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Abstract. Water isotopes are a tool of choice for assessing
travel time distributions of water in soils, aquifers and rivers.
However, the question of whether different water isotopes tag
the same travel time distributions of the water molecule, or
whether the inferred travel time distribution is specific to the
chosen water isotope, remains under debate. Here we con-
jecture that the latter is correct. We state that (a) travel time
distributions of water and any tracer reflect the spectrum of
fluid velocities and diffusive/dispersive mixing between the
flow lines connecting the system in- and outlet, and (b) the
diffusion coefficients of deuterium, tritium and '80 differ by
as much as 10 %. Using particle tracking simulations, we
show that these differences do indeed affect the variance of
the travel time distribution — as one would expect for well-
mixed advective-dispersive transport. Moreover, our simula-
tions suggest that in the case of imperfect mixing, also the
average travel time becomes sensitive to the differences in
diffusion coefficients. We find that when advective trapping
occurs in low conductive zones, an isotope with a smaller dif-
fusion coefficient remains there for longer times compared to
a substance exhibiting faster diffusion. This implies that for
imperfectly mixed transport, average transit times ultimately
increase with a decreasing diffusion coefficient: deuterium
has the longest average travel time, followed by tritium, fol-
lowed by '80. Depending on the type of simulated system,
we find differences in average travel times ranging from 10d
to more than 2 years. As these differences are in relative
terms usually of order 5 %—10 %, one might erroneously ex-

plain them as measurement errors. Our findings suggest in-
stead that these relative differences are physics based and
may reach up to 50 % for strongly heterogeneous systems,
persisting and even growing with increasing space and time
scales rather than being averaged out. We thus conclude that
travel time distributions inferred from O-H isotopes of the
water molecule are conditioned by the chosen water isotope.

1 Introduction

Travel or transit time distributions play a key role in contam-
inant leaching from the partially saturated zone into ground-
water (Sternagel et al., 2021; Klaus et al., 2013, 2014) and
stream flow chemistry in general (Kirchner et al., 2000). As
early as 1982, Simmons (1982) and Jury (1982) introduced
the concept of travel time and travel distance distributions
into soil physics, to acknowledge that field observations of
solute transport were frequently inconsistent with predictions
of the advection-dispersion model. When injecting a tracer
pulse into the soil, the normalized concentration as function
of depth characterizes the distribution of travel distances at
a fixed time, while the time series of the normalized concen-
tration observed at a constant depth yields the distribution
of times the molecules need to travel to this depth (TTD).
Recalling the theory of linear systems, Simmons (1982) and
Jury (1982) advocated the TTD, also often referred to as so-
lute breakthrough curve (BTC), as the transfer function for
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simulating solute breakthrough to a given depth. In line with
this approach, Barnes and Bonell (1996) applied unit hydro-
graph techniques to predict solute transport in catchments.

The charm of this approach is that by using alternative
transfer functions, one can step beyond the limitations of
advective-dispersive transport. The latter is also called Fick-
ian transport and reflects the case of perfect mixing, wherein
chemical species visit the entire domain and thus experi-
ence the entire spectrum of fluid velocities “many” times.
In this case, the central limit theorem applies, and normally
distributed transport distances emerge and the variance in
travel distances grows linearly with time (Roth and Ham-
mel, 1996). Simmons (1982) showed that a stochastic con-
vective transfer function is well suited to simulate solute
transport in the yet imperfectly mixed near field, where the
variance in travel distance grows with the squared transport
time. The general drawback here is that transfer function ap-
proaches require linearity and thus a time invariant velocity
field. However, water flow velocities do change nonlinearly
with soil water content, which means that TTD are condi-
tional to (changing) soil water contents and rainfall forc-
ings. This explains notably why transfer function approaches
are (despite their mathematical appeal) of low practical rele-
vance to predict solute leaching in soils.

Strikingly, the concept of travel time distributions was
used even earlier in groundwater and catchment systems as
reported by Eriksson (1958) and Bolin and Rodhe (1973).
Furthermore, Berkowitz and Scher (1995) introduced the
continuous time domain random walk to simulate Fickian
and non-Fickian transport of chemical species, which es-
sentially uses transfer functions characterizing travel time
distributions of solutes inferred from observed BTCs; see
Berkowitz et al. (2006) for a detailed introduction. Naturally,
travel or transit time distributions can also be defined for en-
tire river basins (McGlynn et al., 2002, 2003; Weiler et al.,
2003; Hrachowitz et al., 2009, 2016; Benettin et al., 2015,
2018; Rodriguez et al., 2018, 2021), because catchments or
watersheds drain the collected precipitation to their stream
outlet or release it via evapotranspiration. The defined “in-
let” for rainfall and tracers is hence the catchment surface/-
soil surface, while the defined outlet is either the riparian
zone when focusing on transit times of streamflow or the
soil-vegetation system to infer transit times of evaporation
and transpiration. As flow velocities in the stream are several
orders of magnitude larger relative to those prevailing in the
subsurface domain, tracer observations at the catchment out-
let yield a very good (lumped) approximation of the transit
time distribution of water and chemical species through the
catchment system into the stream.

Early attempts to predict stream flow chemistry and re-
lated transit times relied also on transfer functions (Barnes
and Bonell, 1996; McGuire and McDonnell, 2006) and natu-
rally faced the same problems of state-dependent and season-
ally varying travel time distributions. To overcome this prob-
lem, Hrachowitz et al. (2013) proposed using mixing coeffi-
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cients, while Harmann (2015) and Rinaldo et al. (2015) intro-
duced the concept of age ranked storage in combination with
StoreAgeSelection (SAS) functions for inferring travel time
distributions of stream flow. This requires the numerical so-
Iution of the Master Equation, i.e., the catchment water bal-
ance for each time and each age (Rodriguez and Klaus, 2019)
alongside an appropriate selection of the functional form of
SAS-function(s), e.g., as a gamma or beta distribution (Hra-
chowitz et al., 2011; Klaus et al., 2015; Rodriguez and Klaus,
2019; van der Velde et al., 2015) and their weights. Recent
work reveals that this approach is even suited to capture fin-
gerprints of preferential flow in the partially saturated zone
(Tiirk et al., 2026). A closer look reveals that the use of mix-
ing coefficients is functionally similar to the SAS approach
using piece-wise linear age sampling distributions, as shown
by Hrachowitz et al. (2016).

Any attempt to infer travel time distributions requires, es-
sentially, the use of tracers; clearly water isotopes play a key
role here as they provide a time-continuous source of infor-
mation for this purpose at the pedon (Sprenger et al., 2016)
and the catchment scales (McGlynn et al., 2002; Weiler et al.,
2003; Klaus et al., 2013; Sprenger et al., 2016). Yet to date,
a controversial debate prevails as to whether different water
isotopes yield information on the same travel time distribu-
tion. Rodriguez et al. (2021) found different median travel
times of deuterium (1.77 years) and tritium (2.19 years) in
the 42 ha large Weierbach catchment in Luxembourg using
an SAS approach combining three different age distribu-
tion functions. However, the authors considered these dif-
ferences as unphysical, because they assign two times to
“the same water molecule” and explained these differences
by mere measurement uncertainty. However, Stewart et al.
(2010, 2021) report that average travel times inferred from
180 and tritium might differ more than one year and argued
that these differences are significant and physics based. More
recent work of Wang et al. (2023) reported that the water
ages and transit time distributions inferred from '30 and 3H
using the SAS approach were largely consistent, while re-
lated differences appeared substantial when using a convolu-
tion model approach. Obviously, comparative studies must
be very precise about their underlying methods for infer-
ring travel times, to ensure that they are comparing the same
quantities.

Here we conjecture that travel time distributions are in-
deed specific to the chosen water isotope. More specifically,
we argue that (a) TTDs reflect the spectra of fluid velocities
along the flowlines of variable lengths as well as diffusive
and/or dispersive mixing among them, and (b) the diffusion
coefficients of deuterium (D,O or HDO), tritium (HTO) and
180 (130H,) differ by as much as 10 %. At the pore scale,
one would thus naturally expect differences, as the under-
lying transport process is essentially advective-diffusive. At
larger scales, one can observe either Fickian or non-Fickian
transport. Fickian transport reflects, as already stated, the
asymptotic case of perfect mixing, characterized by normally
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distributed transport distances in line with the advection-
dispersion equation. However, the time scale for diffusive
mixing between flow lines grows with a declining diffusion
coefficient of a tracer, as detailed in Sect. 2.1. We thus ar-
gue that differences in diffusion coefficients of water iso-
topes should hence affect dispersion and thus the variance of
travel times, with slower diffusion causing larger variances.
However, in case of perfect mixing one would not expect
differences in average travel times, because for advective-
dispersive transport the latter is controlled solely by the aver-
age fluid velocity, which does not depend on molecular dif-
fusion nor on the dispersion coefficient.

Here we conjecture that in the case of imperfect mix-
ing, the average travel time becomes sensitive to differences
in diffusion coefficients as well, as detailed in Sect. 2.1.
Anomalous transport can manifest through skewed travel
distance distributions leading to a faster first arrival and/or
a longer tailing compared to Fickian transport (Levy and
Berkowitz, 2003; Edery et al., 2014, 2015; Dentz et al.,
2023). Recent experimental work of Elhanati et al. (2025) in-
vestigating the breakthrough of deuterium and Br~ through
saturated columns containing uniform and heterogeneous ar-
rangements of porous media revealed very similar behav-
ior of both tracers, and quantitative analysis demonstrated
clearly non-Fickian transport with long tailing of break-
through curves. Motivated by these findings and the discus-
sion between Stewart et al. (2010, 2021) and Rodriguez et
al. (2021), we use physically based numerical simulations to
test our conjecture. To this aim, we explore the sensitivity
of travel time distributions to the changes in diffusion co-
efficients, comparing transport of tritium (HTO), deuterium
(HDO), and '80H, through media with different types and
levels of heterogeneity.

2 Background and numerical Simulations

2.1 Background: Solute transport in porous media in a
nutshell

Before detailing the numerical experiments, we briefly re-
visit the theory of dissolved matter transport, to justify our
conceptual and numerical simulation approach. In the sim-
plest case, i.e., dissolved transport of an inert (non-reactive,
conservative) substance through a fluid at rest is solely con-
trolled by molecular diffusion. According to Fick’s law, the
solute flux j (kgs~! m?) is the product of the molecular dif-
fusion coefficient, Dol (m2 s~ 1), and the gradient in solute
concentration, C (kg m™>):

J=—Dma VC. 1)

Einstein (1905) showed that molecular diffusion is an effec-
tive, macroscopic fingerprint of Brownian motion. Molecular
diffusion (Dp,]) grows with the absolute temperature but de-
creases with increasing viscosity of the fluid and increasing

https://doi.org/10.5194/hess-30-2093-2026

2095

diameter of the molecule. Moreover, it is well known that
for a fluid at rest and assuming an initial delta distribution
of the substance, the travel distance obeys Gaussian distri-
bution, centered at the origin (Einstein, 1905). The variance
of travel distance grows linearly with time ¢ (s), while the
molecular diffusion coefficient is the growth factor.

When the fluid moves with constant and spatially homo-
geneous velocity, v (m s_l), the solute flux is the sum of an
advective and a diffusive component:

j=vC — DpolVC. )

This is what is meant when loosely stating that the “solute
velocity” is not equal to the fluid velocity. The distribution
of travel distances still obeys a Gaussian behavior, its vari-
ance increases proportionally to Dy, and ¢, while the mean
travel distance grows with v ¢. This is the well-known case of
advection-diffusion.

In line with Einstein’s argument and Roth and Hammel
(1996), we note that dispersion is a macroscopic, effective
fingerprint of lateral diffusive mixing of solutes between
flowlines of different fluid velocities. Recalling that wa-
ter flow in an individual soil pore can be characterized by
Hagen-Poiseuille law, this can be effectively visualized by
discussing the migration of a tracer pulse injected into a pore
of radius r (m) and travelling through the parabolic veloc-
ity field. Figure 1 displays the three main states of Taylor-
Aris dispersion, which were all inferred from particle track-
ing simulations (see Sect. 2.2) through a parabolic flow field
with mean velocity of v =10"*ms~!. For times  much
smaller than the diffusive mixing time scale, finix = %,
tracer molecules migrate along the same flowline and their
displacement mirrors essentially the parabolic flow field (Fig.
1a). In this so-called near field, transport is essentially deter-
ministic and the variance in travel distance scales with 72,
as shown in Fig. le and f for small transport times. How-
ever, the non-uniform displacements in x directions cause
a transversal concentration gradient between the flowlines,
which is gradually depleted by transversal diffusive mixing
from fast to slow flowlines and vice versa (see Fig. 1b for
t = tmix). For times much larger than the diffusive mixing
time, all molecules experience the entire velocity field many
times and the central limit theorem applies (Fig. 1c).

The comparison of the travel distance distribution inferred
from the particles to the Gaussian distribution in Fig. lc
corroborates that indeed a Gaussian travel time distribution
emerges. The mean travel distance grows with the spatially
averaged fluid velocity, v, and ¢ (Fig. 1d). The variance of
travel times now grows linearly with ¢ and the slope is the
macro-dispersion coefficient D (Fig. le, f). For Taylor-Aris
dispersion in a cylindrical pore with radius r, the dispersion
coefficient shows the following dependency:

52,.2

D~ .
Dmol

3)
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Figure 1. The three stages of Taylor-Aris dispersion in a capillary tube pore with radius  (m) as a function of the diffusive mixing time scale
tmix = 2/ Dmol: (@) near field for 1 <K i, intermediate state for r = i (b) and well mixed far field for # > #,ix (¢). Variance of particle
transport distances as a function of time for Do = 1 X 107°m2s~! (e) and Dol =1 X% 107" m2s~1 (0. All graphs were inferred from

transport simulations based on particle tracking.

The key point is that D grows linearly with D;él. Figure 1

corroborates for the simulated transport of two different trac-
ers with Dpo1 of 1 x 1077 (Fig. le) and 1 x 10~®m? s~ ! (Fig.
1f). Diffusion that is slower by a factor of 10 causes not only
a ten times larger dispersion coefficient: it also implies that
it takes ten times longer to reach the well-mixed advective-
dispersive case and that the variance in travel distances in-
creases ten times faster with time.

Of course, we acknowledge that dispersion in a real-world
porous medium relates to the variability in pore sizes and
that the geometry and tortuosity of soil pores is clearly more
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complex than the above example. Naturally, this implies that
dispersion in a porous medium shows a qualitatively differ-
ent behavior. In one dimension, the dispersion coefficient is
proportional to the product of the average flow velocity, v,
(not 7%), and the dispersivity of the porous medium. The lat-
ter characterizes the length scale of heterogeneities (Bear,
1972; Dentz et al., 2023). Yet we argue that Taylor disper-
sion and Hagen-Poiseuille flow occur in each individual soil
pore. This implies the lateral diffusive mixing times for iso-
topic tracers will be different due to their different diffusion
coefficients, meaning that we expect the tracer with lower
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diffusion coefficient will experience a stronger longitudinal
dispersion. We thus conjecture that the variance of travel
distances and travel times will, nevertheless, grow with a
decreasing molecular diffusion coefficient. However in the
case of perfect mixing, we do not expect that different iso-
topes will show different mean travel times, simply because
advective-dispersion transport relies on a linear superposi-
tion of advective and dispersive solute flux, and the average
flow velocity v is not affected by changes in the diffusion
coefficient.

advective solute flux  dispersive solute flux
. —~ = —
j= vC - Dbvc . )

Instead, we propose that the independence of the aver-
age transit time from the diffusion coefficient no longer
holds when non-Fickian transport occurs. The latter breaks
the symmetry of the Gaussian travel distance distribution
(Bloschl and Zehe, 2005), because molecules are either
trapped in low conductive bottlenecks for very long times,
and/or are traveling along rapid preferential flow paths leav-
ing the system after very short times (Berkowitz and Zehe,
2020; Wienhofer et al., 2009). As an important implication of
the long tailing, the travel time distribution becomes skewed
and in the case of advective trapping in low conductive bot-
tlenecks, one might expect that an isotope with a smaller dif-
fusion coefficient stays in the bottlenecks for longer times
compared to an isotope which exhibits faster diffusion. This
could imply that in case of non-Fickian transport average
transit times grow with a decreasing diffusion coefficient.

2.2 Transport simulations and numerical experiments

To shed light on the role of the different diffusion co-
efficients of deuterium, tritium and O!8 for the transit
time distributions, we simulated advective-diffusive trans-
port through steady-state flow fields in two dimensional
saturated domains of increasing heterogeneity, comparing
the transport of the three different water isotopes. Their
respective diffusion coefficients in water at a tempera-
ture of 25°C are, according to Devel (1962) and Wang
et al. (1952), Dupo =2.25 x 102 m?s™ !, Dyro = 2.44 x
1072 m?s~! and Dispp, = 2.66 X 102 m? s~ 1. For the case
of HTO we chose to ignore its radioactive decay, to assure
that optional differences in average travel times stem only
from the differences in diffusion coefficients.

In all investigated cases we used particle tracking to simu-
late isotope transport in combination with the respective flow
fields. The particle advancement, As (m), being character-
ized by the Langevin equation, starting from a given particle
location at time ¢;:

As(x,y) =v[s (t)] At + §/2Dmol At &)

The first term characterizes advective displacement, depend-
ing on the two dimensional (2d) fluid velocity vector v, and
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the time step Ar. The second term denotes the diffusive dis-
placement, which scales with a modulus of v/2 Dol At times
a standard normally distributed random number &.

Three different model scenarios, A, B, and C, are exam-
ined, accounting for different types of hydraulic conductivity
fields and heterogeneities. In all cases tested, the dependence
of the simulations on the chosen number of particles com-
pared N = 104, 5% 104, 10° and 2 x 105; results were inde-
pendent of N at particle numbers larger than 10°. In all cases
fluid velocities were interpolated to the particle position us-
ing inverse distance weighting.

2.2.1 Scenario A: Isotope transport through a
homogeneous medium with an embedded lower
permeable lens

Scenario A was inspired by the experimental work of El-
hanati et al. (2025) investigating the breakthrough of deu-
terium and Br~ through homogeneous, uniformly packed
sand columns and sand columns with an embedded lower
permeable lens (Fig. 2, Scenario A). We simulated steady
flow through a I m by 10 m block using the following con-
figurations:

Al.1 — a sandy saturated soil with hydraulic conductiv-
ity Ks =1 x 107> ms~! and porosity of 0.4, surround-
ing a less conductive lens (Fig. 2) with hydraulic con-
ductivity of Ks =10 ms~!.

A.1.2 — same configuration as Al.l1, while the less
conductive lens has a hydraulic conductivity of K¢ =
108 ms™!

A2.1 — a saturated loess soil with hydraulic conductiv-
ity Ks = 1 x 1077 m and porosity of 0.46, surrounding a
less conductive lens (Fig. 2) with hydraulic conductivity
of Kg=10""ms™ .

A2.2 — same configuration as A2.1, while the less
conductive lens has a hydraulic conductivity of K¢ =
10~ 8ms1.

In all cases, we used a discretization of 0.2m by 0.2m, a
permeameter type of boundary condition with a head gra-
dient of 0.05mm™!, and calculated the flow field using the
model CATLFOW (Zehe et al., 2001). CATFLOW is a phys-
ically based model to simulate the water balance and subsur-
face transport at hillslope scale. CATFLOW simulates sub-
surface water dynamics based on the two dimensional Darcy-
Richards equation using curvilinear orthogonal coordinates.
The equation is solved using a mass conservative Picard iter-
ation (Celia et al., 1990) with adaptive time stepping. While
the model also accounts for overland flow, evaporation and
transpiration and solute transport, we omit details here as we
make use solely of the simulated steady state flow fields. The
flow fields were generated using no-flow boundary condi-
tions on the horizontal domain boundaries. Using these flow
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fields, we simulated advective diffusive transport by means
of particle tracking according to Eq. (5) and time steps of 1 h
and 10° particles. As scenario A is partly an upscaled version
of the medium that Elhanati et al. (2025) used in their ex-
periments, we expect that non-Fickian transport will emerge
in line with their experimental findings. However, it was not
possible to reconstruct the exact hydraulic conductivities of
these experiments, so that we expect similar qualitative be-
havior but not a one-to-one correspondence.

2.2.2 Scenario B: Isotope transport through a
two-layered aquifer at different head gradients

In scenario B, we simulated advective-diffusive solute trans-
port in a simple two-layer aquifer system of 2 m total height
and a length of either 10 m (B1) or 5 m (B2). The layers with
a height of 1 m are homogeneous but differ by their saturated
hydraulic conductivity of Ky =107% and 1073 ms~'. Both
layers were exposed to the same head gradient, which was
first set to dH /dx = 0.05 and then to dH /dx = 0.5 to com-
pare overall four different Peclet numbers. Transport of deu-
terium, tritium and 30 with their diffusion coefficients was
simulated using a pulse input of 10’ particles through the left
upstream domain, while no-flow conditions were assigned to
the two horizontal domain boundaries. Time stepping was set
to one hour.

2.2.3 Scenario C: Isotope transport through a
stochastic heterogeneous aquifer with increasing
variance in hydraulic conductivity

In scenario C (Fig. 2, Scenario C; Fig. 3), we revisited steady-
state fluid flow within two-dimensional, stochastic heteroge-
neous media with moderate (var = 1), intermediate (var = 3)
and strong variance (var=135) in the hydraulic conductivity
from the study of Zehe et al. (2021). The 60 m long and 20 m
wide domain was discretized into 0.2 m by 0.2 m elements.
Flow was driven by total difference AH = 10m, from the
left upstream boundary to the right downstream boundary,
while no-flow conditions were assigned to the two horizontal
domain boundaries. We used random and yet statistically ho-
mogeneous, isotropic Gaussian fields of three different vari-
ance of In(K), namely 1, 3 and 5 generated with the sequen-
tial Gaussian simulator GCOSIM3D (Gémez-Hernandez et
al., 1997) and a correlation length of 1 m. Advective diffusive
transport was again simulated using particle tracking accord-
ing to Eq. (9).

Our previous work showed that these media were highly
susceptible to preferential flow and transport, while one
could observe a stronger funneling into preferential flow
paths with increasing variance (Edery et al., 2014; Zehe et
al., 2021), as visualized in Fig. 3. For the particle tracking we
used simulated flow fields for an average hydraulic conduc-
tivity of Ky = 107 "ms orKs= 10~°ms~! to account for
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two different Peclet numbers, injecting 10° particles at the
upstream left boundary and using hourly time steps.

3 Results
3.1 Travel time distributions inferred from scenario A

While scenario A did not generally yield distinct differences
in the simulated travel time distribution for different isotopic
tracers, we found for all scenarios travel time distributions
with longer tails. Figure 4 shows this exemplarily for sce-
narios A2.1 and A2.2 (the conductive embedding) by com-
paring their travel time distributions, derived from the accu-
mulated normalized breakthrough curves (CBTC), using the
transport through the homogeneous medium without a clay
lens as a well mixed, Gaussian reference. This reveals, in
line with the experimental evidence of Elhanati et al. (2025),
a clearly non-Fickian travel time distribution with an earlier
first arrival and significantly longer tailing compared to the
Gaussian reference (black line, Fig. 4). In addition, Table 1
provides the mean travel time (mean(7)), its standard devia-
tion (SD(T)), as well as the 10 %, 20 % 50 %, 75 % and 90 %
quantiles (T10, T25, T50, T75, T90). Case 2.1 (solid green)
has clearly the smallest average travel time, due to the faster
first arrival, while it has also a larger standard deviation and
a longer tailing, compared to the Gaussian case. So here the
earlier first arrival dominates against the longer tail. Mean
travel times drop below that of the Gaussian reference when
the hydraulic conductivity of the clay lens is increased from
107 to 1078 ms~! (Fig. 4, solid red A.2.2), despite the ear-
lier first arrival. This can be explained by a stronger advec-
tive transport of the tracer into the lens, due to the smaller
drop in conductivity. This clearly leads to a much longer tail-
ing, which ultimately controls the shift to larger mean travel
times. Consistently, we observe an even larger mean travel
time, when elongating the clay lens with K =10"8ms™!
by 30 % (Fig. 4. A.2.2 long, solid blue).

For convenience, we compared the mean travel time,
mean(7), to the average hydraulic retention time, RTpyq, cal-
culating the latter by dividing the total pore volume of the
domain by the averaged flow rate. RThyq and mean(7") match
naturally very well for the case of Fickian transport through
the homogeneous domain. In the case of non-Fickian trans-
port, however, we observe that the average travel times in-
ferred from the CBTCs deviate from the hydraulic retention
time RTpyq. In case 2.1 it is actually smaller while in case 2.2
it is slightly larger.

We generally acknowledge that one can a priori expect de-
viations from Fickian transport in scenario A, as the transport
distance is only twice as large as the length of the embedded
clay lens. Yet, the long tail reflects diffusion of molecules
into the low conductive lens, which evidently reside there for
considerably long times. The channeling of the flow around
the lens and the enlarged transport velocities explain in turn
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Figure 2. Scheme of model scenarios.
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Figure 3. The normalized hydraulic conductivity fields for three randomly selected realizations of small, medium and large variance (a, b,
¢). Normalized cumulative number of particles (Np) that visited a grid cell in the simulation domain for small, medium and large variance (d,
e, f) for HDO inferred from a critical flow path analysis. Funneling of water and HDO into preferred pathways become clearer stronger with

increasing variance of the hydraulic conductivity field.

the earlier arrival of the solutes compared to the homoge-
neous case.

3.2 Travel time distributions inferred from scenario B

Figure 5 provides the cumulative breakthrough curves/travel
time distributions (TTD) through the two layered system of
10m (B1) and 5m length (B2) at the two different head
gradients. In all cases we found a distinct dependence of
the TTD on the diffusion coefficient of the different iso-
topes. Generally, HDO exhibits in all cases the largest mean
travel time followed by HTO followed by '3OH, (Table 2). A
slower diffusion implies indeed a shift towards longer travel
times, which manifest particularly in the long tails and the
larger quantiles (Table 2). To highlight these differences, Fig.

https://doi.org/10.5194/hess-30-2093-2026

5 zooms to travel times larger than the 80 % quantiles and
smaller than 99 % quantiles. We found however also that the
standard deviation and thus the dispersion of travel times
grows systematically with declining diffusion coefficient.
The median travel times in Table 2 grow for both large
head gradients almost linearly with transport distance, from
approx. 4 to 9 years (for the small gradient) 0.32 to ap-
prox. 0.65 years (for the large gradient). However, for each
travel distance, driving head and isotope the mean travel
time is minimum two and maximum five times larger than
the corresponding median, which underlines that TTD are
strongly skewed due to very long tails. Absolute differences
between mean travel times are largest comparing HDO and
180H,. They appear largely independent from the length of
the aquifer ranging from approx. 0.2 years for the larger
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Figure 4. Cumulative breakthrough curves/travel time distributions of HDO for scenario A.2.1 and A. 2.2, i.e., the low conductive embedding

medium with Ks = 1077 ms™!

, using the travel time distribution through the homogeneous medium as reference.

Table 1. Mean travel time (mean(7')), standard deviation (SD(T")), as well as the 10 %, 20 % 50 %, 75 % and 90 % quantiles (T10, T25, T50,
T75, T90) for cases shown in Fig. 4. For convenience we includehe hydraulic retention time, RTpyq.

Case RThyg mean(T) SD(T) T10 T25 T50 T75 T90

[d] (d] [d] [d] [d] [d] [d] [d]
A2.1 507.0 485.0 649 4451 4552 467.0 4842 5392
A22 506.9 510.4 81.7 460.0 470.1 483.1 503.1 603.1
A22,long  509.1 5154 109.1 449.1 459.0 4722 5073 660.3
Homogen.  508.4 508.3 229 47.09 4925 5082 5232 5375

head gradient to approx. 0.5 years for the small gradient.
The corresponding relative differences decline naturally with
increasing length of the aquifer ranging from 7 % to 4 %.
Interestingly, we can observe a rather stable relative differ-
ence between the standard deviation of travel times of HDO
and '80H; of approximately 10 %, which implies that differ-
ences in their variance and thus dispersion are approximately
20 %. This relative difference corresponds well to the rela-
tive difference between the diffusion coefficients of Dypo =
2.25x 107" m?s™" and Disgy, =2.66 x 10~ m* s~ 1.

3.3 Travel time distributions inferred from scenario C

Figure 6 presents the travel time distributions for scenario
C for all isotopic tracers, variance in hydraulic conduc-
tivity grows from the top to the bottom rows, cases with
mean(Ky)=1x 10" ®ms™! appear in the left column, those
with mean(K) =1 x 1077 ms~! appear in the right column.
In all cases except Cl1.1, there is a distinct dependence of
the TTD on the diffusion coefficient. Generally, HDO ex-
hibits the largest mean travel time followed by HTO fol-
lowed by '80OH, (Table 3). The TTD of C.1.1 (var=1,
mean(Kg)=1 x 10_6) is very close to the well mixed case,
as the mean and median travel times are for all isotopes very
similar. Differences in mean and median travels generally
grow when moving to larger variances, while differences in

Hydrol. Earth Syst. Sci., 30, 2093-2106, 2026

travel time distributions become more distinct particularly in
the 75 % and 90 % quantiles (Table 3) and the tails (Fig. 6).
Significant absolute differences in the mean travel times
of HDO and '30H, occur for C2.2 (var =3, lower K) with
approximately 0.4 years, and particularly for both cases with
variance of 5 (C3.1 and C.3.2) with absolute difference of ap-
proximately 1.4 years. The case of the lower mean hydraulic
conductivity corresponds to a relative difference of 10 %. For
the higher mean hydraulic conductivity we observe, however,
that HDO (mean(7T) = 3.83 years) travels on average 50 %
slower than '0OH, (mean(7)=2.46 years). The reason for
this high relative difference is that the 10 times higher con-
ductivity leads to earlier first arrival while the travel times
still exhibit very long tailing with substantial differences be-
tween the isotopes. Note that for C3.1 differences in the
mean travel time of HDO (mean(7") = 3.83 years) and HTO
(mean(7T)=3.1 years) are with approximately 0.75 years,
substantially larger than the differences reported by Ro-
driguez et al. (2021) for the respective median travel times.
To summarize, we argue that standard deviations of travel
times are distinct among the isotopes, particularly when con-
sidering larger variances in hydraulic conductivities. Maxi-
mum relative differences amount to 20 % between HDO and
HTO as well as HTO and '*OH, (C3.1 and C3.2), which im-
plies that the dispersion will vary by approximately 40 %.
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Figure 5. Travel time distributions of HDO (solid green), HTO (solid red) and 18OH2 (solid blue) for the long aquifer (B1, a and c¢) the short
layered aquifer (B2, ¢ and d), with the driving head gradient dH /dx and the corresponding Peclet numbers. For a better visualization of the
main differences, we zoom to travel times larger than the 80 % and lower than the 99 % quantiles. Note that scaling of the ordinate in (a) and

(b), as well as (¢) and (d) are different.

Table 2. Mean travel time (mean(7')), standard deviation (SD(T)), as well as the 10 %, 20 % 50 %, 75 % and 90 % quantiles (T10, T25, T50,
T75, T90) for cases shown in Fig. 5. The color coding corresponds to the plots of the different isotopes in Fig. 5.

mean(7) SD( T10 T25 T50 T75 T90
[v] [v] [v] [v] [v] [v] [v]
Bl.1(10m) dH/dx=|0.5 Pe=22
HDO 3.25 5.46 0.6 0.61 0.64 2.78 10.47
HTO 3.13 5.2 0.6 0.61 0.65 2.7 9.86
OH, 3.03 4.96 0.6 0.61 0.65 2.69 9.41
B1.2 (10m) |dH/dx=]0.05 Pe=22
HDO 15.01 12.87 5.88 6.52 9.11 19.15 32.46
HTO 14.73 12.14 5.89 6.58 931 18.86 31.12
BOH, 14.46 11.52 5.88 6.61 9.43 18.52 30.16
B2.1(5m) dH/Mdx=|05 Pe=11
HDO 259 4.44 0.28 3 031 1.59 7.48
HTO 2.55 427 0.28 0.3 0.32 1.57 7.12
'OH, 247 4.04 0.28 0.3 0.32 1.53 6.83
B22(5m) dH/dx=]|0.05 Pe=1.1
HDO 8.91 10.09 2.73 3.08 4.02 10.62 222
HTO 8.62 9.52 272 3.09 4.07 10.48 20.93
*OH, 8.41 8.95 271 311 4.14 10.39 20.36

4 Discussion and conclusions

Our study provides clear evidence that the sensitivity of
travel time distributions to small changes in diffusion coef-
ficients is — albeit partly relatively small — not a question of
measurement error but a question of transport physics. Dif-
ferences generally manifest as differences in higher quan-
tiles and thus in the tailing behavior, as well as for the

https://doi.org/10.5194/hess-30-2093-2026

mean travel times and standard deviations. Particularly, for
the case of strongly heterogeneous, stochastic media and
anomalous transport, we demonstrate that differences in av-
erage travel times of different water isotopes (HDO, Bopz2,
HDO) can deviate by as much as 1.3 years, which corre-
sponds to relative differences of 10 % and a maximum 50 %.
We found the strongest relative differences of the order of
50 % for stochastic heterogeneous medium with a variance

Hydrol. Earth Syst. Sci., 30, 2093-2106, 2026
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a) Case C1.1, Var=1, mean(Ks) = 1x10% m/s
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b) Case C1.2, Var = 1, mean(K) = 1x107 m/s
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Figure 6. Travel time distributions of HDO (solid green), HTO (solid red) and ]80H2 (solid blue) for scenario C; variance in hydraulic
conductivity grows from the top to the bottom rows, cases with mean(Ks) =1 x 1070 ms™! appear in left column, those with mean(Ks) =1 x
107" ms™! appear in the right column. For a better visualization of the main differences, we zoom to travel times larger than the median.
Note that scaling of the ordinates is different, color coding is consistent with Table 3.
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Table 3. Mean travel time (mean(7')), standard deviation (SD(7")), as well as the 10 %, 20 % 50 %, 75 % and 90 % quantiles (T10, T25, T50,
T75, T90) for cases shown in Fig. 6. The color coding corresponds to the plots of the different isotopes in Fig. 6.

mean(7) SD(T) T10 T25 T50 T75 T90
[v] [yl [yl [v] [v] [v] [yl

Cll Var=1 Ks= 1x10°m/s

HDO 0.832 0.074 0.740 0.781 0.828 0.877 0.927
HTO 0.831 0.073 0.739 0.780 0.827 0.876 0.926
50H, 0.829 0.073 0.738 0.779 0.824 0.874 0.924
cl1.2 Jar =1 Ks= 1210 m/s

HDO 7.671 0.621 7.238 7.644 8.068 8.482
HTO 7.632 0.613 7.208 7.605 8.030 8.430
50H, 7.598 0.609 7.175 7.573 7.989 8.389
c21 jar=3 Ks=

HDO 1.064 0.198 0.923 1.041 1.178 1.315
HTO 1.056 0.194 0.921 1.036 1.167 1.301
50H, 1.046 0.190 ! 0.912 1.027 1.156 1.288
c22 Jar =3 Ks= 1210 m/s

HDO 10.076 2.243 8.019 8.690 9.575 10.767 12.627
HTO 9.861 2.018 7.918 8.570 9.441 10.592 12.211
B0H2 9.678 1.842 7.819 8.469 9.318 10.427 11.918
C3.1 Jar=35 Ks= 1x10%m/s

HDO 3.824 13.637 1.058 1.244 1.504 1.888 3.140
HTO 3.066 9.735 1.052 230 1.477 1.838 2.849
*0H, 2.457 5.952 1.038 1.214 1.452 1.792 2.608
C3.2 Var=35 Ks= 1x107m/s

HDO 3.736 5.4166 9.611 10.663 12.186 14.732 19.633
HTO 12.987 4.1824 9.4192 10.444 11.899 14.148 17.764
130H, 12.46 3.4702 9.2603 10.252 11.636 13.674 16.575

of 5 in the log hydraulic conductivity and a mean value of
Ki=1x 10~®ms~!. We found smaller differences of the or-
der of 3 % to 7 % for simple two layered media. Given their
size, one could be inclined to erroneously interpret these dif-
ferences as measurement errors. However, these differences
are indeed physical and reflect tracers with smaller diffusion
coefficients that eventually remain over longer times in low
conductive bottlenecks, which enlarges the tails and average
travel times. Thus, these effects do not average out, but per-
sist when doubling the transport distances.

Furthermore, we found that in the case of simple layered
systems and in heterogeneous stochastic environments, the
standard deviation and thus the dispersion of the travel times
grow distinctly with declining diffusion coefficients, with a
relative difference of up to 20 %. This is qualitatively the
same behavior as what is known from Taylor-Aris dispersion
and confirms our related hypothesis.

Our findings are in line with the experiments of Elhanati
et al. (2025) and corroborate that water isotopes show sim-
ilar behaviors to Br~. The molecular diffusion coefficient
of bromide is 2.01 x 102 m?2 s~! indeed close to that of
HDO (2.22 % 107 m? s~1). Our study corroborates further-
more the argument of Stewart et al. (2010, 2021), namely
that averaged travel times inferred from '80 might in the
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case of two-layered mobile and immobile storage regions,
or of a strongly heterogeneous subsurface, be systematically
shorter than those inferred from tritium. The maximum dif-
ferences we found are 0.6 years, which correspond to a rela-
tive difference of approximately 30 %. The latter corresponds
to the difference Stewart et al. (2010) reported for the Brugga
catchment, which has an average travel time of order 3-
6 years for deep groundwater. Stewart et al. (2010) reported
an even larger difference between mean(7isop,) = 3.4 years
to mean(7tgo) =9.6 years for the Pukemanga catchment.
We cannot expect to detect similarly large differences here,
because we did not account for radioactive decay of tritium
(half-life of 12.32 years). Based on this decay one might de-
tect contributions of rather old water, that typically cannot be
resolved based on differences in '30. At this stage we return
to the comprehensive demonstration of Wang et al. (2023),
who found broadly equivalent magnitudes of water ages in-
ferred from *H and '80 when using the SAS approach, but
substantial differences when using a transfer function ap-
proach. One could thus be inclined to attribute at least some
of the difference to the use of the transfer function. However,
in this context it is also important to note that Rodriguez et al.
(2021) found relative differences of approximately 0.23 % in
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mean water ages in the Weiherbach using the SAS approach
and even larger differences as corroborated in this study.

We thus conclude that travel time distributions of iso-
topic tracers reflect the spectrum of fluid velocities and dif-
fusive/dispersive mixing between the flow lines connecting
inputs and outputs to the system. Travel time distributions
of isotopic tracers might thus reflect the differences in their
diffusion coefficients, which are of order 10 %, and in the
case of non-Fickian transport this eventually also affects sub-
stantially the mean travel time, its variance, and in particular,
travel times larger than the 80 % quantile.

Code and data availability. The data and code underlying this
study are available on request (erwin.zehe @kit.edu).

Author contributions. EZ conducted most of the analysis and wrote
the first draft of the paper. LP worked on the part explaining the
role of water isotopes for inferring transit times, provided evidence
on their -diffusion coefficients and contributed to the writing. DE
worked on the design of scenario A. BB contributed to the over-
all concept, theory and writing, particularly parts related to non-
Fickian transport, and critically oversaw the study.

Competing interests. At least one of the (co-)authors is a member
of the editorial board of Hydrology and Earth System Sciences. The
peer-review process was guided by an independent editor, and the
authors also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. B.B. gratefully acknowledges the support of
a research grant from the Israel Science Foundation (Grant No.
1008/20); B.B. holds the Sam Zuckerberg Professorial Chair in
Hydrology. E.Z., B.B., and L.P. gratefully acknowledge the sup-
port of the ViTamins project, funded by the Volkswagen Founda-
tion (Grant No. 9B 192/-1), and of the LUNAQUA project (Grant
C21/SR/16167289), funded through the National Research Fund
of Luxembourg. The authors acknowledge support by Deutsche
Forschungsgemeinschaft and the Open Access Publishing Fund of
Karlsruhe Institute of Technology (KIT). The service charges for
this open access publication have been covered by a Research Cen-
tre of the Helmholtz Association.

Financial support. This research has been supported by the
Volkswagen Foundation (grant no. 9B 192/-1), the Fonds National

Hydrol. Earth Syst. Sci., 30, 2093-2106, 2026

E. Zehe et al.: On the relevance of molecular diffusion for travel time distributions

de la Recherche Luxembourg (grant no. C21/SR/16167289), and
the Israel Science Foundation (grant no. 1008/20).

The article processing charges for this open-access
publication were covered by the Karlsruhe Institute
of Technology (KIT).

Review statement. This paper was edited by Heng Dai and re-
viewed by Markus Hrachowitz, Michael Stewart, and one anony-
mous referee.

References

Barnes, C. and Bonell, M.: Application of unit hydrograph tech-
niques to solute transport in catchments, Hydrol. Process., 10,
793-802, 1996.

Bear, J., Dynamics of Fluids in Porous Media, Elsevier, 764 pp.,
ISBN 10 044400114X , 1972.

Benettin, P, Rinaldo, A., and Botter, G.: Tracking resi-
dence times in hydrological systems: forward and back-
ward formulations, Hydrol. Process., 29, 5203-5213,
https://doi.org/10.1002/hyp.10513, 2015.

Benettin, P., Volkmann, T. H. M., von Freyberg, J., Frentress,
J., Penna, D., Dawson, T. E., and Kirchner, J. W.: Effects
of climatic seasonality on the isotopic composition of evap-
orating soil waters, Hydrol. Earth Syst. Sci., 22, 2881-2890,
https://doi.org/10.5194/hess-22-2881-2018, 2018.

Berkowitz, B. and Scher, H.: On characterization of anomalous dis-
persion in porous and fractured media, Water Resour. Res., 31,
1461-1466, https://doi.org/10.1029/95WR00483, 1995.

Berkowitz, B. and Zehe, E.: Surface water and groundwa-
ter: unifying conceptualization and quantification of the two
“water worlds”, Hydrol. Earth Syst. Sci., 24, 1831-1858,
https://doi.org/10.5194/hess-24-1831-2020, 2020.

Berkowitz, B., Cortis, A., Dentz, M., and and Scher, H.: Mod-
eling non-Fickian transport in geological formations as a
continuous time random walk, Rev. Geophys., 44, RG2003,
https://doi.org/10.1029/2005RG000178, 2006.

Bloschl, G. and Zehe, E.: Invited commentary — On hydrological
predictability, Hydrol. Process., 19, 3923-3929, 2005.

Bolin, B. and Rodhe, H.: A note on the concepts of age distribution
and transit time in natural reservoirs, Tellus, 25, 58-62, 1973.
Celia, M. A., Bouloutas, E. T., and Zarba, R. L.: A General Mass-
Conservative Numerical-Solution For The Unsaturated Flow

Equation, Water Resour. Res., 26, 1483-1496, 1990.

Dentz, M., Kirchner, J. W., Zehe, E., and Berkowitz, B.:
The Role of Anomalous Transport in Long-Term, Stream
Water Chemistry Variability, Geophys. Res. Lett.,, 50,
https://doi.org/10.1029/2023g1104207, 2023.

Devel, L.: Measurement of self diffusion in pure water H,O-D,O
mixtures and solutions of electrolytes, Acta Chem. Scand., 9,
2177-2188, 1962.

Edery, Y., Guadagnini, A., Scher, H., and Berkowitz, B.: Ori-
gins of anomalous transport in heterogeneous media: Struc-
tural and dynamic controls, Water Resour. Res., 50, 1490-1505,
https://doi.org/10.1002/2013wr015111, 2014.

https://doi.org/10.5194/hess-30-2093-2026


https://doi.org/10.1002/hyp.10513
https://doi.org/10.5194/hess-22-2881-2018
https://doi.org/10.1029/95WR00483
https://doi.org/10.5194/hess-24-1831-2020
https://doi.org/10.1029/2005RG000178
https://doi.org/10.1029/2023gl104207
https://doi.org/10.1002/2013wr015111

E. Zehe et al.: On the relevance of molecular diffusion for travel time distributions

Edery, Y., Dror, 1., Scher, H., and Berkowitz, B.: Anomalous reac-
tive transport in porous media: Experiments and modeling, Phys.
Rev. E, 91, https://doi.org/10.1103/PhysRevE.91.052130, 2015.

Einstein, A.: Uber die von der molekularkinetischen Theorie der
Wirme geforderte Bewegung von in ruhenden Fliissigkeiten sus-
pendierten Teilchen, Ann. Phys., 17, 549-560, 1905.

Elhanati, D., Zehe, E., Dror, 1., and Berkowitz, B.: Transport be-
havior displayed by water isotopes and potential implications for
assessment of catchment properties, Hydrol. Earth Syst. Sci., 29,
6577-6587, https://doi.org/10.5194/hess-29-6577-2025, 2025.

Eriksson, E.: The possible use of tritium for estimating groundwater
storage, Tellus, 10, 472-478, 1958.

Harman, C. J.: Time-variable transit time distributions and trans-
port: Theory and application to storage-dependent transport
of chloride in a watershed, Water Resour. Res., 51, 1-30,
https://doi.org/10.1002/2014WR015707, 2015.

Hrachowitz, M., Soulsby, C., Tetzlaff, D., Dawson, J. J. C., and
Malcolm, I. A.: Regionalization of transit time estimates in mon-
tane catchments by integrating landscape controls, Water Resour.
Res., 45, W05421, https://doi.org/10.1029/2008wr007496, 2009.

Hrachowitz, M., Soulsby, C., Tetzlaff, D., and Malcolm, I. A.
Sensitivity of mean transit time estimates to model condi-
tioning and data availability, Hydrol. Process., 25, 980-990,
https://doi.org/10.1002/hyp.7922, 2011.

Hrachowitz, M., Savenije, H., Bogaard, T. A., Tetzlaff, D., and
Soulsby, C.: What can flux tracking teach us about water age dis-
tribution patterns and their temporal dynamics?, Hydrol. Earth
Syst. Sci., 17, 533-564, https://doi.org/10.5194/hess-17-533-
2013, 2013.

Hrachowitz, M., Benettin, P., van Breukelen, B. M., Fovet, O., How-
den, N. J. K., Ruiz, L., van der Velde, Y., and Wade, A. J.: Transit
times the link between hydrology and water quality at the catch-
ment scale, Wiley Interdisciplinary Reviews-Water, 3, 629-657,
https://doi.org/10.1002/wat2.1155, 2016.

Jury, W. A.: Simulation of solute transport using a transfer function
model, Water Resour. Res., 18, 363-368, 1982.

Klaus, J., Zehe, E., Elsner, M., Kiills, C., and McDonnell, J. J.:
Macropore flow of old water revisited: experimental insights
from a tile-drained hillslope, Hydrol. Earth Syst. Sci., 17, 103—
118, https://doi.org/10.5194/hess-17-103-2013, 2013.

Klaus, J., Zehe, E., Elsner, M., Palm, J., Schneider, D., Schroder, B.,
Steinbeiss, S., van Schaik, L., and West, S.: Controls of event-
based pesticide leaching in natural soils: A systematic study
based on replicated field scale irrigation experiments, J. Hydrol.,
512, 528-539, https://doi.org/10.1016/j.jhydrol.2014.03.020,
2014.

Klaus, J., Chun, K. P.,, McGuire, K. J., and McDonnell,
J. J.: Temporal dynamics of catchment transit times from
stable isotope data, Water Resour. Res., 51, 4208-4223,
https://doi.org/10.1002/2014WR016247, 2015.

Kirchner, J., Feng, X., and Neal, C.: Fractal stream chemistry and
its implications for contaminant transport in catchments, Nature,
403, 524-527, https://doi.org/10.1038/35000537, 2000.

Levy, M. and Berkowitz, B.: Measurement and analysis of non-
Fickian dispersion in heterogeneous porous media, J. Contam.
Hydrol., 64, 203-226, 2003.

McGlynn, B., McDonnell, J., Stewart, M., and Seibert, J.: On the re-
lationships between catchment scale and streamwater mean resi-
dence time, Hydrol. Process., 17, 175-181, 2003.

https://doi.org/10.5194/hess-30-2093-2026

2105

McGlynn, B. L., McDonnel, J. J., and Brammer, D. D.: A review
of the evolving perceptual model of hillslope flowpaths at the
Maimai catchments, New Zealand, J. Hydrol., 257, 1-26, 2002.

McGuire, K. J. and McDonnell, J. J.: A review and evaluation of
catchment transit time modeling, J. Hydrol., 330, 543-563, 2006.

Rinaldo, A., Benettin, P., Harman, C. J., Hrachowitz, M., McGuire,
K. J., van der Velde, Y., Bertuzzo, E., and Botter, G.: Storage
selection functions: A coherent framework for quantifying how
catchments store and release water and solutes, Water Resour.
Res., 51, 48404847, https://doi.org/10.1002/2015WR017273,
2015.

Rodriguez, N. B. and Klaus, J.: Catchment Travel Times From
Composite StorAge Selection Functions Representing the Su-
perposition of Streamflow Generation Processes, Water Resour.
Res., 55, 9292-9314, https://doi.org/10.1029/2019WR024973,
2019.

Rodriguez, N. B., McGuire, K. J., and Klaus, J.: Time-Varying
Storage-Water Age Relationships in a Catchment With a
Mediterranean Climate, Water Resour. Res., 54, 3988—4008,
https://doi.org/10.1029/2017wr021964, 2018.

Rodriguez, N. B., Pfister, L., Zehe, E., and Klaus, J.: A comparison
of catchment travel times and storage deduced from deuterium
and tritium tracers using StorAge Selection functions, Hydrol.
Earth Syst. Sci., 25, 401-428, https://doi.org/10.5194/hess-25-
401-2021, 2021.

Roth, K. and Hammel, K.: Transport of conservative chemical
through an unsaturated two-dimensional Miller-similar medium
with steady state flow, Water Resour. Res., 32, 1653-1663,
https://doi.org/10.1029/96WR00756, 1996.

Sternagel, A., Loritz, R., Klaus, J., Berkowitz, B., and Zehe,
E.: Simulation of reactive solute transport in the critical
zone: a Lagrangian model for transient flow and prefer-
ential transport, Hydrol. Earth Syst. Sci., 25, 1483-1508,
https://doi.org/10.5194/hess-25-1483-2021, 2021.

Simmons, C. S.: A stochastic-convective transport representation
of dispersion in one-dimensional porous media systems, Water
Resour. Res., 18, 1193-1214, 1982.

Sprenger, M., Leistert, H., Gimbel, K., and Weiler, M.: [lluminat-
ing hydrological processes at the soil-vegetation-atmosphere in-
terface with water stable isotopes, Rev. Geophys., 54, 674-704,
https://doi.org/10.1002/2015RG000515, 2016.

Stewart, M. K., Morgenstern, U., and McDonnell, J. J.: Trunca-
tion of stream residence time: how the use of stable isotopes has
skewed our concept of streamwater age and origin, Hydrol. Pro-
cess., 24, 1646-1659, https://doi.org/10.1002/hyp.7576, 2010.

Stewart, M. K., Morgenstern, U., and Cartwright, I.: Comment on
“A comparison of catchment travel times and storage deduced
from deuterium and tritium tracers using StorAge Selection func-
tions” by Rodriguez et al. (2021), Hydrol. Earth Syst. Sci., 25,
6333-6338, https://doi.org/10.5194/hess-25-6333-2021, 2021.

Turk, H., Stumpp, C., Hrachowitz, M., Strauss, P., Bloschl, G.,
and Stockinger, M.: Catchment transit time variability with
different SAS function parameterizations for the unsaturated
zone and groundwater, Hydrol. Earth Syst. Sci., 30, 1053-1076,
https://doi.org/10.5194/hess-30-1053-2026, 2026.

van der Velde, Y., Heidbiichel, I., Lyon, S. W., Nyberg, L., Rodhe,
A., Bishop, K., and Troch, P. A.: Consequences of mixing as-
sumptions for time-variable travel time distributions, Hydrol.

Hydrol. Earth Syst. Sci., 30, 2093-2106, 2026


https://doi.org/10.1103/PhysRevE.91.052130
https://doi.org/10.5194/hess-29-6577-2025
https://doi.org/10.1002/2014WR015707
https://doi.org/10.1029/2008wr007496
https://doi.org/10.1002/hyp.7922
https://doi.org/10.5194/hess-17-533-2013
https://doi.org/10.5194/hess-17-533-2013
https://doi.org/10.1002/wat2.1155
https://doi.org/10.5194/hess-17-103-2013
https://doi.org/10.1016/j.jhydrol.2014.03.020
https://doi.org/10.1002/2014WR016247
https://doi.org/10.1038/35000537
https://doi.org/10.1002/2015WR017273
https://doi.org/10.1029/2019WR024973
https://doi.org/10.1029/2017wr021964
https://doi.org/10.5194/hess-25-401-2021
https://doi.org/10.5194/hess-25-401-2021
https://doi.org/10.1029/96WR00756
https://doi.org/10.5194/hess-25-1483-2021
https://doi.org/10.1002/2015RG000515
https://doi.org/10.1002/hyp.7576
https://doi.org/10.5194/hess-25-6333-2021
https://doi.org/10.5194/hess-30-1053-2026

2106

Process., 29, 3460-3474, https://doi.org/10.1002/hyp.10372,
2015.

Wang, J. H., Robinson, C. V., and Edelman, I. S.: Measurement of
the Self-diffusion of Liquid Water with, H3 and O18 as Tracers.
Contribution from the Department of Chemistry of Yale Univer-
sity, Department of Neurosurgery of New England Center Hos-
pital, and Biophysical Laboratory of Harvard Medical School,
https://doi.org/10.1021/ja01098a061, 1952.

Wang, S., Hrachowitz, M., Schoups, G., and Stumpp, C.: Stable wa-
ter isotopes and tritium tracers tell the same tale: no evidence
for underestimation of catchment transit times inferred by stable
isotopes in StorAge Selection (SAS)-function models, Hydrol.
Earth Syst. Sci., 27, 3083-3114, https://doi.org/10.5194/hess-27-
3083-2023, 2023.

Weiler, M., McGlynn, B. L., McGuire, K. J., and McDonnell, J.
J.: How does rainfall become runoff? A combined tracer and
runoff transfer function approach, Water Resour. Res., 39, 1315,
https://doi.org/10.1029/2003wr002331, 2003.

Hydrol. Earth Syst. Sci., 30, 2093-2106, 2026

E. Zehe et al.: On the relevance of molecular diffusion for travel time distributions

Wienhofer, J., Germer, K., Lindenmaier, F., Firber, A., and Zehe,
E.: Applied tracers for the observation of subsurface stormflow
at the hillslope scale, Hydrol. Earth Syst. Sci., 13, 1145-1161,
https://doi.org/10.5194/hess-13-1145-2009, 2009.

Zehe, E., Maurer, T., Ihringer, J., and Plate, E.: Modelling water
flow and mass transport in a Loess catchment, Phys. Chem. Earth
B, 26, 487-507, https://doi.org/10.1016/S0378-3774(99)00083-
9,2001.

Zehe, E., Loritz, R., Edery, Y., and Berkowitz, B.: Preferential
pathways for fluid and solutes in heterogeneous groundwater
systems: self-organization, entropy, work, Hydrol. Earth Syst.
Sci., 25, 5337-5353, https://doi.org/10.5194/hess-25-5337-2021,
2021.

https://doi.org/10.5194/hess-30-2093-2026


https://doi.org/10.1002/hyp.10372
https://doi.org/10.1021/ja01098a061
https://doi.org/10.5194/hess-27-3083-2023
https://doi.org/10.5194/hess-27-3083-2023
https://doi.org/10.1029/2003wr002331
https://doi.org/10.5194/hess-13-1145-2009
https://doi.org/10.1016/S0378-3774(99)00083-9
https://doi.org/10.1016/S0378-3774(99)00083-9
https://doi.org/10.5194/hess-25-5337-2021

	Abstract
	Introduction
	Background and numerical Simulations
	Background: Solute transport in porous media in a nutshell
	Transport simulations and numerical experiments
	Scenario A: Isotope transport through a homogeneous medium with an embedded lower permeable lens
	Scenario B: Isotope transport through a two-layered aquifer at different head gradients
	Scenario C: Isotope transport through a stochastic heterogeneous aquifer with increasing variance in hydraulic conductivity


	Results
	Travel time distributions inferred from scenario A
	Travel time distributions inferred from scenario B
	Travel time distributions inferred from scenario C

	Discussion and conclusions
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

