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A Project Objective

The goad of this projectare:

A to understand thenitrate fate in a small agricultural areathe catchment area ofundgirds
baek ;

A to develop a method for estimating the nitrate reduction capacities on a small scale (sub
catchment level );

A to map critical zones from the catchment area, contributing to the nitrate pollution of
Lundgirds beek;

Whyfocusing omitrate and on the reduction capacities on a small seale

Nitrate is one of the two readily available for direct assimilation formbligogen It is, as a part of the
Nitrogen cycle, one of the most important nutrients responsible for the growth of microbes, algae,
plants etc. The large input dflitrogen and Phosphorus to a freshwater or marine water bodies,
especially when all other faars are present (favourable temperatures, high oxygen content, bad
mixing of the water column etc.), can cause algal blooms, oxygen depletion and extinction of species.
Hence, the eutrophication, which is caused by human activities, has a negative iomptdiet aguatic
environment.One of the main pathways of Nitrogen, reaching the surface bodies, is recognised to be
the nitrate leaching from the root zone to tlgroundwater.

As part of the European Union legislatidine EU WatelFrame Directive (WFD)which objective is to
establish a frame work for protecting the surface and groundwater bodies from further pollution, was
accepted by all EU members. With the acceptance of the WFD, Denmark has set a goal to achieve a
good ecological status for all suceaand ground water bodies until 2015. For the region of Mariager
fiord, in which catchment area the project area is situated, fulfilling the goals of the WFD means that
the negative human impact on the ecosystem should be reduced.afsopthe plan, a eduction of
nitrate input from the agricultural sources is needed. Further, a big stiédate reduction map is
provided on a national levelAccording to that map the project area falls in a region, where the
reduction capacity is from 505% (sed-igure98, p.118). However, using this bigcale map taake
land-use management decisions might éeonomially inefficient ¢ K I (i Q & pad &f this projectan
attempt to develop a hew small scale reduction map is made.

Taking into account this very general information, fhmal goal of this project is to find a more effective
way to define critical areasn a smaller scale, where a reduction of thigate input would be efficient

In each part of this report something new is added to the knowledge about Bosigeek catchment
area or in general about thaitrate fait in a dominantly agricultural land. h& report is divided in
elevenchapters and each of them contributes in the following way:

A Literature Study a better understanding on the chemical and physical pgses happening in
the system i®btained;

A Project Site Descriptionan information on theregional gomorphology and hydrogeology is
given; as addition, the land use and the historical aspect of itiate leachng from the
agricultural land isliscussed;
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Monitoring Data Analysisthe available hydrological and hydrochealiclata for the projet

site areanalysedthe base flow separation showeghat partof the water feeding the stream is

with groundwater originthe correlation analysis shovike correlation between the flow rate

and thenitrate concentration;

FieldWork: the distribution offlow rate andnitrate concentrationsalong the streanis studied;

the sources ohitrate pollution are investigated; the water quality of the groundwater spriisg

analysed,;

Catchment and Sulsatchment Analysistwo methods for delineating the sutatchmert areas

areused and the areaare compared; additionally, the travelling times of the groundwater flow
particles (modelled in GMS, by NIRAS) between the recharge and dischargeeaasalysed

FYR GKS aF 3S¢ RA &GN O dzi A 2achnie aréakdetermiNg;dzy Rg I G S|
Estimating theNitrate Leaching from the Sulbatchments:weighted average and totatlitrate

leaching from each subatchmentis calculated, taking into account also the nragricultural

sources ohitrate leaching

Application of Different Methods for Conceptualising the GSI in Order to Estimate Reduction
Capacities:it is found which suBOl G OKYSy Ga I NB GONRGAOIf & | yR |
nitrate load to the stream and the dependanceda @ a i SYT 5 Kf Qéiseddtg L G & L
determine the reduction capacities of the riparian zones for eachcaibhment area; the

width of the riparian buffer zone along the streamhave 90%itrate removal isfound, based

on the Vidon &Hill conceptual model;

Estimation of the Reductin Gapacities on Sufratchment Scale a new methodologyis
established, so the reduction capacities of each-satthment were calculated; as part of the
YSGiK2RX GKS aflFr3¢ GAYS Ay GKS NBaLkRyasS 27F ¢
findingsfrom the measurements for the flow anmitrate concentration distribution along the
streamare taken into account; the developed method combéedl the gathered information

about the system through the project perioWith the knowledge build as part ohe initial

literature study was possible the method and its weaknesses to be assessed;

Critical Areas for Nitrate &llution: the zones contributing to the nitrate ploition of the stream

are mappedby using the estimated reduction capacities and the residence times of the
groundwater flow particles, simulated with GMS;

Summary and Conclusionsthe results presented in this report are summarised and
conclusionsboutthe potential nitrate reduction reasuresare made;

Future Perspectivesideas about further investigation in the field of nitrate reduction on a

small scale are presented.
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B.Literature Study on Nitrogen Dynamics: the Fate of Nitrate in
Three Zones of Interest

Introduction
The purpose ofhis part of the project isd obtain abetter understandingon the physical and chemical
nature of the processeand of the system, where they are happening

riparian zone

‘ groundwater zone‘ —

Figurel: Zones of interest

When speaking aboullitrogendynamics ifitrate is part of it), the system where it takes place can be
roughly divided in a 3 maiones of interes(seeFigurel):

1 Upland zone
9 Groundwater zone
1 Riparian zone (including the wetlands and stream beds)

The streams carry théNitrogento lakes, fjords, seas and the ocean, meanwhile Migogen cycles

from inorganicto organic form and backThis projectstudies small agricultural catchment area of a
first-second order streanand the focus of interest is limited to what happens in the upland zone,
groundwater zone and riparian zone. The processes occurring in the lake/estuary sediments or water
column arenot discussed.

The samdogic ofzone division is used for the structure of the literature studyst a basic explanation
on the Nitrogencycle is made, and then, the processes happening in the three zones of interest are
discussed.
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Introduction to Nitrogen Cycle

o produce energy Nitﬁt_e
Organic matter 42;) NO.
NH,) %,
-{NH; ”%(9 reactions
f/.
% w
% require energy
5,
%
% assimilatory nitrate reduction
% Ammonium ... assmratory nitraterecuction .
- NH.:I- ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
/9
.SID?/I/Q

—y Z ‘-“““ fo By,

%2 T My

! ~erg,

35 K,

Nitrogen £
gasN: ' Nitrite S
Nitrous NO.
oxide N;O™

denitrification
Figure2: Nitrogencycle (modifiedDuff & Triska, 2000Q)

The processes taking part into thiétrogencycle areschematically presented drigure2.

Ammonium(NH;), nitrate (NOy) andnitrite (NQ) are the dissolved inorganiditrogen (N) forms and
nitrous oxide(N;O) and Nitrogen gas (\,) are the gaseous formsFrom all these forms oN, the
biologically availablenes which can be assimilated directly, &4€; andNH,". NH," is used preferably
over NO; for assimilation olN by green plants, algae, bacterfangi.(CAB InternationaR008)Duff &
Triska, 2000)Most of theN in the aquatic systems is bond in organic matter and it is inaccessible for
assimilation until it is mineralized tdH,-N.(Duff & Triska, 2000)

There ardwo main types of biological transformation in tindtrogencycle:

- obtainingNitrogenfor structural synthesis;
- energyyieldingreactions(e.g.:nitrification and aknitrification). (CAB International, 2008)

Betweenthe N inNH;" andNG; there are 8 electrons difference in the valence (large range in the redox
potential). As a result, the reactions transforming tNé@rogenfrom reduced {3) to oxidized state (+5)
are producing energy, which is used by the chemolitothrophidesEc Opposite, theeactions which
transform theNitrogenfrom oxidised to reduced state require ener(@uff & Triska, 2000)

The nitrificationdenitrification pathways result in loss dfH,", which is first converted tdQs, then to

N,. Nitrification and denitrification are processes driven by microbial metabolishe nitrification
process is carried out by two types of organisms: NitrosomoN&t to NO,) and Nitrobacter O, to
NG;). Nitrification is oxygerdemanding pocess, the efficiency of which is dependent on the oxygen
concentrations, pH, and temperatuf€AB International, 2008)

Denitrification occurs largely in sediments and is controlled by both oxygen supply and available energy
provided by the organic matter. Factors which control the rate of denitrification:

14



- oxygen depletion (favours denitrification);

- organic carbon (or other compound, se®licrobial Metabolism in the 8il and Nitrate
Reduction in Deepduifers z 21) Jo

- pH (low pH favours Nproduction).

- Temperature (denitrificatiomlecreases at low temperatures)

- Other inhibiting compounds (for example: Sulphid®) depresses N production, but
stimulates the reduction dlO; to NH,"). (CAB International, 2008)

Denitrification occurs in anoxic sedimelfestuary, lake, river, stream sediments), in riparian zones, and
in deep subsurface layer#t is considered as the main mechanism for reducing the concentration of
NG;. Several studies oNG; profiles in depth have shown on a metessale some correlain with

both groundwater and sediment characteristi¢(Bedersen et al., 1991)

There are big differences in th&l dynamics between the upland and wetland zones/riparian
zonegNieder & Benbi, 2008)he nitrification, denitrification and the other processes will be further
discussed in the next parts.

1st Zone of Interest. Upland

The upland soils have a tendency to be better aerated than the wetland soils and in general the
decomposition rates of oanic materials are highefhe landscape position of upland soils results in
drainage and transport of nutrients and particles to lower aréldse periodic shifts between wet and

dry cycles causes decrease and increase of the oxygen availability, whiendet the direction of the
processes(Nieder & Benbi, 20083haffer & Ma, 2001)

The N in upland zone occurs together with a carbon in the soil organic matter (SOM) and also as
inorganicNO;-N, NH, N, urea, plant residuesand as gaseous forms. Usually the relative amounty$ of
found in the upland soils are in the following ord@&fieder & Benbi, 2008%haffer & Ma, 2001)see
Figure3):

Soil organic Plant Nitrate Ammonia gaseus N
matter - N residueN (NOs-N) (NH;-N) forms

Figure3: Occurrence dilitrogenin different forms (decreasing amounts from left to right direction)

The most moble and with the most negate effects on the environment arthe NO;-N and the
gaseous formsf N. (Shaffer & Ma, 2001)
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Figure4: Nitrogencycle in upland soils (afi@ieder & Benbi, 200B)

The Nitrogen cycle in upland soils is presented Bigure4. The sources foN in the upland soibre:

plant residues, organic fertilizers (manure, sewage sludge, and compost), synthetic fertiicegcal
and plant fixation o from the atmosphere, and\ in the precipitatio. The processes when thereNs
loss are: erosion and runofNG; leaching to the groundwaterammonia(NH) volatilization, plant

uptake,and denitrification(Nieder & Benbi, 2008)

For the agricultural areas in Denmark, the average total load iof 1991has been235 kgN/ha/year
(Pedersen et al., 1991)

Tablel: Nitrogenload in Denmark(Pedersen et al., 1991)

Fertilizers Manure Atmospheric depositions
[kg/halyr] [kg/halyr] [kg/halyr]
~130 ~85 ~20

Fromwhich around 85% should be lost in the environmiatigh the following processes

- volatilization asNH;,

- accumulation as iomxchangedNH;,

- organicNin the topsoil

- denitrification in the top soil

- leakage oNG; to the ground water(Pedersen et al., 1991)




The fertiliser application in Denmark has been dedrggsignificantly since 199hs will be shown in
Chapter C (p.36). The present annudN cycle for the agricultural areas, based on the monitoring
program of5 representative sitefor Denmarkis shown orFigure5:

Annual nitrogen cycle (2004/05 — 2008/09)

Sandy catchments Clayey catchments Natural areas
(average from 2 zones) (average from 3 zones)

Synthetic fertiliser 53 kgN/ha Synthetic fertiliser 83 kgN/ha Atm.+fix 15 kgN/ha
Manure 135 kgN/ha Manure 71 kgN/ha
Atm.+fix 37 kgN/ha Atm.+fix 20 kgN/ha
Total 225 kgN/ha Total 174 kgN/ha l

Crops e s Crops

138kgN/ha | Wy }ﬁ‘; \ 4 4 % M| w0s
L % EH) kgN/ha

Rootzone . Rootzone - 3L Rootzone SOWWN N

K\°~N dr@/'
N o\‘eﬂ 85kg N/ha 46 kg N/ha ‘96"'@*0 ca.5-10 kg N/ha?
e Ve,
é@(\a‘b / l 1 \rf/% 1 \

2kg N/'ha 6 kg N/ha

Watercourse ) ) ) ) Watercourse ) Watercourse
10 keN/ha « 8kg N/ha Groundwater  Groundwater 10 kg N/ha » 16 keN/ha Groundwater » 2-3 kgN/ha

Downstream watercourse Downstream watercourse
+ regional groundwater + regional groundwater

?kgN/ha ?kgN/ha

Figure5: AnnualNitrogencycle for the hydrogeological years 2005 - 2008/09 (translated frorfGrant et al., 2010) The data
for the fertiliser application is based on interview survey for the period-2003 and the leaching from the root zone is
calculated with using the NES4 and averaged climate data for the period 13%1b

The annuaN cycle of Denmark is mader two types of catchments taking into account the different
soil typesc sandy soils or clayey soiBor the studied period the fertiliser application (syetic and
natural) equals to 188y N/ha for sandy catchments and I&giN/ha for clayey catchmentJhis results

in 85kg N/ha and 46kgN/ha leaching from the root zone respectively frosandy and clayey
catchments(Grant et al., 2010)

Typically, theplant uptake of N is an important sink for agricultural areas. The uptakies of NO;-N

and NH;"-N by crops may range vasttyfrom 50kgN/ha/y to more than 400kdN/haly (Shaffer & Ma,
2001)Nieder & Benbi, 2008for Denmark it has been estimated ¢qual to 138 N/haly for sandy
catchments and 104y N/haly for clayey catchment§Grant et al., 2010)The preapplying of big
amounts of fertilizers (to protect the crops from nutrient deficiency) can result in loosing significant
amounts of N through NG;-N leaching to the ground water, denitrification, andNH;
volatilization(Shaffer & Ma, 2001)

TheN from the decomposing organic material and tN&;-N and NH,;"-N from the inorganic pool are
used by the heterotropic organisms to build a biomass. This immobilikeid remobilised when the
microbes di¢Shaffer & Ma, 2001N is cycling rapidly between inorganic and organic forms: a complete
turnover can happen in a few weeks. Howevemsaforms of organid\ (e.g.: humus) might have an
age of thousands of yea(blieder & Benbi, 2008)
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As it was mentioned before, thaitrification process convertdlH,"to NO; and it is carried out by small
group of autotrophic nitrifieCAB International, 2008As addition, it is not anymore believed that
these are the only organisms responsible for this process: it can occur by the activhgteratrophic
bacteria and fungi capable of oxidisiNg,".(Nieder & Benbi, 2008)

Usually 2 to 3 weeks are needed (in the warmer months) to nitrify an applicatiNftabasedfertiliser.

If the process is not 100% effectivestead ofNG;, greenhouse gasses are produced. The nitrification
process is sensitive to soil pkeduction in the rates when ph is bellow 6 and aboy8t&affer & Ma,
2001) and also depends on thH," concentration, temperture and soiwater content. (Nieder &
Benbi, 2008)

Thedenitrification is a very fast pulse process and as a result (if the dghdlitions are present) a big
Nitrogenloss can occur in a single day. These preferable condiinvolvepresence of sufficienNO;
amounts, fresh carbon source (manure,iceee SOM), warm temperatures, apdecipitation, irrigation

or temporary flooding. These conditions are common in upland soils in early spring and summer and
result in producion of N, and greenhouse gassé€Shaffer & Ma, 2001)

NG; leachingis the main Noss process from the upland soils and contributes to pollution of underlying
shallow aquifers.The NO; leaching can vary greatly depending on the climatic, soil, plan and
management factorNieder & Benbi, 2008phaffer & Ma, 2001)Rates from less than 25 to greater
then 300kgN/ha/y are commoriShaffer & Ma, 2001¢enerallyNG; is leached faster from sandy soils
than from silt and clay soiiNieder & Benbi, 2008As it is shown ofigureb, the leaching from sandy
soils B5kgN/halyr) is almost twice bigger than from clayey s@l6kgN/ha/yr) for Denmark.

The main form oN available for transport from the soil MO, NO; is not usually absorbed by the soil
particles is highly soluble and is characterized by high diffusion rates. The expditfraim the
catchment and its availability in water bodies is linked to hydrological processes and represents mostly
transportlimited system(CAB International, 2008)

Once leached bellow the root zone, the reductionN®y is difficult, and further movement downward

can result in ground water contamination. Groundwater contamination from agriculli@gl occurs in

f 20F f ARLIRG €6 KNKIT A 2 v andeslying gkolndwaterkabuiferShaffer & Ma, 200{the
authors give example with South Platte River in USA, where due to the coarse soil texture and bad
management of som of the agricultural areas, the underplaying shallow groundwater wag NO
polluted)

The major routes for the transport ™ are surface runoff, deep arghallowlateral groundwater flow.

The importance of these pathways depends on the amount and pattégrexipitation, the surface
water level, the specific retention time of groundwater systems, and the composition and slope of the
soil. Agricultural drainage, in particular when using drafagourstransport in subsurface flow; this is
recognized as theain pathway oNG; transport fromhill slopesto streams(CAB International, 2008)

This topic will be further discussed in the next part, where the focus is on the groundwater system and
the processes in the deequbsurface.
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2nd Zone of Interest: Groundwater

After the NG, leaches to the groundwater the most important proceskich takes placds the
transport. For fully understanding the nature of th&d;” fate in the groundwater, firsa characteristic
of the groundwaterflow system should beone.

Groundwater Flow S ystem
Different systems for characterising the groundwater flow system exist and 3 of them are presented.

The most used is thé 2 (1 KQa O ffér ankonfihdd @touindwaitgr systems up to 100kmith a
small slope and lower order outlet streams. Differentiation is made between local, intermediate and
regional flow systems. (sdggureb6)

Groundwater from the local scale, which

recharges at a topographic high and discharges

to a topographic low, has high rates of
jocel fow sysiem puecion ot fiow recharge (230cm/yr) and high rates of
4 groundwater flow (3100m/yr).

The groundwater from an intermediate flow
system, where therecharge and discharge
points are separate by at least 1 topographical

Intermediate
e high, has a rate of recharge 0-Qtm/yr and
‘: fow system il groundwater flow rate 0.ZLm/yr.

When it comes to the regional flow systems,

Figure6: Groundwater flow systems of varying scalecal, which recharge only at a ground water divide
intermediate and regional (Toth, 1968fommonwealth of . .
Australia, 2006) and discharge dg at the bottom of the basin,

the flow rate is very, very low(Chapelle &
Lovely, 1995)

The water from a regional flow, at the point of discharge, should have relatively higher mineralisation
and temperature. The local flow systems are shallower and the flow paths are shorter than the
regional ones. The size of the recharge area is bigger with the respect of the volume water in the
aquifer. The temperature of the groundwater is close to the year ayerair temperatures. The
discharge shows wide fluctuatiotiskedto the precipitation and great changes in the water quality.
(Fetter, 2001)

There is a significant difference in the residence time of the local and regianalsffstems. A
schematic overview on the time scale is showRigure?:
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Figure7: Schematic overview of groundwater residence times in large regional systemgKaftérvan der Heijde, 1988)

Groundwater originating from regional and deep groundwater bodies is most likely to be reduced
and NG; free. Theopposite is expected for a groundwater from shallow local groundwater bodies,
where water is presumed to be oxidised and probdy polluted depending on the land u@aahl

et al., 2007)

Heath (1982)has proposed a two levelassification of the groundwater system, where on the first
level, the groundwater system is classified by taking into account the number of aquifers and on the
second level a further characteristif the dominant aquifer is made.

On the first level tk system can be classifieg

single dominant unconfined aquifer

two interconnectedaquifers of equal importange

three unit system : confined, confining and unconfined aquifer
complex system of interbeddieaquifers and confining layers.

= =4 —a A

According to(Dahl et al., 2007}this way of classifying the regional systems gives useful information
about the characteristics and the regional discharge patterns.

Milijga G & NB f a S (D&hket ai,2@0dsSaNother way to describe the groundwater flow system.

CKAAd aeaidtsSy Aa olFlaSR 2y ¢2GKQa OfFaAaATFTAOIGAZ2Y
affecting the groundwater body. In this system the ground water body is defined as a reactor, which

is recharged, and discharges into the adjacent ecosystem and in between some processes are
happening. The groundwater body is characterised by the lithology, redox state and the contact with

the surface bodies (the absence or presence and the duration)Higeee8):
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Groundwater body

recharge discharge

= &

Local
Regional
Deep

processing

J

[Lithology} [ Redox state} Contact with surface
water body

Figure8: Miljgstyrelsen classification system

The different types of contact with the surface water bodies discussed in th@&Groundwater-
Surface Water Interaction€pnnectiorbetween2nd and3rd Zone of hterestg ~ 28)LJD

When speaking about processes happening in the groundwater body, a brief review on the microbial
metabolism in soil is neededs most of the processes are governed by microorganisms.

Microbial Metabolism in the S oil and Nitrate Reduction in Deep Aquifers

Since there is no light available in the deep subsurface, the photosynthesis is not possible and the
microorganisms depend on energy sources like organic matter and other reduced compourids (Mn
Fe"*, NH;, sulphate 80,%)). Energy is released with their oxidation. Microorganisms have evolved
different ways for conserving the energy from the oxidations to support their growth. Each of these
types of metabolisms is part of complex series of etatttransfers. The most significant, from an
environmental point of view, is the final electron transfer to an electron acceptor (terminal electron
accepting process (TEAP). The dominating TEAP in sediment environment are:

- Oy reductiong aerobicrespiration,

- NG reductionc denitrification and dissimilatoriO; reduction,
- Mn*reduction, F& reduction,SQ? reduction,

- CQreduction (methane productiofiChapelle & Lovely, 1995)

Aerobic Respiration
The oxidation oforganic matter (aerobic respiration or metabolism) yields the most energy to
support microbial growth followed by the denitrificatioChapelle & Lovely, 199SgeTable2)

Table2: Relative energy yield of different metabolis(@hapelle & Lovely, 1995)

Aerobic o Mn* Fe' sQ* Methane
. Denitrification . . . i
respiration reduction reduction reduction | production
Relative 100 93 87 84 6 3
energy Yield

The only source db, in the deep subsurface is the one which enters the groundwater body dissolved
in the recharge water. If organic matter or other reduced compounds are present in the soil, then this
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O, is consumed fast by the aerobic metabolism. Some aerobic microorgamiamswitch and
catalyze oxidation of the other inorganic compoun@@hapelle & Lovely, 1995)

Because of the fast consumption of,,Ghe regional flow systems are usually anoxic (oxygen
depleted). Q could be found in deep adquF SNBE 2yt & ¢gKSy (KSNE@RE &Yy 2
Lovely, 1995)

Oxic » NOy, Mn** Fe*reducing SQ* Methanogenic

Figure9: Typical distribution of TEAPSs in deep aquifers, modified(Eftapelle & Lovely, 1995)

Anaerobic Respiration

Anaerobic metabolism is a metabolism in anoxic or oxygen depleted condition®heeduction
metabolism (denitrification) is the anaerobic metabolism, which is most similar to the aerobic one
NG;” can replaced; in most of the eactions with organic and inorganic dong@hapelle & Lovely,
1995)

The microorganisms which have both aerobic and anaerobic metabolism typically regulate the

metabolism to use only Owhen it is available. The organisms, which can respire only anaerobically,

are usually inhibited in presence Gf. (Chapelle & Lovely, 1995)

The deep subsurface is extremely nutrient poor environment. The rates afattadysedreactions are
in orders of magnitude slower than those in the surface environmg@bapelle & Lovely, 1995)
Even though, ecording to Pederseat al.(1991) there are different possibilities fdlQ; reduction in
the deegp aquifers:

9 by microbialoxidation of organic matter The number oNG; -reducing bacteria and the

amount of organic carbon in deep soil layers, as compared with the conditions known in top

soils, are expected to be too low to support any significantdgjicial NO;” reduction by
organic matter oxidation. Representing the organic matter by,@Hthe overall
denitrification process may be expressed by the following reaction showing that 1rigNNO
corresponds to 1.1mg of organic C:

5/4CHO +N@+H ->5/4CQ +1/2N, +7/4H,0

Shallow groundwater may have a significant content of dissolved organic carbon {e.g. 1

10mgC/l), which may support denitrification corresponding to a comparable decre&g;in
concentration. Many coarsgrained aquifer materials contain very little organic carbon
(supposedly in the range of 0.0085%). Assuming a content of 0.05 organic C in an aquifer
material available for denitrification, this would mean that 2.2g of aquifaterial is needed

for denitrification of 1mg N@-N. (Pedersen et al., 1991)

91 by ferrous iron oxidation
5F€"+ NQ + 12HO-> 5Fe(OH} 1/2N, + 9H

NO; reduction by chemical oxidation &&* has been considered a majéactor in some of
the early studies oNG;" reduction in deep soil profilegedersen et al., 1991)

YA C
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For anoxic Danish aquifer material, the content of extractable reduced iron is estimated to
vary between 0.001 and 0.1%.0i05% reduced iron in an aquifer material is available for
NG;™ reduction, this would indicate, that 40g of aquifer material is needed to reduce 1mg of
NG; -N.

1 byoxidation of reduced 8lphur compoundssuch as iron sulphide and pyrite
5/14Fe$S+ NQ + 2/7HO-> 5/7SQ” + 5/14F&"+1/2N, + 1/7 HO

Pyrite has been found in many aquifers at a level-@24.in association with lignite. In most
aquifers the amount of reducedufphur is believed to be much lower, supposedly in the
range <0.0090.1%. If 0.0% reducedulphur as pyrite is available f&¢O; reduction, this
would mean that 16g of aquifer material is needed to reduce 1mg g-NO

These reactions and the estimated capacities show that aquifers contain a significant potential for
reducingNG;” concentrations(Pedersen et al., 1991)

Total reduction capacity (TRC), which includes in one analysis all the reduced species, is used to
guantify the sediment profiles with respect to reduction capacity. Denitrificatakes place above
this reductionfront in small anaerobic microenvironmeniBedersen et al., 1991)

3rd Zone of Interest: Riparian Z one

The third zone of interest for this literature study is named riparian zone, but in fact gisterof
different elements:the stream with its hyporheic zone, the wetland/riparian buffer zone, and the
connection between the groundwater and the surface water (Begurel10). Description of these
elements and their characteristics are following.

wetland / riparian zone

hyporheic zone

ground
water

\ zone

Figurel0: Elements of the 3rd zone of interest

Stream and Hyporheic Zone Characteristics

There are different criteria for characterising a strearhe stream could be youngature or old,

based on the landscape age and the erosion stage, according tdakbsification of William Morris

Davis (1889)One of the ediest classifications of the streams is based on the channel type.
According to it, the stream can be straight, meandering or braide#.a 3 Sy Q& ljdzZt €t A FA Ol (A :
letters and numbers to qualify thetream based omeomorphological profilegdimensiors and the

channel material. In general, the letters from that system describe the stream typeF{gas99,

p.120) and the numbers characterise the type of dominatbveyl material (sed=igure100, p.120).

Longitudinal, cros&a SOG A2y f | yR LY @ASga 2F (GKS YIFI22N a
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system are presented oiRigure99 (p.120). OnFigurel00(p.120), the different stream channel tyse
together with the bed material are presentéérdreny, 2003)

Other classification il K S { (i (495K ¢laSsNigation for the order of the stream or/and river.
According to that systenthe streans can be first, second, third etrder (seeFigurell).

Figurell:{ G N} Kt SN & & i NB(EndregyNZBOS)NI Of | 8&aATFAOlI GA2Y

When taking into account the hydrological
status, a stream or parts of danbe losing or
gaining.

A GAINING STREAM

Gaining streamsi typical for humid regions
where the groundwater table is above the
water table in the stream. The gaining stream
receives groundwater dischargeand even
though there might not be tributaries, the
base flow increases downstrealisee A on
Figurel?). (Fetter, 2001)

Opposite, the loosing stream is usually
situated in arid regions and the bottom of the
stream ishigher than the water table. As
stream goes downstream, less and |esser

is found in the stream channdkee B on
Figurel?). (Fetter, 2001)

Figure12: Crosssectios of gaining (A) and losing (B) It is also possible if the streaml@singduring
streams(Alley et al., 1999) . .

low-flow periods to become temporarily a

gaining stream during flood stage(Fetter,

2001)
Next to the interaction betweenhte groundwater flow and the stream, another interaction is also
presented ¢ the one between the stream and its hyporheic zorkhe hyporheic zone is the
subsurface zone, where the stream water flows through parts of the adjacent bed and banks and
where a nixing between groundwater and stream water ocdiRanalli & Macalady, 2010By
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definition the hyporheic flow paths differ from the ground water flow paths, because they can leave
and return the streams couple of times for a study reach (see exampfégoinel3). The importance

of that exchange between the streams and hyporheic zone is that keeps the surface water in close
contact with the chemical and bioactive sediments, which influences the downstream water
guality.(Harvey & Wagner, 2000)

Pool and riffle

Meandering
stream

stream

Flow in
hyporehic

______________________

Figurel3: Examples of hyporheic flow pattGommonwealth of Australia, 2006)

The length of the hyporheic flow path (from the point, where the stream flow enters the subsurface
to the point where returns to the stream) can vary from centimetres to hundreds of meters. It is
dependent on the streambed slope aitd variation, the hydaulic conductivity of the sediment, and
the curvature of the streamHarvey & Wagner, 2000)

In general the highest rates of denitrification occur at the-stiéam interface (hyporheic zone) and
at the upslope edge of the rgmian zone, where the ground water recharg&analli & Macalady,
2010)Danhl et al., 2007 However, for Denmark the hyporheic zone has a minor importance than the
hilltop part of the riparian zon@ respect to the denitrification rate@ahl et al., 2007)

Wetlands and Riparian B uffer Zone Characteristics

The termdriparian zome€ is used for the stripe of undisturbed natutahdin the stream valley, which

has both thecharacteristics of aquatic and terrestrial environmdror the purposes of this literature
study, the riparian zone is further discussed in the meaning of a wetland or taking into account the
conditions similar to theone existing in thevetlands. Different systems for classifying the riparian
zones exist. The ones which are of particular interest for this study are the classifications which
criterion is the NO; attenuation capacity (seedGroundwater - Surface Water Interactions
(Connectionbetween 2nd and 3rd Zone of hterestg X 28)Ldidthe source of water. According to the
source, they can be mainly fed by: precipitation (bogs), groundwater (fens), surface water (swamps,
marshes, etqDahl etal., 2007) The classification of riparian zones is usually included in the wetland
classifications, where the characteristics of the wet land are:

9 Groundwater table is near or above the land surface,
1 The soihasreduced conditions and accumulates orgamatter,
1 Communities adapted to these special conditions are prese(iDedil et al., 2007)

Wetlands differ from the upland system, because they have aerabaerobic interfacén:

91 the water column;
i the soilwater zone;
9 theroot-soil zong(DeBusk et al., 2001)
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The retention of the flood water in wetlands results in high decomposition rates and in increased
accumulation of organic madt. In addition, wetlands havditrogenstorages in different fons.

Nitrogen (N) Storage in Wetlands

The storedN in wetlands has organic or inorganic form. The orgahistorage consists ofliving
matter ¢ vegetation, fauna, microbial biomgsson-living matter ¢ standing dead, detrital plant
matter, peat, and soibrganic matter.The percentagd stored in microbib@mass is 0-3% from the
TNin the wetland. However, the microbial activity is one of the greatest regulators of the stability of
N. Organid\ pool is the most stable and the biggest one in wetlands, but it is not readilyabieafior
cycling. Theniorganic storage consists dfH,-N, NO;-N, andNG,-N. In flooded soils theNQ;” and

NG, are found only in a trace amounts and the dimating form isNH,". NO; amounts are higher
only in the aerobic interfaceThe inorganic stores are not stable over time and in general are
presenting less than 1% of tfi#& in the wetland(DeBusk et al., 2001)

Nitrogen Cycling in Wetlands

, atmospheric
¥ Nitrogen
j ammonia gaseous
- volatilization i
\ Oxigen Nitrogen

\4

— R S R
- 1 uptake
-« Uptake flood water
—% organic Nitrogen
v nitrification i
R . | ,~|>__transport of nitrate to the stream
SON Hammonlum }—% nitrate |
organic Nitrogen nitrification . .
9 9 stored B nitrate aerobic soil
SC£|—> ammonium layer
adsorbed

ammonium
nitrogen gas

stored
ammonium

anaerobic soill
layer

nitrous oxide

» organic Nitrogen

denitrification

adsorbed nitrate
ammonium

Groundwater
nitrate

Figurel4: WetlandNitrogencycle (modified froifDeBusk et al., 2001)

The N cycle in wetlands is presented dfigure14. The norganicN can be effectivelyprocessed
through denitrification, nitrification, plant uptake, andNH; volatilization NH; volatilization is abiotic
process, which is @abendent on the pH of the seifater system. The rates of volatilization are
increasing significantly at pH ranging from 8.5 to 10. At pH below 7.H thsses due to volatilisation
are insignificantThe sources oNH," in the water column are: the addin of NH," from external
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sources, the mineralisation of organicto NH," in the water column, andliffusion ofNH," from the
anaerobic soil layer to the watefDeBusk et al., 2001)

The uptake by the vegetation and the immixation by microorganisms are only temporary storage
of N, because it will be returned to the ecosystem upon the death and decompos(iRamalli &
Macalady, 2010)

gaseous
A Nitrogen

Nitrification occurs in three zones of the

wetland: in the water column, in the aerobic
> soil layer (see Figure 14) and in the
rhizosphere (see Figure 15). Nitrification is
mostly happening at the water column and a

N o a very thin aerobic soil layer. Very little
G;{ % £ nitrification occurs within flooded soil and
£ ?g- § then it is only within the rhizosphere of some
? I § wetland plants that create aerobic
L £ . i
2.5 I microclimate
o '8 2 _
= £ > ritrate | The liniting factors are the @availability and
© @© L

the NH," supply. Other factors regulating the
nitrification are NH concentration, pH,
alkalinity, wind velocity, density of the
wetland plants, the photosynthetic activity in
the water column, and the soil cation
exchange capacityRates of nitrification in
constructed wetlands range from 0.01 to
0.161gN/m?d.(DeBusk et al., 2001)

v
nitrogen gas
v

nitrogen gas 4

e

root

Figurel5: Nitrogencycle in the root/soil interface (after
(DeBusk et al., 20011)

NG; diffuses into anaerobic soil layers, where it is reduced to gaseous prodigctirification) or to
NH," (dissimilatoryNO; reduction toNH, - DNRA). The denitrification occurs at highedox levels
(Eh= 20e6800mV) and DNRA occurs when Eh is bellow.Oftne more reduced the soil becomes, the
more favourable are the conditions are for DNRAe reduction potential of the wetland soil can
play a critical role to the rate dfiH," production. The redox potential of the soil decreases from
aerobic (Eh=+600w) to NO;, reduction (Eh=+300mV)SQ* redudion (Eh=100mV), and
methanogenic conditions (E250mV). The major limiting factor for denitrification is th&IO;
supply. Denitrification rates in wetlands can range from 0.003 to 1NV&qf/d.(DeBusk et al., 2001)
Redox gradients can hadeily fluctuationsas a result of plant growttNieder & Benbi, 2008)

The presence of vegetation can play an important role inNheycling by: assimilating inorgariic
into plant tissue, and by providing environment in the root zone for nitrificatienitrification to
take place(DeBusk et al., 2001puring the growing seasddO; concentrations in suece water are
lowered by denitrification and plant uptakéShabaga & Hill, 2010Ppuring the dormant season
attenuation results exclusively because of microbial procé&sdd et al., 2007)The mos effective
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period for NO; removal for the groundwatefed surface flow is in the summer when plant uptake
occurs and warm temperatures increase the rates of denitrifica®habaga & Hill, 2010NG;
removal is less effeste in landscapes where cold temperatures in the 4goowing season restrict
biotic removal.(Shabaga & Hill, 2010)

The wetland can function in the watershed as either a nutrient sink or source, providing a retention
or releaseof nutrients to downstream waters. Which one will be depends on the biogeochemical
characteristics: soil and vegetation in the wetland, rate of nutrient input from surface or groundwater
sourcesWetlands are also functioning as transformers of nutrienterf inorganic to organic forms.
Nutrient export from wetlands is mainly in organic fo{eBusk et al., 2001)

Groundwater - Surface Water Interactions ( Connection between 2nd and 3rd
Zone of Interest)

Types of Water Flow through the Riparian Z one and Attenuation Capacity of the Riparian
Zone

The interactions between the groundwater and the surface water determineNdg attenuation
capacity of the riparian zonand the capability of the riparian zone to maintain the gapdlity of
the water in the stream and the adjacent area

:I Confining layer (clayey till) Flow paths: Diffuse(Q,)

Groundwater body (meltwater sand) Overland (Q,)

Riparian Area Aguifer Direct (Q,)
Drainage (Q,)

Figurel6: Flow pathghroughthe riparian zone (Dahl et al. 2007)

The different flow paths and their interaction with the riparian zone can be grouped in four
categories (seeFigurel6):

A Shallow subsurface groundwater, passing through the riparian zone, because of a shallow
aquiclud¢Ranalli &acalady, 20109r diffuse flow path typgDahl et al., 2007)

A Deep groundwater flow, bypassing the riparian zone and discharging directly in the
stream or rive(Ranalli & Macalady, 2016} direct flow path typg(Dahl et al., 2007)

A Ground water seep (the ground water surface is above the land su(Raedlli &
Macalady, 2010pr overland flow path typgDahl et al., 2007)or groundwaterfed
surface flow path&Shabaga & Hill, 201,0)
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A Artificial drainagéRanalli & Macalady, 2016} drainage flow pattfDahl et al., 2007)

a | LJ- NI tgbdogys0:3B) @ afterlrdviewing many riparian zones in Denmark, Dahl
found that the reduction capacity of:

1 the diffusive (Q1) and dict (Q3) flow paths is close to 100% if the organic content of the
riparian zone is more than 3% and it is close to 0% if the organic content is below 3%. For
the direct flow this is the casanly when the water contacts the riparian deposits below
the stream bed. If not, then the reduction capacity is close to 0%;

1 the overland (Q2) water flow is approximately 50%;

1 the drainage (@) water flow is close to O¥®ahl et al., 2007)

Dahl proposes to estimate the denitrification capacity of the riparian area through multiplying the
flow path distribution by the respective patpecific reduction capacitié€®ahl et al., 2007)

Next to the shallow subsurfaae deep groundwater flows discharging directly in the stream, a third
major riparian flow path is the overland flow produced by groundwater discharging as springs or
seeps(Shabaga & Hill, 201(0$habaga& Hill, 2010)suggest to not classify all riparian zones with
groundwaterfed surface flow paths as sites which are ineffectivBl@ depletion. They are first to
examine in detail the hydrodynamics of the groundwalied surface flow paths in retian to the

NGO; removal effectiveness.

Rivulet-Pipe Flow Diffuse Surface Flow

» High flow rates - often 1-10 cm/s * Low flow rates - often <0.2 em/s

+ Limited exchange with surface soils + Significant exchange with surface soils and stagnant pools
» Short water residence time * Long water residence time

« Minimal reduction in nitrate load + High reduction in nitrate load in warm season due to

denitrification and smaller water flux
+ Lower removal efficiency in cold season

Figurel7: Conceptual model linking riparian zone groundwdeet surface flow pathydrodynamicso the NO3N removal
efficiency (Shabaga & Hill 2010)

Figurel7 presents the conceptual model on the attenuation capacity of different typesndwater

fed surface flow. The left side shows an area where the small rivulets flowing rapidly across the
surface or linked to a shallow horizontal pipe networks have a minimal interaction with the riparian
soils and low water residence times that wdtsin ineffectiveNO; removal. On the other side, there

are the diffusive surface flows, where repeated exchanges of water between the main flow zones and
areas of slower flowing water in surface pools and sediments -p@ter zones greatly increase
residence times and the potential f&dQ; removal(Shabaga & Hill, 2010)

According to(Ranalli & Macalady, 201@)the soil in the riparian zone is saturated or flooded long
enough during the growingeason so anaerobic conditions are developed (hydric soil)NtQg
removal is bigger than 80%. Opposite, if the soils aremalric, the groundwateNO;” removal is
less than 30¥Ranalli & Macalady, 2010)
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Although NG;* attenuation in groundwater occurs in riparian zones, the degree to which this
attenuation affects stream concentrations and loads has to be assessed on a watershednscale.
agricultural watersheds the increase INO; concentration in streams is observed thg the snow
melt and/or rainfall events. Peaks INO; concentration usually occur before peaks in stream
discharge. This can be explained with the rise of the water table to the soil surface and flushing the
NG; stored near or in the surface. When thatsrated zone is deep below the soil surfa®&d;
accumulates in the soilwhich results in a small export to the surface water bodies. When the
groundwater surface rises the storédQ; is flushed out. Riparian zones function as a net source
duringhight 2 6a 0 SOl dza S NG happers primdridy khargRanalli &Macalady, 2010)
Low concentrations oNG; in the riparian zone of a small headwater catchment can be a sign of
originally lowNGQ; concentrations in a regional groundwater systéRanalli & Macalady, 2010)

(Ranalli & Macalady, 201@uggest thatNG;" attenuation strategies should be focused mostly in
riparian zones in®lorder streams, because:

1 The small streams often represent up to 85% of the total stream length and collect most
of the water and dissolved nutrients;

1 In agricultural watersheds the 4stream attenuation process is not sufficient to reduce
the NO; loads;

1 The goundwater flow is most likely to be local in small watersheds.

Variety of studies on the attenuation capacity of the riparian zones has been made. As a result,
different conceptual frames, models or systems for classifying were devel&pesgentation otwo
of them follows.

Examples for Conceptualising the GSI
The conceptual model ofVidon & Hill, 2006and the GSI typology aiDahl et al., 2007pare
presentedbellow.

6 EAT 1T @onteftlial Mbd2! (2006)

According to Allan Hill, because the riparian zones affect the stream chemistry in significant way, it is
important to be developed a conceptual framework. In that way it could be explained why the
riparian zones differ in their influence on the stream wtistry. Moreover, that understanding will be
useful if there are to be made generalizations which could be applied from one riparian zone to
other. (Hill, 2000)

Vidon and Hill developed and validated a conceptual model faridp zones, that links landscape
hydrogeological characteristics to riparian groundwater hydrology ld@sl removal efficiency(see
Figurel8)

Datafrom several studies in the US and Europe have shown that a widtthEs<d5m isnecessary

to achieve a 9090 removal from subsurface flows at these sites with loam and silt loam soils
despite the significant variation in riparian sediment depth (#ma). In riparian zones with sand and
gravel sediments the distance necessary to achieve 90% removal is generallyharor2s5m. For

sites with less than 4m of permeable sediments in the riparian zone, the distance for a 90% removal
remains below 40m. Bubr zoneswith more than 4m permeable sediments in the riparian zone the
distance for a 909, removal could be more than 40(Vidon & Hill, 2006)
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Figurel8: Conceptual model, linking ti¢O3 removal with the topography, the upland depth of permeable sediments and
riparian depth of permeable sedimerfigidon & Hill, 2006)
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