate reduction capacity

The nitrate reduction capacity of the sediments at
a specific locality can be measured by analyzing
sediment samples from drill cores. This is done by
determining chemical parameters suitable to ex-
press reduction conditions such as COD or TOC. In
this study, which is an attempt toc map the nitrate
reduction capacity of sediments on a regional
scale, it is obvious that the above mentioned
procedure is much too costly if the whole area

should be covered by reduction capacity values.

The chosen procedure, therefore, is to convert the
results from a few intensive studies to the regio-
nal scale. This includes evaluation of drilling
results, TOC and COD determinations, geological
prospecting, chemical properties and litholeogical
properties. Data including parts of these proper-
ties, are available in a great quantity from nu-
merous wells with information of lithological logs
stored at the Well Record Department at the Geolo-
gical Survey of Denmark (Gravesen, 1986).

Reduction of nitrate from NO3 to N2 in a natural
environment involves oxidation of natural occur-

ring components such as organic matter, methan,

245



246

reduced sulphur compounds and ferrc iron com-
pounds. Studies in connection with other projects
{Pedersen, 1990) have shown that COD (Chemical
Oxygen Demand) can be used as an indicator for th
nitrate reducing capacity for sandy sediments. Th
COD expresses the total amount of the above men-
tioned reducing componentg. The available nitrate
reducing capacity is somewhat lesser, as a small
amount corresponds to the COD of sediments, which
has no reducing capacity. This basic value can be
calculated from COD determinations of sand sample
from the unsaturated zone and from yellow oxidize
sand samples from the saturated zone, It has been
calculated to 50 megv. oxygen or nitrate per kilo
sediment. For grey sand samples from the reduced
zone with a content of lignite and pyrite the
reduction capacity has been calculated from TQOC
(Total Organic Carbon) determinations (Kristianse
et al., 1990).

The COD determinations on clayey sediments have
proven to give unrealistically high values of 10-
20 g nitrate per kilec sediments. These large valu
es are probably due to an almost complete degrada
tion of the clay minerals, which are not believed
to occur under natural conditions. Instead of COC
values, the variation of the total ferro-iron
content has been used to measure the nitrate redu
cing capacity, and half the amcunt of the ferro-
iron content is estimated to be available for
nitrate reduction (Ernstsen, 1393%0; Ernstsen et
al., 1990).
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3.1

. Results

Auxiliary maps

In order to be able to construct the conclusive

nitrate reduction capacity map it is necessary to

make use of a series of auxiliary maps and sec-

tions, and as a final step to be able to translate

litholcgical terms inte nitrate reduction cate-

gories,

The

auxiliary maps and sections are:

map of the Quaternary deposits

geclogical basic data map (a well log map
showing lithology and ground water level)

map of the pre-Quaternary surface

aquifer map (showing thickness of aquifers and
aquitards)

map of the level of the oxidation zone/nitrate
reduction zone (redoxzcline).

The calculation of the nitrate reduction capa-
city must start at the level of the nitrate
reduction zone or front in the saturated zone,
which separates layers with nitrate (above)
from layers without nitrate (below). Several
studies have shown that this reduction border
zone coincide with a change in colour in the
sediment from yellow or yellow brown to brown
grey or grey. Therefore, the level of the ni-
trate reduction zone is the same as the level
of the oxidized zone. A regional map of the
border zone can be done from the colour de-
scription in the lithological logs.

geological sections used to analyse the geolo-
gical build up of the area, and to make corre-
lations between the geological units.
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The last step is to catagorize the different sedl
ments according to their ability to reduce nitra-

te, see table 1.

Table 1.
THE NITRATE REDUCTION CAPACITY
Category Available nitrate reduction Sedimenttype
capacity
mg nitrate per kg sediment

¢ No reduction capacity o Sand, oxidized
yellow to yellow brown
Clay, yellow brown
1 Low reduction 0 - 620 Sand, oxidized with
capacity silt and clay
2 Medium reduction 620 - 2500 Sand, grey black with
capacity lignite, pyrite
Clay, grey
3 High reduction >2500 Clay, fat, grey
capacity Mica cley and silt
Lignite

All seminents with

high organic content

3.2 Construction of the nitrate reduction capacit

map
The nitrate reduction map is now constructed by

assigning the different sediment types in a 50 m

thick zone below the border between the oxidized
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pand the reduced zone to one of the three cate-
gories low, medium and high, see table 1. Areas
with the same or similar aguifer build up are then
grouped together in larger units. By this proce-
dure some details were lost, but it was found
necesgary te make the map in the scale 1:50.000
readable. In each of the above mentioned units are
given a reduction capacity profile, for instance:
1 (10), 3 (3), 2 (15) (fig. 2). This should be
read 10 m of low reduction capacity above S m
sediment with high reduction capacity, above 15 m

of a sediment with a medium reduction capacity.

The final nitrate reduction capacity map includes
3 themes (fig. 2):
- nitrate reducing capacity covering areas with
the same value as described above
- boundary between the nitrate zone and the ni-
trate free zone equal to the boundary between
the oxidized and reduced zones in m a.s.l.
~ piezometric surface m a.s.l.

4. Discussion and conclusion

The map is constructed from existing geclogical,
hydreogeclogical and geochemical data. From most
parts of Denmark large amounts of relevant data
exist in manuel records or in databases and there-
fore, it is possible to produce this kind of map
from other areas. The map is prepared by generali-
zing and compiling of these data and a geological
model of an area is supposed, which describe the
distribution, composition, depositional environ-
ment and age of the beds. This model is the basis
for the aquifer map and the evaluation of the

distribution of the reduction capacity of the sediments.
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Map of nitrate reduction potential

The nitrate reduction capacity map may be used
together with information about the nitrogen loac
ocn certain areas in the planning proces for grour

water withdrawal and ground water protection.

The map may also be used to explain causes for
high nitrate concentrations in certain areas.



4.1 Conclusion

- It is possible to prepare an operational map of
the nitrate reduction potential from archive
data.

- The large amount of data have to be computer
stored, when they are processed in the mapping
procedure.

- The scale of the map is most appropriate
1:50.000.

- The map is a thematic map ¢of the nitrate reduc-
tion conditions in the saturated ground water
zone, and it is not a vulnerability map of the
traditional kind.
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CLIMATE MEASUREMENTS AT NPO RESEARCH LOCATIONS

sSummary
Climate Climatic measurements were carried out during
stations the period November 1987 through June 1990 at

two locations, Rabis Bzk and Langvad &.
Measurements were performed with automatic
climate stations and the following parameters
were measured: air temperature at 2 m, soil
temperature at depths of 10 and 30 cm, relative
humidity at 2 m, wind velocity at 2 m,
precipitation at 1.5 m, global radiation and

surface wetness.

Database Data from the two stations are stored in a
database as hourly and daily values.
Measurements of precipitation intensity and
wind velocity are used to correct precipitation

amount for aercdynamic error.

Deviations The climatic conditions during the measurement

from normal pericd deviated considerably from the normal
pattern. All three winters were very mild,
especially during January and February, and the
precipitation amounts for the three winter half
years were larger than the normal, especially
at Rabis Bzk.
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Climatic data

requirement

Locations

Rabis Bzk

Langvad &

Measurements

1. Introduction

The research activities at the NPO research
locations have demanded climatic measurements
at the locations. The climatic data are used as
a basis for evaluating other measurements and
as input to models.

The climatic measurements must be compatible to
the nation-wide measurements carried ocut in a
network of automatic climate stations managed
by the Danish Meteorclogical Institute and the
Danish Research Service for Plant and Soil
Science (Olesen, 1988).

2. Material and methods

Climatic measurements were carried out with an
automatic climate station at each of the two
research locations at Rabis Bzk and Langvad A.

The station at Rabis Ba#k was placed on a field
with grass. The size of the field was about 1
ha, and it was located just north of Rabis Bzk
(56°21'N, 9°10'E). The height above mean sea

level was 56 m,.

The station at Langvad A was placed on a
plateau above the area where the stream flows.
The area was not cultivated. The station was
located at (55°33'N, 12°03'E), and the height

above mean sea level was 35 m.

The following meteorological parameters were

measured by the automatic climate stations:

- Air temperature at a height of 2 m.
- Soil temperature at depths of 10 and 30 cm.
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Sensor types

Database

Precipitation
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- Air relative humidity at a height of 2 m.
-~ Wind velocity at a height of 2 m.

- Precipitation at a height of 1.5 m.

- Global radiation.

- Surface wetness.

These parameters were measured with sensors
connected to a datalogger, which scanned wind
velocity each 10 seconds, precipitation each 2
minutes and the other sensors each minute.
Based on these measurements, various hourly
statistics were calculated and stored.

Temperature was neasured with Pt-100 sensors,
relative humidity with a hair hygrometer, wind
velocity with a cupanemometer, global radiation
with a class 1 pyranometer, precipitation with
a Geonor total precipitation recorder, and
surface wetness with an electric grid.

The recorded data were afterwards treated with
a number of computer programs, which adjusted
the measurements for individual sensor
calibrations and calculated the amount of
precipitation, duration of precipitation, etc.
Daily values were calculated, and both hourly
and daily values were stored in a database at

Department of Agrometeorclogy.

The precipitation was measured at a height of
1.5 m and had to be corrected for aerodynamic
error. Wetting loss can be igncred due to the
low surface area of the sampler. As practically
no snowfall occurred in the period of
measurements, a procedure for correcting liquid
precipitation proposed by allerup and Madsen
{1979) is employed. This method uses
information on precipitation intensity and wind
velocity.



Evapotran-
spiration

Measurement

period

Actual and
nermal climate

Daily values of potential evapotranspiration is
calculated with the Makkink equation (Makkink,
1957) with modifications by Aslyng and Hansen
(1982). This equation uses daily values of mean
air temperature and global radiation.

The climate station at Rabis Bazk was set up on
27 October 1987, and the station at Langvad &
was set up on 28 October 1987. Both stations
were closed in autumn 1990, This paper only
treats the period from November 1287 through
June 1990.

In cases where either the datalogger or the
sensors failed, measurements were taken from
stations close by. At Rabis Bzk data from
Foulum (56°30'N, 9°35'E) were used, and at
Langvad A data from Ledreborg Alle (55°37'N,
12°03'E) were used. In most cases it was
possible to reconstruct the precipitation
series at the two stations, as the accumulated

precipitation was measured.

3. Results

Fig. 1 shows monthly values of mean air
temperature and water balance at the two
stations. Tables 1 and 2 show mean temperature,
precipitation and potential evapotranspiration
during the summer and winter half year,
respectively. The summer half year is here
defined as April through September, and the
winter half year as October through March. The
measurements are in the tables compared with
normal values for the periods 1931-60 and 1961-
88. Normal values are taken from stations near
by, for 1931-60 from Danish Meteorclogical
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Institute (1975) and for 1961-88 from Mikkelsen
(1990) .
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Figure 1. Monthly values of air temperature and water balance
(corrected precipitation minus potential evapotransporation) at
Rabis Bzk and lLangvad A. Air temperature is shown with dots
connected with lines, and water balance is shown with bars.
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Table 1. Mean temperature, precipitation and

pectential evapotranspiration at Rabis Bak and
Langvad A during April through September.
Temperature is in °C and precipitation and
potentiel evapotranspiration is in mm.

Mean air Corrected Potential evapo-
temperature Precipitation transpiration
Mean Mean Mean
Period Period|31-60 61-88| Period [31-60 61-88| Period 61-88
Rabis Bak
1988 12.6 12.7 1i.8 361 436 422 458 458
1989 12.3 12.7 11.8 286 436 422 498 458
Langvad A
1988 12.9 13.2 12.7 298 345 387 487 484
1989 12.8 13.2 12.7 338 345 367 535 484
Table 2. Mean temperature, precipitation and
potential evapotranpiration at Rabis Bazk and
Langvad A during October through March. Tem-
perature is in °C and precipitation and
potential evapotranspiration is in mm.
Mean air Corrected Potential evapo-
temperature Precipitation transpiration
Mean Mean Mean
Period Period|31-60 61-88| Period |31-60 61-88| Period 61-88
Rabis Bzk
1987-88%| 3.5 2.6 2.1 592 393 462 70 78
1988-89 4.7 2.6 2.1 418 393 462 75 78
1989=-90 5.0 2.6 2.1 557 393 462 83 78
Langvad A
1987-88%] 3.8 2.7 2.3 390 290 364 79 82
1%88~-89 4.5 2.7 2.3 318 290 364 85 82
1989-90 4.7 2.7 2.3 384 290 364 96 82

*) Values

for October 1987 were taken from a station near by.

The normal values for precipitation are
corrected using the monthly correction factors
for standard normals for moderately sheltered
stations proposed by Allerup and Madsen (1979).

The annual mean temperatures for 1988 and 1989
were higher than normal. This was predominantly
due to very mild winters. The annual
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precipitation in these years were about normal
for 1931-60, reflecting a higher winter

precipitation and lower summer precipitation.

4. Discussion and conciusion

puring the period November 1987 through June
1990 climatic measurements were performed at
Rabis Bzk and Langvad A. The climatic
conditions during the peried of measurements
deviated considerably from normal, especially
during winter. Snowfall was virtually absent.
Therefore the measured precipitation was
corrected for aercdynamic error solely based on
measurements of precipitatien intensity and

wind velocity.

All three years in the measurement pericd had
very mild winters, especially in January and
February. If only temperatures in January and
February are used, all three winters belong
among the four warmest in Denmark since 1874,
whereas the preceding three winter were among
the 16 coldest.

The precipitation amounts for the winter half
year were all larger than the normal for 1931-
60. The precipitation was largest at Rabis Bzk
during the winters 1987-88 and 1989-90, when
the mean value for 1961-88 was exceeded as
well. The precipitaticn at Langvad A
corresponded roughly to the mean value for
1961-88.

Mean temperatures during summer season in 1988
and 1989 were about normal for 1931-60, and
thus above the 1961-88 average. The amount of

precipitation during this season was



considerably lower than normal in both years,
especially at Rabis Bazk. The summer of 1989 was
also very sunny, which gave rise to a large

so0il meisture deficit.
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IMPLEMENTATION OF GROUNDWATER MONITORING IN_DENMARK.
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Résumé.

A groundwater meonitoring network has been im-
plemented in Denmark. The network is made of 68
monitoring areas, each representing the catch-
ment area to a regional public water-supply
well, and up to 15 local monitoring wells. The
15 loecal monitoring wells are either, small
existing water-supply wells, or special designed
and implemented, monitoring wells. The moni-
toring cathment areas, are distributed in a
geographic balance. The feollowing items has
been considered in the design of the monitoring
network:

- Point-, line- and volume monitoring.

- Level-accurate sampling.

Uniform sampling technigue.

A broad list of analysis parameters.

High analyses accuracy.

The implementation of the monitoring network,
makes it possible, in the future, to forecast
the groundwater guality and quantity. Hence, it
will be possible to make avoiding reactions if

any pollution are forecasted.

A possiblity, for demonstration of an effect of
the industrialization, has been made by the
introduction of a brecad list of analysis para-
meters.



Short cuts between

aquifers.

14 Danish countyes
and Geoleogical

Survey of Denmark

Figure 1: Location
of 68 monitoring
catchment areas
with 1200 moni-
toring well screen

in total.

Monitoring and

warning service

Due to the level-accurate sampling, has some
demonstration been carried out, on the effect
from wells with long screens, on the hydrology
and groundwater chemistry. This can be impor-
tant, in addition teo the natural flow through
the geoclogical stratum.

The 14 Danish counties have implemented 49
catchment areas, and the Geological Survey of
Denmark has implemented 19 catchment areas, see
figure 1. The counties, are responsible for the
sampling and analysis work, and the Geological
Survey of Denmark, are responsible for the ac-

cumulation of data, and for the data processing.
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Introduction.

The Danish groundwater, is so pure, that it with
treatment for iron and manganese only, normally
are used as drinking water. It is a must, to

protect the groundwater in this way, for which
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reason the groundwater monitoring network has
been implemented. The monitoring network itself
does not have any protectiocn effect. However,
by monitoring it is possible, to follow the
change in gquality and quantity of the ground-

water.

There are two important reasons, to the estab-
lishment of monitoring wells in different
parts of the subsurficial section of the hydro-
logic cycle. The first one, is the fact, that
the recharging water, spends a lot of time, to
percolate, from the ground surface, and down to
the water-supply wells in the deep aquifer.
Hence, if a pollution are discovered in the
water-supply well, a big part of the aquifer has
allready been polluted, and it is too late to
do any avoiding action. The second one, is that
it will take long time, to heal the damage, sven
if the pollution source is eliminated.

Material and methods.

The groundwater are monitored in seveal points
of the subsurface part of the hydrological
cycle as a method to obtain a fast and efficient
monitoring, see figure 2. It is assumed, that
any pollution are emitted to the surface, from
either a point pollution, or a diffuse pollu-
tion, and it is assumed, that the major part,
of the pollution, percolates to the groundwater
through the geological formations, and that it
is dilluted by dispertion. Hence, these effects
are taken in consideration, by the level-accu-
rate sampling, and in that way, the front
genesis from nature (landuse and waste disposal
from above, and salinity from belowe), and the
pollution, are considered by this design of the
monitoring network. Any other unexpected ef-

fects, might be identified, and the monitoring



Three types of

can be supplied with more detailed investiga-
tions, if necessary.
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figure 2: Principle design of the monitoring
stratum of a catchment area. (After Andersen,
1987).

Three types of monitoring wells, defined as
point-, line~ and volume monitoring wells, are
defined in the monitoring network. Together
they gives a wiev over the generel state, and a
wiev over the more detailed variations, in the
groundwater chemistry and hydrology (Andersen,
1987).
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A point monitoring well, is defined as, a well
with a short screen, located in the groundwater
divide. There is no pumping from the well. A
point monitoring well, are monitoring the parti-
cular area above the well, since the location is
in the groundwater divide. Several point moni-
toring wells, with screens at different levels,
are normally placed at the same location, to
make some time depending monitoring, aleng a

vertical flow line.

Line monitoring wells, are defined as, wells
with short screens, without water withdrawal,
and located somewhere between the regiocnal
waterdivide, and the regional watersupply well.
Because of the location, and because of the
nenpumping cenditions, the linemonitoring wells
give a monitoring, of the influence, along the
flowpath upstream the well. Several linemoni-
toring wells, with screens in different levels,
are normally established, at the same location,
to make some monitoring, of the vertical dis-

tribution of quality.

The wvolume monitoring wells, are defined as, a
production well. They are monitoring the inte-
grated volume, of the cachment area to the well.
Hence, there is a monitering of the integrated
effect of all point pollutions in the cachment
area, and the interacticns from the geology on
all the flow pathes in the aquifer. On the
other hand, the samples are mixed, and a pollu-
tion is diluted, and then difficult to identify
and locate.

The volume monitoring wells are even distributed
in the menitoring area, giving an effective
monitoring to demonstrate any pollution in the
total monitoring cachment.
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Sampling, from the bottom of the volume moni-
toring wells, gives water, from the bottom of
the aquifer, which might be the groundwater
with the highest residence time. Hence, these
samples, gives some background information,
about the groundwater, recharged, before the

industrialization.

small, existing water supply wells, in the
catchment area, are used as volume monitoring

wells.

For the reason, to avoid the stagnant water,
above the intake of the water-supply pump,
special sampling device, has Dbeen permanent
installed in the water-supply wells. In some
cases, two sets of such sample devices, have
been mounted, - one pipe, with intake in the
bottom of the exsisting screen, and one pipe,
with intake, above the top of the screen. This
combination of samling device, in one well,
gives information about differences, between
the water from the bottom of the well, and the
mixed water, from the top of the well, and there
is no interaction, from the stagnant water above

the pump, when sampling is done during pumping.

New completed monitoring wells, are either made
as hammered wells, or as percussion drilled
wells, with short PVC screens with separate
tubing to the surface. They are all point- or

line monitoring wells.

The groundwater are monitored by routine
soundings and sampling, and five packages of
analysis parameters are defined. The use of the
packages, depends on the property of the moni-
toring well:
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Normal, elementary parameters
- Microbiologic parameters

- Non-organic tracers

- QOrganic micro-pollutants

- Special pesticides

Results.
The antropogene impact on the hydrological
regime, has allready been noticed, during the

implementation of the monitoring network:

A conductivity log, has been made, in an undis-
turbed well. Subsequently, a flow log, has been
made. A number of short screens, with separate
tubing to the surface, were mounted in the well,
and the bottom part, of the original open hole,
were filled up with gravel pack and sealing, as
shown in figure 3. (The original inflow section,
of the well, was an open hole, in the bryozoan
limestone.) The water level, in the well, were
measured, the day before the filling-up work,
and the hydraulic head, were measured in the
separated screens, the day after the filling up
work. These heads are shown on figure 3. Mea-
surements one year later, in the tubes from the
screens, showed the same distribution of the
hydraulic heads. The electric conductivity, has
been measured, in water samples from the new
screens, both three, and six months, after the
filling-up work. The results of these measure-
ments, are shown in figure 3 (together with the
EC-log from the open well}).

The results of the distributed head measurements
demonstrates an increased head (app. 1 meter
extra), in the screens, at the bottom of the
filled up well, hence the open well, has caused
an internal flow in the upward direction, before

the sealing of the well. - I.e. the hydraulic



Antropogene im-
pact on hydro
chemistry

Saline water in

top of limestone

FLOWLOG N OPEN WELL
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effect of the drilling operation, or antropogene
impact on hydrology.

The electri¢ conductivity log, in the multi-

screened well are quite different from the
electric conducticity log in the open well, and
shows the chemical effect of the antropogene
impact on the hydrochemistry. I.e. short cut
between separated parts of the aquifer.

The high value of electric conductivity measured
in the screen 33 m.b.MP., might be caused of
some other matter, for eksample internal upward

flow of saline water in another nearby well.
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Figqure 3: Demonstration of the effect of the antropogene hydrogeo-

logy.

{The restricted valves on the top of the monitoring filters,

are a part of the sampling device. The water above the restricted

valves were removed, and the water table recovered, before the

water table were measured. - Only for the reason of a possible

failure, due to the restricted valve.)
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The results demonstrates that the hydraulic head
measured in the open well, are equal to the head
of the highly permeable parts in the top af the
inflow part of the well (or the bryozoan lime-
stone), and in any case a weighted average of
the heads over the penetrated section. This is
important for determination of flow diretion,
and hence, for the determination of the distri-

bution of a potential pellution.

Discussions and conclusion.

The implementation of a groundwater monitoring
network with systematic and level-accurate
sampling, uniform sampling technique, a broad
list of analysis parameters, great analysis
accuracy, point-, line- and volume monitoring,
and a geographically balanced distribution of
monitoring catchments, makes it possible to
generate reliable series of chronometrie data,
for a broad list of common or rare parameters.
And for the importance, for both the protection
of the groundwater, and for the science, is it
possible, to forecast the groundwater guality
and gquantity.

Due to the implementation of the level accurate
sampling, at least one possible troublesome
effect, has been identified {short cut of aqui-
fers), and further investigations on the matter

can be carried out.

Based on these results, is it recommended to
take the following preventive arrangements in
consideration:

- Making more stringent control about drilling
operations. A special attention, ought to be
offered, to the risk of increasing the dis-
persion of a pollution, when plumes of pollu-

tion from waste disposals sites, are investi-



gated and penetrated by drilling operations or

of wells with long screened sections.

It is recommended toc initiate the following

invstigations:

- Investigations on existing water wells, for
the reason, to determinate the effect, on the
general water quality.

- Development of restoration technigues for
leaching wells, for the purpeose to protect
the groundwater ressources from leaching

through bad constructed wells.
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Summary

Chloride was used in a tracer study to document and
qualitatively evaluate the effects of preferential flow at field scals.
Very fast response of a subsurface drain at 1.3 m depth upon
surface application of water and solute that can not be
explained by a displacement flow mechanism was taken as an
indication of preferential flow. Further documentation was
obtained from distinct bypass flow manifesting itself in two ways,
cne being surface applied water free of chloride bypassing a
scil matrix with high chloride content, the second being surface
applied chloride bypassing a soil matrix with little chloride
content. The implication of preferential flow for leaching of
surface applied fertilizers and pesticides is discussed.

Introduction

Preferential flow is an established term and a recognized pheno-
menon in water and solute transport in soil systems,

Preferential flow refers to a flow mechanism where transport of
water and dissolved or suspended substances is primavily asso-
ciated with a smaller fraction of the total soil pore volume. There
is a whole spectrum of possible flow situations. One extreme is
that the majority of the soil is totally bypassed by the fluid, and
active transport only occurs in unhindered flowpaths, the inter-
mediate being a random distribution of flowrates throughout the
porous medium, to the other extreme being a uniform flow field.
This range of fiow situations is determined by the soil physical
properties as well as the scale of observation. At the smallest
scale, the pore scale, water will always move preferentially in the
center of the soil voids. If the soil is texturally homogeneous and
uniform, these microscopic effects will average out when the
observation scale increases and macroscopic approaches using
Darcy and Fick's law will be applicable in the flow description
{Nielsen et al. 1986}.

If, however, the soil exhibits heterogeneity or discontinuity in the
soil physical properties at the larger scale the simple
macroscopic approach is no longer sufficient. It has been
proposed to include stochastic and geostatistic methods in the
traditional approach to account for the randomness of soil and
hydraulic properties (see e.q. reviews by Warrick and Nielsen,
1980, and Dagan et al., 1988). However, preferential flow repre-
sents a further degree of complexity. Discontinuities in the sail



Cause of preferential
flow

The effect of prefe-
rential flow

characteristics give distinct different flow behaviour, and the
traditional one-domain macroscopic approach (applied sither in
a deterministic or stochastic sense) seems inadequate,

Preferential fiow can be related to discontinuities in poresize,
meaning that water and solutes will be transported primarily in
relatively large and continuous pores or openings (macropores)
in the soil whenever the conditions are favourable.

Macropores can be indigenous to the scil like cracks in desicca-
ting clay sails, or interpedal voids between surface aggregates
or subsurface structural blocks or peds, or they can be created
biclogically by borrowing soil animals (e.g. earthworms and
ants) or roots.

A distinct definition of a macropore has been proposed based
on an equivalent diameter (see e.g. Luxmoore et al., 1880), but
itis arbitrary since many other factors influence the potential of
a pore to promote preferential fiow, Le. its continuity and
orientation, its tortuousity, its surface characteristics, its connec-
tion to the surface and its stability.

The effects of preferential flow have been observed in numerous
field and laboratory studies (for references see Thomas & Phil-
lips, 1979, Beven & Germann, 1982, White, 1985). In laboratory
experiments involving soil cores accelerated initial breakthrough
of surface applied substances with asymmetrical long tailed
breakthrough curves have been attributed to preferential flow
phenomena. Also the non-homogensous wetting of soil cores
is associated with a bypass flow mechanism.

In field situations it has been possible to detect surface applied
substances at depth far in advance of the time corresponding
to a leached amount of one pore volume, indicating preferential
flow. Sampling has been done through subsurface drains
(Everts et al., 1989), lysimeters (Andreini & Steenhuis, 1980) or
porous suction cups (Jardine et al., 1990).

The two first-mentioned works also describe the noted effect on
chemicals with adsorbing properties, namely a decreased retar-
dation in the soii matrix with increasing dominance of
preferential flow. The implications of these findings is that
fertilizers and pesticides applied to the soil surface might be
carried below the root zone and into drains or shallow aquifers
with a contamination of surface and groundwater systems and
little intended crop related benefit as a result (Barraclough et al.,
1983). The direct conduits to drains and groundwater might also
be relevant in the consideration of atmospheric acidic

277



Untackled problems

Large-scale effects

z78

deposition. With little residence time and hence contact
possibilities with neutralizing agents in the soil the rainwater will
be transported fairly unaffected ta receiving water bodies (Potter
et al., 1988 and Shanley & Peters, 1988). Increased infiltration
associated with macropores in the soil surface reduces the risk
of soil erosion in erosion prone areas due to less surface runoff,
whereas slope stability might be affected positively or adversely
depending on the drainage possibilities (Cheng, 1888).

Rain or irrigation water will be more or less available for plants
compared to a less-macroporous soil depending on whether or
not the macropores extend beyond the rootzone (van Stiphout
et al., 1987).

in field and laboratory experiments the extent and effect of
macropore flow have been observed to depend on factors such
as rainfall intensity or solute application rate and soil moisture
conditions. An increase in application rate (Trudgill & Coles,
1988, Kanchanasut & Scotter, 1982 and Kluitenberg & Horton,
1990) as well as moisture content (Trudgill & Coles, 1988
among others) generally favours preferential flow which is in
accordance with the conceptual picture of the flow mechanisms.
Flow into larger voids in the soil surface is initiated when the
infiltration capacity of the surrounding soil matrix is exceeded or
ponding occurs. For an initially dry soil the macropores will be
less effective because of lateral loss to the soil matrix. However,
the effect of soil moisture is ambiguous. It has been reported
that fast response in initially dry scil could be associated with
hydrophobic conditions of the soil surface and worm hole
channels (Edwards et al., 1989), and with clay cracks that swell
upon wetting (Reid & Parkinson, 1984). To account for these
factors modeling approaches that can accept highly variable
and multi-pulse inputs are necessary. Furthermore, the physical
relations responsible for preferential flow need further systematic
investigation in order to find more guantitative descriptions.

The effect of preferential flow is typically related to the hydrologi-
cal response of larger areas and diffuse contamination sources.
Hence in gaining further insight into the problem a relevant
observation scale is equivalent to the extent of such contamina-
tion. In agricultural aspects it could be a field or an ensemble of
fields. A practical and convenient way of observing flow
responses is by means of subsurface drainage systems which
was pointed out by Richard & Steenhuis (1888). In Denmark this
is feasible since extensive areas already have artificial drainage
facilities. The spatial variability of preferential flow which might
be pronounced on a smaller scale (Andreini & Steenhuis, 1390)
will be integrated to give a spatially averaged response. Also for



distributed catchment models such as the SHE-model (Abbott
et al., 1986) the unit grid size is principally equivalent to the field
size making parameter determination at this scale important.

in this paper the preliminary results of a tracer study on the
intake area of a single drain are presented. The purpose is to
examine the effect of preferential flow at field scale and espe-
cially the influence of water application rate and scil moisture
condition. Furthermare, the application timing for a conservative
tracer is studied in relation to the retaining capacity of the soil.
The hydrological response of a larger area, encompassing this
field site, is investigated in terms of preferential flow effects by
Engesgaard & Jensen (1890).

Field site

The field site is located within the farmland of Syv Creek
catchment in the central part of Zealand, Denmark (Fig. 1). The
soil is developed mainly on clayey glacial till but with a rather
mixed texture ranging in places from clayey to pure sandy. Soil
type is a pseudo gley brown earth with the gley development
evident below approximately 80 cm indicating partly imperfect
drainage. The drainage system consists of 40-50 year old tile
drains (diameter 5.5 cm) installed at 120-140 cm depth and at
individual spacings of about 20 m. The topography is rather flat
with a slope less than 1 percent. The fieid site had been
cropped with wheat during the season prior to the experiment
which took place in the spring of 1990.

From excavation of a sail profile visual macrostructure in the
form of worm holes and root channels in the upper soil layers
and peds of different order and size in the lower layers was
noted. Worm holes and root channels were predominantly
cylindrical and vertical with diameters of 1-3 mm and with an
intensity in a horizontal plane of approximately 5 per 10 cm?.
Between 40 and 120 cm depth distinct peds of 1-5 cm were
seen.

The total intake area of the drain involved in the tracer study
was approximately 0.2 ha. For reasons explained later the site
was divided into two experimental plots which were investigated
separately (Fig. 2).
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Fig. 1 Location of field site.
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Chioride application

The chloride-ion was chosen as an appropriate tracer. It has
transport properties equivalent to the nitrate-ion which is of
major concern in relation to contamination from fertilizers, yet it
is practically chemically stable and biclogically inactive. Further-
more, detection via a chloride specific electrode made
continuous monitoring of the tracer in the drainage outflow
possible.

The chloride tracer was applied as flakes of 77/80%
CaCl,2H,0 by manually spreading on the soii surface,
attempting a high degree of uniformity. An amount of 0.75 kg
Cl/m2 was applied in 2 m wide and approximately 50 m long
strips around the drain line leaving a 1 m chloride-free zone to
each side of the drain.

This was done to minimize chioride movement through soil that
might have been disturbed by the tile installation (Fig. 2). For
plot 2 chloride was only applied to one side of the drain since
results from Plot 1 showed that a lateral flow away from the
drain could be responsible for chloride loss.

The two experimental periods were as folows with the first date
indicating the day of chloride application:

Plot 1: 8/3 - 12/4
Plot 2: 26/4 - 28/4

It is seen that the first plot was monitored almost twelve times
longer than the second.

Monitoring program

Instrumentation for monitoring flow rate and chloride concentra-
tion of the drainage water was installed in a collector well at the
lower end of the field site (Fig. 2.). Water level in a 60 | container
were measured with 5 minute intervals and converted to flow
rate. An automatic pump released the water to the downstream
end of the drainage systemn whenever the container was filled.
The ion selective electrode was placed in a separate much
smaller container that continuously received drainage water from
the bottom and was equipped with continuous stirring. The data
were collected by a datalogger.

Piezometres were placed inside as well as outside the plots
(Fig. 2} to follow the groundwater level fluctuations.
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Fig. 2 Schematic plane view of the experimental field.
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Plot 1

Soil profile samples were taken (Fig. 2) prior to and after the
experimentation periods for a mass balance analysis of water
and chloride. Sampling was done at depth increments of 20 cm
with a 6 cm diameter hand auger to a depth ranging from 80-
150 cm, depending on accessibiity and groundwater level.
Water extracts from these samples were analysed
photometrically using flow injection analysis, except for final soil
samples from Plot 2, which were analysed by the argentometric
method.

Precipitation data on an hourly basis were cbtained from a
climatological station located less than 1 km from the field site.

Results

The field installation of the ion selective electrode together with
unreliable performance of the datalogger posed problems in the
beginning of the experiment. Satisfactory implementation of the
chioride measurement was not obtained till the end of the first
experimental period which means that the chloride data from
Piot 1 reported here originate from grap samples taken at
irregular times, but with higher frequency during high flow
periods (Fig. 3). Ground water levels were monitored in
conjunction with the water sampling.

As seen from Fig. 3 chloride was applied to Plot 1 prior to an
increase in drainage flow. No breakthrough of chioride was
detected over the 28 day period that followed. At that time
drainage flow had ceased due to an insufficient supply from rain
and an increase in evapotranspiration. Water was then applied
artificially from two hoses which could be moved manually over
the plot including a zone of 1 m around the edges. The
irrigation intensity was approximately 6 mm/hr, and irrigation
was carried out over a two day period, about 3 hrs each day.
Surface ponding during irrigation was observed while surface
runoff was restricted to distribution of water within the microrelief
of the nearby sail surface. A sudden rise in drainage flow was
observed 2.5 hours after the irrigation was started on the
second day. This flow peak was, however, still not associated
with an increase in the chloride concentration.

An interpretation based on these findings is that the chloride
initially applied at the soil surface had infiltrated into the soil
matrix together with the rainwater and a percolation and
diffusion process had distributed the solute in the upper soil
layers. The gradual rise in drainage flow in the beginning of the
experiment is likely to be caused mainly by a displacement type
of flow. For the irrigated period the rise in fiow was abrupt
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indicating that preferential flow paths through the.soil profile
were activated. This is supported by the fact that the drainage
water was practically chloride-free and hence must have
originated from water bypassing the chioride in the soil matrix.

The tracer experiment was repeated on Plot 2 with the aim of
detecting the prefersntial flow directly, that is by a rapid break-
through of the chloride. Water was mainly supplied by intermit-
tent irrigation and again at fairly high intensities (approx. 11
mm/hr). Plot 1 was covered with a plastic sheet to avoid inter-
ference from this plot in case of natural rain. A moveable perfo-
rated hose that could be controlled from outside the irrigated
area was used to minimize soil surface disturbance which may
have been significant during the first experimental period. Again
surface ponding, but minimal surface runoff was observed.
Chlaride was applied when the drain had started running again
and just prior to an irrigation event (Fig. 4). The peaky appear-
ance of the drainfiow as before suggests preferential flow. In this
case it is supported by the fact that chloride is also transported
to the drain practically instantaneously, again an indication of a
bypass mechanism. Hence a fraction of the surface applied
chloride was not retained in the soil matrix and leaching
occurred.

From this study it can be inferred that relatively high water
application rates are necessary to initiate preferential flow. Rates
of 4 mm/hr which corresponds to the heaviest rain during the
start of the first experiment did not produce distinct signs of
preferential flow whereas an intensity of 6 mm/hr did. However,
the existence of a distinct threshold value of application rate is
not stated, since other factors are influencial.

If the drain was not running prior to high intensity application no
immediate response in drainage flow was observed. Parts of the
applied water could be conducted in preferantial flow paths
through the mainly unsaturated scil profile with lateral loss to the
soil matrix and recharge to the ground water below the drains
leading to drainage flow once the ground water level reached
the drains. The exact mechanism for flow under ponded yet un-
saturated conditions can not be evaluated from this experiment.

Preferential flow and fast breakthrough of water is associatad
with leaching of surface applied substances if the application is
carried out just prior to the occurrence of preferential flow. A
second peak in the chloride concentration was observed in the
second experiment when one day had elapsed since the tracer
application indicating that some chicride was still free to move
in preferential flowpaths. White et al. (1985} and Trudgill & Coles
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Chloride and water
profiles

(1988) have likewise called attention to the timing of surface
application in relation to subsequent flow conditions. Besides
the application time in relation to flow conditions factors such as
the application method could be important for the leaching
potential of surface applied substances. Application of chloride
in dissolved rather than solid form might have generated a
different leaching pattern. This issue is addressed by
Kanchanasut & Scotter (1882), but no experimental work has to
the authors' knowledge been published on the matter.

Mass balance analysis

A chloride mass balance was attempted to get indications of the
relative fate of the applied tracer. Also, a water mass balance
was carried out to evaluate the recovery of water and hence
indirectly of chioride. The results for the two plots are presented
in Figure 5 and Table 1 for chloride and water, respectively. The
amount of chloride accumulated in the soil profile is calculated
as the difference in chloride content prior to and after the
experiments. Areally averaged values for each depth increment
of 20 cm are used.

In Plot 1 and Plot 2 50% and 82%, respectively, of the total
amounts of chloride applied at the soil surface were detected as
drainage outfiow and an increase in the soil storage. The
amount of chioride nat accounted for can likely be attributed to
variability and uncertainty in the quantifications. The figure
associated with greatest uncertainty is the amount of
accumulated chioride in the soil, partly because of the large
spatial variability over the plot and partly because of lack of sail
sampling of the very top sail layer mainly consisting of organic
matter. The average chloride concentration in this layer could be
substantially larger than just a short distance below. This is
emphasized by the obtained chloride profiles at both plots after
the experiments (Fig. 6).

The chloride concentration after the experiments decreases
with depth with a maximum concentration at the first soil sampie
depth. Of the total chicride content in the soil profile to a depth
of 140 ¢cm an estimated amount corresponding to 77% and 64%
were found in the upper 40 cm of the soil in the two plots,
respectively. The lack of an apparent maximum in the chloride
concentration at depth could be explained by a more
continuous supply of chloride at the soil surface, rather than &
pulse-type application. This is possible if the CaCl,-flakes were
not dissolved during the first irrigation event after application. It
could also explain that a secondary peak in the chloride
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concentration was observed when preferential flow started
drainage flow a day later during the second experiment. A
similar pattern in tracer concentration with several individuai
peaks coinciding with high input rates were found in a compara-
ble study (Richard & Steenhuis, 1988). This further undetlines
the importance of additional investigation into the effect of
surface application method.

Cther fates of chioride not accounted for in the mass balance
could be uptake by vegetation, loss to deep percolation and to
lateral flow out of the field site. Piezometer measurements
outside Plot 1 indicated that water flow could be transverse to
the drain direction. Plant uptake was probably minor, even
though it was not confirmed by measurements. Van Ommen et



Table 1: Water balance.

Figures in m’,

Piot 1 Plot 2
Rain 112 25.3
trrigation 14 19.7
Drainage 25 0.5
Balance 101 44.5

~ 1 mm/day -~ 7 mm/day

The importance of
preferential flow

al. (1989a) report a 3% loss of bromide tracer in a drainage
study. Loss to deep percolation could be significant especially
since the drain is barely actively flowing during the experiments,
and hence the hydraulic gradient towards the drain is small.
During no-drainage flowsituations water is directly routed to
below drain depth. To support the chloride loss due to these
sources the water balance also indicate loss of water (Table 1).
A larger loss per day for the second experiment could be
explained by an increase in evapotranspiration with denser plant
cover and more loss to deep percolation since drainage flow
was more discontinuous than in the first experiment. In
agreement with this the water content in Plot 1 was fairly
uniform throughout the soil profile and practically equal before
and after the experiment. In Plot 2 more variation is seen, and
the water content after the experiment is smaller (Fig. 7).

The chloride detected in the drainage water amounted to 1.2%
and 0.3% of the total amount of chloride applied to the soil
surface in the two experiments, respectively, while the amount
of drainage water from the plots corresponded to 20% and 1%.
This means that the drainage water from the second piot was
five times as chlcride enriched as the water from the first plot,
another way of detecting that leaching from surface applied
chloride occurred preferentially in the second plot.

Discussion
The extent and the importance of the leaching of surface applied
substances primarily caused by preferential flow is difficult to

judge from this preliminary study. Based on figures of retrieved
tracer amounts in the drainage water of less than 1% of the
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Need for further
studies

292

applied amount the significance appears to be minor. However,
some aspects related to the experimental conditions might be
crucial to this statement and need further investigations.

Firstly, this experiment was carried out at the end of the natural
yearly drainage season and the drain system was barely active
during the experiment where preferential fliow was observed. It
was stated that a loss of chloride from preferential flow to
deeper soil layers is possible, but quantification has not been
attempted. Performing the tracer study during a period of larger
and more reliable flow in the drain could give a better measure
of the extent of leaching due to preferantial flow,

Secondly, a more intensive and preferably continuous
monitoring of the groundwater level to a depth below the drain
along with soil water content measurements would yield further
inside into the hydrological response of the system.

Thirdly, the application method of the tracer might show to be
important as pointed out in this study. Controlled experiments
that can be reproduced under different application conditions
need to be carried out to shed light on this aspect.

Conclusion

Preferential flow effects at the field scale have been observed in
a combined tracer/drainage study. High water application rates
leading to surface ponding conditions excites the preferential
flow mechanisms. Unfavourable drainage conditions made the
evaluation of the extent and importance of leaching of surface
applied substances by preferential flow inconclusive. However,
it appears that the greatest risk of loss of surface applied
substances, such as fertilizers and pesticides caused by
bypassing is prevalent when a heavy rain succeeds the
application within a relatively short time, in this study found to
be of the order of one day. Further research is needed to
evaluate the effect of soil moisture conditions and surface
application method.

Reterences

Abbott, M.B., J.C. Bathurst, J.A. Cunge, P.E. O'Cannell andg J.
Rasmussen (1986) An introduction to the European
Hydrological System - Systeme Hydrologique Eurcpeen,
"SHE", 2. Structure of a physically-based, distributed
modelling system, J. Hyd., 87, 61-77.



Andreini, M.S. and T.S. Steenbuis (1990) Preferential paths of
flow under conventional and conservation tillage. Geoderma,
46, 85-102.

Barraclough, D., M.J. Hyden and G.P. Davies (1983) Fate of
fertilizer nitrogen applied to grassland. |. Field leaching
resuits. J. Soil Sci., 34, 483-497.

Beven, K. and P.F. Germann {1982). Macropores and water flow
in soils. Water Resour. Res., 18, 1311-1325.

Cheng, J.D. (1988) Subsurface stormflows in the highly perme-
able forested watersheds of south-western British Columbia.
J. Contam. Hyd,, 3, 171-191.

Dagan, G., D. Russo and E. Bresler (1988) Effect of spatial
variability upon subsurface transport of solutes from non-point
sources. In proceedings of International Symposium on Water
Quality Modeling of Agricultural Non-Point Sources, June 13-
23, Logan, Utah (in press).

Edwards, W.M., M.J. Shipitato, L.B. Owens and L.D. Norton
(1989) Water and nitrate movement in earthworm borrows
within long-term no-till corn fields. J. Soil Water Conserv., 44,
240-243.

Engesgaard, P. and K.H. Jensen (1990) Drainage flow
modeling -Syv Creek. NPO-project B14. National Agency of
Environmental Protection, Denmark.

Everts, C.J., RS. Kanwar, E.C. Alexander, Jr. and S.C.
Alexander (1888) Comparison of tracer mobilities under
laboratory and field conditions. J. Environ. Qual., 18, 491-498.

Jardine, P.M., G.V. Wilson and R.J. Luxmoore (1990} Unsatu-
rated solute transport through a forest soil during rain storm
events. Geoderma, 48, 103-118.

Kanchanasut, P. and D.R. Scofter (1982) Leaching patterns in
soil under pasture and crop. Aust. J. Soil Res., 20, 193-202.

Kluitenberg, G.J. and R. Horton (1990) Effect of solute applica-
tion method on preferential transport of solutes in soil.
Geoderma, 46, 283-297.

Luxmoore, R.J., P.M. Jardine, G.W. Wilsan, J.R. Jones and L.W.
Zelazny (1990) Physical and chemical controls of preferred
path flow through a forested hillslope. Geoderma, 46, 139-
154.

293



294

Nielsen, D.R., M. Th. van Genuchten and J.W. Biggar (1986)
Water flow and solute transport processes in the unsaturated
zone. Water Resour. Res., 22, 895-108S.

Potter, F.I, L.A. Lynch and E.S. Corbett (1988) Source areas
contributing to the episodic acidification of a forested headwa-
ter stream. J. Contam. Hyd., 3, 293-305.

Reid, |. and R.J. Parkinson (1984) The nature of the tile-drain
outfall hydrograph in heavy clay scils. J. Hyd., 72, 289-305.

Richard, T.L. and T.8. Steenhuis {1988) Tile drain sampling of
preferential flow on a field scale. J. Contam. Hyd., 3, 307-325.

Shanley, J.B. and N.E. Peters (1988) Preliminary observations
of streamflow generation during storms in a forested
Piedmont watershed using temperature as a tracer. J.
Contam. Hyd., 3, 349-365.

Thomas, G.W. and R.E. Phillips (1979) Consequences of water
movement in macropores. J. Environ. Qual., 8, 145-152.

Trudgill, 8.T. and N. Coles (1988) Application of simple soil-
water fiow models to the transfer of surface applied solutes
to streams. J. Contam. Hyd., 3, 367-380.

Van Ommen, H.C., M.Th. van Genuchten, W.H, van der Molen,
R. Dijksma and J. Hulshof (1988a) Experimental and theoreti-
cal analysis of solute transport from a diffuse source of
pollution. J. Hyd., 105, 225-251.

Van Stiphout, T.P.J., H.A.J. van Lanen, O.H. Boersma and J.
Bouma (1887} The Effect of bypass flow and internal catch-
ment of rain on the water regime in a clay loam grassland
soil. J. Hydrol., 95, 1-11.

Warrick, A.W. and D.R. Nielsen (1980) Spatial variability of soil
physical properties in the field. In: D. Hillel (ed.). Applications
of Soil Physics. Academic Press, New York, N.Y., 319-344,

White, R.E. (1985) The influence of macropores on the
transport of dissolved and suspended matter through soil.
Adv. Soil Sci., 3, 95-120.



Data Sheet

Publisher:
Ministry of the Environment, National Agency of Envircnmental Protection

Strandgade 29, DK-1401 Copenhagen K

Serial title and no.: NPo-forskning fra Miljestyrelsen, B - abstracts
Year of publication: 1981

Title:
Nitrogen and Phosphorus in Groundwater

Subtitle:
Project Abstracts of the Danish NPo Research Programme

Author(s):
Performing organization(s}):

Abstract:

Transport and transformation of nitrate in groundwater has heen
studied in the comprehensive NPo Research Programme. Abstracts of
projects on nitrate movement and denitrification in agquifers are
presented, with emphasis on a ccmplete description of the entire
system from leakage input at the rootzone to baseflow ocutput in
the streams.

Terms:

groundwater; surface runoff; leaching; denitrification;
hydrological models; aguifer; streams; drinking water; drainage;
clay; nitrate reduction; drilling; geological models ; iron
CAS 7439-89-6; phosphorus CAS 7723-14-0; nitrogen CAS
7727-37-9

ISBN: 87-503-9C71-6

ISEN:

Price {(incl. 22 % VAT): 150 Dkr

Format: ASS

Number of pages: 296

Edition closed (month/year): April 1991

Circulation: 800

Supplementary notes:

English abstracts of reports from coordination group B for

groundwater

Printed by: Luna-Tryk ApS, Kegbenhavn



REGISTRERINGSELAD

Udgiver: Miljestyrelsen, Strandgade 29, 1401 Kgbenhavn K
Serietitel, nr.: NPo-forskning fra Miljgstyrelsen, B - abstracts
Udgivelsesar: 1991

Titel:
Nitrogen and Phosphorus in Groundwater

Undertitel:
Project Abstracts of the Danish NPo Research Programme

Forfatter(e):

Udfgrende institution (er):

Resumé:

Transport og omsatning af kvalstef og fosfor i grundvandet er
undersggt i forbindelse med NPo-forskningsprogrammet.

Korte engelske sammendrag beskriver de enkelte
forskningsprojekter.

Emneord:

vandlgb; grundvand; drikkevand; afstrgmning; draning; ler;
reduktion; boringer; denitrifikation; geologiske modeller;
hydrologiske modeller; nitreogen CAS 7727-37-9; fosfor CAS
7723-14-0; Jern CAS 7439-89-6

ISBN: 87-503-9071-6

ISSN:

Pris (inkl. moms): 15C kr.

Format: ASS

Sideantal: 296

Md./ar for redaktionens afslutning: april 1991

Oplag: 800

Andre oplysninger:

Engelske abstracts af de enkelte rapporter fra

koordinationsgruppe B for grundvand

Tryk: Luna-Tryk &pS, Kegbenhavn

296



NPo-Research - Reports from
National Agency of Environmental Protection:

A: Reports on Soil and Air

Nr. A l:
Nr. A 2:
Nr. A 3 :
Nr. A 4:
Nr. A 5:
Nr. A 6 :
Nr.A7:
Nr. A 8 :
Nr. A 9:

Nr
Nr

LAlQ
. All

Nr. Al2
Nr. Al3

Nr, Alé
Nr. Al7

Nr. A20
Nr. A21

Kvazlstof- og fosforbalancer ved kvzg- og svinehold
Kortlzgning af landbrugsdrifien i to omrader i Danmark
Temperatur og denitrifikation

Ammoniakafsztning omkring et landbrug med malkekvag
Ammeoniakmonitering

Atmosfzrisk nedfald af n@ringssalte i Danmark
NHj-fordampning fra handels- og husdyrgsdning
Neringsstofudvaskning fra arealer i landbrugsdrift
Kvalstofomsztning og -transport i to dyrkede jorder

: DAISY - Soil Plant Atmosphere System Model

: Bestemmelse af NH;-fordampning med passive fluxmélere
: NHj-fordampning fra gyllebeholdere

: Naringsstofomsztning i marginaliseret landbrugsjord

Nr. Al4 :
Nr. Al5

Regionale beregninger af N-udvaskningen
Ammoniakfordampning fra bygplanter

: Den mikrobielle biomasses variation i jordbunden

i Analyse af jordvands sammenszining - metedesammenligning
Nr. Al8 :
Nr. A19 :

Atmosfarisk ammoniak og ammonium i Danmark
N-transformation in Soil, Amended with Digested Pig Slurry

: Simulation of Nitrogen Losses Using the SOIL N model
: Landbrugets gednings- og arealanvendelse i 1983 og 1989
Abstracts:

Nitrogen and Phosphorus in Seil and Air

Nr. A19 er tidligere annonceret med titlen:

Afgasset gylles indflydelse pd N-omsetning i jorden.
Nr. A20 er tidligere annonceret med titlen:
Simulering af kvelstoftab med SOIL-N-modeilen

C: Reports on Watercourses, Lakes and Marine Waters

Nr.
Nr.
Nr.
Nr.
Nr.
Nr.
Nr.
Nr.
Nr.

Nr
Nr
Nr.
Nr.
Nr
Nr.

Cl
C2
C3

Cs8
C9
. Cl10
. Cl1

. Cl13

: Denitrifikation og N-mineralisering i den kystnzre havbund
: Denitrifikation og iltomsatning i vandlabssedimenter

: Eutrofiering - effekter p4 marine primerproducenter

Ca:
C5
C6 :
C7 :

Fosforbelastning i lavvandede eutrofe seer

Carbon Dynamics in Coastal Marine Environments
Jyllandsstremmen

Biologisk struktur i smd vandleb

: Kvzlstof og fosfor i havet

: Eutrofieringsmodeller for seer

: Vandlebsmodeller - biologisk struktur og stofomsetning
: Transportmodel for nzringssalte i ferskvandssystemer

. Cl12

Erosion og transport af fosfor til vandleb og seer

: Kvalstofomsztning og stofbalance i 4ngre omrider
. Cl4 ;
. Cl15
Abstracts:

Vand- og stofbalance p4 lavbundsjord
Nitratomsztning og vandbevagelse i et vidomride
Nitogen and Phosphorus in Fresh and Marine Waters

Nr. C7 er tidligere annonceret med titlen:
Bundlevende algers regulering i sm4 vandleb



Nitrogen and
Phosphorus in
Groundwater

Transport and transformation of nitrate in groundwater has been

studied in the comprehensive NPo Research Programme. Abstracts

of projects on nitrate movement and denitrification in aquifers are

presented, with emphasis on a complete description of the entire

system from leakage input at the rootzone to baseflow output in
the streams.

Mijeministeriet Miljastyrelsen
Strandgade 29, 1401 Kabenhavn K, tif. 31 57 83 10

Pris kr. 150.- inkl. 22% moms

ISBN nr. 87-503-9071-6




