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Abstract

Stable water isotopologues tend to fractionate from ordinary water during evaporation processes resulting in an enrichment of

the isotopic species in the soil. The fractionation process can be split into equilibrium fractionation and kinetic fractionation.

Due to the complex coupled processes involved in simulating soil-water evaporation accurately, defining the kinetic fractionation

correctly remains an open research area. In this work, we present a multi-phase multi-component transport model that resolves

flow through both the near surface atmosphere and the soil, and models transport and fractionation of the stable water

isotopologues using the numerical simulation environment DuMuX. Using this high resolution coupled model, we simulate

transport and fractionation processes of stable water isotopologues in soils and the atmosphere without further parameterization

of the kinetic fractionation process as is commonly done. In a series of examples, the transport and distribution of stable-

water isotopologues are evaluated numerically with varied conditions and assumptions. First, an unsaturated porous medium

connected to constant laminar flow conditions is introduced. The expected vertical isotope profiles in the soil as described in

literature are reproduced. Further, by examining the spatial and temporal distribution of the isotopic composition, is determined

the enrichment of the isotopologues in soil is linked with the different stages of the evaporation process. Building on these

results, the robustness of the isotopic fractionation in our model is analysed by isolating single fractionation parameters. The

effect of wind velocity and turbulent atmospheric conditions is investigated, leading to different kinetic fractionation scenarios

and varied isotopic compositions in the soil.
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Abstract11

[ Stable water isotopologues tend to fractionate from ordinary water during evaporation12

processes resulting in an enrichment of the isotopic species in the soil. The fractionation13

process can be split into equilibrium fractionation and kinetic fractionation. Due to the14

complex coupled processes involved in simulating soil-water evaporation accurately, defin-15

ing the kinetic fractionation correctly remains an open research area. In this work, we16

present a multi-phase multi-component transport model that resolves flow through both17

the near surface atmosphere and the soil, and models transport and fractionation of the18

stable water isotopologues using the numerical simulation environment DuMux. Using19

this high resolution coupled model, we simulate transport and fractionation processes20

of stable water isotopologues in soils and the atmosphere without further parameteri-21

zation of the kinetic fractionation process as is commonly done.22

In a series of examples, the transport and distribution of stable-water isotopologues23

are evaluated numerically with varied conditions and assumptions. First, an unsaturated24

porous medium connected to constant laminar flow conditions is introduced. The expected25

vertical isotope profiles in the soil as described in literature are reproduced. Further, by26

examining the spatial and temporal distribution of the isotopic composition, is deter-27

mined the enrichment of the isotopologues in soil is linked with the different stages of28

the evaporation process. Building on these results, the robustness of the isotopic frac-29

tionation in our model is analysed by isolating single fractionation parameters. The ef-30

fect of wind velocity and turbulent atmospheric conditions is investigated, leading to dif-31

ferent kinetic fractionation scenarios and varied isotopic compositions in the soil.32

]33

1 Introduction34

Stable water isotopologues are commonly used as natural tracers to determine the35

water movement within the unsaturated zone (e.g. Sprenger et al., 2016, 2018). Ana-36

lyzing their compositions in water has proven to be a suitable tool for better understand-37

ing evaporation and mixing processes within soils and at the soil-atmosphere interface.38

For instance, the location of the evaporation front within the soil can be identified by39

measuring the isotopic composition (Rothfuss et al., 2015). During evaporation, stable40

water isotopologues are affected by fractionation processes. In soil-atmosphere systems41

this process can be divided into equilibrium and kinetic fractionation (Craig, 1961; Craig42

& Gordon, 1965). Due to their differences in vapor pressure (equilibrium fractionation)43

and their varied diffusion coefficients (kinetic fractionation), the transport and flow be-44

havior of stable water isotopologues is different in comparison to ordinary water.45

Whereas the description of the equilibrium fractionation is consistent in literature46

(Majoube, 1971; Horita & Wesolowski, 1994; Luz et al., 2009), in terms of the kinetic47

fractionation, there are uncertainties in defining the relationship between the vapor dif-48

fusion coefficients under evaporating conditions (e.g. Quade et al., 2018; Luz et al., 2009).49

The major challenge in determining the kinetic fractionation correctly is how to include50

the influence of the atmosphere under different wind velocities (Quade et al., 2018).51

In the past, many one-dimensional process-based models have been developed: ODWISH52

(Shurbaji & Phillips, 1995), MOISE (Mathieu & Bariac, 1996; Melayah et al., 1996), SiSPAT-53

Isotope (Braud et al., 2005), Soil-Litter-Iso (Haverd & Cuntz, 2010), HYDRUS isotope54

module (Stumpp et al., 2012), SWIS (Müller et al., 2014; Sprenger et al., 2018), HYDRUS-55

1D (Zhou et al., 2021). With these 1D model approaches, fractionation processes within56

the unsaturated zone and in the interface region can be simulated. However, these mod-57

els only cover the influence of the free-flow domain by including evaporation boundary58

conditions and using parameterizations to describe the kinetic fractionation. Thus, the59

influence of the free flow on the fractionation process can only be modeled for certain60

conditions where suitable parameterizations are available. Additionally, the spatial dis-61
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tribution of the isotopologues is only analyzed in 1D, and possible multidimensional ef-62

fects cannot be analyzed with these models.63

Concerning multi-dimensional isotopologue transport models in the subsurface, some64

models can be found in literature: TACD (Uhlenbrook et al., 2004), NASA-Giss Mod-65

elIE (Aleinov & Schmidt, 2006), CMF (Kraft et al., 2011; Windhorst et al., 2014), ECHAM5-66

JSBACH-wiso (Haese et al., 2012), ORCHIDEE (Risi et al., 2016), iCLM4 (Wong et al.,67

2017), EcoH2O-iso* (Kuppel et al., 2018), TOUGH2 (Jiang et al., 2018). However, be-68

sides the issue that these models operate on a larger scale with lower resolution (land69

surface or catchment models) than our target scale, they also rely on parameterizations70

to describe the isotope transport and fractionation. Further, none of these models in-71

clude the influence of atmospheric flow on the isotopic fractionation processes in the porous-72

medium domain by accounting for the flow and transport in the free-flow domain and73

coupling the free-flow to the porous-medium domain. To our knowledge, there is no sta-74

ble water isotopologue transport model, which resolves both domains and couples the75

free-flow and the porous-medium domain.76

In the following, we present a multi-dimensional stable water isotopologue trans-77

port model which couples a free-flow domain and a porous-medium domain and ensures78

mass, momentum, and energy conservation. Evaporation of both ordinary water and iso-79

topologues can be described under varying free-flow conditions, e.g., varying wind speeds80

including turbulent and laminar flow conditions. This means we can describe the frac-81

tionation process in the free-flow domain, the interface region, and the porous-medium82

domain without implementing the commonly used fractionation parameterizations. This83

allows us to analyze the flow and transport of the isotopologues together with the evap-84

oration process of ordinary water. Further, the influence of the different stages of the evap-85

oration processes on isotopologue behavior can be reviewed. It also allows us to isolate86

physical factors, analyzing the processes contributing to isotopologue fractionation in-87

dependently.88

2 Methods89

In this section, we describe the principles of fractionation processes of stable wa-90

ter isotopologues during evaporation from soils (Section 2.1), as well as the applied cou-91

pled model concept (Section 2.2). This model concept includes the description of mass92

and energy transfer within the porous-medium domain Ωpm, within the atmospheric free-93

flow domain Ωff , and the coupling concept connecting the domains. At the end of the94

chapter, the numerical model is briefly explained in Section 2.3.95

2.1 Fractionation Processes of Stable Water Isotopologues96

Craig and Gordon (1965) proposed a model for isotopic effects during evaporation97

from a free water surface. The so-called Craig-Gordon model describes the effects of the98

different transport mechanisms and fractionation processes between the water surface99

and the ambient air.100

The original Craig-Gordon model is distributed into three zones. These zones can101

be adapted for the application in porous medium by extending the zones to the soil-water102

evaporation front. These zones are as follows: (1) a turbulent zone where turbulent mix-103

ing occurs and the isotopic composition becomes constant; (2) a diffusive zone defined104

by the viscous sub-layer where diffusive transport dominates and kinetic fractionation105

is the leading fractionation process; and (3) an interface zone where the liquid and va-106

por phase are in isotopic equilibrium inside the porous medium and equilibrium fraction-107

ation governs the fractionation process. In Figure 1, the isotopic composition profile and108

the classification into the specific fractionation zone are illustrated.109
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Analyzing the enrichment of isotopic species in soils can be used to determine the110

depth or progression of the evaporation front in unsaturated soils. The evaporation front111

can be located at the maximal gradient of the isotopic composition (Rothfuss et al., 2015).112

This and the impact of the different evaporation stages on the enrichment process are113

depicted in Figure 1.114

During stage-I evaporation (Figure 1a), the the atmospheric evaporation potential115

is satisfied at the soil-atmosphere interface by capillary recharge. As the soil dries out116

further, the evaporation rate reduces as stage-II evaporation begins (Figure 1b) (e.g. Lehmann117

et al., 2008). Here, liquid water at the interface is no longer mobile and evaporation is118

possible through diffusive transport. While the soil dries out, the position of the isotopic119

zones rearranges. The interface zone, characterized by equilibrium fractionation, moves120

with the evaporation front downwards, and the diffusive zone, characterized by kinetic121

fractionation, is thereby extended. The maximal gradient of the isotopic composition and122

so the evaporation front is no longer located at the porous-medium domain surface, but123

below the soil surface, in the transition between the diffusive and interface zone.

Equilibrium fractionation

Kinetic fractionation

Turbulent mixing

Isotope composition Isotope composition

Stage-I Evaporation Stage-II Evaporation

Viscous sublayer

Boundary layer

Turbulence

Viscous sublayer

Boundary layer

Turbulence

Ωff

(1)

(2)

(3)
Equilibrium fractionation

Kinetic fractionation

Turbulent mixing(1)

(2)

(3)

a) b)Ωpm

Ωff

Ωpm

Figure 1: Isotopic composition profiles during (a) stage-I evaporation, (b) stage-II evapo-
ration and the classification into their respective isotopic fractionation processes.

124

The main driving processes for isotopic fractionation in soils and at the soil-atmosphere125

interface are commonly expressed by the equilibrium fractionation factor and the kinetic126

fractionation factor. These factors are normally expressed by the symbol α. However,127

to avoid misunderstandings with the definition of the subscripts α describing the phases,128

we denote the fractionation factors in the following with β. In general, the fractionation129

factor describes the tendency of two components κ to separate from its mixture.130

The isotopic equilibrium fractionation factor βieq describes the phase equilibrium131

between liquid and gaseous phases for water and its isotopologues (Majoube, 1971; Van Hook,132

1968),133

xil
xH2O
l

βieq =
xig

xH2O
g

, (1)

with x denoting the mole fraction of a component κ ∈ {i,H2O}. Here, the i stands134

for the heavier isotopologues while H2O denotes ordinary water. Phase indices are de-135

noted by the subscript α in general and specifically with l for the liquid phase and g for136

the gaseous phase.137

The equilibrium fractionation factor is defined by the different vapor pressures of
the isotopologues pig and ordinary water pH2O

g and is commonly expressed by the depen-
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dence on the temperature T and coefficients that can be chosen from literature:

βieq =
pig

pH2O
g

= exp(−(
A

T 2
+
B

T
+ C)). (2)

With this definition, the equilibrium fractionation factor is smaller than 1, which138

leads to the enrichment of the isotopologues in liquid water compared to ordinary wa-139

ter. More information about the used coefficients can be found in Section 3.140

For the kinetic fractionation factor, which describes the fractionation of isotopic141

species caused by the difference in diffusive transport of water and its isotopologues, many142

approaches exits. Barnes and Allison (1984) described the kinetic fractionation factor143

considering only molecular transport. Dongmann et al. (1974) (see Eq. 3) extended the144

definition of Barnes and Allison (1984) by involving free-flow properties. Besides these145

definitions Brutsaert (1975), Mathieu and Bariac (1996), Gat (1971), Craig and Gordon146

(1965), Quade et al. (2018) published alternative formulations. The kinetic fractiona-147

tion factor is commonly described by the diffusion coefficients D:148

βikin =

(
DH2O
g

Di
g

)n
. (3)

In the above-described literature, the exponent n varies depending on the free-flow149

conditions (turbulent or laminar). However, the fully resolved coupled model does not150

use a kinetic fractionation factor. This factor is implicitly included in the model via their151

different diffusion coefficients used in the transport equations in both the free-flow and152

the porous-medium domains. In Section 3, details about the diffusion coefficients used153

can be found.154

In the coupled model, equilibrium and diffusive fractionation effects are described155

by solving two-phase four-component transport equations in the porous medium and one-156

phase four-component transport equations in the free-flow domain. Both domains are157

coupled with the help of suitable coupling conditions that ensure mass, momentum, and158

energy conservation.159

In the following model concepts for the porous-medium domain, the free-flow do-160

main, and the coupling conditions are presented.161

2.2 Coupled Model Concepts162

Porous-Medium Domain163

The porous-medium flow domain is described by a multiphase Darcy’s law in com-164

bination with a mass and energy balance to describe non-isothermal, multiphase flow.165

The mass balance equation for the component transport is written as the following:166

∑
α∈{l, g}

(
φ
∂ (ραSαX

κ
α)

∂t
+∇ · vαραXκ

α +
∑
κ

∇ ·
(
Dκ
pm,αρα∇Xκ

α

))
= 0, (4)

here Dκ
pm,α denotes the effective binary diffusion coefficient in the porous medium.167

Phase saturations are denoted by Sα and ρα is the density of the phase. Xκ
α is the mass168

fraction that is defined by Xκ
α = xκα

Mκ

Mα
with Mκ as the molar mass of the component169

and Mα as the average molar mass of the phase. The fluid phase velocity vα is deter-170

mined by Eq. 5:171
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vα = −kr,α
µα

K (∇pα − ραg) . (5)

K denotes the intrinsic permeability of the porous medium and kr,α the relative perme-
ability of the phase. µα is the dynamic viscosity of the phase. Gravity is denoted by the
vector g. Within the porous-medium domain we assume a local thermodynamic equi-
librium. The energy balance is defined by:∑

α∈{l, g}

(
φ
∂ (ραSαuα)

∂t
+∇ · (ραhαvα)

)
+ (1− φ)

∂ (ρscp,sT )

∂t
−∇ · (λpm∇T ) = 0. (6)

uα is the internal energy of the phase and hα the specific enthalpy. Due to the differ-172

ences in enthalpies of the gaseous and the liquid phase, latent heat of vaporiziation is173

included in this approach. The solid part of the porous medium is accounted for by the174

specific heat capacity cp,s and the density of the solid ρs. The thermal conductivity λpm175

is a mixture of the thermal conductivities of the liquid and the gaseous and the solid phase176

and is computed by the Somerton approach (Somerton et al., 1974).177

Free-Flow Domain178

The free flow can be described by the Navier-Stokes equations:

∂ρgvg
∂t

+∇ · (ρgvgvTg )−∇·(τg) +∇·(pgI)− ρgg = 0 . (7)

with I as the identity matrix. The mass balance for each component is given by:

∂
(
ρgX

κ
g

)
∂t

+∇ ·
(
ρgvgX

κ
g − jκdiff

)
− qκ = 0 . (8)

The diffusive fluxes jκdiff = Dκ
αρα∇Xκ

α are, as in the porous medium, described by Fick’s179

law.180

In order to properly describe turbulent free-flow behaviour the so-called Reynolds-181

Averaged Navier-Stokes (RANS) equations are used. This splits the fluctuating terms182

into averaged and fluctuating values, which introduces a new term, the Reynolds stress183

tensor τg,t. The momentum balance then can be denoted as:184

∂ρgvg
∂t

+∇ · (ρgvgvTg )−∇·(τg + τg,t) +∇·(pgI)− ρgg = 0 . (9)

As closure relations for the newly introduced Reynold’s stress τg,t = µg,t(∇vg+185

∇vTg )−( 2
3ρgkI) in this work a k−ω turbulence model is used. More information about186

this can be found in Wilcox (2008).187

The mass balance equation for the transport of a component in the free flow is given
with:

∂
(
ρgX

κ
g

)
∂t

+∇ ·
(
ρgvgX

κ
g − jκdiff,t

)
− qκ = 0 . (10)

where the turbulent diffusion jκdiff,t uses an effective diffusion coefficient that also accounts188

for turbulent behaviour with: Dij
eff,t = Dij

g +Dt. Dt is the eddy diffusivity.189

The energy balance can be described with:

∂(ρgug)

∂t
+∇·(ρghgvg) +

∑
i

∇·(hκg j
κ
diff,t)−∇·((λg + λt))∇T ) = 0 , (11)

where the λt is the eddy conductivity. More information about these models can be found190

in e.g. Fetzer et al. (2016).191
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Interface Coupling Conditions192

The interface conditions are based on the assumption of local thermodynamic equi-193

librium (Mosthaf et al., 2011). At the interface we assume that temperatures, the pres-194

sure and mole fractions are equal. Continuity of fluxes at the interface is then described195

by:196

[(ρgvg) · n]ff = −[(ρgvg + ρwvw) · n]pm . (12)

The tangential component of the momentum balance is set to the Beavers-Joseph-
Saffman condition (Beavers & Joseph, 1967; Saffman, 1971; Jones, 1973), describing the
slip velocity at the interface.[(

−vg −
√

(Kti) · ti
αBJ

(∇vg +∇vTg )n

)
· ti

]ff

= 0 , i ∈ {1, .., d− 1} . (13)

For the normal part of the momentum coupling condition, we use a continuity of197

normal stresses.198

[((ρgvgv
T
g − (τg + τg,t) + pgI)n)]ff = [(pgI)n]pm . (14)

For a component, i, continuity of fluxes is written as:

[(ρgX
κ
g vg + jdiff,t) · n]ff = −

[(∑
α

(ραX
κ
αvα + jκdiff,α)

)
· n

]pm

. (15)

For the energy coupling the flux condition is:[(
ρghgvg +

∑
i

hκg j
κ
diff,g + λg∇T

)
· n

]ff

= −

[(∑
α

(ραhαvα +
∑
i

hκαjκdiff,α)− λpm∇T

)
· n

]pm

.

(16)

2.3 Numerical Model199

The porous-medium domain is discretized using cell-centered finite volumes. The200

simulations were performed using a two-point flux approximation on a rectangular grid.201

The free-flow domain is also discretized using finite volumes but with the marker and202

cell scheme. More details are described in (Coltman et al., 2020).203

The above-mentioned concepts are implemented using the open-source simulation204

environment DuMux (Koch et al., 2021; Flemisch et al., 2011), which is based on the open-205

source numerical toolbox DUNE. The source code for the below-performed simulations206

is accessible via a DuMux publication module (?, ?).207

3 Simulation Scenario208

In our analysis we investigated the fractionation behaviour of the heavy water iso-209

topologues 1H2HO and H18
2 O in relation to the lighter ordinary water H2O during an210

evaporation process.211

Therefore, we created a virtual evaporation case in which a partially-saturated soil212

column dries out under constant atmospheric conditions. The setup comprises a wind213

tunnel with a flat porous medium beneath. The wind velocity profile develops from the214
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left to the right side from a parabolic-shaped profile into a fully developed velocity pro-215

file. From the left side, the free-flow domain is constantly supplied with stable water iso-216

topologues and water vapor. Figure 2 shows a sketch for the initial and boundary con-217

ditions of the simulation setup. As this evaluation does not include any specific pore scale218

information, the Beavers-Joseph coefficient αBJ , used in the tangential momentum cou-219

pling condition, is set to 1.220

Inside the porous-medium domain, we used a light clay (Yolo light clay ((Moore,221

1937))) with a texture of 31.2 % clay, 45.0 % silt and 23.8 % sand for our simulations.222

The spatial parameters of the used soil are listed in Table 1.223

The applied fluid system comprises the components air, H2O, 1H2HO and H18
2 O.224

The non-isotopic properties and relationships of our fluid system can be found in (IAPWS,225

2007), as well as in the DuMux documentation and in the DuMux publication module226

(git.iws.uni-stuttgart.de/dumux-pub/Kiemle2022a). The binary liquid diffusion coeffi-227

cient for ”H2O - isotopologue” is proportional to the liquid self-diffusion coefficient of228

H2O. The proportional factor can be found in Mathieu and Bariac (1996). The diffu-229

sion between air-isotopologues in the vapor phase was defined by using the gas diffusion230

coefficient of H2O-Air and a proportional factor given by Merlivat (1978). The isotopic231

vapor pressure (see Eq. 2) was defined by using coefficients proposed by Van Hook (1968).232

The composition of isotopologues is commonly written in the δ notation that re-233

lates the ratio of isotopologues to ordinary water to a standard value: δiα =
Riα−RV−SMOW
RV−SMOW

·234

1000[h] with Riα = Ni

Nw and RV−SMOW the standard mean ocean water (Gonfiantini,235

1978). Concerning the δ-notation, the superscript i describes only the heavier atom of236

the isotopologue instead of the entire molecule.237

–8–
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Figure 2: Initial and boundary conditions for analysing stable water isotopic fraction-
ation during evaporation. The problem is discretized using 100 cells/m in the vertical
direction and with 400 cells/m (porous-medium domain) and 100 cells/m (free-flow do-
main) in the horizontal direction. A vertical grid refinement towards the interface region
is used.

Table 1: Spatial parameters of Yolo light clay

Parameter Value

Porosity φ 0.35
Permeability K 1.23E-14 m2

Residual saturation of non-wetting phase Snr 0.00
Residual saturation of wetting phase Swr 0.00
Van Genuchten parameter n 2.221
Van Genuchten parameter α 0.0005 Pa−1

Solid density ρs 1300 kg m−3

Solid thermal conductivity λpm 0.5 W m−1K−1

Solid heat capacity cp,s 1300 J kg−1K−1

4 Results and Discussion238

In the following analysis, we set up a series of examples to investigate the trans-239

port and distribution of stable water isotopologues during the evaporation of the unsat-240

–9–
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urated porous medium. Using laminar flow conditions, we show that the spatial and tem-241

poral distribution of the isotopic composition match with the description in literature242

(Section 4.1), and by isolating single fractionation parameters, we highlight the robust-243

ness of our fractionation model (Section 4.2). Additionally, we present the variety of our244

coupled model by changing wind velocity and turbulent atmospheric conditions (Section245

4.3).246

4.1 Water isotopologue transport under laminar flow conditions247

We focus on the fractionation behaviour in the porous-medium domain during the248

evaporation of a soil column. As described in Section 2.1, we expect an enrichment of249

isotopologues towards the evaporation front in the porous-medium domain caused by the250

equilibrium fractionation factor in the saturated zone and subsequently a decrease in the251

isotopic composition caused by intrusion of the isotopic-depleted atmosphere in the dried252

porous-medium zone. Thus the resulting isotope profile remains constant in the satu-253

rated zone (no fractionation), but forms a peak-shape at the evaporation front.254

As a first step, we set up a stable water isotopologue transport problem with lam-255

inar flow (vx = 0.1 m/s) above the porous-medium domain. Here, focus is placed on the256

isotope fractionation process itself without the influence of turbulent mixing in the free257

flow. In Figure 3, the isotopic compositions for various days are plotted as (a) vertical258

and (b) horizontal profiles. In the vertical profiles, it can be observed that the simulated259

profiles match the theoretical description depicted in Figure 1. Both, the isotopic enrich-260

ment towards the evaporation front and the depletion in the dry domain of the porous261

medium are simulated. Further, we observe how the soil column dries out over time as262

the evaporation front propagates downwards.263
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Figure 3: Isotopic composition δil over time. (a) Vertical relative concentration profile in
the middle of the soil column at selected days; (b) horizontal relative concentration profile
at 0.39 m soil column height at selected days.

In the horizontal profiles, the spatial distribution across the x-axis of the isotopo-264

logues and their fractionation behavior are visible. As the flow profile is developed from265

the left side and we consider conduction at all boundaries of the porous-medium domain,266

a spatial variation in isotopic composition can be observed. As seen in the vertical iso-267

topic profiles, the isotopic species are either enriched or depleted in the porous-medium268

–10–



manuscript submitted to Water Resources Research

domain. During stage-I evaporation, the isotopologues enrich over the whole column width.269

As evaporation progresses, the upper layers of the porous-medium domain dries com-270

pletely, and the isotopologues are depleted because the influence of the atmosphere with271

low isotopic concentration increase.272

In our study, we analyze how the different stages of evaporation influences the en-273

richment of the water isotopologues. In Figure 4, the temporal isotopic composition evo-274

lution for different soil column depths and the corresponding evaporation rate are plot-275

ted. We can see that during stage-I evaporation, where evaporation rates are higher, the276

isotopic composition first enriches before depletion. This enrichment peak is here referred277

to as ”stage-I peak”. Afterwards, during the transition to stage-II evaporation, we ob-278

serve another peak in isotopologue composition, which we refer to as ”stage-II peak”.279
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Figure 4: Influence of evaporation behaviour on the isotopic fractionation process in dif-
ferent soil column depths over time. (a),(b) Isotopic composition δil ; (c) evaporation rate
over a 120 day period.

During stage-I evaporation, the isotopologues first enrich due to their lower vapor280

pressure relative to ordinary water. As the soil begins to dry, the isotopic composition281

decreases as isotopologue-depleted air from the atmosphere intrudes into the drying soil.282

At a certain state of drying the porous medium reaches the residual saturation. With283

no mobile liquid water at the surface, further evaporation is limited by vapor transport284

in the gas phase. Compared to before, isotopic species are enriching again, leading to285

a second peak. In this stage, the intrusion of air from the atmosphere is decreasing, as286

the air volume in the porous medium does not change very much anymore. However, lighter287

water isotopologues are still evaporating from the remaining liquid water, resulting in288

an increase in the isotopic composition. This leads to the second peak, the ”stage-II peak”.289

When drying further, eventually the water saturation reaches zero and the isotopologue290

composition decreases again.291

These peaks in isotopologue composition are also described in various other mod-292

eling studies, e.g. for unsaturated soils by Barnes and Allison (1983). In their study they293

consider a soil with a dry layer on top, that is dominated by vapor transport. This de-294

scribed peak corresponds to our ”stage-II peak” mentioned in this work.295
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In Figure 4, we show that the isotopic composition over time for various depths can296

be used to gain further insights into the evaporation and isotopologue transport processes.297

In the first soil layer, we only observe a stage-I peak. As this cell is located at the in-298

terface, the cell directly dries out when the atmospheric demand can no longer be sup-299

plied. In the other depths, the impact of the transition between stage-I and stage-II evap-300

oration becomes more visible. However, with increasing soil depths, the evolution of the301

stage-I peak becomes less dominant as soils further from the surface are less impacted302

by the atmospheric evaporation demand.303

4.2 Study of fractionation process304

Mathieu and Bariac (1996) proposed a qualitative study to validate the isotopic305

enrichment of their isotope transport model. The aim of this study was to check on the306

influencing fractionation parameters by isolating each specific parameter. In Table 2, the307

isolated parameters used in the model for this processes study are summarized. Note that308

all parameters are listed given a temperature of 289K.309

Table 2: Parameter change for fractionation process study

Case Description Gas pressure Gas diffusion Liq. diffusion Mole fraction

pi coeff. Di,air
g coeff. DH2O,i

l in Ωff

1 No fractionation pH2O DH2O,air
g DH2O,self

l xig,ff = xig,pm
2 Only equilibrium fractionation pi DH2O,air

g DH2O,self
l xig,ff = xig,pm

3 Only kinetic fractionation pH2O Di,air
g DH2O,self

l xig,ff = xig,pm
4 Surface depletion pH2O DH2O,air

g DH2O,self
l xig,ff < xig,pm

5 Only liquid diffusion pH2O DH2O,air
g DH2O,i

l xig,ff = xig,pm
6 Reference pi Di,air

g DH2O,i
l xig,ff < xig,pm
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Figure 5: Process behaviour of isolated fractionation parameter at 50 days. (a) Isotopic
composition δil ; (b) mole fraction xκl of ordinary water and its isotopes.
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In Figure 5 the results of our fractionation study are displayed. The fractionation310

process is analyzed for the vertical isotope profiles for 2H1HO and H18
2 O. The study311

cases are performed with the same model setup as described in Section 3, and with the312

same drying conditions (vx = 0.1 m/s, 50 day period). Additionally, we compare the iso-313

tope profiles with the mole fractions of water and its isotopologues in the liquid phase314

to enhance our understanding of fractionation processes. It can be seen that the frac-315

tionation process is not as obvious in the mole fraction formulation as in the delta no-316

tation.317

• Case 1 - No isotopic fractionation: All factors which lead to isotopic fraction-318

ation (vapor pressure difference, liquid and gaseous diffusion coefficients, isotopic319

composition gradient between free-flow and porous-medium domain) are neutral-320

ized. Hence, no significant fractionation compared to the initial state are obtained321

(max. deviation for H18
2 O < 0.199% and for 2H1HO < 0.030% ). As we are ob-322

serving an evaporation process, a concentration gradient towards the soil surface323

is formed (vapor zone). However, as water and its isotopes are both evaporating324

with the same slope, the isotopic composition remains constant.325

• Case 2 - Only equilibrium fractionation: The equilibrium fractionation fac-326

tor describes the tendency of a component to separate from a mixture. In our case,327

2H1HO is more likely to partition from ordinary water than H18
2 O (α

2H1HO
eq =328

0.921, α
H18

2 O
eq = 0.990).329

By enabling the difference in vapour pressure of the isotopes, the equilibrium frac-330

tionation is reintroduced (pH2O
g = 1801.4Pa, p

2H1HO
g = 1659.88Pa, p

H18
2 O

g =331

1782.51Pa). The isotopologues enrich towards the evaporation front due to phase332

equilibrium conditions. In the vapour zone the composition remains constant since333

the domain has switch into a one-phase system. Thus no equilibrium fractiona-334

tion due to phase changes occurs in this zone.335

• Case 3: Only kinetic fractionation Compared to Case 1, the binary gas dif-336

fusion coefficient is reintroduced for the isotopologues (DH2O,air
g = 2.36e−5m2s−1,337

D
2H1HO,air
g = 2.30e−5m2s−1, D

H18
2 O,air

g = 2.29e−5m2s−1). Enabling the gas338

diffusion coefficient leads to an increase in the unsaturated zone as the isotopo-339

logues diffuse slower due to the lower diffusion coefficient, and subsequently to an340

decrease in the gaseous zone towards the isotopic-depleted free-flow concentration.341

• Case 4 - Only surface depletion: Here, the influence of the depleted atmospheric342

conditions (δ
2H
g = −100 h, δ

18O
g = −16 h) are analyzed. As drying proceeds,343

the isotopic concentration within the porous medium tends to the isotopic con-344

centration in free flow.345

• Case 5 - Only liquid diffusion coefficient:346

The liquid diffusion coefficient of the isotopologues is proportional to the self dif-347

fusion coefficient of pure water (DH2O,i
l = aiDl

H2O,self
)(Mathieu & Bariac, 1996).348

As the liquid diffusion may influence the mixing behavior of the isotopologues in349

the saturated and unsaturated zone, we isolate the liquid diffusion coefficient in-350

stead of only using the self-diffusion coefficient of water for the isotopic species (DH2O,self
l =351

1.819e−9m2s−1, D
2H1HO
l = 1.789e−9m2s−1, D

H18
2 O

l = 1.759e−9m2s−1). The352

liquid diffusion coefficient itself does not majorly affect the fractionation process353

as the advective term dominates the mixing and flow process in this case (com-354

pared to the initial state max. deviation for H18
2 O < 0.122 % and for 2H1HO355

< 0.019% ).356

• Case 6 - Reference: As a reference, we enable all factors leading to fraction-357

ation. The results show both, a high enrichment towards the evaporation front (as358

in Case 2) and a depletion towards the soil surface (Case 3 + 4).359
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4.3 Variation of free-flow domain model360

In the previous sections, investigations have been focused to laminar flow problems.361

However, when considering realistic atmospheric conditions with higher wind velocities,362

turbulent flow conditions must be regarded as well. As stated above, many studies have363

been focused on integrating turbulent mixing into the isotopic fractionation process by364

adapting the kinetic fractionation factor (e.g. Quade et al., 2018). By changing our free365

flow - porous medium coupled transport model by using the Reynold’s averaged Navier-366

Stokes (RANS) equations and choosing a k-ω-model turbulence model as described in367

Section 2 and in (Heck et al., 2020; Coltman et al., 2020), we can affect the kinetic frac-368

tionation process at the interface region.369

The velocity profile in the free-flow domain evolves from left to right from a block370

velocity profile to a fully developed flow profile for turbulent flow. For the laminar cases,371

a parabolic velocity profile is set on the left side, and from that, the flow profile devel-372

ops. In Figure 6 the different flow scenarios are schematically displayed. The different373

flow scenario affect the diffusive flux near the interface, which further influence the evap-374

oration rate at the soil surface (Figure 7) and so the isotopic fractionation behaviour in-375

side the porous medium (Figure 8). As we want to show the variety of our free-flow model,376

we chose realistic flow scenarios for our laminar and turbulent flow cases. Since laminar377

flow mostly occurs indoors or under controlled conditions the boundary conditions for378

the laminar case resemble a wind tunnel. As the isotopic fractionation is an environmen-379

tal issue, we are also interested in outdoor conditions. Therefore, we choose for the tur-380

bulent case boundary conditions which are suitable to replicate outdoor conditions, with-381

out a closed top at the upper boundary.382

Figure 6: Influence of the boundary layer thickness developed by (a) laminar, (b) turbu-
lent flow on mass transfer at the interface. We assume that the mass transfer is limited at
the interface region, boundary layers form based on the present flow type and that outside
the formed boundary layer the flow is fully mixed.

For our analysis of the influence of different flow conditions on fractionation pro-383

cesses, we test different free-flow velocities (Table 3). The turbulent flow problems re-384

sult in different evaporation rates and evaporation profiles (Figure 7), as the maximum385
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evaporation rate is higher and the duration of stage-I is shortened by increasing the flow386

velocity.387

Table 3: Turbulence parameter. (For parabolic flow profiles, the characteristic length of
the Reynolds number (ReD) is the diameter of the wind tunnel (d=0.25m) and for initial
block profile flow (ReL), we use the length between the starting point of the free-flow
domain and the porous-medium domain (l = 0.6 m).)

Case Conditions Flow Velocity [ms−1] Reynolds Number [-]

1 Laminar 0.1 ReD = 1 678
2 Laminar 0.13 ReD = 2 181
3 Turbulent 0.5 ReL = 2.01e4
4 Turbulent 1.0 ReL = 4.03e4
5 Turbulent 3.0 ReL = 1.21e5
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Figure 7: Evaporation rates over time for turbulent (dashed) and laminar (straight) flow
problems

In the previous section, we hypothesized that the stage of evaporation (stage-I/stage-388

II) will have a crucial influence on the isotopic fractionation behavior in the porous medium.389

Thus, we analyze the isotopic distribution (in the vertical and horizontal direction) dur-390

ing different evaporation states and for different velocities (Figure 8). We compare the391

different flow cases among each other during stage-I and stage-II and for the transition392

zone between those stages. With this in mind, simulation times are selected such that393

all cases reached similar evaporation stages. However, due to the great difference in evap-394

oration rates, it is not possible to separate the stages for all cases completely.395

Vertical isotopic distribution396

• Stage-I Evaporation: In this stage, the isotopic fractionation is characterized397

by equilibrium fractionation. Whereas the turbulent and laminar flow problems398

behave very similarly, laminar cases enrich less towards the soil surface, but show399
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a greater difference in isotopic composition and a higher isotopic gradient. This400

is due to the higher evaporation rates seen in the turbulent cases. Thus the in-401

fluence of the equilibrium fractionation is reduced and therefore less difference in402

the isotopic composition. However, some differences are still visible; The highest403

velocities lead to the highest enrichment. A reason for this is the different tem-404

peratures during stage-I evaporation. Higher evaporation rates lead to substan-405

tial evaporative cooling. The equilibrium fractionation process is very tempera-406

ture sensitive and lower temperatures lead to lower equilibrium fractionation fac-407

tors which means more partitioning of the isotopologues.408

• Transition: A mixed representation of different evaporation states is visible at409

this point in the simulation. Where the laminar cases are still in stage-I evapo-410

ration, the turbulent cases are in different stages of the transition into stage-II evap-411

oration. Thus, the interpretation of the turbulence impact on the isotopic com-412

position in this zone is not absolute, but we regard one representative time. How-413

ever, in all three turbulent cases, we observe that near the soil surface (0.39-0.38414

m) the peak in isotopic composition has decreased in comparison with stage-I evap-415

oration.416

While in the transition zone, the soil temperature raises again due to lower evap-417

oration rates and less evaporative cooling. Then the equilibrium fractionation does418

not affect the isotopic composition that much anymore and kinetic fractionation419

becomes more dominant.420

Since the laminar cases are still in stage-I evaporation, the isotopic fractionation421

behavior remains similar to the previous stage. However, one may notice that the422

surface isotopic composition is increased as was observed in the turbulent cases423

(see Figure 8a). The wind velocities affect the speed of enrichment at the soil sur-424

face and the drying of the porous medium but does not significantly affect the max-425

imum isotopic composition at the surface.426

• Stage-II Evaporation: Here, all cases are in stage-II evaporation and all cases427

has developed the characteristic peak of the isotopologues. The turbulent cases428

show a very similar behaviour. Only minor deviations in the maximal enrichment429

are visible. For laminar flow, we observe that the maximum enrichment is greater430

for higher wind velocities, while the evaporation front is nearly on the same level.431

Still, higher wind velocities lead to drier soil, which in turn effects the peak in iso-432

topic composition.433

Horizontal isotopic distribution434

The impact of the varied free-flow conditions and the subsurface thermal bound-435

ary conditions can be observed by evaluating the spatial distribution of the isotopic com-436

position at different depths parallel to the interface.437

The influence of the different wind velocities is visible in terms of the evolution of438

isotopic composition. As observed in the vertical profiles, the enrichment in the turbu-439

lent cases proceeds faster than the laminar cases. Again, the influence of the different440

evaporation stages of the different flow problems is visible. In stage-I and stage-II the441

isotopic composition increases, whereas the isotopic composition is decreasing in the tran-442

sition zone. During stage-I and stage-II the isotopic composition of the turbulent cases443

show only minor deviations in comparison with the laminar cases. While in the transi-444

tion zone, in which the evaporation state may varies for each case, the spatial distribu-445

tion of the turbulent cases is also varying considerably. Here, the spatial isotopic com-446

position of a developed evaporation front (Case 5), a forming evaporation front (Case447

4), and a surface evaporation front (Case 3) are displayed. Further, the effects of decreas-448

ing evaporation rates and less evaporative cooling on the horizontal distribution of the449

isotopic composition during different evaporation steps can be observed here.450
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Considering the spatial variation of the isotopic enrichment within the single cases,451

the one-dimensional assumption is for most cases sufficient. In addition, the applied con-452

duction boundary condition in the porous medium of our virtual case has also a crucial453

impact on the enrichment of the isotopologues. For special cases, as observed in our lam-454

inar cases, a larger change in isotopic composition is possible along the horizontal axis.455

–17–



manuscript submitted to Water Resources Research

0 10
18O
l [ ]

0.35

0.36

0.37

0.38

0.39

0.40

50 25 0
2H
l [ ]

Case 1
Case 2
Case 3
Case 4
Case 5

So
il 

 C
ol

um
n 

He
ig

ht
 [m

]

4

3

2

1

0

18
O

l
[

]

Case 1
Case 2
Case 3
Case 4
Case 5

0.00 0.02 0.04 0.06 0.08 0.10
35.0

32.5

30.0

27.5

25.0

2 H l
[

]

Width [m]

(a) Stage-I evaporation (t=2 days)

0 10
18O
l [ ]

0.35

0.36

0.37

0.38

0.39

0.40

50 0 50
2H
l [ ]

Case 1
Case 2
Case 3
Case 4
Case 5

So
il 

 C
ol

um
n 

He
ig

ht
 [m

]

4

2

0

2

18
O

l
[

]

Case 1
Case 2
Case 3
Case 4
Case 5

0.00 0.02 0.04 0.06 0.08 0.10

30

20

10

2 H l
[

]

Width [m]

(b) Transition evaporation (t=10 days)

0 20
18O
l [ ]

0.35

0.36

0.37

0.38

0.39

0.40

50 0
2H
l [ ]

Case 1
Case 2
Case 3
Case 4
Case 5

So
il 

 C
ol

um
n 

He
ig

ht
 [m

]

5

10

15

20

18
O

l
[

]

Case 1
Case 2
Case 3
Case 4
Case 5

0.00 0.02 0.04 0.06 0.08 0.10
20

10

0

10

20

2 H l
[

]

Width [m]

(c) Stage-II evaporation (t=35 days)

Figure 8: Spatial isotopic composition in porous-medium domain for different flow prob-
lems (Laminar: Case 1,2 (solid lines); Turbulent: Case 3,4,5 (dashed lines)). Shown are
vertical (x = 0.05 m) and horizontal (y = 0.39 m) isotopic profiles for different evapora-
tion states.
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5 Conclusion and Outlook456

With the coupled model concept presented in this work, the transport and frac-457

tionation of stable water isotopologues during soil-water evaporation can be described.458

We solve transport equations for ordinary water, its isotopologues, and dry air in the porous459

medium and the free flow and use suitable coupling conditions to describe the mass, mo-460

mentum, and energy conservation between the domains. In contrast to other existing mod-461

els, further parameterization of the kinetic fractionation is not necessary as the trans-462

port and mixing in the system is modelled directly.463

Considering laminar conditions, it is shown that the coupled model can reproduce464

the characteristic enrichment peaks in isotopic composition during the evolution of the465

evaporation front, as well as the depletion of isotopologues in the dry soil during the dry-466

ing of the soil. Further, a correlation between the isotopic composition and the differ-467

ent stages of evaporation can be observed. In the isotopic composition at certain levels468

the impact of the different stages of evaporation is visible as during stage-I a first peak469

in the isotopic composition is observed and a second peak appears in stage-II evapora-470

tion. In an additional study, we test the robustness of our model by separating the pro-471

cesses of equilibrium and kinetic fractionation. The effect of wind velocity and turbu-472

lent mixing on the isotopic composition in soil is studied. For that, we use a RANS ap-473

proach for the description of the turbulent flow in the free-flow. This analysis allows us474

to further study the influence of the evaporation rate and the evaporation stages on the475

isotopic composition. The temperature-sensitive equilibrium fractionation is affected by476

higher evaporation rates as less evaporative cooling leads to a higher partitioning of iso-477

topologues. In stage-II evaporation, where the kinetic fractionation is more dominant,478

we observe a variation in the isotopic compositions of the different flow conditions: The479

turbulent flow cases have similar characteristic peaks in the isotopic composition, but480

the laminar flow cases show a greater influence of the wind velocity on the isotopic trans-481

port. The analysis in this work has shown that the coupled transport model can be used482

as a supportive tool to further specify the parametrization of kinetic fractionation.483

Besides wind velocity and turbulent mixing in the free flow, other free-flow prop-484

erties such as radiation and surface topology have a crucial impact on the fractionation485

in soils and at the soil-atmosphere interface. In (Heck et al., 2020) and (Coltman et al.,486

2020) it is presented how radiation and surface topology can be implemented in simi-487

lar transport models. Additionally, the presence of salt concentration in soil waters af-488

fects the evaporation rate and so the fractionation process (Sofer & Gat, 1975), as salt489

precipitation and concentration instabilities occur during the evaporation process in the490

porous medium (Shokri-Kuehni et al., 2020). The effect of salinity on the fractionation491

process could be further investigated in the context of this model.492

6 Open Research493

All code relevant to obtaining the numerical examples is implemented in DuMux494

(Koch et al., 2021) and can be found under Gitlab (git.iws.uni-stuttgart.de/dumux-pub/Kiemle2022a).495
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