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Abstract

Physical properties of soils are ubiquitously heterogeneous. This spatial variability has a profound, yet still partially understood,
impact on conservative transport. Moreover, molecular diffusion is often a disregarded process that can have an important
counter-intuitive effect on transport: diffusion can prevent non-Fickian tailing by mobilizing mass otherwise trapped in low
velocity zones.

Here, we focus on macroscopically homogeneous soils presenting small scale heterogeneity, as described by the Miller-Miller
method. We then analyze the dynamic control of soil heterogeneity, advection and diffusion on conservative transport. We
focus especially on the importance of diffusion and of its tortuosity-dependent spatial variability on the overall transport.

Our results indicate that high Peclet number systems are highly sensitive to the degree of heterogeneity, which promotes
non-Fickian transport. Also, diffusion appears to have a profound impact on transport, depending on both the degree of
heterogeneity and the Peclet number. For a high Peclet number and a very heterogeneous system, diffusion leads to the
counter-intuitive decrease of non-Fickian macrodispersion described previously. This is not observed for a low Peclet number
due to the non-trivial impact of the spatial variability in the diffusion coefficient, which appears to be a significant controlling
factor of transport by promoting or preventing the accumulation of mass in low velocity zones.

Globally, this work (1) highlights the complex, synergistic effect of soil heterogeneity, advective fluxes and diffusion on transport

and (2), alerts on potential upscaling challenges when the spatial variability of such key processes cannot be properly described.
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Abstract

Physical properties of soils are ubiquitously heterogeneous. This spatial variabil-
ity has a profound, yet still partially understood, impact on conservative transport. More-
over, molecular diffusion is often a disregarded process that can have an important counter-
intuitive effect on transport: diffusion can prevent non-Fickian tailing by mobilizing mass
otherwise trapped in low velocity zones. Here, we focus on macroscopically homogeneous
soils presenting small scale heterogeneity, as described by the Miller-Miller method. We
then analyze the dynamic control of soil heterogeneity, advection and diffusion on con-
servative transport. We focus especially on the importance of diffusion and of its tortuosity-
dependent spatial variability on the overall transport. Our results indicate that high Peclet
number systems are highly sensitive to the degree of heterogeneity, which promotes non-
Fickian transport. Also, diffusion appears to have a profound impact on transport, de-
pending on both the degree of heterogeneity and the Peclet number. For a high Peclet
number and a very heterogeneous system, diffusion leads to the counter-intuitive decrease
of non-Fickian macrodispersion described previously. This is not observed for a low Peclet
number due to the non-trivial impact of the spatial variability in the diffusion coefficient,
which appears to be a significant controlling factor of transport by promoting or prevent-
ing the accumulation of mass in low velocity zones. Globally, this work (1) highlights the
complex, synergistic effect of soil heterogeneity, advective fluxes and diffusion on trans-
port and (2), alerts on potential upscaling challenges when the spatial variability of such

key processes cannot be properly described.

1 Introduction

Understanding and predicting the dynamics of chemicals in soils is key to optimize
agrochemical application while ensuring the protection of the water resources. However,
the fate of chemicals in soils results from a complex interplay of physical, chemical and
biological processes which are still not well understood. For a non-reactive, non-sorbing
and non-volatile conservative solute, it is well established that the main physical pro-
cesses controlling transport are advection, diffusion and dispersion (Bear, 1972). Thus,
the advection-dispersion-diffusion equation (ADE), which mathematically describes those
processes at the continuum scale (Cushman, 1984), represents to this day the most pop-

ular theory describing solute transport into porous media. Yet, the parameters in the
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ADE are effective parameters, integrating small scale spatial variability in the physical

properties of soils, which often challenges its application.

Soils are heterogeneous at any spatial scale, from the pore scale (mm) up to the
catchment scale (km). Soil heterogeneity can result from diverse origins such as parent
material, pedogenesis, soil organisms, plant roots and anthropogenic impact like man-
agement operations (Schelle et al., 2013). Soil heterogeneity is intrinsically spatial scale
dependent and it may include spatial variability of different properties. A heterogeneous
soil can for example originate from different soil textures observed at relatively large scales
(> dm, e.g., soil horizons), and/or from different arrangements of the same mineral grains
at smaller spatial scales (cm). Some components can also span different spatial scales
like macropores from earthworms, roots, etc (Jarvis et al., 2016; Holbak et al., 2022). In
any ways, the variability in physical properties provokes variability in soil hydraulic prop-
erties (SHPs), subsequently leading to dynamic hydraulic structures (Javaux et al., 2006a)
exposing, e.g., a complex network of high flux channels with interspersed small volumes

of low-flux domains (Roth, 1995).

The spatial variability of the physical properties of soils has a substantial effect on
transport of conservative solutes, which has been extensively reported since the 1990’s
(e.g., Roth, 1995; Hammel & Roth, 1998; Javaux et al., 2006b; Russo & Fiori, 2009; C. J. M. Cre-
mer & Neuweiler, 2019, among many others). Understanding this effect of heterogene-
ity on transport dynamics is key to accurately estimate and predict solute transport to-
ward the water resources (Russo, 2015) and to develop useful upscaling techniques (e.g.,
dual-permeability approach, Vogel et al., 2000). Unsaturated heterogeneous transport
has been experimentally observed under laboratory (Khan & Jury, 1990), large soil mono-
liths (Javaux et al., 2006b) and field conditions (Forrer et al., 1999; Ursino & Gimmi,
2004). Yet, the vast complexity of unsaturated systems has often led researchers to study
the transport of conservative solutes in saturated/unsaturated porous media through nu-
merical experiments. In most of those studies, soil heterogeneity has been explicitly rep-
resented at the cm scale (Roth & Hammel, 1996), assuming the validity of a similarity
model for the small scale SHPs, as done by, e.g., the Miller-Miller Similar Media The-
ory (MMT) (Miller & Miller, 1956; Sadeghi et al., 2016).

Results from such studies show that the impact of heterogeneity on transport ap-

pears to not be a well defined soil dependent feature, but results instead from the syn-
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ergistic effect of constitutive material spatial variability and of dynamic flow conditions.
For instance, decreasing the degree of saturation will increase the spread of the solute
(Russo, 1993) and the effective recharge rate (i.e. vertical flux) controls more specifically
the transverse dispersion (Roth & Hammel, 1996; Hammel & Roth, 1998; Forrer et al.,
1999; Cirpka & Kitanidis, 2002). Thus, considering more realistic conditions in terms

of contaminant input fluxes (Vanderborght et al., 1998), flow dynamic characterized by
infiltration (downward fluxes)-evaporation (upward fluxes) periods (Russo et al., 2000,
2001; C. J. Cremer et al., 2016; Henri & Diamantopoulos, 2022), or topography (Woods
et al., 2013) results to even more complex transport behavior, which remains to this day

challenging to systematically describe.

Despite an improved understanding of heterogeneous transport in soils, to this day,
even models considering some type of heterogeneity generally fail to predict observed plume
behavior, in terms of travel times and spread (Ursino & Gimmi, 2004), scale and flow
rate dependency of transport (Javaux et al., 2006b), and contaminant concentrations (Botros
et al., 2012). While it is a common knowledge that applying the ADE or any of its ex-
tension (e.g., Mobile-Immobile theory (Van Genuchten & Wierenga, 1974)) can success-
fully describe experimental data under different spatial scales, the predicting capabil-
ities of those theories remain indeed limited, which highlight the complexity to fully rep-

resent the variety of processes engaged in the subsurface.

In this context, it is worth mentioning that, although molecular diffusion is a pro-
cess that is sometimes accounted for in numerical experiments (C. J. Cremer et al., 2016),
its effect on transport is often disregarded. Nevertheless, some theoretical studies have
highlighted diffusive transport as a potentially important process controlling factor of
solute behavior under both unsaturated and saturated conditions (Weissmann et al., 2002;

Nissan & Berkowitz, 2019; Cirpka & Kitanidis, 2002).

The importance of diffusion is in most cases studied relatively to advection. The
Peclet number (Pe), comparing advective and diffusive characteristic times, is then the
reference metric to characterize dominance of either process to the overall transport. Im-
portantly, it has been shown that the Peclet number controls the effect of heterogene-
ity on solute transport. This observation has been made at different spatial scales and
in both saturated and unsaturated conditions. For instance, studies by Nissan & Berkowitz

(2019) at the (saturated) pore scale, Cirpka & Kitanidis (2002) at the (unsaturated) site
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scale and (Weissmann et al., 2002) in a regional aquifer show that high Pe values (i.e.,

a predominance of advection over diffusion) leads to more anomalous behavior compared
to low Pe values. Inversely, transport at low Pe (i.e., diffusion-dominant) is character-

ized by shorter residence times in stagnant zones, which reduces the anomalous behav-

ior of transport. In simple terms, a strong diffusion reduces the “delay” in very low ve-
locity zones of the porous medium by favoring the transfer of solute mass from these quasi-
stagnant areas to more mobile ones. It has been also shown at the pore scale and un-

der saturated conditions that this sensitivity of transport to Pe is accentuated by increas-
ing the degree of heterogeneity in the porous media (Nissan & Berkowitz, 2019). Such
transport dynamic remains to be confirmed at larger scale and under unsaturated con-

ditions.

From the previous, it is obvious that the effect of molecular diffusion on transport
is well documented, but the process is in most cases represented as being uniform (i.e.,
described by a constant diffusion coefficient). Yet, it is also well documented that in any
porous system, the presence of solid-air-liquid interfaces influences the diffusion paths
of solute species (Boudreau, 1996). The effect of water content/porosity on the effective
diffusive process is often represented as a dependence of the diffusion coefficient to tor-
tuosity (Shen & Chen, 2007; Ghanbarian et al., 2013; Van Cappellen & Gaillard, 2018).
In unsaturated soils, spatial and temporal variability in the water content can then make
the diffusion process highly heterogeneous. Yet, rare are the studies that have explic-
itly analyzed the effect of a tortuosity-dependency of the diffusion coefficient, especially
under heterogeneous conditions. For instance, C. J. Cremer et al. (2016) uses the Milling-
ton & Quirk (1961) method to account for tortuosity but the authors do not assess the

relevance or the importance of such approach on diffusive transport.

This study aims on the understanding of conservative transport in unsaturated soils,
and more specifically on the complex interplay between spatial heterogeneity of SHPs,
advection and diffusion. As mentioned above, real soils are structured at many differ-
ent scales (horizons, macropores, anisotropy, etc) and these components are expected to
add additional complexity to water flow. In this study, we focused sorely on the effect
of small scale heterogeneity and its impact on transport, similar to the studies of Roth
& Hammel (1996) and Hammel & Roth (1998). After analyzing the complex synergis-

tic control of soil heterogeneity and infiltration flux, we will focus more specifically on
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the superposed impact of diffusion and of its spatial variability on heterogeneous trans-

port.

2 Method

In the following, we briefly present the theory for i) simulating water flow and con-
servative transport in unsaturated soils, ii) representing heterogeneity with MMT, and

finally, iii) we provide an overview of all the tested numerical experiments.

2.1 Flow and transport

Flow. For a rigid, non-swelling, isotropic porous medium, water flow under vari-
able saturated conditions is described by the Richards-Richardson equation (Richards,
1931; Richardson, 1922):

00 oK

where z is the vertical coordinate [L], h is the pressure head [L], € is the volumetric wa-
ter content [L? L~?], u is the pore water velocity [L T~!] and K [L T~!] is the saturated/unsaturated
conductivity as a function of 6 or h. A prerequisite of Equation 1 is that the air pres-

sure in the soil at any system state is equal to the atmospheric pressure (single flow).

Eq. 1 assumes that, at the continuum scale (Cushman, 1984), a local equilibrium
between water content and pressure head is always valid (Diamantopoulos & Durner, 2012).

This relationship is described by the water retention curve:

1 —n/(n— n
h(S.) = —[Sc™/ D — 1)/, e)

where S, [-] is the effective saturation given by:

Se(6) = g 3)

and a [L™!] and n [-] are shape parameters. 05 [L? L] and 6, [L® L=3] are saturated
and residual water contents. Finally, the conductivity as a function of effective satura-
tion is given by:

K(Se) = K.S.T[1—(1— Sen/(n—l))l—l/n}z )
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For all the simulations presented in this work, we assumed a simulation domain of
80 cm in the horizontal direction (L) and 240 cm in the vertical direction (L,). The
domain was discretized in cells of size d, = 1 cm and d, = 2 cm, respectively, resulting
in n, = 80 numerical nodes in the x-direction and n, = 120 in the z-direction. The length
of the domain was chosen to ensure 10 correlation lengths in each direction in order to
capture the full (i.e., ergodic) effect of heterogeneity (presented below in paragraph 2.2).
At the top nodes (2=0 cm), a constant flux boundary condition was chosen, whereas at
the bottom (2z=240 cm) a unit-hydraulic head gradient was assumed. For the numer-
ical solution of Eq. 1, the finite-volume method as implemented in the Daisy model (Hansen

et al., 2012; Holbak et al., 2021) has been used.

Transport. Transport in the unsaturated zone for a conservative solute is described

by the advection-dispersion equation:

d(be)
ot

= -V (fuc)+ V- (6D - Ve), (5)

where ¢ [M L~3] is the solute concentration,  [L3 L =3] is the water content and D% [L2

T~!] is the hydrodynamic dispersion tensor in the water phase given by (Bear, 1972):

D = (ar|u| + Dy) 0 + (ar — ar) W7

where «y, [L] and ar [L] is the longitudinal and transverse dispersivities, respectively,

D,, [L? T71] is the molecular diffusion and § is the Kronecker delta function.

The ADE was solved using the Random Walk Particle Tracking (RWPT) method,
expressed as:

X, (t 4+ At) = %, (t) + A(xp, 1) At + B(x,, 1) - £(t)VAL, (7)

where x,, is the particle location, At is the time step of the particles jump and ¢ is a vec-
tor of independent, normally distributed random variables with zero mean and unit vari-

ance.

A =u(xp) +V-D(xp) + D(xp) - VO(xp). (8)

1
0(xp)

The displacement matrix relates to the dispersion tensor as:

2D =B-BT. (9)
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The RWPT approach, implemented in the code RW3D (Fernandez-Garcia et al.,
2005; Henri & Fernandez-Garcia, 2014, 2015), is further described for application in un-
saturated conditions by Henri & Diamantopoulos (2022), who also shows how the La-

grangian method avoids numerical issues typically produced by Eulerian schemes.

Diffusion. The effective diffusion coefficient (D,,) was considered to be depen-

dent on the local water content value (Shen & Chen, 2007):

D,,(0) = Dy, X Ty(0), (10)

where D,, [L? T7!] is the diffusion coefficient in free water, and 7,,(0) is the water con-
tent dependent tortuosity. 7,,(6) is typically described empirically. Different models are
frequently used, and in this study the relationship described by Millington & Quirk (1961)
was used:

97/3
Tw(9) = 92 (11)

For comparison, we also consider the relationship proposed by Mgldrup et al. (1997):

Tw(0) = 0.66 x (;)8/3. (12)

S

The Millington & Quirk (1961) tortuosity model is expected to perform better for
sands, since it was derived assuming randomly distributed particles of equal size. On the
other hand, the tortuosity model proposed by Mgldrup et al. (1997) is expected to per-

form better across soil types (Simunek et al., 2013).

For each simulation, 10° particles were injected randomly over a transect of 40 cm
located at the center of the top of the domain. To avoid potential subsampling due to
particles leaving the sides of the domain, a semi-infinite width was considered by trans-
ferring particles leaving the domain at x=0 and x=L, to the other side of the domain,
at x=L, and x=0, respectively. The impact of such approximation, previously used by,
e.g., Cirpka & Kitanidis (2002), appears to be minor on both apparent velocity and dis-
persion, and does not therefore affect our conclusions (see Supplementary Information,

Figure S1).

The time step between particle jumps was defined to preserve the advective dis-

placement, which was done using a grid Courant number (gCu) as:

At = gCu x As/min{ug, uy, u,}, (13)



192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

Table 1. Hydraulic properties of the reference material used for all simulations: saturated (6s)

and residual (6,) water contents, shape parameters («, n), saturated hydraulic conductivity (Ks).

Material 6, [em3® cm™3] 60, [em® em™3] a [em™!] n -] K, [em h7]

Loam 0.00 0.49 0.0066 1.68 1.8

where As is the characteristic size of the grid cell.

2.2 Representation of soil heterogeneity

Small scale soil heterogeneity was modeled using the MMT method (Miller & Miller,
1956; Sadeghi et al., 2016). Briefly, the theory assumes that similarities at the pore scale
geometry yields characteristic length or scaling factors (¢), which scale the physical prop-
erties of porous media, in this case the water retention and hydraulic conductivity curve
(Roth & Hammel, 1996; Schelle et al., 2013; Sadeghi et al., 2016). For each location x,

we can then calculate location-dependent soil hydraulic properties by:

h(x,8) = h*()—— (14)

K(x,0) = K*(0)¢(x)*, (15)

where h*(0) and K*(0) are reference material properties, described in Eq. 2 and
Eq. 4. Detailed theoretical considerations for MMT along with an overview of theory
applications is provided in Sadeghi et al. (2016). For all simulations, we assumed a sin-
gle loam material and the parameters of Eq. 2-4 are provided in Table 1. The spatial
distribution of the log-scaling factor x = log1p(¢) (presented above) was geostatistically
described as a multi-Gaussian model characterized by an isotropic Gaussian covariance
function with zero mean and a standard deviation o, . Different o, values have been tested
in this study. Finally, the correlation length in z (A;) and z (\;) was fixed to 8 cm and

24 cm, respectively, following the work of Schliiter et al. (2012).

The Miller-Miller theory assumes that porosity, and thus water content at satu-

ration (), is constant (through out this work equal to 0.49 em3cm =3, Table 1). To test
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the implications of spatial distributed 6, we also ran a set of simulations scaling 6, lin-
early as a function of the local K value, with a minimum and maximum value of 0.3 and
0.6, respectively. In that way, the test simulations assumed that high values of 65 coin-
cide with high values of K. This was only done for a high heterogeneity and a low mean
velocity (o, = 0.5 and ¢ = 0.01 mm/h, diffusion dominated process), which represent

the scenario most likely to be affected by an assumed constant 6.

2.3 Tested scenarios

Water flow was simulated for a series of steady-state simulations, assuming three
different degrees of heterogeneity (o, = 0.1,0.3,0.5) and two different imposed verti-
cal water fluxes (¢, ;, = 0.01,1 mm/h), and thus, different hydraulic structures (Ta-
ble 2). The low flux represents a scenario strongly dominated by diffusion (low mean ve-
locity), whereas the high flux represents a scenario with a stronger advective component,
as observed during an infiltration period. For each combination of o, and g ;n, 20 re-
alizations have been created. While this limited number of realization is not likely to be
sufficient for a stochastic analysis, observing results from a series of equiprobable flow

fields will allow to determine if our observation are realization specific or systematic.

For all the water flow simulations, solute transport was also simulated. The non-
represented effect of heterogeneity within a grid cell was accounted for by setting a grid-
scale dispersivity values of 0.1 cm in the longitudinal direction (i.e., z), and 0.01 cm in
in the transverse direction (i.e., 2). Moreover, D,, was fixed to 1.6 cm?/d ( order of mag-
nitude similar to, e.g., C. J. Cremer et al. (2016)). To better understand the implica-
tions of a spatially variable diffusion process, we tested 2 different methods on simulat-

ing the diffusion coefficient (Table 2):

A spatially variable, tortuosity (i.e., water content) dependent diffusion coefficient
(D (x)), with a tortuosity model described by (Millington & Quirk, 1961), as de-
scribed in Eq. 11;

« A spatially averaged diffusion coefficient (D,y,).

The diffusion coefficient was considered to be the same values in the 2 and z direction.

Finally, we evaluated the effect of transient conditions on solute transport in a highly

heterogeneous soil (o, = 0.5, Table 2). Transient conditions are caused by an infiltra-

—10—
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Table 2. Tested scenarios.

Description Heterogeneity Water flow Diffusion
oy = 0.1 _
Steady state simulations Qzin = 0.01 mm/h Constant, averaged (D)
oy = 0.3
(20 realizations) ¢zin = 1 mm/h Tortuosity dependent (D,,(x))
oy = 0.5
Transient simulations 05 1 day of strong infiltration Constant, averaged (D,,)
oy = 0.
(1 realization) 15 days of strong infiltration Tortuosity dependent (D, (x))

tion period followed by a long redistribution period. Two different infiltration periods
(tins) are considered: 1 and 15 days. The two models of diffusion tested for the steady

state simulations are here also considered.

3 Results
3.1 Small scale soil heterogeneity and advective flux

In this section, we analyze simulation results of a single realization. Nevertheless,
we also present outputs from the ensemble of 20 realizations in term of arrival time statis-
tics to ensure that observations made on a single realization are consistent across real-

ization.

Flow fields. Throughout our analysis, the intensity of the advective flux is char-

acterized by the Peclet number (Pe), which is estimated as:

e

_Z)\Z

Pe=—=—-.
Dy,

(16)

where 1, [L T !is the average pore water velocity in the z direction.

The resulting Peclet numbers, for each degree of heterogeneity, was equal to 3.3x107!,

3.3x1071, 3.4x107!, respectively, for the high flux; and equal to 4.0x1072, 2.9x10~2,
1.9x1072, respectively, for the low flux. According to the calculated Peclet numbers, all
scenarios are diffusion dominated (Pe < 1). However, the low g, ;,, simulations can be
characterised as strongly dominated by diffusion, due to the one order of magnitude lower

Peclet number.

—11-
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The spatial variability of SHPs appears to significantly control both saturation and
local water fluxes. Clear patterns of quasi-dry (@ < 0.1) and near-saturated (0 =~ 6,)
zones emerges when the degree of heterogeneity is increased (Figure 1, left frames; re-
sults from the lower degree of heterogeneity are shown in Supplementary Information,

Figure S2 and Figure S3).

The spatial variability in saturation is also highly sensitive to the intensity of the
infiltration flux (Figure 1, compare upper and lower left frames). Globally, saturation
is logically increased in case of higher Pe. Moreover, the degree of heterogeneity in com-
puted 6 in case of high o, appears to decrease when infiltration is stronger. We indeed
observe an increased predominance of fully saturated areas (6 = 6,), which is a direct

effect of MMT and the inherent assumption of equal saturated water content.

Similar observation can be made while analyzing the combined effect of soil het-
erogeneity and input flux on the spatial variability of computed water (Darcian) fluxes
(Figure 1, middle frame) and pore velocities (Figure 1, right frame): (1) Increasing o,
generates clear zones of low velocity and fast paths, and (2) increasing the infiltration
flux globally increases fluxes and increase the portion of the soil column occupied by high
velocity zones. These results are globally consistent with past work such that of Roth
(1995), who also observed the clear formation of islands of low and high fluxes due to
a similar Miller-Miller heterogeneous media and the sensitivity of this hydraulic struc-

ture to the input flux.

Spatial moments. The effect of heterogeneity and infiltration flux on the dynamic
hydraulic structure is reflected on the transport behavior of the applied particles. We
first analyze the lower spatial moments of the plume: the first moment, z,, represents
the location of the center of mass, and the second spatial moment, S, ,, quantifies the

spread around the centroid of the plume.

Spatial moments are evaluated until particles start to leave the downstream edge
of the domain to reflect the dynamics of the entire plume. Only results from simulations
using the “Millington and Quirk” model of tortuosity is shown throughout our analy-
sis. The analysis using the “Moldrup et al.” model leads to similar results as shown in

Supplementary Information, Figure S4.

—12—
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Figure 1. Resulting spatial distribution of the water content (6) for the highest degree of soil

heterogeneity (o, = 0.5) and for a high recharge flux (i.e., high Peclet number; bottom frames)

and a low recharge flux (i.e., low Peclet number; top frames).
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The center of mass of the plume is highly sensitive to the degree of heterogeneity
in SHPs for the case of low Pe number (Figure 2). For the same infiltration flux, the plume
moves downward faster in case of low o, (Figure 2, top left frame). The effective veloc-
ities in the downward direction associated to each o, values, v}, can be quantified as the
slope of the linear regression of z4(t), giving: 0.12, 0.08 and 0.05 cm/d for the low in-
put flux scenario, respectively, and 6.1, 6.0, 5.2 cm/d for the high input flux scenario.

Characteristic advection times can then be estimated as: tqq, = L, /v}.

Interestingly, the temporal evolution of the first spatial moment observed for the
low Pe case presents a non-linearity that increases with o,. This results to periods of
acceleration and of slowing down of the center of mass of the plume and not to a con-
stant effective velocity as observed in case of o, =0.1. The sensitivity of the effective ve-
locity to the degree of heterogeneity is lower in case of high Pe (Figure 2, top right frame).
This non-linearity appears to be more or less pronounced depending on the realizations

(Supplementary Information, Figure S5).

The spread of the plume appears to be less sensitive to o, in case of a low Pe than
in case of a high Pe (Figure 2, compare bottom frames). For a high Pe, the spread is
significantly increased for the highest degree of heterogeneity. For the low Pe, a low in-
put flux applied on a highly heterogeneous media leads to different regimes of spread of
the plume, with an intensification of the spread at early and intermediate times (Fig-
ure 2, bottom left frame). These fluctuations are observed for most realizations (Sup-
plementary Information, Figure S6). Yet, the average magnitude of the spread remains

globally similar for all oy, unlike for a high Pe.

Breakthrough curves. Such observations have clear implications in term of mass
transfer from the soil to deeper layers and into the aquifer. When heterogeneity is in-
creased in a low velocity system, the breakthrough curve recorded at the bottom of the
simulated domain presents a later mass arrival and an increased spread, i.e., lower peak
of mass and mass arrival for a longer period (Figure 3, top left frame). Distinctively, early
mass arrival appears insensitive to the degree of heterogeneity in case of high input flux,

unlike macrodispersion, which sensitively increases with o, (Figure 3, bottom left frame).

Globally, those results are consistent with the direct observation of non-Fickian trans-
port in macroscopically homogeneous unsaturated media with similar high velocity (Bromly

& Hinz, 2004).
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Figure 2. First (center of mass location, z4; top frames) and second (spread about the cen-
troid, S..; bottom frames) normalized spatial moments for each degree of heterogeneity of the
soil structure and for the 2 input fluxes. The dashed grey lines on the top frames are linear
regressions for the temporal evolution of z4. The slopes of the regression represent effective veloc-

ities.
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Figure 3. Breakthrough curves (BTCs) resulting from simulations in soil of different degree
of heterogeneity, for a high recharge flux (i.e., high Peclet number; bottom frames) and a low

recharge flux (i.e., low Peclet number; top frames). Right frames show the BTCs considering a
time normalized by the advective time. The diffusion coefficient is considered spatially variable

(tortuosity dependent).

Observing the plume behavior in a series of 20 realization of the heterogeneity in
the SHPs is consistent with the analysis made on single BTCs. For the high Pe system,
early arrival times (¢5) are less sensitive to o, than late arrival times (t95; Supplemen-
tary Information, Figure S7, left frames), while all arrival times are increased with het-
erogeneity when Pe is lower (Figure S7, right frames). Also, travel times pdfs allow to
observe that the variability among realizations in late arrival times is significantly in-

creased with the degree of heterogeneity.

The first spatial moment is often used to subsequently estimate the effective ve-
locity (v3) and the time of arrival of the center of mass of the plume at any distance from

the source. Applying this approach is valid in case of high input flux (Figure 3, bottom
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right frame). The BTCs are centered around a unit values of time normalized by t44.,
regardless of the degree of heterogeneity. However, we observe that v} does not prop-
erly predict the motion of the plume in case of low flux and high o, (Figure 3, top right
frame). Normalizing the BTCs’ time by the characteristic advective time (t44,) leads to
faster first arrival of mass for low Pe and high o, systems, reflecting an overall overes-

timation of the effective velocity.

This results from the non-linear behavior of the first spatial moment observed in
soils characterized by a low Pe and a high o, (Figure 2). Indeed, the predictive capac-
ities of the first spatial moment implies a linear evolution of the center of mass location,
reflecting a constant effective velocity, which is often observed in saturated conditions.

t = tqqo would then be associated to the arrival of the center of the plume at the char-
acteristic distance used to estimated t,q4, (L, in our case). Yet, in case of low flux, the
center of mass of the plume is affected by critical moments of fast and slow motion, which

render more complex the estimation of an effective behavior.

3.2 Importance of diffusion

In this section, our analysis focuses on the effect of diffusion on transport. We first

analyze the relevance of considering a realistically heterogeneous diffusion coefficient (D, (),

blue curves in Figures 4 and 5) by comparing corresponding BTCs from simulations dis-
regarding the diffusive process (yellow lines). The implications of considering a spatially

homogeneous diffusion coefficient (D,,,) will be analyzed in the following section.

High Peclet number. For a high Pe, considering diffusion has a moderate effect
on macrodispersion. In case of low heterogeneity, disregarding diffusion all together de-
creases macrodispersion (Figure 4), which is the expected expression of the process. In-
creasing o, renders more complex the impact of diffusion on transport: Early arrival times
are mostly unchanged but macrodispersion is decreased by adding diffusion, decreasing
the very pronounced tailing (i.e., elongated late arrivals) generated by the heterogene-
ity in the advective flux. This phenomena has been previously observed by few studies
under various conditions (Nissan & Berkowitz, 2019; Cirpka & Kitanidis, 2002; Weiss-
mann et al., 2002) and is explained by the capacity of diffusive motion to move mass away

from quasi-stagnant zones, reducing this way the potential for very late arrivals (i.e., tail-
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Figure 4. Breakthrough curves (BTCs) resulting from simulations using a spatially variable,
tortuosity-dependent diffusion coefficient (D, (x)) and a spatially averaged diffusion coefficient
(D) and no diffusion, for soils of different degree of heterogeneity. Results are shown for the
higher Peclet number. Times are normalized by the characteristic advective time of the D,,(x)

scenario.

ing). Here again, these observations are valid across realizations (Supplementary Infor-

mation, Figure S8).

Low Peclet number. The effect of diffusion on the overall transport dynamics for
the low Pe case is significant, both in term of arrival time and plume spread. For low
degree of heterogeneity (o, =0.1), macrodispersion is increased by including diffusion in
the simulations (Figure 5, top frame), which is expected and similar to the effect observed
in case of a high Pe. However, when o, increases, not including diffusion does not sig-

nificantly change the early arrivals but prevents late arrival of mass, leading to a non-
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Figure 5. Breakthrough curves (BTCs) resulting from simulations using a spatially variable,
tortuosity-dependent diffusion coefficient (D, (x)), a spatially averaged diffusion coefficient (D)

and no diffusion, for soils of different degree of heterogeneity. Results are shown for the lower

Peclet number. Times are normalized by the characteristic advective time of the Dy, (x) scenario.

Gaussian, negatively skewed BTC (Figure 5, lower frame). BTCs appears then to be more

sensitive to Pe as the degree of heterogeneity increases.

At the same time, BTCs sensitivity to oy is specific to the Pe number. When o,
increases, the counter-intuitive macrodispersion-reducing effect of diffusion observed for
high Pe is not observed for a lower Pe, which disagrees with the previous works of Nis-
san & Berkowitz (2019); Cirpka & Kitanidis (2002); Weissmann et al. (2002). This re-
lates with our consideration of spatial variable diffusion process. In case of high ¢. ;n,
low velocity zones are characterized by high diffusion coefficients (> 10° cm?/d; Fig-

ure 6 lower frame). This is because these zones are characterized by close to saturation
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water content but low hydraulic conductivity. This favors the mobilizing of mass that
would be otherwise trapped in a system without diffusion, due to the low local veloc-
ities. Late arrivals are then prevented. Due to the tortuosity model, the opposite is ob-
served in case of low flux: diffusion values in quasi-stagnant zones are the lowest (< 1073
cm?/d; Figure 6 upper frame), due to the low local water content. Residence times in
low velocity zones can then remain relatively high, which allows late arrivals. Interest-
ingly, in a low velocity system without diffusion, mass reaching a fast channel is likely

to remain in high velocity zones for the remaining of its transport toward the bottom

of the domain. Transport occurs then predominantly in fast channels, reducing the im-
portance of late arrivals. Adding diffusion would favor the transfer of mass from these
high velocity zones to more stagnant ones, increasing this way the contribution of late
arrivals. Such behavior is consistent across realizations (Supplementary Information, Fig-
ure S9). Moreover, accounting for a spatially variable saturated water content leads to

similar conclusions (Supplementary Information, Figure S10).

3.3 Effect of Spatially Variable Diffusion

To further understand the implications of spatial variability in the diffusion coef-
ficient, we compare BTCs resulting from simulations with a water content dependent dif-
fusion (D,,(z)) coefficient (assuming tortuosity model of Millington and Quirk) and with

a homogeneous, averaged diffusion (D, ).

In our modeling setting, the range of diffusion coefficient for a single realization is
highly dependent on the degree of heterogeneity of the SHPs and on the infiltration rate.
In case of lower ¢, ;,, we obtain exponentially decreasing histograms of D,, values in case
of a high degree of heterogeneity, with a range of diffusion coefficient from 0 to 1.2 cm?/d
(Figure 7, top frame). The histogram turns more and more Gaussian-like when o, de-

creases, with a narrowing range of values (from 0 to 0.3 for o, = 0.1).

In case of a larger infiltration rate, ranges of D,,(x) values are globally more spread
(Figure 7, bottom frame). Histograms are slightly increasing in case of high degree of

heterogeneity, and still Gaussian-like for o, = 0.1.

Adwvection dominated scenario For the high Pe scenario, the spatial variability
in the diffusion coefficient appears to have no real impact on transport in a mildly het-

erogeneous soil (Figure 4, top frame, compare blue and red lines). When the spatial vari-
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Figure 6. Relationship between the vertical velocity and the water content dependent dif-
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diffusion coefficient (D(xz)) and a spatially averaged diffusion coefficient (D,,), for soils of a high

degree of heterogeneity (o, = 0.5). Results are shown for the higher Peclet number.

ability in SHPs is more pronounced, correlating the local diffusion coefficient to the tor-
tuosity (and therefore the water content) slightly decreases the macrodispersion and the

tailing of the BTC (Figure 4, bottom frame).

Observing the plume of particles in a highly heterogeneous soil allows to identify
zones of accumulation of mass, which is slightly accentuated in case of spatially averaged
diffusion coefficient (Figure 8). Globally, the implications in considering the spatial vari-
ability in diffusion coefficient for a strongly advective system are moderate. Diffusion co-
efficients in low velocity zones are higher than the mean values, which, following the pre-

viously discussed phenomena, leads to a reduction of late arrivals.
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diffusion coefficient (D(x)) and a spatially averaged diffusion coefficient (D), for soils of a high

degree of heterogeneity (o = 0.5). Results are shown for the low Peclet number.

Diffusion dominated scenario. When diffusive process is more dominant, account-
ing for the spatial variability of the diffusion coefficient has a much greater impact on
plume behavior. For a high o, applying a spatially averaged diffusion coeflicient leads
to significantly earlier arrival of mass and to a lesser spread of the plume (Figure 5, lower

frames).

Snapshots of the particle plume in a highly heterogeneous soil display a significantly
pronounced accumulation of mass in specific zones of the soil if diffusion is considered

tortuosity-dependent (Figure 9).
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Low diffusion coeflicient values in low velocity zones result in an increased residence
time in those areas, forming pockets of mass, which can only leave the domain at rel-
atively late time. On the other hand, applying an average (but still larger) diffusion co-
efficient in those low velocity zones allows an earlier mobilization of mass, generating an-
ticipated arrivals. Note that this remains true even compared to a purely advective sys-
tem, which, despite maintaining mass in fast channels, can still be affected by the rel-
atively long presence of mass in low velocity areas at early times (partly due to the in-

jection of mass in low velocity zones).

3.4 Transient conditions.

Natural systems are characterized by periods of infiltration (i.e., strongly advec-
tive flux) and others of mostly slow mass redistribution (i.e., mostly diffusive transport).
Figure 10 shows BTCs resulting from simulations with homogeneous and heterogeneous
diffusion coefficients, for different distances of the control plane (z.,) and for 2 differ-
ent durations of the infiltration period (¢;,,=1 day and 15 days). The temporal discretiza-
tion of fluxes, water contents and diffusion coefficients was set to 1 hour, which produces
similar results than for a finer time step (Supplementary Information, Figure S11). The
effect of transience in the diffusion process is displayed by comparing BTCs resulting from
temporally variable diffusion coefficients (plain lines) and from temporally averaged co-
efficients (dashed lines). For these 2 cases, the water flux and the water content are still

considered transient.

For any infiltration period, results display an insensitivity of the BTCs to the spa-
tial variability in diffusion at the control plane near the source (x., = 2 x A,; Figure

10, top frames).

For BTCs recorded near the center of the domain (z., = 4x\.), the spatial vari-
ability in the diffusion coefficient generates slightly more diffuse mass arrival, with a later
peak and later late arrivals, only if the infiltration period is short (1 day; Figure 10, mid-
dle frames). In case of a longer infiltration period (characterized by a strongly advec-
tive transport), BTCs at mid-distance are mostly identical for a homogeneous or a het-

erogeneous diffusion coefficient.

Further downstream (z., = 9A.), applying a tortuosity-dependent diffusion co-

efficient produces significantly more diffuse BTCs, with similar early mass arrival than
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with a homogeneous D,,, but with a lower peak of mass and later late arrivals (Figure
10, bottom frames). This mass dynamic is observed for both a short (1 day) and a long
(15 days) initial period of strongly advective transport. For all tested BTCs, we observed

no significant effect of transience in the diffusion coefficient itself.

The two very distinct regimes of diffusive transport associated to a high and a low
advective flux explains the main dynamic of the simulated transient transport. At short
travel distance, the insensitivity of the solution to the diffusion model can be explained
by both the limited sampling of soil heterogeneity occurring over only 2 correlation lengths
and by the low impact of spatial variability in diffusion on strongly advective systems.

For longer infiltration period, the limited impact of heterogeneity in the diffusion is ob-
served further downstream (z., = 2\.). Yet, with increased travel distances, the ef-
fect of spatially variable diffusion coefficient on strongly diffusive systems takes over, re-

gardless of the infiltration duration.

3.5 Homogenization of diffusion

To evaluate the relevancy in determining effective, homogenized diffusion coefficient
other than a spatially averaged values, we tested the performance of the minimum and

the maximum values of D(z).

Homogenizing the diffusion coefficient leads to poor performances in case of low
Pe systems, regardless of the diffusion coefficient values used (Figure 11, upper frame).
Applying the maximum values of diffusion overestimates macrodispersion and leads to
early travel times, while the minimum values underestimates the plume spread, despite

reproducing relatively well the time of first arrivals.

Thus, no effective, homogenized values of diffusion can be determined in a low Pe
system. When velocity is relatively low, zones of low and of high diffusion coefficient have
a complex combined effect on transport that evolves as the plume moves through the het-
erogeneous domain. Therefore, even when the spatial variability in the SPHs, control-
ling advective fluxes is explicitly described, not accounting for the spatial variability of
the diffusion would require to artificially adjust effective advection. Such curve-fitting
approach would compromise the physical understanding of the system, which may have

detrimental consequences on the applicability of the model.
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Figure 10. Breakthrough curves (BTCs) at three control planes (CP) resulting from simula-
tions using a spatially variable, tortuosity-dependent diffusion coefficient (D, (z)) and a spatially
averaged diffusion coefficient (D) for 1 day of infiltration (left hand) and 15 days of infiltration
(right hand). Diffusion coefficients are considered transient (D.,(z,t) and Dy, (t)) or steady state

(temporally averaged). For all simulations, a high degree of heterogeneity in the SHPs (o, = 0.5)

is considered. Times are normalized by the characteristic advective time estimated for each dura-

tion of the infiltration period (finy).
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Figure 11. Breakthrough curves (BTCs) resulting from simulations using a spatially variable

diffusion coefficient (red plain lines), the minimum (yellow dashed lines) and the maximum (blue
dashed lines) values of D(z), for a high recharge flux (bottom frames) and a low recharge flux

(top frames). The degree of heterogeneity is described by o, =0.3. Times are normalized by the

characteristic advective time of the D,,(x) scenario.
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In case of high Pe number, a maximum values of D(z) produces satisfactory re-
sults, while a minimum values tends to overestimate BTC tailing ((Figure 11, lower frame)).
As advection remains the main controlling process, only the zones of high values of dif-
fusion coefficients impact the transport. Maximizing the homogenized diffusion coeffi-
cient reproduces then properly the release of mass from low velocity zones that prevent

tailing to occur.

4 Concluding remarks

Through a series of numerical simulations, this study analyzed the complex, syn-
ergistic effect of (small scale) soil heterogeneity, advection and diffusion on conservative

transport in unsaturated soils. Key findings are:

e The control of heterogeneity on transport is Peclet number dependent. For a low
Peclet number, the mean advective time increases with the degree of soil hetero-
geneity, while macrodispersion remains globally unchanged. The opposite is ob-
served for the high Peclet case, which is characterized by a significant increase of
(non-Fickian) macrodispersion and no real change in the mean advective flux when
soil heterogeneity increases. The sensitivity of high Peclet systems to the degree
of soil heterogeneity observed at the pore scale under saturated conditions by Nis-
san & Berkowitz (2019) remains then valid at larger scale and for unsaturated con-
ditions.

« Diffusion appears to be a key process controlling residence time of solutes in soils
since it distributes contaminant mass in or out of low velocity zones. Thus, the
impact of diffusion on transport is also highly dependent to the Peclet number,
but only for a relatively high degree of heterogeneity. In this case, for a high Peclet
number, diffusion decreases macrodispersion by allowing the remobilization of mass
trapped in quasi-stagnant zones. This phenomena have been previously described
by e.g., Weissmann et al. (2002) for a saturated aquifer and are now also observed
for unsaturated conditions. Yet, in a low Peclet system, diffusion increases late
arrival of mass. This appears to be linked to the tortuosity dependence of the dif-
fusion coefficient assumed in this study. Unlike for high Peclet systems, our sim-

ulated low Peclet soils are characterized by low values of the diffusion coefficient
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in low velocity zones (due to the low water saturation value), which prevents the
counter-intuitive reduction of macrodispersion when diffusion is considered.

e Thus, the spatial variability in the diffusion process is also a potential significant
factor to understand transport behavior of solutes in soils. The impact of tortuosity-
dependent diffusion process was found highly dependent on both the degree of het-
erogeneity and the Peclet number due to (1) the importance that the diffusive pro-
cess has in regard to the advective flux, and (2) the saturation dependence of the
distribution of diffusion coefficients over the soil profile. Homogenizing the diffu-
sion coefficient will disregard the dynamic feedback between mass accumulation
in zones of low advective flux and the potential release of this mass, which is func-
tion of the magnitude of the local diffusive process. The empirical relationship be-
tween local tortuosity and the diffusion coefficient has then important implications

in the dynamic of transport.

The practical implications of our theoretical study are potentially important. In-
deed, different parametrization of the heterogeneity, velocity and diffusion can lead to
significantly different first arrival of mass to the groundwater, more or less long term late
arrivals and different peak concentrations reaching soil-connected water bodies. More-
over, natural and cultivated soils are ubiquitously transient systems characterized by im-
portant temporal variation in the advection flux. Periods of low and high Peclet num-
bers due to infiltration or irrigation will result in periods of Fickian and non-Fickian trans-
port characterized with significantly different mean advective velocity and effective dis-
persion. The flow condition at the moment of field or laboratory observations is there-
fore a key element to be considered to understand in depth the dynamic of the solute
plume. This possible complex control of soil heterogeneity, Peclet number and diffusion
on transport is expected to critically affect reaction and reactive transport, which remains

to be investigated.

Globally, our outputs clearly highlight that small scale heterogeneity in soils and
its overall impact on the spatial variability in diffusion must be considered to properly
predict transport. Yet, a detailed characterization of this spatial variability is in most
cases technically and economically infeasible. Upscaling approaches reproducing this com-
plex impact of heterogeneity on advection, diffusion and therefore hydraulic structure

are then required. Upscaling the effect of heterogeneity on advective fluxes has been the
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focus on an important effort, mostly in saturated aquifers. Techniques such as the Multi-
Rate Mass Transfer model (Haggerty & Gorelick, 1995), Continuous Time Random Walk
(Berkowitz et al., 2006), and the fractional Advection-Dispersion Equation (Benson et
al., 2000) have indeed been developed to reproduce late arrival times, which is typically
the main BTC feature characterizing non-Fickian transport in saturated media. Yet, our
work shows that both the heterogeneous advective flux and diffusive flux should be si-
multaneously upscaled in soils. Indeed, as our results display, (1) a simple homogeniza-
tion of the diffusion coefficient is not sufficient due to the complex and dynamic mass
transfer from and into zones of low velocities, and (2) temporal variations in fluxes con-
ditions the effective impact of diffusion on transport. Guo et al. (2019) exposed the dif-
ficulties of upscaling techniques to perform well under transient conditions, which the
authors attempted to solve later on by explicitly accounting for the advective flux de-
pendence of mass transfer coefficients (Guo et al., 2020). In a future study, one could
attempt to develop a similar approach for unsaturated soils, accounting for both tran-

sient advective fluxes and transient diffusive fluxes.

To finish, it is important to emphasize on the theoretical and incomplete nature
of this work. For instance, real soils are in more cases more heterogeneous than what has
been assumed in this study (biopores, cracks, hydrophobicity, etc). Moreover, our con-
clusions rely on the application of a series of (well established) equations but also on an
empirical relationship between diffusion and tortuosity. While this relation is based on
observations, its impact on transport under heterogeneous conditions remains to also be

validated by in-situ or laboratory observations.

Open Research Section

This study is theoretical by nature and does not utilize any known database. In-
stead, model parameters are listed throughout the manuscript. Flow simulations can be
reproduced using the Daisy model (Hansen et al., 2012; Holbak et al., 2022) available
at: https://daisy.ku.dk/download/. Transport simulations can be reproduced using
the code RW3D (Henri & Diamantopoulos, 2022). Its source files and an executable are

available at: https://doi.org/10.5281/zenodo.6607599.
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Abstract

Physical properties of soils are ubiquitously heterogeneous. This spatial variabil-
ity has a profound, yet still partially understood, impact on conservative transport. More-
over, molecular diffusion is often a disregarded process that can have an important counter-
intuitive effect on transport: diffusion can prevent non-Fickian tailing by mobilizing mass
otherwise trapped in low velocity zones. Here, we focus on macroscopically homogeneous
soils presenting small scale heterogeneity, as described by the Miller-Miller method. We
then analyze the dynamic control of soil heterogeneity, advection and diffusion on con-
servative transport. We focus especially on the importance of diffusion and of its tortuosity-
dependent spatial variability on the overall transport. Our results indicate that high Peclet
number systems are highly sensitive to the degree of heterogeneity, which promotes non-
Fickian transport. Also, diffusion appears to have a profound impact on transport, de-
pending on both the degree of heterogeneity and the Peclet number. For a high Peclet
number and a very heterogeneous system, diffusion leads to the counter-intuitive decrease
of non-Fickian macrodispersion described previously. This is not observed for a low Peclet
number due to the non-trivial impact of the spatial variability in the diffusion coefficient,
which appears to be a significant controlling factor of transport by promoting or prevent-
ing the accumulation of mass in low velocity zones. Globally, this work (1) highlights the
complex, synergistic effect of soil heterogeneity, advective fluxes and diffusion on trans-
port and (2), alerts on potential upscaling challenges when the spatial variability of such

key processes cannot be properly described.

1 Introduction

Understanding and predicting the dynamics of chemicals in soils is key to optimize
agrochemical application while ensuring the protection of the water resources. However,
the fate of chemicals in soils results from a complex interplay of physical, chemical and
biological processes which are still not well understood. For a non-reactive, non-sorbing
and non-volatile conservative solute, it is well established that the main physical pro-
cesses controlling transport are advection, diffusion and dispersion (Bear, 1972). Thus,
the advection-dispersion-diffusion equation (ADE), which mathematically describes those
processes at the continuum scale (Cushman, 1984), represents to this day the most pop-

ular theory describing solute transport into porous media. Yet, the parameters in the
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ADE are effective parameters, integrating small scale spatial variability in the physical

properties of soils, which often challenges its application.

Soils are heterogeneous at any spatial scale, from the pore scale (mm) up to the
catchment scale (km). Soil heterogeneity can result from diverse origins such as parent
material, pedogenesis, soil organisms, plant roots and anthropogenic impact like man-
agement operations (Schelle et al., 2013). Soil heterogeneity is intrinsically spatial scale
dependent and it may include spatial variability of different properties. A heterogeneous
soil can for example originate from different soil textures observed at relatively large scales
(> dm, e.g., soil horizons), and/or from different arrangements of the same mineral grains
at smaller spatial scales (cm). Some components can also span different spatial scales
like macropores from earthworms, roots, etc (Jarvis et al., 2016; Holbak et al., 2022). In
any ways, the variability in physical properties provokes variability in soil hydraulic prop-
erties (SHPs), subsequently leading to dynamic hydraulic structures (Javaux et al., 2006a)
exposing, e.g., a complex network of high flux channels with interspersed small volumes

of low-flux domains (Roth, 1995).

The spatial variability of the physical properties of soils has a substantial effect on
transport of conservative solutes, which has been extensively reported since the 1990’s
(e.g., Roth, 1995; Hammel & Roth, 1998; Javaux et al., 2006b; Russo & Fiori, 2009; C. J. M. Cre-
mer & Neuweiler, 2019, among many others). Understanding this effect of heterogene-
ity on transport dynamics is key to accurately estimate and predict solute transport to-
ward the water resources (Russo, 2015) and to develop useful upscaling techniques (e.g.,
dual-permeability approach, Vogel et al., 2000). Unsaturated heterogeneous transport
has been experimentally observed under laboratory (Khan & Jury, 1990), large soil mono-
liths (Javaux et al., 2006b) and field conditions (Forrer et al., 1999; Ursino & Gimmi,
2004). Yet, the vast complexity of unsaturated systems has often led researchers to study
the transport of conservative solutes in saturated/unsaturated porous media through nu-
merical experiments. In most of those studies, soil heterogeneity has been explicitly rep-
resented at the cm scale (Roth & Hammel, 1996), assuming the validity of a similarity
model for the small scale SHPs, as done by, e.g., the Miller-Miller Similar Media The-
ory (MMT) (Miller & Miller, 1956; Sadeghi et al., 2016).

Results from such studies show that the impact of heterogeneity on transport ap-

pears to not be a well defined soil dependent feature, but results instead from the syn-
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ergistic effect of constitutive material spatial variability and of dynamic flow conditions.
For instance, decreasing the degree of saturation will increase the spread of the solute
(Russo, 1993) and the effective recharge rate (i.e. vertical flux) controls more specifically
the transverse dispersion (Roth & Hammel, 1996; Hammel & Roth, 1998; Forrer et al.,
1999; Cirpka & Kitanidis, 2002). Thus, considering more realistic conditions in terms

of contaminant input fluxes (Vanderborght et al., 1998), flow dynamic characterized by
infiltration (downward fluxes)-evaporation (upward fluxes) periods (Russo et al., 2000,
2001; C. J. Cremer et al., 2016; Henri & Diamantopoulos, 2022), or topography (Woods
et al., 2013) results to even more complex transport behavior, which remains to this day

challenging to systematically describe.

Despite an improved understanding of heterogeneous transport in soils, to this day,
even models considering some type of heterogeneity generally fail to predict observed plume
behavior, in terms of travel times and spread (Ursino & Gimmi, 2004), scale and flow
rate dependency of transport (Javaux et al., 2006b), and contaminant concentrations (Botros
et al., 2012). While it is a common knowledge that applying the ADE or any of its ex-
tension (e.g., Mobile-Immobile theory (Van Genuchten & Wierenga, 1974)) can success-
fully describe experimental data under different spatial scales, the predicting capabil-
ities of those theories remain indeed limited, which highlight the complexity to fully rep-

resent the variety of processes engaged in the subsurface.

In this context, it is worth mentioning that, although molecular diffusion is a pro-
cess that is sometimes accounted for in numerical experiments (C. J. Cremer et al., 2016),
its effect on transport is often disregarded. Nevertheless, some theoretical studies have
highlighted diffusive transport as a potentially important process controlling factor of
solute behavior under both unsaturated and saturated conditions (Weissmann et al., 2002;

Nissan & Berkowitz, 2019; Cirpka & Kitanidis, 2002).

The importance of diffusion is in most cases studied relatively to advection. The
Peclet number (Pe), comparing advective and diffusive characteristic times, is then the
reference metric to characterize dominance of either process to the overall transport. Im-
portantly, it has been shown that the Peclet number controls the effect of heterogene-
ity on solute transport. This observation has been made at different spatial scales and
in both saturated and unsaturated conditions. For instance, studies by Nissan & Berkowitz

(2019) at the (saturated) pore scale, Cirpka & Kitanidis (2002) at the (unsaturated) site
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scale and (Weissmann et al., 2002) in a regional aquifer show that high Pe values (i.e.,

a predominance of advection over diffusion) leads to more anomalous behavior compared
to low Pe values. Inversely, transport at low Pe (i.e., diffusion-dominant) is character-

ized by shorter residence times in stagnant zones, which reduces the anomalous behav-

ior of transport. In simple terms, a strong diffusion reduces the “delay” in very low ve-
locity zones of the porous medium by favoring the transfer of solute mass from these quasi-
stagnant areas to more mobile ones. It has been also shown at the pore scale and un-

der saturated conditions that this sensitivity of transport to Pe is accentuated by increas-
ing the degree of heterogeneity in the porous media (Nissan & Berkowitz, 2019). Such
transport dynamic remains to be confirmed at larger scale and under unsaturated con-

ditions.

From the previous, it is obvious that the effect of molecular diffusion on transport
is well documented, but the process is in most cases represented as being uniform (i.e.,
described by a constant diffusion coefficient). Yet, it is also well documented that in any
porous system, the presence of solid-air-liquid interfaces influences the diffusion paths
of solute species (Boudreau, 1996). The effect of water content/porosity on the effective
diffusive process is often represented as a dependence of the diffusion coefficient to tor-
tuosity (Shen & Chen, 2007; Ghanbarian et al., 2013; Van Cappellen & Gaillard, 2018).
In unsaturated soils, spatial and temporal variability in the water content can then make
the diffusion process highly heterogeneous. Yet, rare are the studies that have explic-
itly analyzed the effect of a tortuosity-dependency of the diffusion coefficient, especially
under heterogeneous conditions. For instance, C. J. Cremer et al. (2016) uses the Milling-
ton & Quirk (1961) method to account for tortuosity but the authors do not assess the

relevance or the importance of such approach on diffusive transport.

This study aims on the understanding of conservative transport in unsaturated soils,
and more specifically on the complex interplay between spatial heterogeneity of SHPs,
advection and diffusion. As mentioned above, real soils are structured at many differ-
ent scales (horizons, macropores, anisotropy, etc) and these components are expected to
add additional complexity to water flow. In this study, we focused sorely on the effect
of small scale heterogeneity and its impact on transport, similar to the studies of Roth
& Hammel (1996) and Hammel & Roth (1998). After analyzing the complex synergis-

tic control of soil heterogeneity and infiltration flux, we will focus more specifically on
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the superposed impact of diffusion and of its spatial variability on heterogeneous trans-

port.

2 Method

In the following, we briefly present the theory for i) simulating water flow and con-
servative transport in unsaturated soils, ii) representing heterogeneity with MMT, and

finally, iii) we provide an overview of all the tested numerical experiments.

2.1 Flow and transport

Flow. For a rigid, non-swelling, isotropic porous medium, water flow under vari-
able saturated conditions is described by the Richards-Richardson equation (Richards,
1931; Richardson, 1922):

00 oK

where z is the vertical coordinate [L], h is the pressure head [L], € is the volumetric wa-
ter content [L? L~?], u is the pore water velocity [L T~!] and K [L T~!] is the saturated/unsaturated
conductivity as a function of 6 or h. A prerequisite of Equation 1 is that the air pres-

sure in the soil at any system state is equal to the atmospheric pressure (single flow).

Eq. 1 assumes that, at the continuum scale (Cushman, 1984), a local equilibrium
between water content and pressure head is always valid (Diamantopoulos & Durner, 2012).

This relationship is described by the water retention curve:

1 —n/(n— n
h(S.) = —[Sc™/ D — 1)/, e)

where S, [-] is the effective saturation given by:

Se(6) = g 3)

and a [L™!] and n [-] are shape parameters. 05 [L? L] and 6, [L® L=3] are saturated
and residual water contents. Finally, the conductivity as a function of effective satura-
tion is given by:

K(Se) = K.S.T[1—(1— Sen/(n—l))l—l/n}z )
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For all the simulations presented in this work, we assumed a simulation domain of
80 cm in the horizontal direction (L) and 240 cm in the vertical direction (L,). The
domain was discretized in cells of size d, = 1 cm and d, = 2 cm, respectively, resulting
in n, = 80 numerical nodes in the x-direction and n, = 120 in the z-direction. The length
of the domain was chosen to ensure 10 correlation lengths in each direction in order to
capture the full (i.e., ergodic) effect of heterogeneity (presented below in paragraph 2.2).
At the top nodes (2=0 cm), a constant flux boundary condition was chosen, whereas at
the bottom (2z=240 cm) a unit-hydraulic head gradient was assumed. For the numer-
ical solution of Eq. 1, the finite-volume method as implemented in the Daisy model (Hansen

et al., 2012; Holbak et al., 2021) has been used.

Transport. Transport in the unsaturated zone for a conservative solute is described

by the advection-dispersion equation:

d(be)
ot

= -V (fuc)+ V- (6D - Ve), (5)

where ¢ [M L~3] is the solute concentration,  [L3 L =3] is the water content and D% [L2

T~!] is the hydrodynamic dispersion tensor in the water phase given by (Bear, 1972):

D = (ar|u| + Dy) 0 + (ar — ar) W7

where «y, [L] and ar [L] is the longitudinal and transverse dispersivities, respectively,

D,, [L? T71] is the molecular diffusion and § is the Kronecker delta function.

The ADE was solved using the Random Walk Particle Tracking (RWPT) method,
expressed as:

X, (t 4+ At) = %, (t) + A(xp, 1) At + B(x,, 1) - £(t)VAL, (7)

where x,, is the particle location, At is the time step of the particles jump and ¢ is a vec-
tor of independent, normally distributed random variables with zero mean and unit vari-

ance.

A =u(xp) +V-D(xp) + D(xp) - VO(xp). (8)

1
0(xp)

The displacement matrix relates to the dispersion tensor as:

2D =B-BT. (9)
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The RWPT approach, implemented in the code RW3D (Fernandez-Garcia et al.,
2005; Henri & Fernandez-Garcia, 2014, 2015), is further described for application in un-
saturated conditions by Henri & Diamantopoulos (2022), who also shows how the La-

grangian method avoids numerical issues typically produced by Eulerian schemes.

Diffusion. The effective diffusion coefficient (D,,) was considered to be depen-

dent on the local water content value (Shen & Chen, 2007):

D,,(0) = Dy, X Ty(0), (10)

where D,, [L? T7!] is the diffusion coefficient in free water, and 7,,(0) is the water con-
tent dependent tortuosity. 7,,(6) is typically described empirically. Different models are
frequently used, and in this study the relationship described by Millington & Quirk (1961)
was used:

97/3
Tw(9) = 92 (11)

For comparison, we also consider the relationship proposed by Mgldrup et al. (1997):

Tw(0) = 0.66 x (;)8/3. (12)

S

The Millington & Quirk (1961) tortuosity model is expected to perform better for
sands, since it was derived assuming randomly distributed particles of equal size. On the
other hand, the tortuosity model proposed by Mgldrup et al. (1997) is expected to per-

form better across soil types (Simunek et al., 2013).

For each simulation, 10° particles were injected randomly over a transect of 40 cm
located at the center of the top of the domain. To avoid potential subsampling due to
particles leaving the sides of the domain, a semi-infinite width was considered by trans-
ferring particles leaving the domain at x=0 and x=L, to the other side of the domain,
at x=L, and x=0, respectively. The impact of such approximation, previously used by,
e.g., Cirpka & Kitanidis (2002), appears to be minor on both apparent velocity and dis-
persion, and does not therefore affect our conclusions (see Supplementary Information,

Figure S1).

The time step between particle jumps was defined to preserve the advective dis-

placement, which was done using a grid Courant number (gCu) as:

At = gCu x As/min{ug, uy, u,}, (13)
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Table 1. Hydraulic properties of the reference material used for all simulations: saturated (6s)

and residual (6,) water contents, shape parameters («, n), saturated hydraulic conductivity (Ks).

Material 6, [em3® cm™3] 60, [em® em™3] a [em™!] n -] K, [em h7]

Loam 0.00 0.49 0.0066 1.68 1.8

where As is the characteristic size of the grid cell.

2.2 Representation of soil heterogeneity

Small scale soil heterogeneity was modeled using the MMT method (Miller & Miller,
1956; Sadeghi et al., 2016). Briefly, the theory assumes that similarities at the pore scale
geometry yields characteristic length or scaling factors (¢), which scale the physical prop-
erties of porous media, in this case the water retention and hydraulic conductivity curve
(Roth & Hammel, 1996; Schelle et al., 2013; Sadeghi et al., 2016). For each location x,

we can then calculate location-dependent soil hydraulic properties by:

h(x,8) = h*()—— (14)

K(x,0) = K*(0)¢(x)*, (15)

where h*(0) and K*(0) are reference material properties, described in Eq. 2 and
Eq. 4. Detailed theoretical considerations for MMT along with an overview of theory
applications is provided in Sadeghi et al. (2016). For all simulations, we assumed a sin-
gle loam material and the parameters of Eq. 2-4 are provided in Table 1. The spatial
distribution of the log-scaling factor x = log1p(¢) (presented above) was geostatistically
described as a multi-Gaussian model characterized by an isotropic Gaussian covariance
function with zero mean and a standard deviation o, . Different o, values have been tested
in this study. Finally, the correlation length in z (A;) and z (\;) was fixed to 8 cm and

24 cm, respectively, following the work of Schliiter et al. (2012).

The Miller-Miller theory assumes that porosity, and thus water content at satu-

ration (), is constant (through out this work equal to 0.49 em3cm =3, Table 1). To test
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the implications of spatial distributed 6, we also ran a set of simulations scaling 6, lin-
early as a function of the local K value, with a minimum and maximum value of 0.3 and
0.6, respectively. In that way, the test simulations assumed that high values of 65 coin-
cide with high values of K. This was only done for a high heterogeneity and a low mean
velocity (o, = 0.5 and ¢ = 0.01 mm/h, diffusion dominated process), which represent

the scenario most likely to be affected by an assumed constant 6.

2.3 Tested scenarios

Water flow was simulated for a series of steady-state simulations, assuming three
different degrees of heterogeneity (o, = 0.1,0.3,0.5) and two different imposed verti-
cal water fluxes (¢, ;, = 0.01,1 mm/h), and thus, different hydraulic structures (Ta-
ble 2). The low flux represents a scenario strongly dominated by diffusion (low mean ve-
locity), whereas the high flux represents a scenario with a stronger advective component,
as observed during an infiltration period. For each combination of o, and g ;n, 20 re-
alizations have been created. While this limited number of realization is not likely to be
sufficient for a stochastic analysis, observing results from a series of equiprobable flow

fields will allow to determine if our observation are realization specific or systematic.

For all the water flow simulations, solute transport was also simulated. The non-
represented effect of heterogeneity within a grid cell was accounted for by setting a grid-
scale dispersivity values of 0.1 cm in the longitudinal direction (i.e., z), and 0.01 cm in
in the transverse direction (i.e., 2). Moreover, D,, was fixed to 1.6 cm?/d ( order of mag-
nitude similar to, e.g., C. J. Cremer et al. (2016)). To better understand the implica-
tions of a spatially variable diffusion process, we tested 2 different methods on simulat-

ing the diffusion coefficient (Table 2):

A spatially variable, tortuosity (i.e., water content) dependent diffusion coefficient
(D (x)), with a tortuosity model described by (Millington & Quirk, 1961), as de-
scribed in Eq. 11;

« A spatially averaged diffusion coefficient (D,y,).

The diffusion coefficient was considered to be the same values in the 2 and z direction.

Finally, we evaluated the effect of transient conditions on solute transport in a highly

heterogeneous soil (o, = 0.5, Table 2). Transient conditions are caused by an infiltra-

—10—
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Table 2. Tested scenarios.

Description Heterogeneity Water flow Diffusion
oy = 0.1 _
Steady state simulations Qzin = 0.01 mm/h Constant, averaged (D)
oy = 0.3
(20 realizations) ¢zin = 1 mm/h Tortuosity dependent (D,,(x))
oy = 0.5
Transient simulations 05 1 day of strong infiltration Constant, averaged (D,,)
oy = 0.
(1 realization) 15 days of strong infiltration Tortuosity dependent (D, (x))

tion period followed by a long redistribution period. Two different infiltration periods
(tins) are considered: 1 and 15 days. The two models of diffusion tested for the steady

state simulations are here also considered.

3 Results
3.1 Small scale soil heterogeneity and advective flux

In this section, we analyze simulation results of a single realization. Nevertheless,
we also present outputs from the ensemble of 20 realizations in term of arrival time statis-
tics to ensure that observations made on a single realization are consistent across real-

ization.

Flow fields. Throughout our analysis, the intensity of the advective flux is char-

acterized by the Peclet number (Pe), which is estimated as:

e

_Z)\Z

Pe=—=—-.
Dy,

(16)

where 1, [L T !is the average pore water velocity in the z direction.

The resulting Peclet numbers, for each degree of heterogeneity, was equal to 3.3x107!,

3.3x1071, 3.4x107!, respectively, for the high flux; and equal to 4.0x1072, 2.9x10~2,
1.9x1072, respectively, for the low flux. According to the calculated Peclet numbers, all
scenarios are diffusion dominated (Pe < 1). However, the low g, ;,, simulations can be
characterised as strongly dominated by diffusion, due to the one order of magnitude lower

Peclet number.

—11-
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The spatial variability of SHPs appears to significantly control both saturation and
local water fluxes. Clear patterns of quasi-dry (@ < 0.1) and near-saturated (0 =~ 6,)
zones emerges when the degree of heterogeneity is increased (Figure 1, left frames; re-
sults from the lower degree of heterogeneity are shown in Supplementary Information,

Figure S2 and Figure S3).

The spatial variability in saturation is also highly sensitive to the intensity of the
infiltration flux (Figure 1, compare upper and lower left frames). Globally, saturation
is logically increased in case of higher Pe. Moreover, the degree of heterogeneity in com-
puted 6 in case of high o, appears to decrease when infiltration is stronger. We indeed
observe an increased predominance of fully saturated areas (6 = 6,), which is a direct

effect of MMT and the inherent assumption of equal saturated water content.

Similar observation can be made while analyzing the combined effect of soil het-
erogeneity and input flux on the spatial variability of computed water (Darcian) fluxes
(Figure 1, middle frame) and pore velocities (Figure 1, right frame): (1) Increasing o,
generates clear zones of low velocity and fast paths, and (2) increasing the infiltration
flux globally increases fluxes and increase the portion of the soil column occupied by high
velocity zones. These results are globally consistent with past work such that of Roth
(1995), who also observed the clear formation of islands of low and high fluxes due to
a similar Miller-Miller heterogeneous media and the sensitivity of this hydraulic struc-

ture to the input flux.

Spatial moments. The effect of heterogeneity and infiltration flux on the dynamic
hydraulic structure is reflected on the transport behavior of the applied particles. We
first analyze the lower spatial moments of the plume: the first moment, z,, represents
the location of the center of mass, and the second spatial moment, S, ,, quantifies the

spread around the centroid of the plume.

Spatial moments are evaluated until particles start to leave the downstream edge
of the domain to reflect the dynamics of the entire plume. Only results from simulations
using the “Millington and Quirk” model of tortuosity is shown throughout our analy-
sis. The analysis using the “Moldrup et al.” model leads to similar results as shown in

Supplementary Information, Figure S4.

—12—
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Figure 1. Resulting spatial distribution of the water content (6) for the highest degree of soil

heterogeneity (o, = 0.5) and for a high recharge flux (i.e., high Peclet number; bottom frames)

and a low recharge flux (i.e., low Peclet number; top frames).
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The center of mass of the plume is highly sensitive to the degree of heterogeneity
in SHPs for the case of low Pe number (Figure 2). For the same infiltration flux, the plume
moves downward faster in case of low o, (Figure 2, top left frame). The effective veloc-
ities in the downward direction associated to each o, values, v}, can be quantified as the
slope of the linear regression of z4(t), giving: 0.12, 0.08 and 0.05 cm/d for the low in-
put flux scenario, respectively, and 6.1, 6.0, 5.2 cm/d for the high input flux scenario.

Characteristic advection times can then be estimated as: tqq, = L, /v}.

Interestingly, the temporal evolution of the first spatial moment observed for the
low Pe case presents a non-linearity that increases with o,. This results to periods of
acceleration and of slowing down of the center of mass of the plume and not to a con-
stant effective velocity as observed in case of o, =0.1. The sensitivity of the effective ve-
locity to the degree of heterogeneity is lower in case of high Pe (Figure 2, top right frame).
This non-linearity appears to be more or less pronounced depending on the realizations

(Supplementary Information, Figure S5).

The spread of the plume appears to be less sensitive to o, in case of a low Pe than
in case of a high Pe (Figure 2, compare bottom frames). For a high Pe, the spread is
significantly increased for the highest degree of heterogeneity. For the low Pe, a low in-
put flux applied on a highly heterogeneous media leads to different regimes of spread of
the plume, with an intensification of the spread at early and intermediate times (Fig-
ure 2, bottom left frame). These fluctuations are observed for most realizations (Sup-
plementary Information, Figure S6). Yet, the average magnitude of the spread remains

globally similar for all oy, unlike for a high Pe.

Breakthrough curves. Such observations have clear implications in term of mass
transfer from the soil to deeper layers and into the aquifer. When heterogeneity is in-
creased in a low velocity system, the breakthrough curve recorded at the bottom of the
simulated domain presents a later mass arrival and an increased spread, i.e., lower peak
of mass and mass arrival for a longer period (Figure 3, top left frame). Distinctively, early
mass arrival appears insensitive to the degree of heterogeneity in case of high input flux,

unlike macrodispersion, which sensitively increases with o, (Figure 3, bottom left frame).

Globally, those results are consistent with the direct observation of non-Fickian trans-
port in macroscopically homogeneous unsaturated media with similar high velocity (Bromly

& Hinz, 2004).

—14—
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Figure 2. First (center of mass location, z4; top frames) and second (spread about the cen-
troid, S..; bottom frames) normalized spatial moments for each degree of heterogeneity of the
soil structure and for the 2 input fluxes. The dashed grey lines on the top frames are linear
regressions for the temporal evolution of z4. The slopes of the regression represent effective veloc-

ities.
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Figure 3. Breakthrough curves (BTCs) resulting from simulations in soil of different degree
of heterogeneity, for a high recharge flux (i.e., high Peclet number; bottom frames) and a low

recharge flux (i.e., low Peclet number; top frames). Right frames show the BTCs considering a
time normalized by the advective time. The diffusion coefficient is considered spatially variable

(tortuosity dependent).

Observing the plume behavior in a series of 20 realization of the heterogeneity in
the SHPs is consistent with the analysis made on single BTCs. For the high Pe system,
early arrival times (¢5) are less sensitive to o, than late arrival times (t95; Supplemen-
tary Information, Figure S7, left frames), while all arrival times are increased with het-
erogeneity when Pe is lower (Figure S7, right frames). Also, travel times pdfs allow to
observe that the variability among realizations in late arrival times is significantly in-

creased with the degree of heterogeneity.

The first spatial moment is often used to subsequently estimate the effective ve-
locity (v3) and the time of arrival of the center of mass of the plume at any distance from

the source. Applying this approach is valid in case of high input flux (Figure 3, bottom

—16—
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right frame). The BTCs are centered around a unit values of time normalized by t44.,
regardless of the degree of heterogeneity. However, we observe that v} does not prop-
erly predict the motion of the plume in case of low flux and high o, (Figure 3, top right
frame). Normalizing the BTCs’ time by the characteristic advective time (t44,) leads to
faster first arrival of mass for low Pe and high o, systems, reflecting an overall overes-

timation of the effective velocity.

This results from the non-linear behavior of the first spatial moment observed in
soils characterized by a low Pe and a high o, (Figure 2). Indeed, the predictive capac-
ities of the first spatial moment implies a linear evolution of the center of mass location,
reflecting a constant effective velocity, which is often observed in saturated conditions.

t = tqqo would then be associated to the arrival of the center of the plume at the char-
acteristic distance used to estimated t,q4, (L, in our case). Yet, in case of low flux, the
center of mass of the plume is affected by critical moments of fast and slow motion, which

render more complex the estimation of an effective behavior.

3.2 Importance of diffusion

In this section, our analysis focuses on the effect of diffusion on transport. We first

analyze the relevance of considering a realistically heterogeneous diffusion coefficient (D, (),

blue curves in Figures 4 and 5) by comparing corresponding BTCs from simulations dis-
regarding the diffusive process (yellow lines). The implications of considering a spatially

homogeneous diffusion coefficient (D,,,) will be analyzed in the following section.

High Peclet number. For a high Pe, considering diffusion has a moderate effect
on macrodispersion. In case of low heterogeneity, disregarding diffusion all together de-
creases macrodispersion (Figure 4), which is the expected expression of the process. In-
creasing o, renders more complex the impact of diffusion on transport: Early arrival times
are mostly unchanged but macrodispersion is decreased by adding diffusion, decreasing
the very pronounced tailing (i.e., elongated late arrivals) generated by the heterogene-
ity in the advective flux. This phenomena has been previously observed by few studies
under various conditions (Nissan & Berkowitz, 2019; Cirpka & Kitanidis, 2002; Weiss-
mann et al., 2002) and is explained by the capacity of diffusive motion to move mass away

from quasi-stagnant zones, reducing this way the potential for very late arrivals (i.e., tail-
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Figure 4. Breakthrough curves (BTCs) resulting from simulations using a spatially variable,
tortuosity-dependent diffusion coefficient (D, (x)) and a spatially averaged diffusion coefficient
(D) and no diffusion, for soils of different degree of heterogeneity. Results are shown for the
higher Peclet number. Times are normalized by the characteristic advective time of the D,,(x)

scenario.

ing). Here again, these observations are valid across realizations (Supplementary Infor-

mation, Figure S8).

Low Peclet number. The effect of diffusion on the overall transport dynamics for
the low Pe case is significant, both in term of arrival time and plume spread. For low
degree of heterogeneity (o, =0.1), macrodispersion is increased by including diffusion in
the simulations (Figure 5, top frame), which is expected and similar to the effect observed
in case of a high Pe. However, when o, increases, not including diffusion does not sig-

nificantly change the early arrivals but prevents late arrival of mass, leading to a non-
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Figure 5. Breakthrough curves (BTCs) resulting from simulations using a spatially variable,
tortuosity-dependent diffusion coefficient (D, (x)), a spatially averaged diffusion coefficient (D)

and no diffusion, for soils of different degree of heterogeneity. Results are shown for the lower

Peclet number. Times are normalized by the characteristic advective time of the Dy, (x) scenario.

Gaussian, negatively skewed BTC (Figure 5, lower frame). BTCs appears then to be more

sensitive to Pe as the degree of heterogeneity increases.

At the same time, BTCs sensitivity to oy is specific to the Pe number. When o,
increases, the counter-intuitive macrodispersion-reducing effect of diffusion observed for
high Pe is not observed for a lower Pe, which disagrees with the previous works of Nis-
san & Berkowitz (2019); Cirpka & Kitanidis (2002); Weissmann et al. (2002). This re-
lates with our consideration of spatial variable diffusion process. In case of high ¢. ;n,
low velocity zones are characterized by high diffusion coefficients (> 10° cm?/d; Fig-

ure 6 lower frame). This is because these zones are characterized by close to saturation
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water content but low hydraulic conductivity. This favors the mobilizing of mass that
would be otherwise trapped in a system without diffusion, due to the low local veloc-
ities. Late arrivals are then prevented. Due to the tortuosity model, the opposite is ob-
served in case of low flux: diffusion values in quasi-stagnant zones are the lowest (< 1073
cm?/d; Figure 6 upper frame), due to the low local water content. Residence times in
low velocity zones can then remain relatively high, which allows late arrivals. Interest-
ingly, in a low velocity system without diffusion, mass reaching a fast channel is likely

to remain in high velocity zones for the remaining of its transport toward the bottom

of the domain. Transport occurs then predominantly in fast channels, reducing the im-
portance of late arrivals. Adding diffusion would favor the transfer of mass from these
high velocity zones to more stagnant ones, increasing this way the contribution of late
arrivals. Such behavior is consistent across realizations (Supplementary Information, Fig-
ure S9). Moreover, accounting for a spatially variable saturated water content leads to

similar conclusions (Supplementary Information, Figure S10).

3.3 Effect of Spatially Variable Diffusion

To further understand the implications of spatial variability in the diffusion coef-
ficient, we compare BTCs resulting from simulations with a water content dependent dif-
fusion (D,,(z)) coefficient (assuming tortuosity model of Millington and Quirk) and with

a homogeneous, averaged diffusion (D, ).

In our modeling setting, the range of diffusion coefficient for a single realization is
highly dependent on the degree of heterogeneity of the SHPs and on the infiltration rate.
In case of lower ¢, ;,, we obtain exponentially decreasing histograms of D,, values in case
of a high degree of heterogeneity, with a range of diffusion coefficient from 0 to 1.2 cm?/d
(Figure 7, top frame). The histogram turns more and more Gaussian-like when o, de-

creases, with a narrowing range of values (from 0 to 0.3 for o, = 0.1).

In case of a larger infiltration rate, ranges of D,,(x) values are globally more spread
(Figure 7, bottom frame). Histograms are slightly increasing in case of high degree of

heterogeneity, and still Gaussian-like for o, = 0.1.

Adwvection dominated scenario For the high Pe scenario, the spatial variability
in the diffusion coefficient appears to have no real impact on transport in a mildly het-

erogeneous soil (Figure 4, top frame, compare blue and red lines). When the spatial vari-
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Figure 6. Relationship between the vertical velocity and the water content dependent dif-

fusion coefficient for each degree of the heterogeneity in the soil structure and for the 2 Peclet

numbers.
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Figure 7. Histograms of the spatially variable, tortuosity-dependent diffusion coefficient for

each degree of soil heterogeneity and for a high recharge flux (i.e., high Peclet number; bottom

frame) and a low recharge flux (i.e., low Peclet number; top frame).
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diffusion coefficient (D(xz)) and a spatially averaged diffusion coefficient (D,,), for soils of a high

degree of heterogeneity (o, = 0.5). Results are shown for the higher Peclet number.

ability in SHPs is more pronounced, correlating the local diffusion coefficient to the tor-
tuosity (and therefore the water content) slightly decreases the macrodispersion and the

tailing of the BTC (Figure 4, bottom frame).

Observing the plume of particles in a highly heterogeneous soil allows to identify
zones of accumulation of mass, which is slightly accentuated in case of spatially averaged
diffusion coefficient (Figure 8). Globally, the implications in considering the spatial vari-
ability in diffusion coefficient for a strongly advective system are moderate. Diffusion co-
efficients in low velocity zones are higher than the mean values, which, following the pre-

viously discussed phenomena, leads to a reduction of late arrivals.
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degree of heterogeneity (o = 0.5). Results are shown for the low Peclet number.

Diffusion dominated scenario. When diffusive process is more dominant, account-
ing for the spatial variability of the diffusion coefficient has a much greater impact on
plume behavior. For a high o, applying a spatially averaged diffusion coeflicient leads
to significantly earlier arrival of mass and to a lesser spread of the plume (Figure 5, lower

frames).

Snapshots of the particle plume in a highly heterogeneous soil display a significantly
pronounced accumulation of mass in specific zones of the soil if diffusion is considered

tortuosity-dependent (Figure 9).
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Low diffusion coeflicient values in low velocity zones result in an increased residence
time in those areas, forming pockets of mass, which can only leave the domain at rel-
atively late time. On the other hand, applying an average (but still larger) diffusion co-
efficient in those low velocity zones allows an earlier mobilization of mass, generating an-
ticipated arrivals. Note that this remains true even compared to a purely advective sys-
tem, which, despite maintaining mass in fast channels, can still be affected by the rel-
atively long presence of mass in low velocity areas at early times (partly due to the in-

jection of mass in low velocity zones).

3.4 Transient conditions.

Natural systems are characterized by periods of infiltration (i.e., strongly advec-
tive flux) and others of mostly slow mass redistribution (i.e., mostly diffusive transport).
Figure 10 shows BTCs resulting from simulations with homogeneous and heterogeneous
diffusion coefficients, for different distances of the control plane (z.,) and for 2 differ-
ent durations of the infiltration period (¢;,,=1 day and 15 days). The temporal discretiza-
tion of fluxes, water contents and diffusion coefficients was set to 1 hour, which produces
similar results than for a finer time step (Supplementary Information, Figure S11). The
effect of transience in the diffusion process is displayed by comparing BTCs resulting from
temporally variable diffusion coefficients (plain lines) and from temporally averaged co-
efficients (dashed lines). For these 2 cases, the water flux and the water content are still

considered transient.

For any infiltration period, results display an insensitivity of the BTCs to the spa-
tial variability in diffusion at the control plane near the source (x., = 2 x A,; Figure

10, top frames).

For BTCs recorded near the center of the domain (z., = 4x\.), the spatial vari-
ability in the diffusion coefficient generates slightly more diffuse mass arrival, with a later
peak and later late arrivals, only if the infiltration period is short (1 day; Figure 10, mid-
dle frames). In case of a longer infiltration period (characterized by a strongly advec-
tive transport), BTCs at mid-distance are mostly identical for a homogeneous or a het-

erogeneous diffusion coefficient.

Further downstream (z., = 9A.), applying a tortuosity-dependent diffusion co-

efficient produces significantly more diffuse BTCs, with similar early mass arrival than
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with a homogeneous D,,, but with a lower peak of mass and later late arrivals (Figure
10, bottom frames). This mass dynamic is observed for both a short (1 day) and a long
(15 days) initial period of strongly advective transport. For all tested BTCs, we observed

no significant effect of transience in the diffusion coefficient itself.

The two very distinct regimes of diffusive transport associated to a high and a low
advective flux explains the main dynamic of the simulated transient transport. At short
travel distance, the insensitivity of the solution to the diffusion model can be explained
by both the limited sampling of soil heterogeneity occurring over only 2 correlation lengths
and by the low impact of spatial variability in diffusion on strongly advective systems.

For longer infiltration period, the limited impact of heterogeneity in the diffusion is ob-
served further downstream (z., = 2\.). Yet, with increased travel distances, the ef-
fect of spatially variable diffusion coefficient on strongly diffusive systems takes over, re-

gardless of the infiltration duration.

3.5 Homogenization of diffusion

To evaluate the relevancy in determining effective, homogenized diffusion coefficient
other than a spatially averaged values, we tested the performance of the minimum and

the maximum values of D(z).

Homogenizing the diffusion coefficient leads to poor performances in case of low
Pe systems, regardless of the diffusion coefficient values used (Figure 11, upper frame).
Applying the maximum values of diffusion overestimates macrodispersion and leads to
early travel times, while the minimum values underestimates the plume spread, despite

reproducing relatively well the time of first arrivals.

Thus, no effective, homogenized values of diffusion can be determined in a low Pe
system. When velocity is relatively low, zones of low and of high diffusion coefficient have
a complex combined effect on transport that evolves as the plume moves through the het-
erogeneous domain. Therefore, even when the spatial variability in the SPHs, control-
ling advective fluxes is explicitly described, not accounting for the spatial variability of
the diffusion would require to artificially adjust effective advection. Such curve-fitting
approach would compromise the physical understanding of the system, which may have

detrimental consequences on the applicability of the model.
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Figure 10. Breakthrough curves (BTCs) at three control planes (CP) resulting from simula-
tions using a spatially variable, tortuosity-dependent diffusion coefficient (D, (z)) and a spatially
averaged diffusion coefficient (D) for 1 day of infiltration (left hand) and 15 days of infiltration
(right hand). Diffusion coefficients are considered transient (D.,(z,t) and Dy, (t)) or steady state

(temporally averaged). For all simulations, a high degree of heterogeneity in the SHPs (o, = 0.5)

is considered. Times are normalized by the characteristic advective time estimated for each dura-

tion of the infiltration period (finy).

27—



> ><1O'3 low Pe

——Dn(x)
min{D,,(x)}
5 max{D,,(x)}
S
07 i ——
0 0.5 1 1.5 2
01: high Pe
5 \
2 005 [
= :
/
/
O 1 / 1 \\ — —
0 0.5 1 1.5 2

T[]

Figure 11. Breakthrough curves (BTCs) resulting from simulations using a spatially variable

diffusion coefficient (red plain lines), the minimum (yellow dashed lines) and the maximum (blue
dashed lines) values of D(z), for a high recharge flux (bottom frames) and a low recharge flux

(top frames). The degree of heterogeneity is described by o, =0.3. Times are normalized by the

characteristic advective time of the D,,(x) scenario.
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In case of high Pe number, a maximum values of D(z) produces satisfactory re-
sults, while a minimum values tends to overestimate BTC tailing ((Figure 11, lower frame)).
As advection remains the main controlling process, only the zones of high values of dif-
fusion coefficients impact the transport. Maximizing the homogenized diffusion coeffi-
cient reproduces then properly the release of mass from low velocity zones that prevent

tailing to occur.

4 Concluding remarks

Through a series of numerical simulations, this study analyzed the complex, syn-
ergistic effect of (small scale) soil heterogeneity, advection and diffusion on conservative

transport in unsaturated soils. Key findings are:

e The control of heterogeneity on transport is Peclet number dependent. For a low
Peclet number, the mean advective time increases with the degree of soil hetero-
geneity, while macrodispersion remains globally unchanged. The opposite is ob-
served for the high Peclet case, which is characterized by a significant increase of
(non-Fickian) macrodispersion and no real change in the mean advective flux when
soil heterogeneity increases. The sensitivity of high Peclet systems to the degree
of soil heterogeneity observed at the pore scale under saturated conditions by Nis-
san & Berkowitz (2019) remains then valid at larger scale and for unsaturated con-
ditions.

« Diffusion appears to be a key process controlling residence time of solutes in soils
since it distributes contaminant mass in or out of low velocity zones. Thus, the
impact of diffusion on transport is also highly dependent to the Peclet number,
but only for a relatively high degree of heterogeneity. In this case, for a high Peclet
number, diffusion decreases macrodispersion by allowing the remobilization of mass
trapped in quasi-stagnant zones. This phenomena have been previously described
by e.g., Weissmann et al. (2002) for a saturated aquifer and are now also observed
for unsaturated conditions. Yet, in a low Peclet system, diffusion increases late
arrival of mass. This appears to be linked to the tortuosity dependence of the dif-
fusion coefficient assumed in this study. Unlike for high Peclet systems, our sim-

ulated low Peclet soils are characterized by low values of the diffusion coefficient
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in low velocity zones (due to the low water saturation value), which prevents the
counter-intuitive reduction of macrodispersion when diffusion is considered.

e Thus, the spatial variability in the diffusion process is also a potential significant
factor to understand transport behavior of solutes in soils. The impact of tortuosity-
dependent diffusion process was found highly dependent on both the degree of het-
erogeneity and the Peclet number due to (1) the importance that the diffusive pro-
cess has in regard to the advective flux, and (2) the saturation dependence of the
distribution of diffusion coefficients over the soil profile. Homogenizing the diffu-
sion coefficient will disregard the dynamic feedback between mass accumulation
in zones of low advective flux and the potential release of this mass, which is func-
tion of the magnitude of the local diffusive process. The empirical relationship be-
tween local tortuosity and the diffusion coefficient has then important implications

in the dynamic of transport.

The practical implications of our theoretical study are potentially important. In-
deed, different parametrization of the heterogeneity, velocity and diffusion can lead to
significantly different first arrival of mass to the groundwater, more or less long term late
arrivals and different peak concentrations reaching soil-connected water bodies. More-
over, natural and cultivated soils are ubiquitously transient systems characterized by im-
portant temporal variation in the advection flux. Periods of low and high Peclet num-
bers due to infiltration or irrigation will result in periods of Fickian and non-Fickian trans-
port characterized with significantly different mean advective velocity and effective dis-
persion. The flow condition at the moment of field or laboratory observations is there-
fore a key element to be considered to understand in depth the dynamic of the solute
plume. This possible complex control of soil heterogeneity, Peclet number and diffusion
on transport is expected to critically affect reaction and reactive transport, which remains

to be investigated.

Globally, our outputs clearly highlight that small scale heterogeneity in soils and
its overall impact on the spatial variability in diffusion must be considered to properly
predict transport. Yet, a detailed characterization of this spatial variability is in most
cases technically and economically infeasible. Upscaling approaches reproducing this com-
plex impact of heterogeneity on advection, diffusion and therefore hydraulic structure

are then required. Upscaling the effect of heterogeneity on advective fluxes has been the
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focus on an important effort, mostly in saturated aquifers. Techniques such as the Multi-
Rate Mass Transfer model (Haggerty & Gorelick, 1995), Continuous Time Random Walk
(Berkowitz et al., 2006), and the fractional Advection-Dispersion Equation (Benson et
al., 2000) have indeed been developed to reproduce late arrival times, which is typically
the main BTC feature characterizing non-Fickian transport in saturated media. Yet, our
work shows that both the heterogeneous advective flux and diffusive flux should be si-
multaneously upscaled in soils. Indeed, as our results display, (1) a simple homogeniza-
tion of the diffusion coefficient is not sufficient due to the complex and dynamic mass
transfer from and into zones of low velocities, and (2) temporal variations in fluxes con-
ditions the effective impact of diffusion on transport. Guo et al. (2019) exposed the dif-
ficulties of upscaling techniques to perform well under transient conditions, which the
authors attempted to solve later on by explicitly accounting for the advective flux de-
pendence of mass transfer coefficients (Guo et al., 2020). In a future study, one could
attempt to develop a similar approach for unsaturated soils, accounting for both tran-

sient advective fluxes and transient diffusive fluxes.

To finish, it is important to emphasize on the theoretical and incomplete nature
of this work. For instance, real soils are in more cases more heterogeneous than what has
been assumed in this study (biopores, cracks, hydrophobicity, etc). Moreover, our con-
clusions rely on the application of a series of (well established) equations but also on an
empirical relationship between diffusion and tortuosity. While this relation is based on
observations, its impact on transport under heterogeneous conditions remains to also be

validated by in-situ or laboratory observations.

Open Research Section

This study is theoretical by nature and does not utilize any known database. In-
stead, model parameters are listed throughout the manuscript. Flow simulations can be
reproduced using the Daisy model (Hansen et al., 2012; Holbak et al., 2022) available
at: https://daisy.ku.dk/download/. Transport simulations can be reproduced using
the code RW3D (Henri & Diamantopoulos, 2022). Its source files and an executable are

available at: https://doi.org/10.5281/zenodo.6607599.
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Figure S1. Mass fluxes (normalized by the total mass reaching the bottom of the
domain) temporal evolution for a low (top) and high (bottom) degree of heterogeneity if
particles are allowed to leave the sides of the domain (dashed blue line) and if particles

are transferred to the opposite side of domain (plain red line). BTCs are shown for a low

flux (diffusion dominated scenario).
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Figure S2. Resulting spatial distribution of the water content () for each degree of soil
heterogeneity and for a high recharge flux (top frames) and a low recharge flux (bottom

frames).
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Figure S3. Resulting spatial distribution of the (logarithm of the) vertical Darcy flux

(qz) for each degree of soil heterogeneity and for a high recharge flux (top frames) and a

low recharge flux (bottom frames).
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Figure S4. Mass fluxes temporal evolution for a low (top) and high (bottom) degree
of heterogeneity if the Millington’s model of tortuosity is used (plain red line) and if the
Moldrup’s model of tortuosity is used (dashed blue line). BTCs are shown for a low flux

(diffusion dominated scenario) and the highest degree of heterogeneity.
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First spatial moment (Y,) temportal evolution for all realizations. Results

are shown for a low flux and the highest degree of heterogeneity.
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Results are shown for a low flux and the highest degree of heterogeneity.
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Figure S7. Probability density functions of the arrival time of 5 (top frames), 50
(middle frames) and 95% (bottom frames) of the total injected mass for each flow and
heterogeneity scenario. The diffusion coefficient is considered spatially variable (tortuosity

dependent).

December 7, 2022, 2:53pm



oy=0.1 oy=0.3 oy=0.5
ts ts ts
0.20 1
D(x)
D 0.15 1 0.100
0.151 "
o 0.075
© 0.10/ 0.101
"-g_ 0.050 1
] 0.05
0.05 0.025 -
0.00 0.00 1 0.000 A
tso tso tso
0.204 0.15 1
0.08 1
0.154
:‘ 0.10 1 0.06 4
|
2 0.101 0.04
- ,
%5 .
a 0.05 1
0.05 0.02 1
0.00 0.00 A 0.00 1
tos tos tos
0.20 0.08
0.15 0.06 1 0.04
T
2, 0.10 A 0.04 A
-
3 0.02
0.05 4 0.02 1
0.00 1 0.00 0.00
50 100 150 0 50 100 150 50 100 150

arrival time [d]

arrival time [d]

arrival time [d]

Figure S8. Probability density functions of the arrival time of 5 (top frames), 50 (middle
frames) and 95% (bottom frames) of the total injected mass for each heterogeneity scenario

and diffusion model. Results are shown for the higher Peclet number.
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Figure S9. Probability density functions of the arrival time of 5 (top frames), 50 (middle
frames) and 95% (bottom frames) of the total injected mass for each heterogeneity scenario

and diffusion model. Results are shown for the lower Peclet number.
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Figure S10. Mass fluxes temporal evolution for a spatially variable diffusion coefficient
(D(z), blue lines) or a homogeneous, averaged diffusion coefficient (D, red lines) and for
a spatially variable saturated water content (6s(x)) or a homogeneous, averaged saturated

water content (f;). BTCs are shown for a high degree of heterogeneity (o, = 0.5) and a

low flux (diffusion dominated scenario).
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Figure S11. Mass fluxes temporal evolution for a low (plain lines) and high (dashed

lines) degree of heterogeneity for 2 temporal discretization of the Darcy fluxes and the

water content used in to solve the transport problem. CP 80 c¢m; 10 days of infiltration
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