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a b s t r a c t

For the interpretation of stable isotope ratio trends in saturated geochemical systems, the magnitude of
aqueous phase diffusion-induced isotope fractionation needs to be known. This study reviews how five
diffusion models (Fick, Maxwell-Stefan, Einstein, Langevin, Mode-Coupling Theory Analysis (MCTA) of
diffusion) predict isotope fractionation due to aqueous phase diffusion and compares them with
experimental results. The reviewed diffusion models were not consistent regarding the prediction of the
mass (m) dependency of the aqueous phase diffusion coefficient (D). The predictions range from a square
root power law (Dfm�0.5) to an opposite mass dependency of D (Dfmb). Experimental studies
exhibited consistently a weak power law mass dependency of the diffusion coefficient (Dfm�b with
b< 0.5) for the vast majority of dissolved species and a larger diffusion-induced isotope effect for low
weight noble gases (Dfm�0.5). The weak power law mass dependency of D for the species other than
low weight noble gases is consistent with the MCTA of diffusion. The MCTA suggests that the weak power
law mass dependency of D originates from interplays between strongly mass dependent short-term and
mass independent long-term solute-solvent interactions. The larger isotope fractionation for low weight
noble gases could be attributed to quantum isotope effects significantly magnifying the aqueous phase
diffusion-induced isotope fractionation. Our review shows, that except for low weight noble gases a weak
power law mass dependency of D is likely the most adequate assumption for aqueous phase diffusion-
induced isotope fractionation in geochemical systems.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past two decades stable isotopemethods have emerged as
a powerful tool to gain insight into a broad variety of geochemical
processes such as rock-water interactions (Frisia et al., 2011; Gimmi
et al., 2007; Millot et al., 2010; Voegelin et al., 2012; Waber et al.,
2012), partitioning processes (liquid/gas and liquid/solid)
(Bouchard et al., 2008; Bouchard et al., 2017; Hunkeler et al., 2011;
Jancso and Van Hook, 1974; Jeannottat and Hunkeler, 2012, 2013;
Turowski et al., 2003; Wanner et al., 2017) and reactive processes
involving both inorganic (Basu et al., 2014; Wanner et al., 2012;
Zheng and Hintelmann, 2010) and organic species (Aelion et al.,
2010; Badin et al., 2014; Hunkeler et al., 1999, 2008; Palau et al.,
2014; Wanner et al., 2016, 2018a, 2018b). The interpretation of
spatial and temporal trends of stable isotope ratios requires an
understanding of all relevant processes that fractionate isotopes in
geochemical systems. Surprisingly, for one of these relevant pro-
cesses, aqueous phase diffusion, experimental data was only
available for a few ions and noble gases until 15 years ago and is still
scarce for organic compounds. In the absence of experimental data,
the magnitude of isotope fractionation has commonly been esti-
mated based on diffusion models such as Fick's, Maxwell-Stefan's,
Einstein's, Langevin's diffusion model or the Mode Coupling Theory
Analysis (MCTA) of diffusion (Appelo and Postma, 2005;
Chernyavsky and Wortmann, 2007; Chong and Hirata, 1998; Clark
and Fritz, 1997; McManus et al., 2002). However, despite using
different diffusion models, no review of the conceptualization of
the mass dependency of the diffusive transport rate in the different
diffusion models can be found in literature.

More recently, multiple experimental studies were conducted to
determine the magnitude of aqueous phase diffusion-induced
isotope fractionation mainly for inorganic (Bourg et al., 2010;
Eggenkamp and Coleman, 2009; Jahne et al., 1987; Kunze and
Fuoss, 1962; Pikal, 1972; Richter et al., 2006; Rodushkin et al.,
2004; Tempest and Emerson, 2013; Tyroller et al., 2014, 2018; van
Zuilen et al., 2016) and to a smaller extent for organic compounds
(Jin et al., 2014; LaBolle et al., 2008; Passeport et al., 2014; Rolle and
Jin, 2017; Schloemer and Krooss, 2004; Wanner and Hunkeler,
2015; Wanner et al., 2017; Zhang and Krooss, 2001). Despite the
publication of several experimental studies, a systematic overview
and comparison of the results is lacking. Furthermore, the out-
comes of the recent experimental studies were not compared with
the conceptualization of the mass dependency of the diffusive
transport rate in various diffusion models.
This study aims to review the conceptualization of the mass
dependency of the diffusive transport rate in the fivemost common
diffusion models (Fick, Maxwell-Stefan, Einstein, Langevin and
MCTA of diffusion). Moreover, the results of the recent experi-
mental studies on isotope fractionation due to aqueous phase
diffusion are compiled and the consistency between the experi-
mental data and diffusion models is discussed. Based on this
comparison, conclusions are drawn onwhether the current models
are suitable to predict aqueous phase diffusion-induced isotope
fractionation in geochemical systems. Finally, the implications of
diffusion-induced isotope fractionation for isotope studies to track
origin and fate of solutes is discussed.

2. Conceptualization of mass dependency of the diffusive
transport rate in five different diffusion models

For simulating diffusive transport of solutes in the aqueous
phase, several diffusion models have been developed. The models
can be divided in two groups representing two different concepts:
The first group of diffusion models assesses the average behavior of
many solute molecules in a solution, while the second group in-
vestigates the random trajectory of single solute molecules within
the solvent. The former includes Fick's, Maxwell Stefan's diffusion
model and the MCTA of diffusion model, while the latter comprises
Einstein's and Langevin's diffusion model. In the following sections,
each of the model will be discussed including the definitions of the
diffusion coefficients followed by the evaluation of how the models
conceptualize the mass dependency of the diffusive transport rate.

2.1. Fick's diffusion model

Fick's diffusionmodel (Fick,1855) is themost commonly applied
model for describing the diffusive transport processes in the
aqueous phase. The model postulates two laws of diffusion
showing how diffusive fluxes are triggered (first law) and how
diffusive fluxes affect the temporal concentration evolution in a
given system (second law). Fick's first law of diffusion suggests that
the diffusive flux of species i is proportional to concentration
gradient and the diffusion coefficient:

Fu;i ¼ �Di
vCi
vu

ðu ¼ x; y; zÞ (1)

where Fu,i (mol/m2/s) is the diffusive flux in direction x,y and z of
species i, Di (m2/s) is the diffusion coefficient of species i and vCi/vu
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(mol/m3/m) is the spatial concentration gradient along the axis x,y,
and z of species i.

In his second law of diffusion Fick (1855) showed that the
temporal solute concentration evolution of species i in a given
system at position r can be related to the diffusive flux (eq. (1))
according to the following relationship:

vCiðr; tÞ
vt

¼ Di

 
v2Ciðr; tÞ

vx2
þ v2Ciðr; tÞ

vy2
þ v2Ciðr; tÞ

vz2

!
(2)

Fick's diffusion model provides no information about the mass
dependency of the diffusive transport process, as it connects the
concentration gradient and the diffusive flux with the diffusion
coefficient, which has no direct physical meaning. However, to
estimate the values of the Fickian diffusion coefficients several
theoretical and empirical definitions can be found in literature,
which conceptualize the mass dependency of the diffusion coeffi-
cient in different ways (Table 1). For the theoretical definitions of
Fick's diffusion coefficient, two approaches are distinguished: the
hydrodynamic and the kinetic theory. The hydrodynamic theory
assumes that a solute molecule of species i moves through a con-
tinuum solvent with a specific viscosity and the diffusion
Table 1
Conceptualization of mass dependency of diffusive transport rate in the aqueous phase

Diffusion model Definition of diffusion coef

Fick Hydrodynamic theorie:

Di ¼ kBT
6phRi

Kinetic theorie:

Di ¼ 3

8rR2i0

1
gi0ðRi þ R0Þ

�
kB
2p

Worch (1993):

Di ¼ 3:595$10�11T
hm0:53

i

Wilke and Chang (1955):

Di ¼ 7:4$10�12ðxMÞ1=2T
hV0:6

i

Hayduk and Laudie (1974)

Di ¼ 13:36$10�9

h1:14V0:589
i

Maxwell Stefan
D12 ¼ x1x2

f1

 �
dkBT
m1

�0:5

�
�

Einstein
Di ¼ Dr2ðtÞi

6t
Langevin

Di ¼ 1
d

Z ∞

0
við0Þ$viðtÞ$dt

Mode-Coupling Theory Analysis
Di ¼ kBT

z0

Di: Diffusion coefficient of species i.
kB: Boltzmann's constant.
T: Temperature.
h: Dynamic viscosity.
R0: Radius of solvent.
Ri: Radius of dissolved species i.
r: Density of solvent.
gi0(Ri þ R0): Radial distribution function.
mi: Reduced mass of solute-solvent pair.
mi: Molecular mass of species i.
x: Empirical association parameter.
M: Molecular weight of solvent.
Vi: Molar volume of diffusing species i.
v: Velocity.
d: Dimensionality.
z0: Total friction coefficient.
f1: driving force for diffusion.
coefficient is described by the Stokes-Einstein relation (Einstein,
1906):

Di ¼
kBT
6phRi

(3)

where D (m2/s) is the diffusion coefficient of species i, kB (J/K) is the
Boltzmann's constant, T (K) is the temperature, h (kg/ms) refers to
the dynamic viscosity of the solvent and Ri (m) is the radius of
species i.

The hydrodynamic definition of the Fickian diffusion coefficient
assumes that the solute is totally coupled with the hydrodynamic
modes of motion (i.e. no binary collisions between solvent and
solutes are considered) and includes a radius but not a mass de-
pendency (eq. (3)). Thus, the hydrodynamic theory predicts no or
only a slight fractionation between isotopically distinct species as
an additional neutron increases the mass significantly but not
necessarily the radius of a diffusing species (Table 1). In contrast to
the hydrodynamic theory, the kinetic theory assumes that the so-
lute molecule of species i diffuses in a dense hard-sphere fluid and
the diffusion coefficient is commonly described by the Enskog
relation (Alder et al., 1974; Tyrrell and Harris, 1984) (Table 1):
in different diffusion models.

ficient (m2/s) Mass dependency of diffusion coefficient

No mass dependency

T
mi

�0:5
Difm�0.5

Difm�0.53

Difmb

:
Difmb

dkBT
m2

�0:5
!

Difm�0.5

No information about mass dependency

No information about mass dependency

Difm-b
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Di ¼
3

8rR20

1
gi0ðRi þ R0Þ

�
kBT
2pmi

�0:5

(4)

where r is the density of the fluid, R0 and Ri is the radius of solvent
and the dissolved species i, respectively, gi0 (Ri þ R0) is the value of
the solute radial distribution function at the point of contact of
solute and solvent molecules, and mi is the reduced mass of the
solute-solvent pair (mi¼miMi/(mi þ Mi)), where mi and Mi corre-
spond to the molecular mass of the solute and solvent, respectively.

The kinetic theory (eq. (4)) assumes that the solute motion is
decoupled from the hydrodynamic motion of the solvent and de-
scribes the diffusive transport processes in terms of binary collision
dynamics between solvent and solute molecules similar to the gas
phase. Therefore, the kinetic theory predicts an inverse propor-
tionality of the diffusion coefficient to the square root of the
reduced mass (mi) of the diffusing species i:

Difm�0:5
i (5)

In the framework of the kinetic theory it can be assumed that
the hydrogen-bonded water network acts as “effective particle”
with an infinitively large mass (Mi »mi) (Bourg and Sposito, 2008;
Brennwald et al., 2005; Lippmann et al., 2003; Wanner and
Hunkeler, 2015). Thus, the reduced mass can be replaced by the
molecular mass of the diffusing species ui / mi as mi þ Mi / Mi
(Table 1):

Difm0:5
i (6)

where mi is the molecular mass of the diffusing species i.
In addition to the theoretical definitions of the Fickian diffusion

coefficient (hydrodynamic and kinetic), several empirical defini-
tions can be found in literature (Table 1). Worch (1993) suggested
the following empirical relationship:

Di ¼
3:595$10�11T

hm0:53
i

(7)

This definition of the diffusion coefficient is consistent with the
kinetic theory showing a mass dependency of the diffusive trans-
port rate, which is roughly inversely proportional to the square root
of the molecular mass of the diffusing species i:

Difm�0:53
i (8)

Furthermore, Wilke and Chang (1955) and Hayduk and Laudie
(1974) empirically correlated diffusion coefficients for diffusing
species in liquid water and in non-associated solvents exhibiting
the following relationships:

Di ¼
7:4$10�12ðxMÞ1=2T

hV0:6
i

(9)

Di ¼
13:36$10�9

h1:14V0:589
i

(10)

where x is the empirical association parameter of the solvent (2.6
for water and 1 for non-polar fluids), M is the molecular weight of
the solvent and Vi corresponds to the molar volume of the diffusing
species i.

In contrast to Worch (1993), the empirical diffusion coefficients
defined by Wilke and Chang (1955) and Hayduk and Laudie (1974)
are not directly dependent on the mass but on the volume of the
diffusing species (eqs. (9) and (10)). It has been demonstrated that
isotopic substitution can have an influence on the molar volume of
the diffusing species, especially for deuterated vs. non-deuterated
compounds (Bartell and Roskos, 1966; Lacks, 1995). The effect
originates from the longer CeH than the C-D bond length due to the
greater zero-point energy and the higher vibrational amplitude of
the stretching vibrations for CeH compared to C-D bonds. Bartell
and Roskos (1966) showed experimentally, that deuterated ben-
zene, toluene, cyclohexane, and methyl cyclohexane have an about
0.3% smaller volume compared to their hydrogenated equivalents.
Thus, the empirical diffusion coefficients defined by Wilke and
Chang (1955) and Hayduk and Laudie (1974) indirectly lead to a
mass dependency of the diffusion coefficient via a power lawmolar
volume dependency:

DifV�0:6
i (11)

DifV�0:589
i (12)

However, as the isotopically light species have a larger molec-
ular volume than isotopically heavy species, the diffusive transport
rate defined by Wilke and Chang (1955) and Hayduk and Laudie
(1974) is expected to be faster for heavy compared to light iso-
topes causing an inverse isotope effect (Table 1). To evaluate if the
dependency of theWilke and Chang (1955) and Hayduk and Laudie
(1974) diffusion coefficients on the molecular mass also follows a
power law form, as the dependency on the molecular volume (eqs.
(11) and (12)), the relationship between the molecular volume and
mass needs to be evaluated. The relation can be assessed for
deuterated compounds and their hydrogenated equivalents as for
these compounds the molecular masses and volumes are well
constrained (Bartell and Roskos, 1966) using the following
relationship:

VD

V
¼
�

m
mD

�b

(13)

where VD is the molecular volume of the deuterated compound, V
is the volume of its undeuterated equivalent, mD refers to the
molecular volume of the deuterated compound and m is the mo-
lecular volume of the compound in its undeuterated state.

The exponent beta in equation (13) shows consistent values for
various deuterated/non-deuterated compounds ranging between
0.023 and 0.041 revealing that the molecular volume and mass
have a power law relationship. Therefore, the empirical diffusion
coefficients defined by Wilke and Chang (1955) and Hayduk and
Laudie (1974) have not only a power law dependency on the mo-
lecular volume but also on the molecular mass predicting a faster
diffusive transport rate for heavy compared to light isotopes of
species i:

Difmb
i (14)

Difmb
i (15)

The prediction of a faster diffusive transport rate for heavy
compared to light isotopes is in contradiction with the kinetic (eq.
(4)) and Worch (1993) empirical definition of the diffusion coeffi-
cient (eq. (7)), which show a mass dependency of the diffusive
transport rate in the opposite way (faster for isotopically light
compared to heavy species). Furthermore, the empirical diffusion
coefficients defined by Wilke and Chang (1955) and Hayduk and
Laudie (1974) are also not consistent with the hydrodynamic the-
ory (eq. (3)) predicting no mass dependency of the diffusive
transport rate.
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2.2. Maxwell-Stefan's diffusion model

The Maxwell-Stefan diffusion model (Maxwell, 1866; Stefan,
1871) was developed based on the kinetic thermodynamic theory
of ideal gases but it has been also applied for liquid solutions
(Krishna and Wesselingh, 1997; Liu et al., 2013; Rehfeldt and
Stichlmair, 2007, 2010). As opposed to Fick's diffusion model,
Maxwell-Stefan's diffusion model provides the advantage that it
can be used for describing diffusive transport in multicomponent
systems. However, as all other discussed diffusion models only
consider a binary solution, the conceptualization of the mass de-
pendency of the diffusive transport rate in the Maxwell-Stefan
diffusion model will also be evaluated for a binary solution con-
taining species 1 and 2. The Maxwell-Stefan diffusion model as-
sumes that the driving force for diffusive motion f1 is the chemical
potential gradient of species 1 (Vm1), which is counterbalancedwith
the molecular friction between species 1 and 2 (Fig. 1):

f1 ¼ x1
RT

$Vm1 ¼ �x1x2
D12

ðv1 � v2Þ (16)

with

m1 ¼ m01 þ RTlnx1 (17)

and

v1 � v2 ¼
�
dkBT
m1

�0:5

�
�
dkBT
m2

�0:5

(18)

where Vm1 is the chemical potential gradient of species 1, R
(8.3145 J/molK) is the gas constant, T (K) is the temperature, D12
(m2/s) is the Maxwell-Stephan diffusion coefficient, x1 and x2 refer
to themole fractions of species 1 and 2, respectively, v1e v2 (m/s) is
the velocity difference between species 1 and 2, m10 is the chemical
potential of the pure species 1, m1 is the chemical potential for
species 1 in a fluid mixture, kB (J/K) is the Boltzmann's constant and
m1 and m2 is the molecular mass of species 1 and 2, respectively.

Rearranging equation (16) leads to the definition of the
Maxwell-Stefan diffusion coefficient:

D12 ¼ �x1x2
f1

ðv1 � v2Þ ¼
x1x2
f1

 �
dkBT
m1

�0:5

�
�
dkBT
m2

�0:5
!

(19)

Equation (19) shows that the Maxwell-Stefan diffusion
Fig. 1. Schematic illustration of the force balance assumed in the Maxwell-Stefan
diffusion model. The force acting per mole of species 1 in x-direction edm1/dx is
equal to the friction between species 1 and 2. Modified after Krishna and Wesselingh
(1997).
coefficient is proportional to the velocity difference of species 1 and
2 and hence, inversely proportional to the difference of the square
root of the molecular mass of species 1 and 2:

D12f

�
kBT
m1

�0:5

�
�
kBT
m2

�0:5

fm�0:5
1 �m�0:5

2 (20)

When assessing the mass dependency of the diffusive transport
rate of species 1 dissolved in the aqueous phase, the mass of species
2 (aqueous phase) can be assumed to be constant and equation (20)
can be simplified to:

D12f

�
kBT
m1

�0:5

fm�0:5
1 (21)

Hence, for a dissolved species in the aqueous phase, the
Maxwell-Stefan diffusion coefficient is inversely proportional to the
square root of the molecular mass of the diffusing species.
2.3. Einstein's diffusion model

In contrast to Fick's and Maxwell-Stefan's diffusion model,
which are deterministic diffusion models, Einstein's diffusion
model (Einstein, 1906) is based on the probabilistic behavior of the
solute molecules within a solvent. In particular, Einstein (1906)
assessed the probability that a solute molecule of species i
changes its position due to its diffusive migration in the solvent.
Einstein (1906) considered a time interval dt that is sufficiently long
for solute molecules of species i to collide several times with sol-
vent molecules to ensure its random movement, but small enough
that it can be considered as infinitesimally small on the macro-
scopic scale (Fig. 2). Afterwards a probability density function 4(D;
dt) was defined, whereby 4(D; dt)dD gives the probability that a
solute molecule of species i changes its position along the x-axis of
a system during dt by an amount between D and DþdD due to a
collision with a solvent molecule. From the definition of 4(D; dt),
Einstein calculated the average molecular density (concentration)
of species i between the spatial interval x and x þ dx at time tþdt
using the following equation:
Fig. 2. Schematic illustration of Einstein's perspective on the diffusive transport in the
aqueous phase for a one-dimensional case. ri (xþD) and ri (x-D) are the concentrations
of species i in positive and negative x direction from the considered dx interval at time
t before the collision with the solvent molecules. These concentrations are multiplied
with the PDF 4(D; dt) and then integrated over all D values in order to obtain the
concentration of species i in the dx interval after the collision with solvent molecules at
time tþdt.
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riðx; t þ dtÞdx ¼
ð∞

D¼�∞

½riðxþ D; tÞdx�$½4ðD; dtÞdD� (22)

The first factor in the brackets on the right side of equation (22)
indicates the average number of solute molecules of species i at the
position xþD at time t, which is the average number of solute
molecules prior to collision with solvent molecules (Fig. 2). The
second term is the probability that the solute molecules will be
displaced along the x-axis during the time interval by an amount
between D and DþdD and will thus, end up in the x þ dx interval at
time tþdt. Einstein (1906) integrated equation (22) over all possible
D values between þ∞ and -∞ for obtaining the average number of
solute molecules of species i with the x coordinate between x and
xþ dx at time tþdt. After integrating and rearranging equation (22),
Einstein obtained the following equation for describing the diffu-
sive transport process of species i in three dimensions (for details
readers are referred to Einstein (1906)):

vCiðr; tÞ
vt

¼ Di

 
v2Ciðr; tÞ

vx2
þ v2Ciðr; tÞ

vy2
þ v2Ciðr; tÞ

vz2

!
(23)

It is obvious from equation (23) that Einstein (1906) obtained
the same equation for describing the diffusive transport process as
Fick (1855) (eq. 2). However, although Einstein and Fick derived the
same diffusion equation, their perception of aqueous phase diffu-
sion is different. While Fick's diffusion model allows to determine
the average number of solute molecules in the interval x,x þ dx, at
time t, Einstein's diffusion model determines the probability that a
particular solute molecule will be in the interval x, x þ dx at time t.
Einstein (1906) further demonstrated that for a solute molecule of
species i initially located at the origin, the solution to equation (23)
equals a probability density function corresponding to a Gaussian
distribution.

f ðx; tÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
4pDi

p
t
e�

x2
4Dit (24)

Moreover, Einstein (1906) showed that the variance of equation
(24) is 2Dit, equaling the mean square displacement of species i
over time:

D
Dx2ðtÞ

E
i
¼ 2Dit (25)

where, Dx(t)¼ x(t) e x(0), whereby the angled brackets indicate an
average over all solute molecules of species i. For a three-
dimensional case <Dx2>i¼<Dy2> i¼<Dz2> i and hence, for
r¼ {xyz}:

D
Dr2ðtÞ

E
i
¼ 6Dit (26)

The novelty of Einstein's mean square displacement formula (eq.
(26)) was the connection between the macroscopic diffusion co-
efficient and a measured microscopic quantity, the mean-squared
displacement. However, the equation does not state whether and
how the diffusion coefficient is related to the mass or volume of the
diffusing solute. Einstein deviated such a relation independently
from the probabilistic diffusion model based on a deterministic
approach (Einstein, 1906). Einstein showed that the diffusion co-
efficient can be related to the properties of the dissolved species i
and the solvent, respectively, (the Boltzmann's constant, the tem-
perature, the dynamic viscosity of the solvent and the radius of the
dissolved species i) corresponding to the Stokes-Einstein relation as
discussed in section 2.1 (eq. (3)). The Stokes-Einstein relation
predicts no or only a small mass dependency of D as an additional
neutron increases the mass significantly but not necessarily the
radius of the diffusing species i (Table 1).

2.4. Langevin's diffusion model

Similar to Einstein, Langevin's diffusion model focuses on the
behavior of single solute molecules within a solvent. The diffusion
model was developed by examining a single solute molecule of
species i with mass mi, which is exposed to forces coming from
collisions with solvent molecules (Langevin, 1908; Lemons and
Gythiel, 1997). In contrast to Einstein's diffusion model, which is
based on the probabilistic behavior of a solute molecule, Langevin
used Newton's second law to explain the randommotion of a solute
molecule of species i:

mi
dVðtÞ
dt

¼ �yvðtÞ þ X (27)

Langevin assumed that the force F¼mia (Newton's second law;
left term eq. (27)), which a solute molecule of species i experiences
during collision with solvent molecules, equals the sum of two
different forces. The first force (-yv(t); first term right side of eq.
(27)) is directly proportional to the velocity of the molecule but in
negative direction, whereby the constant y represents the drag
force (y¼ 6phRi), which corresponds to the conventional drag force
used in hydrodynamics. The second force (X: second term, right
side of eq. (27)) corresponds to a randomly fluctuating force, which
is independent of the velocity of the moving solute molecule of
species i. Langevin used this force cautiously and intuitively
because its formal properties were not yet developed and not
widely applied at this time, whereas today this force is defined and
applied as the Gaussian white noise. For a detailed description of
the Gaussian white noise readers are referred to Kuo (1996). In
Langevin's diffusion model the definition of the diffusion coeffi-
cient of species i is related to the translational velocity of the
diffusing species i by using a velocity auto-covariance formula
(Gillespie and Seitaridou, 2013) (Table 1):

Di ¼
1
d

ð∞
0

hvð0Þ$vðtÞ ii$dt (28)

where d is the dimensionality of the system (1D, 2D, 3D), vi (m/s) is
velocity of the diffusing species i and dt corresponds to the infini-
tesimal time interval.

Equation (28) asserts that the area below the curve< v (0)$v(t)
>i$dt equals the diffusion coefficient of the diffusing species i. Thus,
additionally to Einstein (eq. (26)), Langevin obtained a second
physical meaning of the diffusion coefficient by relating it to the
velocity of the diffusing species i at time 0 and time t, respectively.
Langevin's definition of the diffusion coefficient (eq. (28)) does not
provide any information about the mass dependency of D. Alter-
natively the mass dependency of the diffusive transport rate in
Langevin's diffusion model can be evaluated by considering the
mean square displacement formula. In Langevin's diffusion model
the spatial mean square displacement of a solute molecule of
species i can be expressed by averaging over the initial velocity of
the solute molecule (for details of the deviation of the mean square
displacement equations in Langevin's diffusion model readers are
referred to Gillespie and Seitaridou (2013)):

D
Dx2ðtÞ

E
i
¼ 2d

kBT
y

h
ðt � t0Þ � t

�
1� e�ðt�t0Þ=t

� i
(29)

where kB (J/K) is the Boltzmann constant, T (K) is the temperature,
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y¼ 6phRi (kg/ms) corresponds to the drag forces, where h is the
viscosity of the solvent and Ri (m) is the solute radius of species i, t
e t0 (s) is the time interval and t (s) equals mi/y where mi is the
molecular mass of species i.

Langevin's mean square displacement formula (eq. (29)) can be
decomposed in a long and short-time interval, with respect to the
constant t, which has units of time. When taking a large time in-
terval (t e t0 » t), the right most term tð1� e�ðt�t0Þ=tÞ in equation
(29) becomes zero. Hence, the mean square displacement equation
for long-time intervals becomes:

D
Dr2ðtÞ

E
i
¼ 2d

kBT
6phRi

ðt � t0Þ ¼ 2dDðt � t0Þ (30)

Equation (30) corresponds to Einstein's mean square displace-
ment expression (eq. (26)) showing that during large time intervals
(t e t0 » t) Langevin's and Einstein's mean squared displacement
formulas are identical. Hence, for large time intervals (t e t0 » t)
Langevin's diffusion model is not predicting a mass dependency of
the diffusive transport rate. To express Langevin's mean square
displacement formula for short time intervals (t e t0 ≪ t) the
exponent in equation (29) (t-t0/t) is Taylor-expanded to second
order, which results in the following expression (for details reader
are referred to Gillespie and Seitaridou (2013)):

D
Dr2ðtÞ

E
i
¼ dkBT

mi
ðt � t0Þ2 (31)

Or when taking the square root equation (31) becomes to:

hDrðtÞ ii ¼
ffiffiffiffiffiffiffiffiffiffiffi
dkBT
mi

s
ðt � t0Þ (32)

The term
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dkBT=mi

p
in equation (32) equals the velocity of a

diffusing species i in the gas phase (eq. (18)). Hence, Langevin's
model of diffusion assumes that on short time scales the diffusing
species i moves ballistically in the aqueous phase as observed in the
gas phases and the transport rate is inversely proportional to the
square root of the molecular mass of the diffusing species i.

Overall, Langevin's mean square displacement equation (eq.
(29)) takes into account both the mass dependent short-term and
mass independent long-term solute-solvent interactions. However,
for large time intervals (t e t0 » t), which are used to determine D
(eq. (30)), the mean square displacement formula converges to
Einstein's formula and Langevin's diffusion model is not predicting
a mass dependency of D.
2.5. Mode-coupling theory analysis of diffusion

In addition to the previously described diffusion models (Fick,
Maxell-Stefan, Einstein, Langevin), the mode-coupling theory
analysis (MCTA) of diffusion is also used to assess the mass de-
pendency of the diffusive transport rate of solutes in the aqueous
phase. In the framework of the MCTA of diffusion, the diffusion
coefficient of species i is related with the friction coefficient acting
on the solute in the aqueous phase (Ali et al., 2002) (Table 1):

Di ¼
kBT

z0
(33)

where Di (m2/s) is the diffusion coefficient of species i, kB (J/K) is
Boltzmann's constant, T (K) is the temperature and z0 is the total
friction coefficient.

The total friction (zВ in eq. (33)) acting on solute molecules of
species i in the aqueous phase can be decomposed, by conducting a
Laplace transformation (Ali et al., 2001, 2002; Bhattacharyya and
Bagchi, 1997):

1

z0
¼ 1

zB þ zr
þ 1

zH
(34)

where zВ and zr refer to the friction arising from binary collisions
and zН corresponds to the friction due to the coupling of the solute
with the hydrodynamic motions of the solvent.

Equation (34) shows that the MCTA of diffusion assumes that
the diffusive motion of species i is coupled with the long-term
hydrodynamic modes (zН) as well as with the short-term binary
collision modes of motions (zВ) (Ali et al., 2002; Bhattacharyya and
Bagchi, 1997, 2000). According to Bhattacharyya and Bagchi (2000)
the diffusive transport rate of the solute is stronglymass dependent
during the coupling with the short-term binary collision modes of
motion (zВ), following the kinetic theory (eq. (4)). On the contrary
the coupling of the solutewith the long-term hydrodynamic modes
of motion (zН) exhibits no mass dependency following the hydro-
dynamic theory (eq. (3)). Hence, the MCTA of diffusion postulates
that the overall mass dependency of the diffusive transport rate is
the result of a competition between strongly mass dependent
short-term binary-collision modes of motion and weakly mass
dependent long-term hydrodynamic modes of motion similar to
Langevin's diffusion model. Therefore, the MCTA of diffusion pre-
dicts a mass dependency of the diffusion coefficient, which is
stronger than in the hydrodynamic theory (eq. (3)) but smaller than
in the kinetic theory (eq. (4)) following a more general power law
mass dependency with exponent b< 0.5:

DH

DL
¼
�
mL

mH

�b

and hence; Difm�b
i (35)

where DH and DL (m2/s) are the diffusion coefficients of the heavy
and light species, respectively, and mL and mH are the molecular
masses of the heavy and light species, respectively.

2.6. Discussion of different diffusion models

The prediction of the magnitude of aqueous-phase diffusion-
induced isotope fractionation in the five discussed diffusion models
(Fick, Maxwell-Stefan, Einstein, Langevin, MCTA of diffusion) is not
consistent. In the framework of Fick's diffusion model, the different
definitions of the diffusion coefficients either neglect a mass de-
pendency of D (hydrodynamic definition of Fickian diffusion coef-
ficient, eq. (3)), show an inverse proportionality to the square root
of the molecular mass of the diffusing species (kinetic and empir-
ical definition of the Fickian diffusion coefficient by Worch (1993),
eqs. (4) and (7)) or predict a faster diffusive transport rate for heavy
compared to light isotopes (empirical definition of Fickian diffusion
coefficient by Hayduk and Laudie (1974) and by Wilke and Chang
(1955), eqs. (9) and (10)). The Maxwell-Stefan diffusion model
predicts an inverse proportionality of D to the square root of the
molecular mass of the diffusing species (eq. (16)) similar to the gas
phase. This is expected as the theory is based on the kinetic ther-
modynamic theory of ideal gases. The conceptualization of the
mass dependency of D in Maxwell-Stefan's theory of diffusion is
consistent with the kinetic (eq. (4)) and the empirical definition of
the Fickian diffusion coefficient by Worch (1993) (eq. (7)). In
contrast, it is not in agreement with the hydrodynamic (eq. (3)) and
the empirical definition of Fick's diffusion coefficient by Wilke and
Chang (1955) and Hayduk and Laudie (1974) (eqs. (9) and (10)),
which show no or an opposite mass dependency of D i.e. faster for
heavy compared to light isotopes. In Einstein's diffusion model, the
most significant outcome is the provision of a physical meaning of
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D by relating it with the mean square displacement of the diffusing
species (eq. (26)). Although this relation is not providing any in-
formation about the mass dependency of D, it can be used to
evaluate a potential mass dependency of D by measuring the mean
square displacement of isotopically distinct species usingmolecular
dynamic (MD) simulations (Bourg and Sposito, 2007; Holmboe and
Bourg, 2014) (see details in section “3.2. Discussion of experimental
results”). However, this relationship contains some limitations, due
to the inverse proportionality to the arbitrarily chosen time interval
dt (eq. (26)). When the time interval dt is very small, the solute
molecule might not experience enough collisions with the solvent
molecules that its movement is random. Thus, during short time
intervals, the solute molecule moves nearly straight (ballistic) at a
nearly constant speed like in a diluted gas, which is not corre-
sponding to random movement in a liquid phase. Therefore, for
small time intervals it is not possible to determine D using Ein-
stein's mean square displacement formula and to assess a potential
mass dependency. In addition to Einstein's definition of D, Lange-
vin's diffusion model provides a second physical meaning of D, by
showing that D equals the velocity difference of the solute at time t
and time zero, respectively (eq. (28)). In contrast to Einstein's
diffusion coefficient, this relationship can be used to determine the
diffusion coefficient also during short time intervals when the so-
lute moves ballistically but it is not providing any information
about the mass dependency of D. However, Langevin's definition of
the diffusion coefficient can be used to assess a potential mass
dependency of D bymeasuring the velocities of the diffusing solute
at time 0 and time t, respectively for isotopically distinct species
using MD simulations similar to Einstein's mean square displace-
ment formula (Bourg and Sposito, 2007, 2008) (see details in sec-
tion “3.2. Discussion of experimental results”). Moreover,
Langevin's diffusion model extends Einstein's mean square
displacement formula by considering both short and long-time
intervals simultaneously (eq. (29)). This equation suggests an in-
termediate mass dependency of the diffusive transport between
strongly mass dependent short-term and mass independent long-
term solute-solvent interactions. However, for large time in-
tervals, during which D is determined, Langevin's mean square
displacement formula converges to Einstein's formula and predicts
no mass dependency of D being consistent with the hydrodynamic
definition of Fickian diffusion coefficient. As opposed to Langevin's
diffusion model, the MCTA of diffusion provides an equation for D
that includes both the mass dependent short-term solute-solvent
interactions and mass independent long-term interactions,
respectively (eq. (33)). The MCTA considers different types of fric-
tion acting on the solute during both long time and short time in-
tervals, respectively. Hence, for predicting the mass dependency of
D, MCTA of diffusion interpolates between the mass independent
long-term hydrodynamic friction and the strongly mass dependent
short-term friction (eq. (33)). This results in a prediction of an in-
termediate mass dependency of D following a more general power
law mass dependency with 0.0<b< 0.5 (eq. (35)). This finding is
inconsistent with all other discussed diffusion models (Fick,
Maxwell-Stefan, Einstein, Langevin), which predict either no mass
dependency, assume an inverse proportionality to the square root
of the molar mass of the diffusing species or assert a faster diffusive
transport rate for heavy compared to light isotopes.

3. Experimental evaluation of isotope fractionation due to
aqueous phase diffusion

In the following sections, experimental studies, which investi-
gated the magnitude of aqueous phase diffusion-induced isotope
fractionation are summarized and compared. Furthermore, the
outcome of the experimental studies is compared with the
prediction of themagnitude of isotope fractionation due to aqueous
phase diffusion in the different diffusion models.
3.1. Experimental results

A variety of experimental designs were used to determine the
magnitude of isotope fractionation due to aqueous phase diffusion
such as polyacrylamide and silica hydrogel gel tubes (Eggenkamp
and Coleman, 2009; Jin et al., 2014; Rolle and Jin, 2017; van
Zuilen et al., 2016), Graham's type diffusion experiments (Bourg
et al., 2010; Richter et al., 2006), refractive index profiling
(LaBolle et al., 2008), different types of diffusion cells (Jahne et al.,
1987; Kunze and Fuoss, 1962; Oleary, 1984; Pikal, 1972; Rodushkin
et al., 2004; Tempest and Emerson, 2013; Tyroller et al., 2014, 2018;
Wanner and Hunkeler, 2015) and triaxial flow cells (Schloemer and
Krooss, 2004; Zhang and Krooss, 2001). Furthermore, the diffusion
experiments covered a large range of temperatures (5�e90�

Celsius), pressures (atmospheric to 9MPa) and solution composi-
tions (distilled water, different types of gels, pore water in sedi-
mentary rock, electrolytic solutions). To quantify the magnitude of
isotope fractionation experimentally, beta values (eq. (35)) were
derived throughout the different experimental. Kunze and Fuoss
(1962), Pikal (1972), Rodushkin et al. (2004), Bourg et al. (2010),
Richter et al. (2006), Eggenkamp and Coleman (2009) and van
Zuilen et al. (2016) investigated isotope fractionation during
aqueous phase diffusion for a wide spectra of dissolved ions (Mg2þ,
Ca2þ, Fe2þ, Zn2þ, Ba2þ, Naþ, Kþ, Liþ Cl�, Br�). These studies obtained
similar beta values (eq. (35)) ranging between 0.000 and 0.025
(Table 2). Furthermore, Oleary (1984), Jahne et al. (1987) Tyroller
et al. (2014), Tyroller et al. (2018) and Tempest and Emerson
(2013) determined beta values for neutrally charged gases (CO2,
He, Ar, Ne, Kr, Xe). For Ne, Kr, Xe and carbon isotopes in CO2 the
obtained beta values were similar as for dissolved ions ranging
between 0.031 and 0.149 (Table 2). In contrast for Ar the obtained
beta values diverged. While Tempest and Emerson (2013) deter-
mined a beta value (0.0371) for Ar that is consistent with Ne, Kr, Xe
and carbon isotopes in CO2, Tyroller et al. (2014) obtained a one
order of magnitude higher beta value for Ar (0.508; Table 2). In
addition to Ar, a one order of order magnitude higher beta value
(0.486) compared to Ne, Kr, Xe and carbon isotopes in CO2 was also
observed for He (Jahne et al., 1987).

As opposed to dissolved ions and gases less experimental data
are available regarding aqueous phase diffusion-induced isotope
fractionation of organic compounds. Some of the experimental
studies used deuterated vs. non-deuterated compounds to facilitate
the determination of beta values (eq. (35)) for organic compounds.
However, the obtained results were not consistent. Some studies
obtained beta values close to 0.5 (e.g. 0.455 for ethylbenzene and
0.463 for toluene) (Jin et al., 2014; Rolle and Jin, 2017), detected one
order of magnitude lower beta values (e.g. 0.063 for isopropanol
and 0.023 for tertiary butyl alcohol) (LaBolle et al., 2008) (Table 2)
or observed a diffusion-induced isotope fractionation in the
opposite direction (faster diffusive transport rate for deuterated vs.
non-deuterated species) obtaining negative beta values (e.g �0.247
for benzene) (Rolle and Jin, 2017). Only a few studies were carried
out at natural abundance for organic compounds: Zhang and
Krooss (2001) and Schloemer and Krooss (2004) determined the
magnitude of carbon isotope fractionation of methane and ethane,
whereas Jin et al. (2014) and Wanner and Hunkeler (2015) exam-
ined the magnitude of carbon and chlorine isotope fractionation of
chlorinated hydrocarbons (1,2-DCA, cDCE and TCE). The obtained
beta values were similar to the results obtained for dissolved ions:
methane and ethane: 0.036e0.037, 1,2-DCA: 0.023e0.031, cDCE:
0.088, and TCE: 0.024e0.043 (Table 2).



Table 2
Compilation of experimental results for isotope fractionation due to aqueous phase diffusion and most consistent diffusion models.

Species DH/DL b (eq. (35)) Mass dependency of
diffusion coefficient

Most consistent
diffusion model

Reference

Na Isotopes D24Na/D22Na¼0.998 0.0230 Dfm�0.0230 MCTA Pikal (1972)
Li Isotopes D7Li/D6Li¼0.9965 0.0237 Dfm�0.0237 MCTA Kunze and Fuoss (1962)

D7Li/D6Li¼0.99772 0.015 Dfm�0.015 MCTA Richter et al. (2006)
Fe Isotopes D56Fe/D54Fe¼0.99991 0.0024 Dfm�0.0024 MCTA Rodushkin et al. (2004)
Zn Isotopes D66Zn/D64Zn¼0.99994 0.0019 Dfm�0.0019 MCTA Rodushkin et al. (2004)
Mg Isotopes D25Mg/D24Mg¼1.00003 0.000 Dfm�0.000 Hydrodynamic

Fickian diffusion
coefficient, MCTA

Richter et al. (2006)

Ba Isotopes D137Ba/D134Ba¼0.99978 0.010 Dfm�0.010 MCTA van Zuilen et al. (2016)
Cl Isotopes D37Cl/D35Cl¼0.99857 0.025 Dfm�0.025 MCTA Richter et al. (2006)

D37Cl/D35Cl¼0.99841a 0.029 Dfm�0.029 MCTA Eggenkamp and
Coleman (2009)

Br Isotopes D81Br/D79Br¼0.99920a 0.032 Dfm�0.032 MCTA Eggenkamp and
Coleman (2009)

Ca Isotopes D44Ca/D40Ca¼0.99957 0.0045 Dfm�0.0045 MCTA Bourg et al. (2010)
K Isotopes D41K/D39K¼0.99790 0.042 Dfm�0.042 MCTA Bourg et al. (2010)
He Isotopes D4He/D3He¼0.870 0.486 Dfm�0.486 Kinetic Fickian

diffusion coefficient,
Maxwell-Stefan

Jahne et al. (1987)

Ne Isotopes D22Ne/D20Ne¼0.99001 0.104 Dfm�0.104 MCTA Tyroller et al. (2014)
D22Ne/D20Ne¼0.9931 0.0727 Dfm�0.0727 MCTA Tempest and Emerson (2013)

Ar Isotopes D40Ar/D36Ar¼0.9479 0.508 Dfm�0.508 Kinetic Fickian
diffusion coefficient,
Maxwell-Stefan

Tyroller et al. (2014)

D40Ar/D36Ar¼0.9961 0.0371 Dfm�0.0371 MCTA Tempest and Emerson (2013)
Kr Isotopes D86Kr/D84Kr¼0.9965

b 0.149 Dfm�0.149 MCTA Tyroller et al. (2018)
Xe Isotopes D132Xe/D131Xe¼0.9997

b 0.039 Dfm�0.039 MCTA Tyroller et al. (2018)
C Isotopes CO2 D13CO2/D12CO2¼0.9993c 0.0310 Dfm�0.0310 MCTA Oleary (1984)

D13CO2/D12CO2¼0.9991 0.0387 Dfm�0.0387 MCTA Jahne et al. (1987)
C Isotopes CH4 D13CH4/D12CH4¼0.99776d 0.037 Dfm�0.037 MCTA Zhang and Krooss (2001)

D13CH4/D12CH4¼0.99783e 0.036 Dfm�0.036 MCTA Schloemer and Krooss (2004)
C Isotopes C2H6 D13C2H6/D12C2H6¼0.99877e 0.038 Dfm�0.038 MCTA Schloemer and Krooss (2004)
Deuterated and non-deuterated

isopropanol (IPA)
DDeutIPA/DIPA¼ 0.99305 0.063 Dfm�0.063 MCTA LaBolle et al. (2008)

Deuterated and non-deuterated
tertiary butyl alcohol (TBA)

DDeutTBA/DTBA¼ 0.99741 0.023 Dfm�0.023 MCTA LaBolle et al. (2008)

Deuterated and non-deuterated
toluene

DDeutTol/DTol¼ 0.96246 0.455 Dfm�0.455 Kinetic Fickian
diffusion coefficient,
Maxwell-Stefan

Jin et al. (2014)

Deuterated and non-deuterated
ethylbenzene

DDeutethb/Dethb¼ 0.96061 0.455 Dfm�0.455 Kinetic Fickian
diffusion coefficient,
Maxwell-Stefan

Jin et al. (2014)

Cl Isotopoculesf cDCE Not indicated 0.088 Dfm�0.088 MCTA Jin et al. (2014)
Cl Isotopoculesf TCE Not indicated 0.043 Dfm�0.043 MCTA Jin et al. (2014)
C Isotopoculesf 1,2-DCA D1011,2-DCA/D1001,2-DCA¼0.99977 0.023 Dfm�0.023 MCTA Wanner and Hunkeler (2015)
Cl Isotopoculesf 1,2-DCA D1021,2-DCA/D1001,2-DCA¼0.99939 0.031 Dfm�0.031 MCTA Wanner and Hunkeler (2015)
C Isotopoculesf TCE D131TCE/D130TCE¼0.99978 0.029 Dfm�0.029 MCTA Wanner and Hunkeler (2015)
Cl Isotopoculesf TCE D132TCE/D130TCE¼0.99963 0.024 Dfm�0.024 MCTA Wanner and Hunkeler (2015)
Deuterated and non-deuterated

benzene
DDeutBen/DBen¼ 1.019g �0.247 Dfm0.247 Wilke and

Chang and
Hayduk and
Laudie diffusion
coefficient

Rolle and Jin (2017)

Deuterated and non-deuterated
toluene

DDeutTol/DTol¼ 0.970g 0.463 Dfm�0.463 Kinetic Fickian
diffusion coefficient,
Maxwell-Stefan

Rolle and Jin (2017)

a Average of sevenfold and threefold DH/DL measurement for Cl and Br isotopes, respectively reported by Eggenkamp and Coleman (2009).
b Average of fourfold DH/DL measurements reported by Tyroller et al. (2018).
c Average of fivefold DH/DL measurements reported by Oleary (1984).
d Average of fivefold DH/DL measurements reported by Zhang and Krooss (2001).
e Average of twofold DH/DL measurement reported by Schloemer and Krooss (2004).
f The term isotopocules encompasses isotopologues (molecules differing in isotopic composition) as well as isotopomers (molecules having the same number of isotopes

but at different positions).
g Average of fourfold DH/DL measurement reported by Rolle and Jin (2017).
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3.2. Discussion of experimental results

With the exception of determined beta values (eq. (35)) for Ar
isotopes (0.508) by Tyroller et al. (2014) and for He isotopes (0.486)
by Jahne et al. (1987) the conducted experimental studies at natural
abundance coherently obtained a weak power law mass
dependency of D with beta values ranging between 0.000 and 0.104
(Table 2). This suggests that at natural abundance D shows a weak
power law mass dependency for the vast majority of dissolved
species. In contrast, the obtained inconsistent beta values for
deuterated vs. non-deuterated organic compounds (�0.247 (Rolle
and Jin, 2017); 0.455 (Jin et al., 2014); 0.063e0.023 (LaBolle et al.,
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2008)) (Table 2) casts some doubt on whether deuterated com-
pounds are representative for studies of isotope fractionation dur-
ing aqueous phase diffusion at natural abundance. The weak power
law mass dependency of D with beta values< 0.5, which was
determined by themajority of the experimental studies (Table 2), is
not consistent with Fick's, Maxwell-Stefan's, Einstein's and Lange-
vin's diffusion models (Table 1). Therefore, none-of these diffusion
models provide a theoretical rationale for theweak power lawmass
dependency of D observed by the majority of recent experimental
studies (Table 2). In contrast, the experimental results were
coherent with the MCTA of diffusion. This consistency supports the
hypothesis of the MCTA of diffusion that the overall mass de-
pendency of the diffusive transport rate in the aqueous phase re-
sults from mass dependent short-term and mass independent
long-term interactions between solute and solvent. These solute-
solvent interactions can be further investigated using MD
simulations.

In the last decade MD simulations have emerged as an addi-
tional tool to determine the magnitude of isotope fractionation due
to aqueous phase diffusion. The basic concept relies on the quan-
tification of D for isotopically distinct species by using Einstein's
mean square displacement formula (eq. (26)) for a time interval
being large enough to ensure a random movement of the solute in
the solvent or by using Langevin's definition of the diffusion coef-
ficient (eq. (28)). MD simulations with a classical force field were
conducted for isotopically distinct ions and noble gases in water by
Bourg and Sposito (2007), Bourg and Sposito (2008) and Bourg et al.
(2010). The MD results were consistent with the majority of
experimental studies (Table 2) and the MCTA of diffusion by
showing a weak power lawmass dependency of D with beta values
ranging between 0.000 and 0.171. Based on the MD simulations,
Bourg et al. (2010) revealed that the weak power law mass de-
pendency originates from the interaction between strongly mass
dependent short-term binary-collision modes of motion and
weakly mass-dependent long-term hydrodynamic modes of mo-
tion. On short time scales (t< 0.05 ps), the relaxation time of the
solvent molecules in the near vicinity of the solute after a solute-
solvent collision event is shorter for light compared to heavy so-
lute isotopes. This leads to a higher solute-solvent collision fre-
quency for light compared to heavy solute isotopes and hence, to an
acceleration of the diffusive transport for light compared to heavy
isotopes causing isotopic separation on short time scales. In
contrast, on long time scales (t> 0.05 ps) the motion of the solute is
coupled with the weakly mass-dependent long-term hydrody-
namic modes of motion, whereby the coupling is controlled by the
average residence time of water molecules in the first solvation
shell of the solute (Bourg et al., 2010; Bourg and Sposito, 2007). A
greater residence time of the first solvation shell leads to less
frequent binary solute-solvent collisions, and hence, to a stronger
coupling of the solute with the weak mass dependent hydrody-
namic modes of motion decreasing the mass dependency of D.
Despite the consistency of the MD simulations (Bourg et al., 2010;
Bourg and Sposito, 2007, 2008) with most of the experimental re-
sults, the stronger magnitude of isotope fractionation observed for
He isotopes by Jahne et al. (1987) and for Ar isotopes by Tyroller
et al. (2014) (Table 2) could not be reproduced. Bourg and Sposito
(2008) speculated that for He isotopes quantum isotope effects
(quantum tunneling) may have contributed significantly to the
magnitude of isotope fractionation causing the larger isotope effect.
In contrast for Ar isotopes Bourg and Sposito (2008) considered the
influence of quantum tunneling related isotope effects as unlikely
as the characteristic length scale of solute/water interactions is
more than 25 times the thermal de Broglie wavelength under
ambient conditions. Recently, de Magalhaes et al. (2017) conducted
ab initio molecular simulations (AIMD) to assess the effect of
quantum isotope effects on diffusion-induced isotope fractionation
in the aqueous phase for noble gases. For He isotopes de Magalhaes
et al. (2017) confirmed that quantum isotope effects contribute
substantially to the magnitude of isotope fractionation, causing
isotope fractionation, that follows the inverse square root relation
(eq. (5)) (Table 2) as experimentally observed by Jaehne et al.
(1987). Furthermore, de Magalhaes et al. (2017) also detected a
considerable impact of quantum isotope effects on Ar isotope
fractionation causing a larger isotope effect, which is in agreement
with the findings by Tyroller et al. (2014). However, this result it is
not consistent with the experimental findings by Tempest and
Emerson (2013) (Table 2), which observed a weak mass de-
pendency of D for Ar isotopes, and with the study conducted by
Bourg and Sposito (2008). This shows that themagnitude of isotope
fractionation for Ar due to aqueous phase diffusion is still under
debate.
4. Conclusions

The review of five diffusion models (Fick, Maxwell-Stefan, Ein-
stein, Langevin, MCTA of diffusion) revealed an inconsistency
regarding the prediction of the magnitude of diffusion-induced
isotope fractionation in the aqueous phase. The conceptualization
of the mass dependency of D ranges between the prediction of a
mass dependency similar to the gas phase showing a square root
power law mass dependency and a prediction of an isotope frac-
tionation in the opposite direction i.e. faster for heavy compared to
light isotopes. With the exception for light noble gases (e.g. heli-
um), the vast majority of the experimental studies conducted at
natural abundance obtained consistently a weak power law mass
dependency of D. As the experiments were conducted at varying
temperatures, pressures and in differently composed solutions
suggest that the weak power law mass dependency of D is valid for
a large range of conditions. The observed weak power law mass
dependency of D by the diffusion experiments is consistent with
theMCTA of diffusion, which reinforces the validity of the picture of
aqueous phase diffusion provided by this model: The magnitude of
diffusion induced isotope fractionation is a result of an interplay
between strongly mass dependent short-term and mass indepen-
dent long-term solute-solvent interactions resulting in an overall
weak power law mass dependency of D. This model of aqueous
phase diffusion-induced isotope fractionation is supported by MD
simulation investigations using a classical force field. Furthermore,
the observed stronger isotope fractionation for low weight noble
gases (e.g. helium) could be explained by the influence of quantum
isotope effects (tunneling effects) increasing the magnitude of
aqueous phase diffusion-induced isotope fractionation. Overall, our
review of diffusion models and experimental studies shows that
with the exception for light noble gases a weak power law mass
dependency is likely the most appropriate assumption for model-
ling aqueous phase diffusion-induced isotope fractionation in
geochemical systems. Hence, a fairly small aqueous phase
diffusion-induced isotope fractionation can be expected causing
small interference for source identification and the quantification
of reactive processes using stable isotope methods.
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