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Abstract 19 

Microbial communities in agricultural soils underpin many ecosystem services including the maintenance 20 

of soil structure, food production, water purification and carbon storage. However, the impact of 21 

fertilization on the health of microbial communities is not well understood. This study investigates the 22 

spatial and temporal dynamics of nitrogen (N) transport away from a fertilizer granule with pore scale 23 

resolution. Specifically, we examined how soil structure and moisture content influence fertilizer derived N 24 
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movement through the soil pore network and the subsequent impact of on soil microbial communities. We 25 

develop a mathematical model to describe N transport and reactions in soil at the pore-scale. Using X-ray 26 

Computed Tomography scans, we reconstructed a microscale description of a soil-pore geometry as a 27 

computational mesh. Solving two-phase water/air model produced pore-scale water distributions at 15, 30 28 

and 70% water-filled pore volume. The N-speciation model considered ammonium (NH4+), nitrate (NO3-) 29 

and dissolved organic N (DON), and included N immobilization, ammonification and nitrification 30 

processes, as well as diffusion in soil solution. We simulated the dissolution of a fertilizer pellet and a pore 31 

scale N cycle at three different water saturations. To aid interpretation of the model results, microbial 32 

activity at a range of N concentrations was measured. The model showed that the diffusion and 33 

concentration of N in water films is critically dependent upon soil moisture and N species. We predict that 34 

the maximum NH4+ and NO3- concentrations in soil solution around the pellet under dry conditions are in 35 

the order of 1×103 and 1×104 mol m-3 respectively, and under wet conditions 2×102 and 1×103 mol m-3, 36 

respectively. Supporting experimental evidence suggests that these concentrations would be sufficient to 37 

reduce microbial activity in the short-term in the zone immediately around the fertilizer pellet (ranging from 38 

0.9 to 3.8 mm), causing a major loss of soil biological functioning. This model demonstrates the importance 39 

of pore-scale processes in regulating N movement and their interactions with the soil microbiome. 40 

Keywords: Nitrogen cycling, Fertilizer dynamics, Pore-scale modeling, Soil health, Diffusion, Microbial activity. 41 
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Nomenclature 43 

Latin 44 

𝒏𝒏� Normal direction 45 

�̃�𝑐𝑖𝑖𝐿𝐿 Solute concentration in soil-solution 46 

(mol · m−3soil solution)  47 

�̃�𝑐𝑖𝑖𝑆𝑆 Solute concentration on soil-solid 48 

(mol · m−2soil mineral surface area)  49 

𝐷𝐷𝚤𝚤�  Diffusivity coefficient (m2 · s−1) 50 

f  Bulk energy for air-water  51 

𝑭𝑭𝒊𝒊� Nitrogen Species “i” mass flux 52 

(mol · m−2 · s−1) 53 

𝑔𝑔� Gravity acceleration (m · s−2) 54 

𝐽𝐽𝑁𝑁𝑁𝑁4+
�  NH4+ Flux from fertilizer (mol · m−2 · s−1) 55 

𝐽𝐽𝑁𝑁𝑁𝑁3−� NO3- Flux from fertilizer (mol · m−2 · s−1) 56 

𝐾𝐾𝐼𝐼,2𝐵𝐵  Michaelis-Menten NO3- immobilization 57 

constant 58 

𝐾𝐾𝑀𝑀𝐵𝐵 Michaelis-Menten mineralization constant 59 

𝐾𝐾𝑁𝑁𝐵𝐵 Michaelis-Menten nitrification constant 60 

𝐾𝐾𝐼𝐼,1𝐵𝐵  Michaelis-Menten NH4+ immobilization 61 

constant 62 

𝑀𝑀� Mobility coefficient (m3 ·s · kg-1)  63 

𝑝𝑝� Pressure (kg · m−1 · s−2) 64 

𝑆𝑆  Relative Saturation level (-) 65 

�̃�𝑡 Time (s) 66 

𝒖𝒖� Combined air-water velocity (m · s−1) 67 

𝒖𝒖�𝑎𝑎 Air velocity (m · s−1) 68 

𝒖𝒖�𝑤𝑤 Water velocity (m · s−1) 69 

𝑈𝑈𝑁𝑁𝑁𝑁4+
𝑆𝑆�  NH4+ Exchange constant (m · s−1) 70 

𝑈𝑈𝑁𝑁𝑁𝑁3−
𝑆𝑆�  NO3- Exchange constant (m · s−1) 71 

𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜𝑆𝑆�  Organic-N exchange constant (m · s−1) 72 

Greek 73 

𝛼𝛼 Free energy scaling coefficient: α=6√2 74 

𝛾𝛾� Surface tension (kg ·m-1· s−2 ) 75 

𝜂𝜂�(𝜙𝜙) Combined air-water dynamic viscosity 76 

(kg · m−1 · s−1) 77 

𝜂𝜂�𝑎𝑎 Air dynamic viscosity (kg · m−1 · s−1) 78 

𝜂𝜂�𝑤𝑤 Water dynamic viscosity (kg · m−1 · s−1) 79 

θ Solid-liquid contact angle 80 

𝜅𝜅𝐼𝐼,1𝐵𝐵  NH4+ Immobilization rate (s-1) 81 

𝜅𝜅𝐼𝐼,2𝐵𝐵  NO3- Immobilization rate (s-1) 82 

𝜅𝜅𝑀𝑀𝐵𝐵  Mineralization rate (s-1)  83 
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𝜅𝜅𝑁𝑁𝐵𝐵 Nitrification rate (s-1) 84 

𝜅𝜅𝑁𝑁𝑁𝑁4+
𝑆𝑆  NH4+ Release rate (s-1) 85 

𝜅𝜅𝑁𝑁𝑁𝑁3 
𝑆𝑆  NO3- Release rate (s-1) 86 

𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁
𝑆𝑆  DON Release rate (s-1) 87 

�̃�𝜆 Air-water interface thickness (m) 88 

𝜇𝜇� Capillary pressure for air-water (kg · m−1 · s−2)  89 

𝜇𝜇�0 Reference capillary pressure (kg · m−1 · s−2) 90 

𝜌𝜌�(𝜙𝜙) Combined air-water density (kg · m−3) 91 

𝜌𝜌�𝑎𝑎 Air density (kg · m−3) 92 

𝜌𝜌�𝑤𝑤 Water density (kg · m−3) 93 

�̃�𝜏 Fertilizer dissolution time constant (s) 94 

𝜙𝜙 Phase-field variable 95 

Math Operators 96 

𝛁𝛁� Gradient (m−1)  97 

𝜕𝜕 Boundary98 

  99 
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Introduction 100 

While nitrogen (N) plays an essential role in stimulating soil life that is particularly beneficial for 101 

agricultural systems (Robertson and Vitousek, 2009), potential adverse impact of intensive N fertilization 102 

on the soil microbiota is an issue often neglected. Although a meta-analysis showed that N fertilization 103 

increases microbial biomass in long-term field trials in general, fertilization with ammonium sulfate 104 

reduced microbial biomass due to changes in soil pH (Geisseler and Scow, 2014; Witter et al., 1993). The 105 

resulting decreased microbial activity can decrease carbon stabilization and soil health (Jastrow et al., 106 

2007; Trivedi et al., 2016). Consequently, there is a critical need to develop a better understanding of 107 

management practices for N fertilizers and other sources of N (e.g. livestock manures, crop residues, 108 

biosolids) within agricultural systems (Chen et al., 2016). 109 

N is often the limiting nutrient in many terrestrial ecosystems (Robertson and Vitousek, 2009). Hence, 110 

bioavailability of N in agricultural soils is largely controlled by the addition of industrially produced N 111 

fertilizers; this practice has steadily increased over the last 50 years (Galloway et al., 2008; van Egmond et 112 

al., 2002). As only ~50% of the N applied to an agricultural field is estimated to be taken up by the crop 113 

(Lassaletta et al., 2014) and ~2% of commercial fossil fuel consumption is spent on synthesis of N 114 

fertilizers (Pfromm, 2017), N use efficiency (NUE) is crucial for maintaining sustainable agricultural 115 

practices.  116 

Inefficiencies regarding soil N use can be attributed to a variety of pathways mediated by the N cycle. 117 

These include ammonia volatilization, nitrate leaching, denitrification (including N2O emissions), and 118 

surface run-off (Bhat et al., 2011).  Compared with liquid fertilizers, deployment of N fertilizer pellets 119 

shows promise for improving N use efficiency as they mitigate some of the losses associated with 120 

leaching and enhance N uptake (Alemi et al., 2010). This increased efficiency can potentially be enhanced 121 

by changing the characteristics of the pellet (e.g. formulation, size, coatings),  or placement of fertilizer 122 

within the soil profile, or by synchronizing the application times with soil moisture levels (Jones, 2018).  123 
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Soil moisture plays a key role in the N cycle and N transport; for example, increased soil moisture can 124 

increase NH4+ and NO3- release from organic materials (Agehara and Warncke, 2005). Under drier soil 125 

conditions, we predict that localized NH4+ and NO3- concentrations within thin water films localized 126 

around an individual fertilizer pellet will be extremely high due as the lack of connected water filled pores, 127 

which limit dispersion. N availability in soil is also driven by a range of biotic reactions mediated by soil 128 

microbes, which constantly transform N between different chemical forms within the soil. As microbial 129 

growth and mobility are regulated by soil moisture, these biological reactions are also controlled to a large 130 

extent by water availability (Kim and Or, 2017).  Additionally, the limited dispersion of N predicted in 131 

cases in low water content may result in extreme ionic strengths in soil solution and cytotoxic conditions 132 

(Enrique et al., 2008). This may in turn reduce the efficiency of bacterially-mediated processes in the N 133 

cycle. Therefore, to improve NUE from fertilizer pellets we need to better understand how water content 134 

affects pellet dissolution and diffusion into the surrounding soil and how the resulting concentrations of 135 

NH4+ and NO3- affect the microbial community and subsequent microbial function. However, the 136 

processes that underlie differences in dissolution and diffusion from N pellets are not yet well 137 

characterized at these fine spatial scales. 138 

This characterization, however, requires pore-scale measurements of soluble N. Although methods exist 139 

to study the capture of N by individual microbial cells (Jones et al., 2013), no techniques currently exist to 140 

study N concentrations in individual soil pores at sufficient resolution. However, mathematical models 141 

enable us to predict N movement within the ‘fertisphere’, i.e., the region of soil influenced by the 142 

presence of the fertilizer pellet, at scales that are currently impossible to measure experimentally. 143 

Many field-scale models simulate carbon (C) and N dynamics in soil, such as NCSOIL (Molina et al., 144 

1983), ANIMO (Berghuijs-van Dijk et al., 1985), SOILN (Bergstrom et al., 1991; Johnsson et al., 1987) 145 

and others (Bjarnason, 1988; Zagal et al., 1993). However, these models fail to adequately capture the 146 

spatial heterogeneity of the soil matrix and therefore are not suitable to understand N dynamics at the 147 

pore-scale. In contrast, root-zone models consider the evolution of nutrient chemical species as function 148 

of time and the root axis. Most of these models also take into account soil water dynamics (Darcy, 1856; 149 
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Richards, 1931); examples of this are DAISY (Hansen et al., 1990), SWATNIT (Vereecken et al., 1990; 150 

Vereecken et al., 1991) and SUNDIAL (Smith and Bradbury, 1994; Smith et al., 1996). These models 151 

normally use a Fickian diffusion approach (Fick, 1855) for N species such as NO3-, NH4+, and organic N. 152 

The N reactions, such as hydrolysis (Cabrera and Kissel, 1984), volatilization (Bear and Bachmat, 2012), 153 

nitrification, denitrification and mineralization (Wang, 2008) are usually modelled using first order 154 

kinetics. These root-zone models have proven useful for investigating optimal rooting strategies to 155 

promote resource capture and for understanding source-sink relationships in plant-soil nutrient cycling.  156 

At the finest spatial resolution, pore-scale models have been developed to study the movement of water 157 

in the absence (Tracy et al., 2015) and presence of plant roots (Daly et al., 2015), the air-water interface as 158 

function of matric potential (Cooper et al., 2017), phosphorus (P) diffusion in soil (Koebernick et al., 159 

2017), P uptake by root hairs (Daly et al., 2016), and the effect of sorption site distribution on solute 160 

diffusion (Masum et al., 2016). Pore-scale models are also used to assess the accuracy of larger scale root-161 

zone models (Cooper et al., 2017; Daly and Roose, 2018) and to determine macro-scale soil properties 162 

(Daly et al., 2018). These have been used to simulate urea release from coated pellets and its diffusion in a 163 

fully saturated porous domain (Trinh et al., 2015), but the approach has yet to be employed to describe an 164 

N pellet dispersion in a partially saturated matrix.  165 

We hypothesize that N concentrations in soil pore water under drier conditions may be high enough to 166 

hinder microbial communities, and we can quantify these regions considering pore scale image based 167 

modeling. Thus, the aim of this study was to develop a model which describes the release of N from a 168 

fertilizer pellet, and the subsequent N reactions in soil-solution at a pore-scale level by accounting for key 169 

microbial processes at this scale. Specifically, our objectives were to: 170 

• Use a model to determine the spatial arrangement of water in an image-based geometry 171 

containing soil solids, air and a fertilizer pellet at different water saturations 172 

• Develop an image-based model that characterizes relevant pore scale N processes 173 

• Quantify N concentrations accounting for air-water phase field model at different saturations 174 

• Link the adverse effects that N concentrations have on relative microbial activity 175 
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• Map zones of microbial inhibition based on pore scale N-concentrations 176 

We begin by developing and parameterizing the model for the microbial processes of nitrification, organic 177 

N mineralization, ammonium, and nitrate immobilization. We then link these reactions to the physical 178 

process of NH4+ and NO3- diffusion, and NH4+ sorption to soil mineral particle surfaces. Ultimately, we 179 

aimed to quantify potential cytotoxic zones around fertilizer granules where microbial activity and thus 180 

soil functioning are negatively affected. 181 

Materials and Methods 182 

Imaging  183 

This study used a sandy clay loam textured Eutric Cambisol soil from Bangor University’s Henfaes 184 

Experimental Station, Abergwyngregyn, UK. Fertilizer-soil-pore geometry was visualized using X-Ray 185 

Computed Tomography (XRCT). Soil particles, air and pellet were segmented in a 54 mm3 cube containing 186 

the fertilizer pellet in a corner. See (Fletcher et al., 2019) for details on imaging and image processing. 187 

Meshing 188 

A computational mesh suitable for finite element modelling was generated using ScanIP 2016 (Synopsys 189 

Inc., CA, USA). The air/clay-silt mixture phase was volume meshed (Figure 1 (b)), and the primary minerals 190 

and fertilizer pellet were surface meshed. Typically, the resulting volume element volume ratio was 2·10-6 191 

with an average element quality of 0.711. The surface element area ratio was 5·10-4 with an average element 192 

quality of 0.7195. A flow chart of the full methodology can be found in Figure 1 (d). 193 

 194 

Effect of fertilizer concentration on microbial activity 195 

Preliminary experiments were conducted to determine fertilizer concentrations that were cytotoxic 196 

(measured as reduction in microbial activity). Fresh soil was sieved to pass 2 mm and stored field-moist at 197 

4°C before experimentation (within 72 h). Soil (0.6 g) was laid out in a 1 mm thick layer in a 1 cm diameter 198 
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polypropylene container. Subsequently, 100 µl of different concentrations of NH4Cl, NH4NO3 or KNO3 199 

were added to the soil. 12 different N-salt concentrations were used to try and span the full range of 200 

potential concentrations that could be induced within the fertisphere, from the maximum solubility of the 201 

N-salts (7 M NH4Cl, 24 M NH4NO3, 3 M KNO3) to very low concentrations, with distilled water as a 202 

control. After incubating the soils at 20°C for 24 h to allow the fertilizer treatments to equilibrate with the 203 

soil, 10 µl of uniformly 14C-labelled glucose (10 mM; 690 kBq ml-1) was added dropwise to the soil surface. 204 

The soil was placed in a sterile polypropylene container (50 cm3) along with a 1 M NaOH trap (1 ml) to 205 

absorb any 14CO2 evolved from the soil. The containers were sealed and incubated at 20°C. The NaOH 206 

traps were recovered after 1 h and their 14C content determined using HiSafe-3 scintillation fluid 207 

(PerkinElmer Corp., Waltham, MA) and a Wallac 1404 liquid scintillation counter (PerkinElmer Corp.) with 208 

automated quench correction. All treatments were undertaken in triplicate.  209 

The fertilizer concentrations were corrected for the intrinsic soil moisture content (174 ± 1 g kg-1) and then 210 

plotted against microbial activity (14CO2 production). The logistic-based Hill equation was then fitted to the 211 

experimental data where  212 

 
 14CO2 =

𝑅𝑅𝑚𝑚𝑎𝑎𝑚𝑚

1 + �𝐼𝐼𝐶𝐶50𝐶𝐶𝑓𝑓
�
𝑁𝑁 , 

(1) 
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where 𝑅𝑅𝑚𝑚𝑎𝑎𝑚𝑚 is the maximum rate of glucose mineralization, 𝐼𝐼𝐶𝐶50 is the point of inflection or fertilizer 213 

concentration at which respiration is inhibited by 50%, 𝐶𝐶𝑓𝑓 is fertiliser concentration, and 𝐻𝐻 is the Hill 214 

coefficient reflecting the slope of the curve. Concentrations corresponding to relative respiration activity 215 

below 50% were considered as potential ‘inhibition zones’. Concentrations corresponding to respiration 216 

inhibited by 90% were considered as potentially inhospitable zones of microbial activity. We refer to these 217 

regions as ‘dead zones’.  218 

 219 

Mathematical Model   220 

Nitrogen Model 221 

As the N cycle in soils involves a large number of chemical species and reactions, our aim is to describe the 222 

main transformations occurring in the pore-space by accounting for key microbial processes. For this 223 

purpose, we consider three chemical species: NH4+, NO3- and dissolved organic N (DON), which together 224 

represent the main forms of N taken up from soil solution by plants and microorganisms(Moreau et al., 225 

2019). We consider the following microbial mediated reactions: nitrification, immobilization and 226 

mineralization. 227 

The main reactions in the pore-scale N cycle are shown in Figure 2. No sorption speed is provided for 228 

NO3- as we assume it is not sorbed significantly to the mineral surfaces in this soil (Abaas et al., 2012). 229 

Nevertheless, we assume NO3- can be present on the mineral boundaries as it is consumed by 230 

microorganisms which are co-located on mineral surfaces. Large organic compounds generally have slow 231 

effective diffusion rates (macroscale diffusion) due to their a greater affinity for sorption sites, while most 232 

smaller organic compounds tend to be more mobile due to weaker sorption affinities (Kaiser et al., 2002).  233 

The transport equations in soil-solution for the different N species are formally the same. Therefore, we 234 

use the symbol �̃�𝑐𝑖𝑖𝐿𝐿 to indicate the concentration in soil-solution of the species i, where i=1 is [NH4
+]L, i=2 235 

is [NO3
−]L, and i=3 is [DON]𝐿𝐿. Each N species is only allowed to diffuse in the water phase as calculated 236 
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from the two-fluid solution. Let 𝑉𝑉𝑤𝑤  be the water phase, i.e. where 𝜙𝜙 = 1 (see SI.A2, SI.A3, and SI.B1 for 237 

details), the convection-diffusion equation reads: 238 

 𝜕𝜕�̃�𝑐𝑖𝑖𝐿𝐿

𝜕𝜕�̃�𝑡 
+ 𝛁𝛁� ⋅ �𝑭𝑭𝒊𝒊�� = 0, 𝐱𝐱� ∈ 𝑉𝑉𝑤𝑤 , 

(2) 

 239 

where the mass flux is defined as:  240 

 𝑭𝑭𝒊𝒊� = −𝐷𝐷𝚤𝚤� �𝛁𝛁��̃�𝑐𝑖𝑖𝐿𝐿�,  (3) 

where 𝐷𝐷�𝑖𝑖 is the diffusion coefficient of the N species i. The rate of diffusion is based on published values 241 

(Cooper et al., 2017). In analogy with (Cooper et al., 2017) and Eq. (3-2), we used a zero-gradient boundary 242 

condition for the N species on the external boundaries, assuming that the solution is periodic at the fluid 243 

boundaries: 244 

 𝒏𝒏� ⋅ 𝑭𝑭𝒊𝒊� = 0, 𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑒𝑒 .  (4) 

In this study, the fertilizer considered is ammonium nitrate (NH4NO3). The peak flux from the fertilizer 245 

𝐹𝐹𝚤𝚤�  is determined based on the pellet mass and available surfaces that the pellet is allowed to dissolve from: 246 

 
𝐽𝐽𝚤𝚤� =

𝜌𝜌𝐴𝐴𝑁𝑁𝑉𝑉𝑓𝑓
𝜕𝜕𝑉𝑉𝑓𝑓

 �
1

�̃�𝜏 𝑛𝑛𝐴𝐴𝑁𝑁
�, 

(5) 

where 𝜌𝜌𝐴𝐴𝑁𝑁=1725 kg m-3 is the density of ammonium nitrate, 𝑉𝑉𝑓𝑓 ≈ 1.25×10-8 m3 is the pellet volume, 𝜕𝜕𝑉𝑉𝑓𝑓 ≈ 247 

2.6×10-5 m2  is the pellet surface (calculated from XRCT images), 𝑛𝑛𝐴𝐴𝑁𝑁= 80.043 g mol-1 is the molar mass 248 

of ammonium nitrate, and �̃�𝜏  [s] is the exponential decay rate constant (assumed to be 3 hours). The fluxes 249 

can only be released into soil-solution and hence the boundary condition at the fertilizer pellet boundary is 250 

given by.  251 

 
𝒏𝒏� ⋅ 𝑭𝑭𝒊𝒊� = 𝐽𝐽𝚤𝚤� ⋅ exp�−

�̃�𝑡
�̃�𝜏
� ,    𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑓𝑓. 

(6) 
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We consider that some of the NH4+ volatilizes into ammonia (NH3) in the immediate neighborhood of the 252 

fertilizer. Therefore, the ammonium flux coefficient 𝐽𝐽NH4+
�  appearing in Eq. (6) is treated as the “net” NH4+ 253 

flux, i.e. the flux released from the fertilizer, minus the flux dispersed as NH3. The nitrate flux coefficient 254 

𝐽𝐽NO3−� is considered constant, while there is no DON flux from the fertilizer. 255 

The different N species bind to the mineral surfaces by a combination of surface absorptivity and microbial 256 

uptake processes. Their surface concentrations are indicated as �̃�𝑐𝑖𝑖𝑆𝑆, where i is used in analogy with the 257 

concentration in soil-solution. The N species are bound on the minerals from the soil-solution when the 258 

mass flux is directed inwards the mineral surface and released when the flux is directed away from the 259 

surface. The bound/release rates of the N species on the mineral surfaces are equal to the diffusive flux in 260 

the fluid according to the following equations: 261 

 𝒏𝒏� ⋅ 𝑭𝑭�NH4 = −𝑈𝑈𝑁𝑁𝑁𝑁4 
𝑆𝑆 [NH4

+]L + 𝜅𝜅𝑁𝑁𝑁𝑁4+
𝑆𝑆 [NH4

+]S,B, 𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑚𝑚 (7a) 

 𝒏𝒏� ⋅ 𝑭𝑭�NO3 = 𝜅𝜅𝑁𝑁𝑁𝑁3 
𝑆𝑆 [NO3

−]B, 𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑚𝑚 (7b) 

 𝒏𝒏� ⋅ 𝑭𝑭�𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁 = −𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁
𝑆𝑆 [DON]L + 𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁

𝑆𝑆 [DON]S,B, 𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑚𝑚 (7c) 

 262 

where 𝜅𝜅𝑖𝑖𝑆𝑆 [s-1] and 𝑈𝑈𝑖𝑖𝑆𝑆[s-1] are the linear surface release and binding rates respectively (See Table 1 for 263 

details). A similar approach for modelling surface reactions was used in Keyes et al. (2013. We note that 264 

Eq. (7) uses the superscripts “S,B” for NH4+ and DON to indicate that they can be found both in the soil-265 

minerals and in bacteria/microbes, while for NO3- we used only the superscript “B” because it can be found 266 

only in bacteria/microbes. 267 

The chemical transformations by microbes are assumed to be carried out on the soil surfaces. Although 268 

some microbes exist in soil-solution, the majority are bound on soil mineral surfaces (Kuypers et al., 2018) 269 

so we purposely ignore any microbial mediated reactions in soil bulk solution. We assume a fixed microbial 270 

community size for the timescales considered in this study. The reaction rates are either taken from 271 

literature (see Table 1) or assumed based on unpublished preliminary experiments.  272 
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Measured reaction rates in soil provided linear coefficients for modelling first order kinetic reactions  (Jones 273 

et al., 2018) (Jones et al., 2012). While these reaction rates are sufficient for describing reactions associated 274 

with abiotic reactions under short durations (Wang, 2008), biologically mediated N reactions require more 275 

detailed models. Therefore, we invoked Michaelis-Menten kinetics to better characterize the microbial 276 

driven surface reactions. Using the maximum reaction rate 𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚   (Jones and Kielland, 2002), converted to 277 

units of  mol⋅m-2⋅s-1 using specific surface area (Jury and Horton, 2004), the Michaelis-Menten constants 278 

are estimated as: 279 

 280 

 
𝐾𝐾𝑅𝑅𝐵𝐵 =

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚
𝜅𝜅𝑅𝑅𝐵𝐵  

, 
(8) 

where 𝜅𝜅𝑅𝑅𝐵𝐵 [s-1] are the linearized biologically driven reaction rates on the soil surfaces. We note the 281 

immobilization reaction for NO3- is considered to have 𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚  half the magnitude of the other reactions 282 

(Abaas et al., 2012). A comprehensive list of the reaction constants, with relative dimensions and values, is 283 

reported in Table 1.  284 

 285 

The different N species on the mineral boundaries are described as: 286 

 287 

 𝜕𝜕[NH4
+]S,B

𝜕𝜕�̃�𝑡 
= −𝜙𝜙��

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚
𝐾𝐾𝑁𝑁𝐵𝐵 + [NH4

+]S,B� + �
𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝐼𝐼,1𝐵𝐵 + [NH4
+]S,B�+ 𝜅𝜅𝑁𝑁𝑁𝑁4 

𝑆𝑆 � [NH4
+]S,B

+ 𝜙𝜙
𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝑀𝑀𝐵𝐵 + [DON]S,B [DON]S,B + 𝜙𝜙𝑈𝑈NH4 
𝑆𝑆 [NH4

+]𝐿𝐿, 𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑚𝑚, 

(9a) 

   

 
𝜕𝜕[NO3

−]B

𝜕𝜕�̃�𝑡 
= 𝜙𝜙 �

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚
𝐾𝐾𝑁𝑁𝐵𝐵 + [NH4

+]S,B� [NH4
+]S,B − 𝜙𝜙��

1
2𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝐼𝐼,2𝐵𝐵 + [NO3
−]B

�+ 𝜅𝜅𝑁𝑁𝑁𝑁3 
𝑆𝑆 � [NO3

−]B,

𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑚𝑚, 

(9b) 
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𝜕𝜕[DON]S,B

𝜕𝜕�̃�𝑡 
= 𝜙𝜙�

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚
𝐾𝐾𝐼𝐼,1𝐵𝐵 + [NH4

+]S,B� [NH4
+]S,B + 𝜙𝜙�

1
2𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝐼𝐼,2𝐵𝐵 + �̃�𝑐𝑁𝑁𝑁𝑁3 
𝐵𝐵 � [NO3

−]B

− 𝜙𝜙 ��
𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝑀𝑀𝐵𝐵 + [DON]S,B�+ 𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁
𝑆𝑆 � [DON]S,B + 𝜙𝜙𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜 N

𝑆𝑆 [DON]L,

𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑚𝑚 . 

(9c) 

  288 

Spatial averages of the different species concentrations obtained from the image based model were 289 

compared to simplified models that are not explicitly resolved spatially. The standard deviation from the 290 

spatial mean concentrations were determined to assess the accuracy of domain averaged values. Details can 291 

be found in SI.A4.  292 

Results 293 

Nitrogen Model 294 

Figure 3 (a)-(c) illustrates the concentration of N species in soil-solution in a 2D section at 0 and 7 hrs time 295 

points at different saturation values. In Figure 3 (a), the NH4+ concentration in soil-solution is highlighted. 296 

The outward NH4+ flux from the fertilizer pellet is set to decay over time, with the total flux decreasing to 297 

10% after 7hrs. The NH4+ diffuses through the water domains over time, with high concentrations local to 298 

the fertilizer pellet, and reducing concentrations with increased distance from the pellet. Under the low 299 

saturation scenario, maximum concentrations remain comparatively greater and more localized than in the 300 

higher water saturation cases. For the 30% water saturation case, results show similar trends to the 15% 301 

saturation case. However, the same mass of NH4+ diffuses through a greater volume of water, resulting in 302 

lower maximum concentration values. The maximum NH4+ concentrations and the overall concentration 303 

gradients in the 70% saturation case were very distinct from the 30% and 15% cases. The overall magnitudes 304 
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of the concentrations are lower, similar to the 30% saturation case. At the final time point, the overall 305 

concentration of the domain is more uniform, with few isolated patches of low concentration.   306 

 Simulated NO3- profiles (Figure 3 (b)) initially appear similar to NH4+, but change considerably towards 307 

the end of the simulation. The geometric heterogeneities do not appear to influence NO3- concentrations. 308 

As a result, the concentration gradients are all relatively low across the domain after 7 hrs for each of the 309 

different saturation scenarios. The trend regarding the final concentration values remains consistent, i.e. the 310 

concentrations are higher in the lower saturation conditions.  311 

The trend for DON (Figure 3 (c)) also appears to be different to the results for the other compounds. The 312 

concentrations in all of the domains and all of the simulations remain in the order of 10-2 mol m-3. Under 313 

the low water saturation simulation (15% and 30%), slight gradients can be seen across the domain away 314 

from the fertilizer pellet.  However, for the 70% saturation case there is no clear discernible gradient near 315 

the final time points. Lastly, the maximum DON concentration magnitudes do not appear to change with 316 

the different saturation degrees.  317 

  318 

Inferences of soil microbial ‘dead zones’ 319 

Figure 4 illustrates a correlation between relative microbial respiration rates and soil N concentration. 320 

Relative microbial respiration falls to ~10% at 4000 mol m-3 of NH4NO3. The summed concentrations of 321 

NH4+ and NO3- were used to estimate NH4NO3 concentrations in solution. Using the relationship from 322 

Figure 4, we infer the microbial inhibition zones in the soil pore space at different soil moistures (Figure 323 

5). Results show that for the driest scenario (Figure 5 (a-d)), the microbial ‘dead zone’ (regions in red 324 

outlined with a white contour) propagates through water-connected pore space and gradually spans the 325 

distance of the entire domain by the end of the 420 mins. For the moderately wet regime (Figure 5 (e-h)), 326 

the microbial ‘dead zone’ remains fairly localized and never completely spans the distance of the pore space 327 

by the end of the 420 mins. Finally, for the wet case (Figure 5 (i-l)), the region is considered a microbial 328 
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inhibited zone. However, concentrations never falls below the 10% threshold. This suggests that, while the 329 

region may still be affected, the severity of inhibition is reduced under wetter conditions.  330 

 331 

Discussion 332 

Pore scale modelling revealed a highly localized spatial and temporal pattern of NH4+ and NO3- 333 

concentration in soil solution. Ammonium and nitrate maximum concentrations remain comparatively 334 

greater and more localized at lower soil water saturations than the higher water saturation cases (Figure 3 335 

(a)-(b)). The overall larger variations with water saturation status can be attributed to two main factors. The 336 

same amount of dissolved ammonium diffuses into a smaller volume of water under the drier scenario, 337 

thus higher concentrations are to be expected. The second factor resulting in the higher concentration of 338 

ammonium in the 15% saturation scenario is the limited connectivity of the water domain. With fewer 339 

liquid bridges, dissolved ammonium becomes quickly isolated near the ammonium pellet, thus even after 340 

the pellet dissolves, the concentrations in the fertisphere remain high. For the 30% saturation case the water 341 

subdomain is better connected, resulting in noticeable reductions in the concentration values due to the 342 

pellet being fully dissolved and the ammonium and nitrate being allowed to move through the domain. 343 

Ammonium and nitrate concentrations are lower for the higher saturation cases, as the volume of 344 

ammonium is distributed throughout a larger volume of water (a diluting effect). Differences between the 345 

nitrate and ammonium diffusion behavior can be attributed to the fact that nitrate does not bind to the 346 

mineral surfaces, resulting in relatively lower nitrate concentration gradients throughout the liquid domain.  347 

A simplified average model gave a good representation of the averaged behavior of the pore space (see 348 

SI.A4, SI.B2, and Figure SI.B2-1). We note that the simplified model’s accuracy is also due to specific values 349 

being available for the parameters 𝑅𝑅𝑓𝑓 and 𝑅𝑅𝑆𝑆 (the surface to volume ratios of the fertilizer and soil surfaces 350 

respectively). This information is not routinely measured. Under the assumption that average models such 351 

as NCSOIL, ANIMO, or SOILN (Berghuijs-van Dijk et al., 1985) (Molina et al., 1983) have the associated 352 
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input information (i.e. Rf and Rs), their results should provide an accurate representations of the mean 353 

behavior of the system.  354 

However, the simplified average model fails to capture the nuances that arise from the geometric 355 

heterogeneities (Figure 3 (d)-(f)), which are ubiquitous to soil systems. The standard deviation of 356 

concentrations of ammonium can be large and remain large throughout the duration of the simulations for 357 

30% and 15% water saturations. This is of particular significance when considering field scale, as high local 358 

fertilizer pellet concentrations will be averaged out spatially. In contrast to ammonium, nitrate in solution 359 

appears to be well represented by the averaged model (particularly over longer time spans). This is due to 360 

the lack of reactions on mineral surfaces, which facilitate uniform domain concentrations. We conclude 361 

that when modelling nitrate fertilizer pellet dissolution, the simplified spatially averaged models are 362 

representative of the pore-scale concentrations under higher saturation regimes and longer time scales 363 

(Bergstrom et al., 1991; Johnsson et al., 1987). 364 

Another novel point of this study was the link between microbial activity and fertilizer concentrations. 365 

Experimental data (Figure 4) clearly demonstrated the potential adverse effects that high concentrations of 366 

fertilizer-derived solutes can have on soil microbial activity. Those results coupled with our image-based 367 

model (Figure 5) allowed us to infer regions in the soil pore space that would severely affect microbial 368 

activity under different saturation conditions. While image-based modelling in soils is not uncommon 369 

(Aravena et al., 2014; Fletcher et al., 2019), applications inferring microbial activity in an explicit soil 370 

geometry is particularly novel. There are currently no tools that can spatially resolve or monitor microbes 371 

in 3 dimensional soil pores. Our method of linking nutrient concentrations to soil microbial inactive zones 372 

provides bounds on microbial community estimates that might circumvent measurement difficulties. 373 

Further refinements to our methodology through expediting the model throughput or having better 374 

estimates of in-situ solute concentrations (i.e. N species, O2, CO2, etc.) would help to more accurately 375 

estimate local pore scale probability distributions of microbial activity.   376 

The image based model results (Figure 5) revealed that the ‘dead zones’ of biological activity extend furthest 377 

through the connected liquid phase under drier conditions. This is a consequence of higher concentrations 378 
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of both nitrate and ammonium in the connected liquid phase caused by the equivalent mass quantities of 379 

N being released from the fertilizer pellet into lower volumes of water. Consequently, the simulations with 380 

greater soil moistures, though exhibiting clear inhibition zones (25% relative microbial activity), never 381 

reached critical concentrations that would reduce the relative microbial activity to be less than 10%. This 382 

would suggest that fertilization applications should be initiated under moist conditions to maintain optimal 383 

soil biological functioning However, caution must also be taken to ensure that N is not leached into 384 

groundwater or denitrified to N2O under very wet conditions (Van Grinsven et al., 2013) (Duncan et al., 385 

2018). Furthermore, although our simulations suggest that microbial communities local to the fertilizer 386 

pellet would become severely inhibited, and may even be largely eradicated on the basis of cytotoxicity, it 387 

is likely that microorganisms will re-colonize vacant regions once solute concentrations fall due to the high 388 

availability of labile microbial necromass (Marschner and Rumberger, 2004). Although microbial activity 389 

may recover quickly, soils are often rich in microbial diversity (Bickel et al., 2019), thus there is no guarantee 390 

that the same/similar microbial community will re-occupy the region post perturbation (Gonze et al., 2017). 391 

Cytotoxic effects of high ammonium concentrations have been monitored and quantified in past field trials 392 

(Enrique et al., 2008). However, further experimental work is required to understand the longer term effects 393 

of the predicted high local fertilizer concentration on soil microbial communities. Ultimately, this approach 394 

could help to understand the delicate interplay between fertilization and microbial activity, thus guiding 395 

further research to better understand the juxtaposition between nitrogen use efficiency, soil biodiversity, 396 

microbial nitrogen use, and even carbon sequestration (Erisman et al., 2008). 397 

This study developed an image based modeling platform for inferring microbial impedance zones around 398 

a fertilizer pellet at the pore scale. The scope of the current framework of this study was model development 399 

and preliminary inferences. ‘Dead zone’ affected regions may hinder certain auxiliary microbial functions 400 

such as cycling soil organic matter, contributing to soil structure (Tecon and Or, 2017), and potentially 401 

influencing soil mechanical properties directly (Jalili et al., 2018). However, the feedback between microbial 402 

‘dead zones’ and microbial mediated reactions remain to be fully quantified and must be further explored. 403 

Coupling the interactions between microbial mediated reactions, life, and death rates may elucidate links 404 
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between Michaelis-Menten reactions and commonly used Monod bacterial growth kinetics (Kim and Or, 405 

2017). Furthermore, future investigations could consider more explicit microbial models that couple their 406 

individual movement to pore-space N transformations on explicit geometries(Kim and Or, 2017). This 407 

would require particular attention to scaling (Ebrahimi and Or, 2016; Matzavinos and Ptashnyk, 2016). 408 

Experimental validation tests could be developed using micro fluidic devices that emulate soil pore space, 409 

which would allow for microbial visualization along with nutrient application control (Borer et al., 2018). 410 

Conclusion 411 

In conclusion, this study developed a modeling platform capable of quantifying the transport and reactions 412 

of N species and quantities at the pore scale that are otherwise difficult to measure at the pore-scale 413 

resolution. We outline the interplay between soil moisture and N concentrations, which highlights the 414 

central role that soil water content plays in governing biogeochemical processes in imaged pore space and 415 

surfaces.   416 

Our developments allow us to make some limited inferences pertaining to soil microbial activity based on 417 

linking our model to an empirical coupling between microbial activity and N concentrations. We outline 418 

spatial regions that microbial activity appears to be impeded based on spatially concentrated N 419 

concentrations. Again, these results suggest that drier conditions will enhance the cytotoxic zones near the 420 

fertilizer pellet, which will result in ‘dead zones’ for microbial activity.    421 

The model results provide a more nuanced prospective to soil fertilization and NUE. While fertilizing under 422 

drier conditions will likely reduce the risk of N losses in soil, a more delicate balance of soil moisture is 423 

required to sustain a healthy microbiome. Furthermore, results provide a method for generating 424 

information and relationships that cannot be monitored by contemporary measurement approaches, which 425 

are more likely to average out the details at the pore scale.   426 

There are research gaps and uncertainties that require further investigations. The methods invoked are 427 

computationally intensive and require better automated throughput for regular application. Furthermore, 428 

the assumptions made simplify the N cycle to a subset of reactions determined to be essential for this study. 429 
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When including plants in soil, it may be necessary to extend the model to include more key reactions. Lastly, 430 

the microbial mediated reactions should carefully consider feedbacks from the impeded activity zones.   431 
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Tables 617 

Table 1: Simulation Parameters. 618 

Symbol Description Value Units Reference 

[NH4
+]L,0 Initial NH4+ concentration in soil-solution 7.14·10-3 mol · m−3 (Jones et 

al., 2004) 

[NO3
−]L,0 Initial NO3- concentration in soil-solution 286·10-3 mol · m−3 (Jones et 

al., 2004) 

[DON]L,0 Initial DON  concentration in soil-solution 14.28·10-3 mol · m−3 (Jones et 

al., 2004) 

𝐽𝐽NH4 � NH4+ flux from fertilizer, i.e. flux of 

volatilized ammonia 

9.16·10-4 mol · m−2· s−1  

𝐽𝐽NO3 � NO3- flux from fertilizer 9.16·10-4 mol · m−2· s−1  

𝐽𝐽Org N�  DON flux from fertilizer 0 mol · m−2· s−1  

𝐷𝐷NH4 �  Diffusivity coefficient of NH4+ in soil 

solution 

1.86·10-9 m2· s−1 (Picioreanu 

et al., 1997) 

𝐷𝐷NO3 �  Diffusivity coefficient of NO3- in soil solution 1.7·10-9 m2· s−1 (Picioreanu 

et al., 1997) 

𝐷𝐷Org N�  Diffusivity coefficient of DON in soil 

solution 

1.38·10-9 m2· s−1  

𝑈𝑈NH4 
𝑆𝑆  NH4+ sorption rate 1.30·10-5 m · s−1 (Jones et 

al., 2012) 

𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜 N
𝑆𝑆  DON sorption rate 3.71·10-6 m· s−1  
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𝜅𝜅𝐼𝐼,2𝐵𝐵  NO3- immobilization rate 1.77·10-6  s-1 (Jones et 

al., 2018) 

𝜅𝜅𝑀𝑀𝐵𝐵  Mineralization rate 2.22·10-4  s-1 (Jones et 

al., 2018) 

𝜅𝜅𝑁𝑁𝐵𝐵 Nitrification rate 3.54·10-4  s-1  

𝜅𝜅𝐼𝐼,1𝐵𝐵  NH4+ Immobilization rate 6.48·10-5  s-1  

𝜅𝜅𝑁𝑁𝑁𝑁4+
𝑆𝑆  NH4+ Release rate 4.60·10-3 s-1  

𝜅𝜅𝑁𝑁𝑁𝑁3 
𝑆𝑆  NO3- Release rate 4.60·10-3 s-1  

𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁
𝑆𝑆  DON Release rate 4.60·10-3 s-1  

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚  Max reaction rate 3.33⋅10-9 mol⋅m-2⋅s-1 (Jones and 

Kielland, 

2002) 

𝐾𝐾𝐼𝐼,2𝐵𝐵  Michaelis-Menten NO3- immobilization 

constant 

9.50·10-4 mol⋅m-2 (Jones et 

al., 2018)  

𝐾𝐾𝑀𝑀𝐵𝐵  Michaelis-Menten Mineralization constant 1.50·10-5 mol⋅m-2 (Jones et 

al., 2018) 

𝐾𝐾𝑁𝑁𝐵𝐵  Michaelis-Menten Nitrification constant 9.40·10-6 mol⋅m-2  

𝐾𝐾𝐼𝐼,1𝐵𝐵  Michaelis-Menten NH4+ Immobilization 

constant 

5.10·10-5 mol⋅m-2  

 619 

 620 

 621 
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Figures 

 

Figure 1: Pre-processing pipeline for image-based modelling. (a) A 54.9 mm3 3D XRCT image of soil 

containing a fertilizer pellet is used to generate the finite element mesh (FEM) (b). The finite element 

mesh domain is the soil pore space. An image slice taken from the bottom of the domain (c) to illustrate 

the physical representation of the soil domain (d). The physical pore space domain (𝑉𝑉) consists of mineral 
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surfaces (𝜕𝜕𝑉𝑉𝑚𝑚), external boundaries (𝜕𝜕𝑉𝑉𝑒𝑒) and the fertilizer surface (𝜕𝜕𝑉𝑉𝑓𝑓). (d) A flow chart details the 

work methodology. 

 

 622 

 

Figure 2: The pore-scale nitrogen cycle considered in the new model. The reactions are reported 

alongside the reaction constants involved. The 𝐾𝐾𝑙𝑙𝐵𝐵 constants represent the Michaelis-Menten 

constants for the different reactions promoted by the microbial community, i.e. nitrification 

(𝐾𝐾𝑁𝑁𝐵𝐵), mineralization (𝐾𝐾𝑀𝑀𝐵𝐵) and immobilization of nitrate (𝐾𝐾𝐼𝐼,2𝐵𝐵 ) and ammonium (𝐾𝐾𝐼𝐼,1𝐵𝐵 ). The 

constants 𝑈𝑈𝑖𝑖𝑆𝑆represent the sorption speed to the mineral surfaces, occurring in absence of 

microorganisms, and the constants 𝜅𝜅𝑖𝑖𝑆𝑆represent the linear release rates from the mineral 

surfaces. 

 

 623 
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Figure 3: Nitrogen species concentrations in solution. Spatially resolved concentrations for 0 and 7 hours 

are plotted for water saturations of 15%, 30%, and 70% for species (a) NH4+ (b) NO3-, and (c) DON. 

Subplot area is on 3.8 mm × 3.8 mm as in Figure 1. Note that the color scale in (a) and (b) span several 

orders of magnitude. Associated domain averages and spatially associated standard deviations were 

plotted over 12 hours for (c) NH4+ (d) NO3-, and (e) DON. Domain averages and standard deviations 

are determined by the concentrations at the element nodes.   

 624 
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 625 

 

Figure 4: Relationship between fertilizer concentration and relative soil microbial activity (to the control, 

zero N addition) for three different N fertilizers (NH4NO3, NH4Cl and KNO3). The symbols represent 

the experiment values while the line represents the fit of the Hill equation to the experimental data.  

Regions where N concentrations reduce relative microbial activity to 50% is considered the inhibited 

zones. Regions where N concentrations reduce microbial activity to 10 % are considered dead zones.  

 626 
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Figure 5: Evolution of microbial inhibited zones in the soil pore space dependent on time and soil water 

content (S). All regions below 50% activity are considered inhibited zones. White contours illustrate the 

evolution of the potential dead zone moving through the soil pore space. (a) S = 15%, t = 0 s; (b) S = 

15%, t = 40 min; (c) S = 15%, t = 90 min; (d) S = 15%, t = 420 min; (e) S = 30%, t = 0 s; (f) S = 30%, 

t = 40 min; (g) S = 30%, t = 90 min; (h) S = 30%, t = 420 min; (i) S = 70%, t = 0 s; (j) S = 70%, t = 40 

min; (k) S = 70%, t = 90 min; (l) S = 70%, t = 420 min. Concentrations never require contour lines 

highlighting the death zones for S = 70%. Alternatively, panel (d) is also absent of contours, as the entire 

domain has activity below 10%.   
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Supporting information  629 

SI.A1. Two-fluid (air-water) model 630 
 631 

Let 𝑉𝑉 represent the air-filled pore as extracted from the XRCT scan. The domain boundaries 𝜕𝜕𝑉𝑉 can be 632 

described as external 𝜕𝜕𝑉𝑉𝑒𝑒  or solid 𝜕𝜕𝑉𝑉𝑠𝑠 boundaries, the latter including the mineral 𝜕𝜕𝑉𝑉𝑚𝑚 and the fertilizer 633 

𝜕𝜕𝑉𝑉𝑓𝑓 boundaries Figure 1(c). The air-water interface in the soil air-filled pore space is determined with a 634 

model that has been successfully used in soil-science (Cooper et al., 2017; Daly and Roose, 2015) as well as 635 

in industrial applications (Vorobev and Boghi, 2016). Thus, the steady state two phase equation is given by: 636 

 
�̃�𝜆 𝛁𝛁�2𝜙𝜙 = �̃�𝜆−1

𝜕𝜕𝜕𝜕(𝜙𝜙)
𝜕𝜕𝜙𝜙

−
𝜇𝜇�0
𝛼𝛼𝛾𝛾�

, 𝐱𝐱� ∈ 𝑉𝑉 , 
(2-1) 

where 𝜙𝜙 is the phase-field variable, which is equal to 1 in pure water and equal to 0 in the air, 𝜇𝜇� is the 637 

capillary pressure, 𝛾𝛾� is the air-water surface tension, �̃�𝜆 the interface thickness of the air-water interface 638 

region, 𝛼𝛼(= 6 √2) is a scaling parameter that accounts for excess free energy contributed by the interfacial 639 

thickness (Ding and Spelt, 2007), and 𝜕𝜕(𝜙𝜙) =  𝜙𝜙2(1− 𝜙𝜙)2 is the bulk energy of air and water. The phase 640 

field equation assumes non-trivial solution only at the air-water interface (0 < 𝜙𝜙 < 1), where the surface 641 

tension is dominant. To categorize the bulk saturation values, we define saturation S as: 642 

 𝑆𝑆 =
1
𝑉𝑉 
�𝜙𝜙 𝑑𝑑𝐱𝐱�
𝑉𝑉 

. (2-2) 

 643 

SI.A2. Two-fluid (air-water) boundary conditions 644 
 645 

The fluid cannot penetrate the solid boundaries. Thus, a liquid-vapour interface requires a solid boundary 646 

forming a prescribed contact angle 𝜃𝜃 between the liquid and vapour. In the case of water and minerals, this 647 

angle can be approximated with 0. The afore-mentioned boundary conditions can be described by the 648 

following equations: 649 
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  𝒏𝒏� ⋅ 𝛁𝛁�𝜙𝜙 = �𝛁𝛁�𝜙𝜙�𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃, 𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑠𝑠 , (3-1) 

where θ is the air-water contact angle on the mineral surfaces. In the case of the external boundaries, we 650 

impose the condition that the air and water flow fields are periodic. Therefore, 651 

 𝒏𝒏� ⋅ 𝛁𝛁�𝜙𝜙 = 0, 𝐱𝐱� ∈ 𝜕𝜕𝑉𝑉𝑒𝑒 . (3-2) 

Output of this model is the pore-space geometry specific configuration of air and water at different levels 652 

of saturation. Subsequent modelling of N solute diffusion is restricted to the water phase, where 𝜙𝜙 = 1. 653 

The geometry of the water phase solution was exported and meshed in order to efficiently solve the 654 

modelling described in the next section. The water mesh had 6 × 10−5 to 11 × 105 volume elements with 655 

a typical volume element volume ratio of 0.8 × 10−5 to 5.48 × 10−5  with an average element quality of 656 

0.5942 to 0.65. The number of surface elements is 3 × 105 to 3.5 × 105 with an element area ratio of 657 

2.1 × 10−4 to 0.001065 and an average element quality of 0.709 to 0.725.    658 

 659 

SI.A3. Bulk nitrogen model 660 
 661 

We present a simplified space-independent N model, used to determine if N dynamics can be captured 662 

without considering the pore space. Using the same notation as the previous section, N is described space-663 

independently by the following set of equations: 664 

 𝑑𝑑[NH4
+]S,B

𝑑𝑑�̃�𝑡 
= −��

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚
𝐾𝐾𝑁𝑁𝐵𝐵 + [NH4

+]S,B�+ �
𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝐼𝐼,1𝐵𝐵 + [NH4
+]S,B�+ 𝜅𝜅𝑁𝑁𝑁𝑁4 

𝑆𝑆 � [NH4
+]S,B

+ �
𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝑀𝑀𝐵𝐵 + [DON]S,B� [DON]S,B + 𝑈𝑈𝑁𝑁𝑁𝑁4 
𝑆𝑆 [NH4

+]L, 

 

(4-1a) 
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𝑑𝑑[NO3

−]B

𝑑𝑑�̃�𝑡 
= �

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚
𝐾𝐾𝑁𝑁𝐵𝐵 + [NH4

+]S,B� [NH4
+]S,B − ��

1
2𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝐼𝐼,2𝐵𝐵 + [NO3
−]B

�+ 𝜅𝜅𝑁𝑁𝑁𝑁3 
𝑆𝑆 � [NO3

−]B, 

 

(4-1b) 

   

 
𝑑𝑑[DON]S,B

𝑑𝑑�̃�𝑡 
= �

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚
𝐾𝐾𝐼𝐼,1𝐵𝐵 + [NH4

+]S,B� [NH4
+]S,B + �

1
2𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝐼𝐼,2𝐵𝐵 + [NO3
−]B

� [NO3
−]B

− ��
𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝐾𝐾𝑀𝑀𝐵𝐵 + [DON]S,B�+ 𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁
𝑆𝑆 � [DON]S,B + 𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁

𝑆𝑆 [DON]L, 

 

(4-1c) 

   

 𝑑𝑑[NH4
+]L

𝑑𝑑�̃�𝑡 
= 𝑅𝑅𝑆𝑆 �−𝑈𝑈𝑁𝑁𝑁𝑁4 

𝑆𝑆 [NH4
+]L + 𝜅𝜅𝑁𝑁𝑁𝑁4+

𝑆𝑆 [NH4
+]S,B� + 𝐽𝐽𝑁𝑁𝑁𝑁4 

�𝑒𝑒𝑒𝑒𝑝𝑝�−
�̃�𝑡
�̃�𝜏
� 𝑅𝑅𝐹𝐹 , 

 

(4-1d) 

   

 𝑑𝑑[NO3
−]L

𝑑𝑑�̃�𝑡 
= 𝑅𝑅𝑆𝑆(𝜅𝜅𝑁𝑁𝑁𝑁3 

𝑆𝑆 [NO3
−]B) + 𝐽𝐽𝑁𝑁𝑁𝑁3 

�𝑒𝑒𝑒𝑒𝑝𝑝�−
�̃�𝑡
�̃�𝜏
� 𝑅𝑅𝐹𝐹 , 

(4-1e) 

   

 𝑑𝑑[DON]L

𝑑𝑑�̃�𝑡 
= 𝑅𝑅𝑠𝑠(−𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁

𝑆𝑆 [DON]L + 𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁
𝑆𝑆 [DON]S,B) 

 

(4-1f) 

where 𝑅𝑅𝐹𝐹 [m-1] is the ratio of  the surface area of the fertiliser pellet in contact with water and the volume 665 

of the water phase; and 𝑅𝑅𝑆𝑆 [m-1] is the ratio of the surface area of soil minerals in contact with water and 666 

the water phase volume, both calculated from the solution of the air-water model. The relative solution of 667 

the bulk model given by eq (13a-f) is compared to the averages of the image-based model in the 𝑆𝑆 = 15% 668 

case, where the image-based model averages are calculated in the soil solution using the following equation, 669 
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𝑚𝑚𝑒𝑒𝑚𝑚𝑛𝑛��̃�𝑐𝑖𝑖𝐿𝐿� =

1
||𝑉𝑉𝑤𝑤||

� ( �̃�𝑐𝑖𝑖𝐿𝐿
𝑉𝑉𝑤𝑤

)𝑑𝑑𝐱𝐱�, 
(4-2) 

and on the mineral surfaces in contact with the soil mineral surface solution using 670 

 
𝑚𝑚𝑒𝑒𝑚𝑚𝑛𝑛��̃�𝑐𝑖𝑖

𝑆𝑆,𝐵𝐵� =
1

||𝜕𝜕𝑉𝑉𝑚𝑚 ∩ 𝜕𝜕𝑉𝑉𝑤𝑤||
� (�̃�𝑐𝑖𝑖

𝑆𝑆,𝐵𝐵

𝜕𝜕𝑉𝑉𝑚𝑚∩𝜕𝜕𝑉𝑉𝑤𝑤
)𝑑𝑑𝐱𝐱�. 

(4-3) 

 671 

A. SI Results 672 
 673 

SI.B1. Two-Fluid solutions 674 
 675 

The location of the planes used to visualise the simulation results to the 3D soil pore space water 676 

configuration are shown in Figure SI.B1-1. The saturation has been obtained by varying the reference 677 

capillary pressure 𝜇𝜇�0 ; the air and water  domain results are similar to (Daly et al., 2017; Daly et al., 2018). 678 

In Figure SI.B1-2 to Figure SI.B1-3), we show the phase field 𝜙𝜙 at different water saturation percentages. 679 

 680 

 

Figure SI.B1-1: The locations of the nine representative planes used to display the solution of the two-

fluid model. (A) shows XY  planes designated with blue subscripts (a)-(c), (B) shows YZ planes 

designated with green subscripts (d)-(e), and (C) shows the XZ planes designated with orange subscripts 

(g)-(i). Sub planes labelled (a)-(i) are consistent with Figure (4) to Figure (6) in main text. 

 681 
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Figure SI.B1-2 illustrates the water phase field at 70% saturation on the representative planes. Few air 682 

pockets, with the diameter of 1-2 mm, can be seen in the domain. The air pocket shape is irregular due to 683 

the tortuous, 3D geometry of the soil minerals. It is interesting to note that in proximity of the mineral 684 

particles, the air pockets are stretched parallel to the mineral surface. In the present study, we assumed θ = 685 

0, meaning that the minerals particle surfaces are fully wetted, which is a reasonable approximation (Nye 686 

and Tinker, 1977). 687 

In Figure SI.B1-3, the phase field at S = 30 % is shown. The scenario is radically different compared to S 688 

=70 % (Figure SI.B1-2). Air occupies most of the domain, and the water phase exhibits two morphological 689 

configurations. The first is constituted by isolated patches of water, wetting groups of mineral particles in 690 

the middle of air pockets, while the second is represented by networks, where patches of water, wetting 691 

mineral islets, are connected through water bridges. The latter morphological structure requires more water 692 

and it is therefore more dominant at higher saturation values.  693 

In Figure SI.B1-4, the phase field at S = 15% is shown. The solution is similar to the S = 30% case (Figure 694 

SI.B1-3), but in this case the isolated water patches are more prevalent. The network of water bridges is still 695 

present, but it connects fewer mineral particles. Furthermore, the thickness of the water film, surrounding 696 

the mineral particles is reduced.  697 

 698 
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Figure SI.B1-2: Phase field at S = 70%. Blue = water; black = air; brown = minerals; green = fertilizer 

pellet. Subplot area: 3.8 mm × 3.8 mm. (a) XY plane, ΔZ = 0 mm; (b) XY plane, ΔZ = 1.9 mm; (c) XY 

plane, ΔZ = 3.8 mm; (d) YZ plane, ΔX = 0 mm; (e) YZ plane, ΔX = 1.9 mm; (f) YZ plane, ΔX = 3.8 

mm; (g) XZ plane, ΔY = 0 mm; (h) XZ plane, ΔY = 1.9 mm; (i) XZ plane, ΔY = 3.8 mm. 
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Figure SI.B1-3: Phase field at S = 30%. Blue = water; black = air; brown = minerals; green = fertilizer 

pellet. Subplot area: 3.8 mm × 3.8 mm. (a) XY plane, ΔZ = 0 mm; (b) XY plane, ΔZ = 1.9 mm; (c) XY 

plane, ΔZ = 3.8 mm; (d) YZ plane, ΔX = 0 mm; (e) YZ plane, ΔX = 1.9 mm; (f) YZ plane, ΔX = 3.8 

mm; (g) XZ plane, ΔY = 0 mm; (h) XZ plane, ΔY = 1.9 mm; (i) XZ plane, ΔY = 3.8 mm. 
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Figure SI.B1-4: Phase field at S = 15%. Blue = water; black = air; brown = minerals; green = fertilizer 

pellet. Subplot area: 3.8 mm × 3.8 mm. (a) XY plane, ΔZ = 0mm; (b) XY plane, ΔZ = 1.9 mm; (c) XY 

plane, ΔZ = 3.8 mm; (d) YZ plane, ΔX = 0 mm; (e) YZ plane, ΔX = 1.9 mm; (f) YZ plane, ΔX = 3.8 

mm; (g) XZ plane, ΔY = 0 mm; (h) XZ plane, ΔY = 1.9 mm; (i) XZ plane, ΔY = 3.8 mm. 

 701 

SI.B2. Bulk N model comparison 702 
 703 

The simplified model is compared to the averages of the image-based model in the 𝑆𝑆 = 15% case, Figure 704 

SI.B2-1. The simplified ordinary differential equation model (given by eqs (13a-13f) approximates the 705 

averages of the imaged-based model well (<1% error) for all the N species in soil solution and on mineral 706 
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surfaces (Figure SI.B2-1). Although the average values are consistent between the averaged model and the 707 

image based model, the spatial variability cannot be captured by the averaged model. 708 

 709 

 

Figure SI.B2-1: Comparison of the average image-based model solution with the simplified N model 

solution for (a) in the soil solution and (b) on the soil surfaces, for the 𝑆𝑆 = 15% case. The averages for 

the image-based model in (a) are calculated as 1
||𝑉𝑉𝑤𝑤||∫ �̃�𝑐𝑖𝑖𝐿𝐿𝑉𝑉𝑤𝑤

𝑑𝑑𝐱𝐱� and in (b) the average on the minerals in 

contact with the water, 1
||𝜕𝜕𝑉𝑉𝑚𝑚∩𝜕𝜕𝑉𝑉𝑤𝑤||∫ �̃�𝑐𝑖𝑖

𝑆𝑆,𝐵𝐵
𝜕𝜕𝑉𝑉𝑚𝑚∩𝜕𝜕𝑉𝑉𝑤𝑤

𝑑𝑑𝐱𝐱�. 

 

 

 

Figure SI.B2-2 shows the average of the image-based model of the N species in solution and on the mineral 710 

surfaces for each of the saturation scenarios. The top/bottom markers show the standard deviation of the 711 

concentrations in the soil solution or mineral surfaces. For NO3- in solution (Figure SI.B2-2 a), the standard 712 

deviation from the mean values are greatest for the first 10 hours of the simulation for the 15% and 30% 713 

simulations and almost negligible for the 70% simulation. For the 15% saturation case, results for the first 714 

5 hours could have a standard deviation as large as the mean value. Similar trends could be shown for the 715 
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surface bound NO3- (Figure SI.B2-2 b). However, the surface bound nitrogen appears to quickly transform 716 

into other forms of nitrogen. Ammonium both in solution (Figure SI.B2-2 c) and on the surfaces (Figure 717 

SI.B2-2 d) appear to have the largest standard deviations from the mean than any of the other modelled 718 

species. The deviation from the mean appears persistent throughout time, suggesting that averaged models 719 

may fail to adequately characterize pore scale NH4+ dynamics. Similar to what was modelled in the profiles, 720 

DON in solution or bound to surfaces (Figure SI.B2-2 e-f) appear to have very similar averaged behaviours 721 

despite the saturation degree. However, at lower saturations (15% and 30%), we see more pronounced 722 

standard deviations within the first 10 hours (similar to the NO3-).  723 



43 
 
 

 

 

Figure SI.B2-2: Spatial averages and standard deviations of concentrations for each N species in solution 

and on mineral surfaces from the image-based model: (a) NO3- in solution; (b) NO3-  on mineral surfaces; 

(c) NH4+ in solution; (d) NH4+ on mineral surfaces; (e) DON in solution and (f) DON on mineral 

surfaces. The top/bottom markers shows the range of one standard deviation of the concentrations 

attained in the soil solution or mineral surfaces. Spatially averaged concentrations consider values at each 

element node. 
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