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Abstract

A precise dual porous model of the void space of soil is preserdged, usedfor the
modelling of nitrification and denitrification The model comprises a single critica
percolation channel through%acm stack of four unit cellsof a previous dalporous void
structure model. The previous moaddbdsely reproduced thill water reention curve and
macre and micreporosiies of an experimental samplenamely Warren sil from the
Woburn ExperimentalFarm operated bjrothamstedResearchU.K.. Between 1 and 10
micropor oots poths o of b i were paogitioneaht equallygpacest distayes
from the surface,and at either 10rm o 100 nm from the critical peawlation channel
Nitrification and denitrificationreactions within the hotspotswere assumed to follow
MichaelisMenten kinetics, withestimatedvaluesof rate coefficients Estimateswere also
made of the threshold value$ oxygenconentrationbelow which the anaerobjrocesss
would commence. The sample wadully saturated following addition of amqueous

@ me n d mknitratdand ducose which started theactions Diffusion coefficientsfor
Fickian and Craniicolson calculationsvere tiken from the literature, and weeerrected
where necessarfpr the tortusity of the micreporosity The model wasised to show the
amount of carbon dioxide, nitrous oxide and nitrogen emerging from the simulated soil with
time. Adjustment of the rateoefficient and oxygen threshold concentrations, wittine
context of a sensitivity analysis, gave emission curves in good agreemenpresbus
experimental measurentsn Positioning of the hetpotsaway from the critical percolation
pathslowedthe increase and decline in emissiontloé gases. The model and its parameters
can nowbe used for modelling the effect of compaction and saturation on the emission of
nitrous oxide.
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1. Introduction

Denitrification is the anaerobic process by which some microbial organisms use astrate
oxidantin the oxidation of organic carbon speci®enitrification is of concern not only
because of reduced crop yield, but also because one of theuggsroducts, nitrous oxide,

N0, isa greenhouse gas 300 times more potent than carbon dioxide, as well as being a cause
of stratospheric ozorgepletion (Cicerone, 1987; Houghton et al., 1991; Yung et al., 1976)

The transformations undergone by nitrogen in soil are complexcamde summarised as
following two main reaction pathways: nitrification and denitation. These can be

representedchematically as shown Figure 1.

The reduction of nitrate has been observed and studied in saitadoy yeargNommik,
1956) It usually appears under raditions of limited oxygen supply, and it seems to be
caused by various groups of bactefiae reactiormechanism is not entirely cledrpwever
it appears that the nitrate, underaarobic conditions, acts a&s electronacceptor in an

enzymatic reactioof oxidation of organic substrate.

Numerous models exist, varying in degree of sophistication, to describe the development of
anaerobicity, the reduction of nitrate and the production & &hd N (Arah and Vinten,

1995; Cho and Mills, 1979; McConnaughey and Bouldin, 1985; Rappoldt and Crawford,
1999; Smith and Beaver, 1980)hese models are designed to capture to varyitens the
reaction and diffusion of the chemical species involved. Reaction kinetics vary from zero
order through to MichaeliMenten and competitive MichaeldMenten kinetics. Diffusion
simulation, in differing soil structures, allows for the developmamd identification of
anaerobic zones or micsites in the soil body and for fluxes of gaseous products from the

soil surface.

Heinen(2006)reviewed several studies attempting to model the denitrification process. Most
of thee models could not realistically model the diffusion of the various species involved in
the process, especially oxygérherefore they used semmpirical functions relating the soil
water content, or water filled pore space, in order to establish wh#teeanaerobic
conditions needed for the denitrification process to take place could be found in the simulated

systems.



Clearly of critical importance in argescription of denitrificatioms the presence and location

of the microbial biomass responsible for mediating the reduction of nitrate. While the
simplestand frequently adoptedssunption is spatial homogeneitgf biomass there exist
reports in the literature relating to localizatiand heterogeneityf biomasswithin the soil

pore spac€Bundt et al., 2001; Ranjard and Richaume, 208Tecentreview by Morales et

al (2010b)also suggests that the biologically active mipoyous void spaceegionsof soil,

or dhot-spot® are not located adjacent tthe macreporous structure of the soil. Thisay
seemcounterintuitive, because the bacteria would heager access to,@ndnutrients near

the macreporosity. However, they would also be subject to any sudden changes in conditions
that may occur. To protect themselves against these potential sudden changes, the active
bacteria tend to locate at a buffer distance from the naamasity of the soil. Isotopomer
studies suggest a much more complicated distributions of nutrient reservoirs and hotspots
(Meijide et al., 201Q)such thapostulating a single distance between the critical percolation

pathand the hotspotis a major, but useful, approximation.

Studiesof denitrification in the literaturéocus on the experimental measurement pahd

N>O emissionwithout attempting taletermine the basic bichemical parameters, du as

reaction rates and threshdld,], which affect the denitrification proces$hey observe that

At he dynamics of nitrate transport and tran
small, localisedvariations in the soil moisture content profile, the gaseous diffusion
coefficient of the soll, the rate at which the nitrate pulse passes through the soil, the solubility

of N2O and N and the diffusion of the gases through the soil solution, and the development

of a water c¢ont e(hindall ptral, 1993) eSuch tocalisdd eomplexity liso
immensely difficult to model, and we have therefore modedlesimpler system, namely one

where the soil is initially flushed with He and © remove N, and where its water content is
adjusted such that an fAamendmento of ni trat
(Cardenas et al., 20Q3)

Under these circumstancespvih do biological hoespots in the soil pore space network
influence the denitrification process? In this paper we seek an answer to this question
through numerical experimentatiasing different arrangements of hot spots in a simplified
pore space configuration, accounting for diffusion of oxygen, carbon and nitrate to, and
denitrification products fronthese biologically active locations.



2. Modelling

2.1.The pore -network model
The network model Por€or has beepreviously used to simulate and comprehend the effect
on soil structure and hydraulic conductivity of soil text(rehnson et al., 2003¢lover roots
(Holtham et al., 2007and compactioiMatthews et al., 2010The softwaraises percolation
data, such as water retention or mercury intrusion porosimetry curves, and porosity to
generate a simulated porous structditee void structue of a porous mediuns represented
as a series of identical interconnected unit cells with periodic boundary conditions. Each unit
cell is made ofan array of 1000 nodes equally spaced in a Cartesian-cosiepacked
array. Cubic pores are positionetth their centres at each node, and are connected by other,

smaller cylindrical pores in each Cartesian direction.

In a recent publication the authors haveoahdapted the network model represent dual
porosity structuresf soil, with fully charactesed micre and macreporositywhich closely
reproduces the texture, porosity and complete water retention characteristics of a specific soll
(Laudone et al., 2010)The model also allows explicit positional relationships between the
micro-porosity and critical percolation path. Figure 2 sh@ush a structure for a soil
sample fromWar r en field at Rot hamst ed Researcho
Bedordshire, UK operated by Rothamsted Reseaie voids are shown as solid, and the
solid phase is transparent. THarker/grey areas shothe critical path for percolation
downwards from théop facei i.e. overall in thez direction. The path is dendritic, reducing

from 75 poresat the top surface to 23 at the bott¢m0) plane The structure in Figure 2
comprises a single unit cell in thedirection, and 1.5 unit cells in theandy direction, to

show how the periodic boundary condition allows transport of fluids from one unit cell to its

neighbouring replicate.

Figure 3 (a) shows single unit cell of the samdualporous structure. A microporous
hotspot is highlighted yellow / midrey, and shown at increasing magnifications in Figures
(b) to (d). (A brief video tour of the structure is also availafleaudone and Matthews,
2009). In Figure 3(a) and (8), thexz planes aty = 0, andyz planes atx=0 are standard
periodic boundaries in both the macemd micrestructurei i.e. all fluid passes through the
boundary, normal to the plane, and enters the connected replicateluniBy contrast, the

4



Xy planes at = |nacrocellOF Z=Imicrocenn aCt as supesources of fluid, and they planes az=0 act

as a supesinks.

2.2. Reaction z diffusion model

In this work the simulatiorof denitrification and gas emissiomas tailored to model the
experimental situatiomnvestigatedby Cardenas et af2003) where a soil prepared at a
known water tension is placed in tlkenitrification apparatusat North Wyke Research
known asDENIS. A mixture of He and ©(4:1 by volumg is made to flow continuously on

the top surface of the sample. After a certain equilibration time, an amendment containing
glucose and nitrate is added to the top surface o$dilesample. This is absorbed into the

soil void space. The emission of Bnd NO from the soil sample surface is monitored at

regular intervals over the period of 25 days.

In this work we assume that the water tension of the soil before the amendmigah asld
such that all the micrkporosity is fully saturated and that the amendment will completely
saturate the remaining available mapayosity. We also assume that the equilibration time is
long enough to ensure that the concentration of gas spedfig® lthe amendment addition

has reached the equilibrivtsnc cor di ng t o Henryoés | aw:
C
k, = , 1
= ®
wherekyi s Henryds constant, given by the ratio

the aqueous phase and the partial pressutbeokpecies in the gas phase. The effect of
temperature is also taken into account and t

according to

— E‘cf:”s,ol 1
1= Ky 2€XPé 4 T
Ky1 =k pé = (Tl Tz} .

wherek,, andk,, ar e t he val ues ihdexpdrenentayténperatubeansit ant &

atT, = 298.15 Krespectively andyH_,is the enthalpy ofdution (Sander, 1999)

Thesize of the unit cell shown iRigures 2 and 3(a) 2.5 mm. This imdequate to describe

the fluid dynamies within themodelled soil samples; however, the-bleemical phenomena

of aerobic respiration and denitrification occur deeper into theogeil dephs of the order of
5



centimetresin order to resolve this issue it is not possible to stack up severapahaais
cels, as this would lead to an unrealistic repetitiorthef dendritic pecolation pathsin the
vertical direction, and it would also wse boundary condition problemgere the top and
bottom of these treltke macreporous path join. As a consequence, weided to present a
simplified soil model, where the maepmrous volume is approximated to a vertical tube,
with the micreporosity surroundingt (Figure 4. This approximation can be justified by
realising thatthe diffusion through the tortuousacreporous path is orders of magnitude
faster than the diffusion through the migrorous structureandthusneglecting the tortuosity
of the macreporous structure would cause a negligible erftwe size of the vertical tube is
chosen as the size cesponding to the breakthrough pressure of the simulated +pavas
cell, so it is exactly equivalent to a ntortuous percolation path through the stack of four
unit cells shown in the figurd'he micreporous structure used in the simplified soil madel
that generated by the simulation software; this allows the calculation of a corrected diffusion
coefficient which takes into account the effect of netwmwkosity andortuosity, according

to therelation:

, 3)
whereDco is the corrected diffusion coefficierd, is the molecular diffusion coefficient,is
the tortuosity of the simulated soil miepmrosity andf is the soil micreporosity The
tortuosity is the median path length of successive ttir@ensional random a&lks through
the sample, with path probabilities weighted according to the -sext®nal areas of

individual featuregSpearing and Matthews, 1991)

The biechemical activity isassumed to beoncentrated imot-spots ofmicro-porousvoid
volume equally distributed along the length of the maoooous patlkas shown.In thevoid

volume of the hespots, hreechemical reactionaremodelled
1) Aerobic respiration, which converts glucose anddCQ, and HO,
2) Conversion ofjlucose and N©to N,O and CQ,

3) Conversion of MO to Nb.



The reactios areassumed to followMichaelisMenten kineticsThe production of NO and
the production of W are triggered by the © concentration ineach hotspot. The
concentration of @ neeckd for reaction 2 to starts higher than that required to trigger
reaction 3.Neither of thevalues of thes¢hresholdO, concentrationss known so dfferent

values have been used in the simulations to test the sensitivity of the model.

Thevariouschemical species in the system (glucd$®;’, N.O, Np, O, and CQ) can diffuse

in or out of a hespot according to the concentration gradidr@tween the hespot and the
horizontally neighbourindayer of the critical percolation path. As this diffaisi process
takes place within the micrporosity of the soil, the free molecular diffusion coefficients of
the species have been corrected to take into account the porosity and the tasfuthsty
micro-porous unit cellcalculatedas described abovEickian diffusion equations are used to
describe the diffusion in and out of the {spbts.

The diffusion of the species along the water filledcreporouspath is modelled with a
CrankNicolson methodPandey et al., 1982)or which the critical flow channel is split into
500 layers of height 100m. The diffusion intothe He/Q stream is calculated using a mass

transfercoefficient(Tosun, 2002)
M = (Sh. Dai) / L (4)

whereM is the mass transfer coefficiel@his the Sherwood numbeR,; is the diffusion
coefficient in air and. is the side lenity of the surface of top layer of the critical percolation

path top layer exposed to the gas flow.

Sh=0.332Ré&"25¢"3 (5)

where Reis the Reynolds number ai®tis the Schmidt numbe®c= 7/ Dy, , 7 being the

kinetic viscosity of air.

3. Results and discussion
The values used in the simulations presented ifablel. The influence of such parameters
on the model results was also investigated sngresented in the Sensitivity Analysis

section.



Aerobic respiration, denitrification and gas diffusion and emission from the simplified soil
geometry were simulated initially for increasing number of activeshots and for two
different values of distance between the-$imdts and the critical perctilan path,namely

10 mm and100pm.

In this work we are focusing on the emission of nitrogen and nitrous dadeg,only one
representative graph of the results of ;Cémission is shown irFigure 5 It can be
immediately seen that the units of the simulated gaseous emissions are very small. This is due
to the size of the system being simulated, which corresponds to only onen80@dde
macreporous channel and its associated mpooosity situated wthin a stack of of cubic

macroeporous cells with a sidiength of 13.8 mm

One interesting result to notice Fgure 5is that the CQ@ emissions reach a steadiate
condition. The simulations are carried out for about 350 hours, which is not longheiooug
the system to use up all the glucose. If the simulatiere allowed toun for a longer time

these curves would show a drop of G@missionas thesystenranout of glucose.

When the hespots of biological activityvereplaced very near the agtl percolation path,

the simulation yieldd the results showin Figures 6 and 7. For ease of comparison, every
graph presented in this work covers 400 hours, but the scaling of the emission ordinate varies.
Once again, the emissions are very small. Simple linear upscaling of the model shows that
1.0x 10™ mol emited during one 0.1 s timestep corresponds to 1.26 kglég' or

1.99kg ha' day* of N, and NO respectively. These emissions are in the same range as
those observed experimentally by Cardenas ¢2@03) which are order of magnitude of

10" to 10 kg ha' day*, depending on experimental conditions.

Figure 6showsthat the peak value of20 production increaskwith increasing number of
hotspots; however thareas under the curves, representing the cumulative proddctiimg

the simulation timavere very similar(1.4- 1.5 x 10** mol), with the exception of the case of
the system with 1 hegpot only(1.1 x 10" mol). An increasing number of hsfots causes
the NO emission to happen fastdor a shorter amount of timéHowever the effect of
increasinghe number of hospotsabove 2 is negligibleThis is due to the fact thathen the
number of hosspot increases, more of these -Bpbts areincreasingly closer to the top
surface of thanodel, and so are less ablertach the anaerobic conditions necessary for

denitrification to occur.



Figure 7 shows thextent ofsimulaed N, emission. The simulations run with the initial
estimated valuefanodelling parameters shown in Table 1 yieldedeMissions 4 orders of
magnitude larger tharN,O emissions. The N emission curvesreacled steadystate
conditiors, with most of the BO produced in the hegpots being converted into,NThese
steadystate conditions would carry on until the nutrients in the system were exhausted,
which does not happen during the dimatof the simulations. Aie N, emissions curves
reached their peaks 20 to 40 hours later than #@ édnission curves, a phenomenon often

observed in experimental results on soil denitrification.

The same simulations were then carried out, but the effect of the distance of-fp@tsot
from the critical percolation path wasvestigatedpy placing the hespots at the distance of
100 umfrom it. Figure 8 and $howthe resultof N,O and N emissiongespectively with
all other conditions the same as befdtean be seen that the simulatigave similar trends
to those showed previously foot-spotscloser tothe critical percolatiorpath. However the
upwards ad downwards slopes in the cungsown in Figure 8 and 9 are less steep than the
slopesof the corresponding curves in Figure 6 andshowing the effecof diffusion of
chemical speciegver a longetength of biologically inative microporosity Despite the fact
that hotspots further away from theritical percolation pattwould reach the anaerobic
conditions requiredor denitrification in a shorteeamount of time, the products of the
denitrification reactions take longes migrate from the hegpots to thecritical percolation

pathand to reach the surface of the system.

4. Sensitivity analysis

4.1.Effect of the reaction rate of N> production

As observed in Figures 6 to 9, the initial set of modelling parasyetsulted in very large N

to NoO emission ratiosHowever, fom the work ofCardenas et gP003)it appears thathe

ratio of N, : NO emission is in the range: 1 to 1: 3. In order to obtain results closer to
those shown in experimental work by Cardenas et al. the maximum reaction rate coefficient
of the N, producing reaction was decreased by a factor 10, while all other parameters were
kept constant-igures 10 and 14¢howthe resulting NO and N emission curves respectively.
Thechange in maximum rate coefficient causedNbB® emission to increadey 3 to 4 ordes

of magnitude whereas the emission of; decreased by a factor of aroundThe slower



conversion of MO to N, allowed morenitrousoxide to diffuse out of thbot-spotsand reach
the surface of the systemhese sets of simulations gave ratios efttNN,O productionof

the same order of magnitudes observed experimentally

Comparing Figure6 and 7 with Figures 10 and 11 it can also be observed that the poth N
and NO emissions peaked a few hours later when a lower maximum reaction rate coefficient
was used in the simulations. The titag between the Nand NO emission peaks was also

slightly increased by this perturbation.

4.2 .Effect of the values of [O2] threshold s
The Q concentratioaneeded in the hegpots tanitiate the conversion ofitrate toN,O and
of N2O to N; had been initially estimated 4s0x 10* and7.8x 10° mol dm?® respectively.
In order to investigate the sensitivity of the model to these parameters, their value was
reduced by one order of magnitude while all other parameters were kept the same as in the
previous section. The resulting nitrous oxide and nitrogessam trends, showin Figures
12 and 13, wee almost identical to those shown in Figures 10 and 11. This suggests that the
reaction rate of aerobic respiration is fast enoggitkly to reach the anaerobic conditions
needed to initiate the denitrificatioprocess, despite the reduction in the][@reshold
values.The only noticeable differenc@as a slight increase in XD emission and a slight

decrease in Nemission

Finally, the hotspot [GQ] required to initiate the conversion op® to N, was reduced by one
more order of magnitudgancreasing the difference in fpconditions neededor the two
denitrification reactiosto occur The results of these simulations are showifrigures 14

and 15 The N,O emission shweda slight increase its peakvaluein comparison to Figure

12, whileN, emission curveshowed a reduction in peak nitrogen emission. Because of the
lower O, concentration threshold needed to initiate the conversiom,Ofth N\, , a larger
amount of nitrous oxide produced tine hotspots could leave the biologically active sites
and reach the top surface of the system before the conditions in tbpot®iallowed for its

conversion to molecular nitrogen.

5. Summary and conclusions
A novel model for the simulation of denitrifitan and NO emission was presented
featuring precise and explicit positional relationships between maaoa micreporosity
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The biochemical activity of aerobic respiration and denitrification was assumed to be taking
place in active regions, twot-spots, of the micrporous void volume, while the transport of
the chemical species produced in the-$mits was assumed to be taking place along the

macraeporous critical percolation path of a simulated soil network structure.

The effect of the mangarameters of the model on the gaseous emission was investigated. It
was observed that the distance of the-dpmits of biechemical activity from the macro
porous path plays a rglaffecting the influence of the diffusion of chemical species in and
out d the hotspots The slower response of the system to an amendment of nitrate and
glucose when this hetpot distance in increased is in accord with the considerations of

Morales et al(Morales et al., 2010a)

It was also shown howadftrspds locatedtoo close to thdop surface of the system will
contribute less to the denitrification process as they will recejvadde readily from the top
surface of the system and they will strugtpereach the anaerobic conditions needed to
initiate the production of pO and N». In the present model, the bacterial populations are
static, but in the field it is likely that bacterial populations will flourish in optimum positions

within the soil maitx.

The effecs of the value of [@] in the hotspots required to start the conversion gONo N\
and of the reaction rate of the conversion afONl0 N, were also investigaté It was
observed that it is possible to delay the production and emissionasfd\No change the ratio
of N>O to N, emissionby changing the value ¢iieseparametes.

The importance of the mathematical experiments presented in this work is that they give
orders of magnitude for parameters which are experimentally elusive and which therefore
have never been measured. Indeed, it is difficult to envisage how, for exampieyibhe

oxygen threshold concentrations for nitrification and denitrification could be measured within

hotspots without perturbing either the migorosity or the bacterial populations.

Most concern in the literature is with respect to the effect of satur@idrcompaction on the
production of nitrous oxide, for example the work of Ball et(&&ll et al., 2008) Now the
fundamental bigphysical parameters have been determitiezte simulations will be carried

out to determine whether soil structure, or simply saturation, is the determining factor when

the biological parameters are constrained.
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Tables

Tablel ¢Values of the biechemical modellingparameters 1 =(Weast and Astle, 1979 = estimated.

Parameter Value Units Source
Initial labile carbon concentration in hepots 1.0x 10" mol dm?® E
Vimax @erobic respiration 120x 10° mol dm® s?! E
K., MichaelisMenten constant aerobic . 4
respiration 1.40x 10 mol dmi E
Vimax Production NO 1.20 mol dm® s? E
K MichaelisMenten constant )O production | 1.40x 10* mol dni® E
Vimax N production 1.20 mol dm®s? E
Km MichaelisMenten constant Noroduction | 1.40x 10* mol dni® E
[O,] thresholdfor N,O production 1.0x 10* mol dm? E
[O,] thresholdfor N, production 7.8x 10° mol dm? E
DagO2 1.97¢° m’ s’ 1
Dag N2 1.90x 10° m’ st 1
Dag N0 1.80¢° m’ s’ 1
DaqCO, 1.96x 10° m’ s’ 1
Daqglucose 6.00x 107° m’s? 1
Daq Nitrate 1.70x 10° m’ s’ 1
Dair N, 2.00x 10° m’ st 1
D.ir N,O 1.43x 10° m’ st 1
D CO, 1.60x 10° m’ st 1
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Figure 1 a) Nitrification and b) denitrification pathways
Figure 2. A dual porous structure of sall
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Figure 4. Schematic representation of the system modelled in this work, and the
corresponding dugborous network model,hewn on the right. The features have the
dimensions shown; they are not drawn to scale. The hotspots are equally spaced down the
5cm length of the critical flow channilthe arrangement shown is for 4 ‘spiots.

Figure 5. CQ emission from simulatedog structures with 1 to 10 hetpots located at 10
pm from the macrgoorous path. The timestep is 0.1 s in all the simulations.

Figure 6. NO emission from simulated soil structures with 1 to 10dpatts located at 10
um from the macrgorous path. Themission from 1 hespot rises to only 1.65 x Z&mol
at 35.2 hours, so cannot be seen on the graph.

Figure7. N, emission from simulated soil structures with 1 to 10dpuits located at 10 um
from the macreporous path.

Figure 8. N,O emission from simulated soil structures with 1 to 10dpatts located at
100 pm from the macrporous path. The emission from 1 fspot rises to only 1.45 x 10
mol at 36.0 hours, so cannot be seen on the graph.

Figure 9. N emission from simualted soil structures with 1 to 10 keiots located at 100
pm from the macrgporous path.

Figure10. NO emissions at lower value of maximum rate for reaction producind e
simulated solil structures have 1 to 10-pbts located at 10 um from th@acreporous path

Figure 11. N, emissions at lower value of maximum rate for the reaction producinghs
simulated soil structures have 1 to 10-bpots located at 10 pm from the magp@rous path.

Figure 12. N,O emissions at lower values of JQhresholds for the denitrification reactions.
The simulated soil structures have 1 to 10gpmits located at 10 um from the maparous
path. The reaction rates used for these simulations are the same used for Figure 10 and 11.

Figure 13. N, emissions at lower values of {[&hresholds for the denitrification reactions.
The simulated soil structures have 1 to 10gpmits located at 10 um from the maparous
path. The reaction rates used for these simulations are the same used for Faguard 1.0

Figure 14. NO emissions at an even lower,J@nhreshold for N production than the results
shown in Figures 12 and 13.

Figurel5. N emissions at an even lowerjJQhreshold for N production than the results
shown in Figure 12 and 13.
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