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Abstract A benchmark problem set consisting of four
problem levels was developed for the simulation of Cr iso-
tope fractionation in 1D and 2D domains. The benchmark
is based on a recent field study where Cr(VI) reduction
and accompanying Cr isotope fractionation occurs abioti-
cally by an aqueous reaction with dissolved Fe2+ (Wanner
et al., 2012., Appl. Geochem., 27, 644–662). The problem
set includes simulation of the major processes affecting the
Cr isotopic composition such as the dissolution of various
Cr(VI) bearing minerals, fractionation during abiotic aque-
ous Cr(VI) reduction, and non-fractionating precipitation of
Cr(III) as sparingly soluble Cr-hydroxide.

Accuracy of the presented solutions was ensured by run-
ning the problems with four well-established reactive trans-
port modeling codes: TOUGHREACT, MIN3P, CRUNCH-
FLOW, and FLOTRAN. Results were also compared with
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an analytical Rayleigh-type fractionation model. An addi-
tional constraint on the correctness of the results was ob-
tained by comparing output from the problem levels simu-
lating Cr isotope fractionation with the corresponding ones
only simulating bulk concentrations. For all problem levels,
model to model comparisons showed excellent agreement,
suggesting that for the tested geochemical processes any
code is capable of accurately simulating the fate of individ-
ual Cr isotopes.
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reduction · Cr isotopes · Remediation

1 Introduction

Chromium(VI) is a serious (e.g., carcinogenic) inorganic
contaminant [1] released by anthropogenic activities (e.g.,
galvanization) as well as from geogenic sources such as
oxidative weathering of ultramafic rocks [2]. In contrast,
the reduced chromium form, Cr(III), is less toxic [3],
sparingly soluble, adsorbs strongly on solid surfaces, and
co-precipitates with Fe(III) hydroxides [4, 5]. Reduction
of Cr(VI) to Cr(III) is therefore a desirable method for
remediation of Cr(VI) contaminated sites. Chromium(VI)
reduction either occurs naturally by the presence of organic
carbon or Fe2+ bearing minerals [6], or by the implemen-
tation of in situ remediation measures where organic or
inorganic Cr reductants are injected into the aquifer [7–11].

The fractionation of stable Cr isotopes has become a
well-accepted proxy for demonstrating Cr(VI) reduction
in experimental [12–15] and natural systems [9, 16–19].
These studies generally show that of the prevalent naturally
occurring Cr isotopes, the heavier 53Cr accumulates in the
unreacted Cr(VI) pool and the lighter 52Cr preferentially
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reacts to form Cr(III). In contrast, Cr(III) did not exhibit
kinetic isotope discrimination during a Cr(III) oxidation
experiment [12]. Cr isotopic fractionation is typically
explained with kinetic Rayleigh-type fractionation models
because once reduced, Cr precipitates as Cr(III) hydroxides
or adsorbs on solid surfaces and thus no longer interacts
with the remaining soluble Cr(VI). Ideally such Rayleigh-
type models can be applied for natural systems to infer the
extent of Cr(VI) reduction assuming that the isotopic frac-
tionation factor is known [20]. This assumption is, however,
challenging because various published Cr(VI) reduction
experiments have shown that field-scale effective fraction-
ation factors may vary over a broad range (see compilation
by Wanner and Sonnenthal [21]). Discrepancies in observed
Cr isotopic fractionation factors have been attributed to vari-
able kinetic and transport effects as well as different reac-
tion mechanisms [12, 17, 21–23]. Studies for other isotopic
systems confirmed that effective fractionation factors vary
for a single reaction mechanism due to varying precipitation
rates (e.g., Ca [24, 25]) and/or varying hydrodynamic dis-
persion (e.g., N, C, [26–28]). The broad range of observed
fractionation factors and their dependence on transport and
kinetic processes may often require the use of reactive trans-
port modeling for the quantitative interpretation of field
scale Cr isotope data.

To date, reactive transport modeling involving Cr isotope
fractionation has only been applied in a few selected field
and lab studies [21, 29, 30]. Other studies have employed
numerical reactive transport codes to simulate isotopic
fractionation for other contaminated systems, including sul-
fur isotopic fractionation during sulfate reduction [31, 32,
34] and carbon and chlorine isotopic fractionation during
degradation of organic contaminants [35–40].

The cited isotope modeling studies employ different
approaches for simulating aqueous kinetic isotope fraction-
ation. To test the different approaches, this paper aims to
provide a benchmark problem set for the simulation of Cr
isotope fractionation during aqueous kinetic Cr(VI) reduc-
tion. Further, the benchmark tests the simulation of other
fundamental geochemical processes that define the fate of
individual Cr isotopes. Evaluated processes include non-
fractionating Cr(III) precipitation and dissolution of Cr(VI)-
bearing minerals in addition to Cr isotope fractionation
during aqueous kinetic Cr(VI) reduction. The benchmark
problem is largely adapted from an extended field and mod-
eling study of an actual Cr(VI) contaminated site located in
Switzerland, where Cr(VI) reduction occurs naturally and
where monitored natural attenuation (MNA) is part of the
remediation measures [18, 30]. To ensure that results pre-
sented here provide accurate simulation results, four differ-
ent multicomponent reactive transport codes have been used
to simulate this problem set. These codes are TOUGHRE-
ACT, MIN3P, FLOTRAN, and CRUNCHFLOW. General

capabilities and numerical model formulations of these
codes are provided in Steefel et al. [41] and references
therein.

2 Benchmark problem setup

2.1 Conceptual model

The proposed benchmark problem set is adapted from a
series of 2D reactive transport model simulations that were
performed to optimize remediation measures for the Cr(VI)-
contaminated site located near Rivera (Switzerland) [30].
The focus of these original simulations was on evaluating
the extent to which naturally occurring Cr(VI) reduction
could be defined as remediation strategy. The simulations
were based on an extended field campaign [18] and the sub-
sequently derived conceptual model (Fig. 1, [30]), of which
the main points are summarized as follows: The Cr(VI) con-
tamination reaches a depth of up to 10 m and originates
from occasional spills of sulfuric (H2SO4) and chromic
acid (H2CrO4), occurring during the on-site production
of the latter in the 1950s. The interaction between the
spilled chromic acid and the Ca-rich concrete of the former
processing plant leads to the formation of highly soluble
chromatite (CaCrO4). By contrast, the interaction between
the chromic and sulfuric acid with the in situ subsurface
lead to the precipitation of sparingly soluble Cr(VI) bear-
ing jarosite (KFe3(SO4)1.8(CrO4)0.2(OH)6). Accordingly,
current groundwater Cr(VI) concentrations are controlled
by the dissolution of these two Cr(VI)-bearing minerals. It
was concluded that Cr(VI)-bearing jarosite forms the dom-
inant Cr(VI)-bearing mineral phase within the saturated
zone (e.g., dominating aquifer, Fig. 1), whereas infiltrating
rainwater and groundwater table variations lead to an addi-
tional dissolution of highly soluble chromatite (CaCrO4)

accumulated in the unsaturated and periodically saturated
zone.

Due to the presence of Fe2+-bearing minerals such as
annite (Fe2+ -bearing biotite) and chamosite (Fe2+ -bearing
chlorite) reducing conditions are established and aqueous
Fe2+ is available in excess of Cr(VI). Accordingly, dis-
solved Cr(VI) is reduced to Cr(III) by a homogenous kinetic
reaction with Fe2+, introducing Cr isotope fractionation to
the system. For the current field site, a minimal Cr(VI)
reduction efficiency of 31 % along a 120-m long flow path
at a flow velocity of 3.5 m/day was estimated by measur-
ing Cr isotopes and applying a Rayleigh fractionation model
[18]. Amorphous Cr(OH)3 is assumed to form the ultimate
Cr(VI) reduction product because Cr(III) is only sparingly
soluble at near neutral pH values [4] such as observed
for the Rivera site (pH-range 5.7–6.6). Many studies have
shown that the redox change from Cr(VI) to Cr(III) is the
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Fig. 1 Conceptual model of the
Rivera site illustrating the major
processes that are simulated by
the benchmark problem set
(adapted from Wanner et al.
[30])

strongest contributor to observed Cr isotope fractionation
e.g., [12, 20, 42]. Accordingly, no Cr isotope fractionation
was assumed during Cr(OH)3 precipitation.

In the pH range from 2–6 Cr(VI) concentrations are
affected by Cr(VI) sorption to Al- and Fe-hydroxides [43].
In contrast to Cr(VI) reduction, Cr(VI) sorption does not
cause significant Cr isotope fractionation [43]. To date, the
behavior of Cr(VI) sorption has not been investigated for the
Rivera site. Accordingly, the conceptual site model does not
include Cr(VI) sorption.

2.2 Benchmark problem set

For the benchmark problem set presented here, the moni-
tored natural attenuation (MNA) remediation scenario such
as simulated by Wanner et al. [30] is taken as the compre-
hensive problem. When compared to this original simula-
tion, the benchmark aims to simulate the fate of individual
Cr isotopes for various Cr pools (dissolved Cr(VI) and
Cr(III), solid Cr(VI) and Cr(III)) and not for dissolved
Cr(VI) only.

The benchmark problem is divided into four levels of
increasing complexity. The first problem level addresses
the simulation of naturally occurring Cr(VI) reduction for
a 1D simulation corresponding to an idealized field-scale
1D flow path, along which a Cr(VI) reduction efficiency
of 31 % was inferred [18]. The individual isotopes of Cr,
kinetic fractionation due to reduction and non-fractionating
precipitation are implemented for the 1D domain in prob-
lem level #2. The main purpose of level #2 is to ensure
that Cr isotope fractionation (aqueous kinetic fractionation
and non-fractionating Cr(III) precipitation) is accurately
implemented into the different codes. This can be tested
using an analytical Rayleigh distillation model because for
a 1D homogenous porous media, Cr isotopic fractiona-
tion caused by Cr(VI) reduction typically follows such a
behavior [15, 17, 21]. Moreover, the comparison between
level #1 and level #2 allows testing whether bulk Cr

concentrations remained unchanged when Cr isotope frac-
tionation was added to the simulation.

Level #3 simulates the Cr(VI) plume for a 2D plan view
by specifying the site-specific hydrological conditions and
the spatial distribution of the Rivera Cr(VI)-contaminated
site [18]. It uses the reaction network specified for prob-
lem level #1. Level #4 presents the comprehensive problem
using the hydrological conditions and spatial distribution
of the Cr(VI) contamination specified for problem level #3
with the addition of the Cr isotopic composition of the two
Cr(VI) sources and Cr isotope fractionation during aque-
ous kinetic Cr(VI) reduction. Similar to the two 1D levels,
the comparison between level #3 and level #4 allows testing
whether the Cr(VI) solubility remains unchanged when the
fate of individual Cr isotopes was added to the simulation.

It should be noted that the provided problem set aims
to provide a benchmark for simulating fundamental geo-
chemical processes to cause variation in the aqueous Cr
isotopic ratio (e.g., kinetic fractionation by aqueous Cr(VI)
reduction, non-fractionating Cr(III) precipitation, solubil-
ity of various Cr(VI)-bearing minerals). By contrast, we do
not provide a benchmark for testing the accurate simula-
tion of transport effects on Cr isotope fractionation (e.g.,
hydrodynamic dispersion).

3 Mathematical model formulations and numerical
implementation

The benchmark problem set presented here requires the sim-
ulation of isothermal single-phase fluid flow and advective-
diffusive transport of dissolved chemical species. The math-
ematical formulation of these processes and their numerical
implementation differ between the different codes used to
solve the benchmark. Different numerical implementations
include the variable for which it is solved for when simulat-
ing fluid flow (e.g., pressure vs. hydraulic heads), the way
boundary conditions are formulated (e.g., ghost cells vs.



500 Comput Geosci (2015) 19:497–521

indefinitely large grid blocks), and the discretization of the
model domain (e.g., full vs. half nodes at the model edge).
A detailed comparison of the various numerical implemen-
tations of fluid flow and transport processes is provided by
Steefel et al. [41].

The geochemical reaction network includes aqueous spe-
ciation reactions, kinetic mineral reactions, and kinetic
aqueous reactions. The corresponding general mathemati-
cal formulation for each code is also provided by Steefel
et al. [41] and references therein. To fully understand this
benchmark, however, the most important equations are sum-
marized below.

3.1 Aqueous speciation reactions

Reactions among aqueous species except for the reduction
of aqueous Cr(VI) to aqueous Cr(III) (5) are assumed to
equilibrate instantaneously. Equilibrium reactions are com-
puted by defining the number of independent chemical
components as primary or basis species. Any other species
are defined as secondary species. The term secondary is
inherited from the fact that these species can be expressed
as a linear combination (i.e., chemical reaction) of primary
species. Using the law of mass action concentrations of
secondary species are thus calculated as a function of the
concentration of primary species:

ci = K−1
i γ −1

i

NC∏

j=1

c
νij

j γ
νij

j (1)

where ci is the molal concentration of the ith secondary
species, and cj is the molal concentration of the j th primary
species, γi and γj refer to thermodynamic activity coeffi-
cients of the secondary and primary species, respectively,
Ki is the equilibrium constant, and νij refers to the stoichio-
metric coefficient of j th basis species in the ith chemical
reaction. Primary species considered in the benchmark are
provided in Table 1. Secondary species and their corre-
sponding reaction stoichiometry are listed in Table 2 using
positive stoichiometric coefficients (vj ) for primary species
that are consumed by the listed reactions, and negative vj

values to denote primary species that are produced. Table 2
also provides corresponding equilibrium constants obtained
using SUPCRT92 [44 and references therein] and tabu-
lated in the EQ3/6 database [45] except for thermodynamic
Cr data, which were taken from Ball and Nordstrom [46].
Depending on the code, activity coefficients γi and γj are
calculated using various forms of the Debye-Huckel model
(see Steefel et al. [41] and references therein for more infor-
mation). Ion radii (re,j ) of primary and secondary species
used in conjunction with these Debye-Huckel models are
provided in Table 1 and 2.

Table 1 Primary (component) species and ion radii for Debye-Huckel

Component Primary species r1e,j Charge

c1 H+ 3.08 1

c2 H2O 0 0

c3 Cl− 1.81 −1

c4 Na+ 1.91 1

c5 K+ 2.27 1

c6 Mg2+ 2.54 2

c7 Fe2+ 2.62 2

c8 Fe3+ 3.46 3

c9 SO2−
4 3.15 −2

c10 CrO2−
4 3 −2

c11 52CrO2−
4 3 −2

c12 53CrO2−
4 3 −2

c13 NO−
3 2.81 −1

c14 HCO−
3 2.1 −1

c15 Ca2+ 2.87 2

c16 SiO2(aq) 0 0

c17 Cr3+ 3.6 3

c18 52Cr3+ 3.6 3

c19 53Cr3+ 3.6 3

c20 Al3+ 3.33 3

1re,j refers to the effective ionic radius that is used in conjunction with
various forms of the Debye Hueckel activity model to calculate activ-
ity coefficients (see Steefel et al. [41] and references therein for more
information)

3.2 Mineral dissolution and precipitation reactions

For all of the codes, mineral dissolution and precipitation
reaction rates r

(
molkgH2O

−1s−1
)
are formulated based on

transition state theory (TST) [47]

r = A · kMin exp

[−Ea

R

(
1

T
− 1

298.15

)]
·
[
1 −

(
Q

K

)m]n

(2)

where A refers to a minerals reactive surface area
(m2

mineral/kgH2O), kMin is the reaction rate constant at 25 ◦C
(mol/m2/s), Ea refers to the activation energy (kJ/mol),
T and R are the temperature (K) and ideal gas constant,
Q refers to the ion activity product of a mineral dissolu-
tion/precipitation reaction and K is the corresponding equi-
librium constant. Exponents m and n are fitting parameters
that must be experimentally determined. For this benchmark
they were set to one, which is usually the case, but not
always. Equation 2 illustrates that precipitation rates r are
calculated as negative rates (as Q/K > 1), whereas dissolu-
tion rates are computed as positive rates (Q/K < 1). Reac-
tion stoichiometry of mineral reactions considered by any of
the benchmark levels are given in Table 3, whereas kinetic
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Table 2 Aqueous complexation reactions and corresponding thermodynamic parameters (log(K),re,j ) used for any of the problem levels

Reaction Secondary r2e,j Charge Log(K) H+ H2O Cl− Na+ K+ Mg2+ Fe2+ Fe3+ SO2−
4 NO−

3 HCO−
3 Ca2+ SiO2(aq) Al3+

species1 (25◦)

a1 NaOH(aq) 3 0 14.799 −1 1 0 1 0 0 0 0 0 0 0 0 0 0

a2 AlO−
2 1.81 −1 22.199 −4 2 0 0 0 0 0 0 0 0 0 0 0 1

a3 AlO+ 2.31 1 10.343 −2 1 0 0 0 0 0 0 0 0 0 0 0 1

a4 AlOH2+ 2.8 2 5 −1 1 0 0 0 0 0 0 0 0 0 0 0 1

a5 HAlO2(aq) 0 0 15.604 −3 2 0 0 0 0 0 0 0 0 0 0 0 1

a6 CO2(aq) 0 0 −6.341 1 −1 0 0 0 0 0 0 0 0 1 0 0 0

a7 CO2−
3 2.81 −2 10.325 −1 0 0 0 0 0 0 0 0 0 1 0 0 0

a8 CaCO3(aq) 0 0 7.009 −1 0 0 0 0 0 0 0 0 0 1 1 0 0

a9 CaHCO3 2.31 1 −1.043 0 0 0 0 0 0 0 0 0 0 1 1 0 0

a10 CaOH+ 2.31 1 12.834 −1 1 0 0 0 0 0 0 0 0 0 1 0 0

a11 CaSO4(aq) 0 0 −2.1 0 0 0 0 0 0 0 0 1 0 0 1 0 0

a12 HFeO−
2 1.81 −1 29.202 −3 2 0 0 0 0 1 0 0 0 0 0 0 0

a13 FeCl− 2.31 1 0.165 0 0 1 0 0 0 1 0 0 0 0 0 0 0

a14 FeO+ 2.31 1 5.652 −2 1 0 0 0 0 0 1 0 0 0 0 0 0

a15 FeCl2(aq) 0 0 8.181 0 0 2 0 0 0 1 0 0 0 0 0 0 0

a16 FeO(aq) 0 0 20.412 −2 1 0 0 0 0 1 0 0 0 0 0 0 0

a17 FeOH+ 2.31 1 9.315 −1 1 0 0 0 0 1 0 0 0 0 0 0 0

a18 FeO−
2 1.81 −1 21.618 −4 2 0 0 0 0 0 1 0 0 0 0 0 0

a19 FeOH2+ 2.8 2 2.205 −1 1 0 0 0 0 0 1 0 0 0 0 0 0

a20 FeSO4(aq) 0 0 −2.2 0 0 0 0 0 0 1 0 1 0 0 0 0 0

a21 FeSO+
4 2.31 1 −1.917 0 0 0 0 0 0 0 1 1 0 0 0 0 0

a22 HFeO2(aq) 0 0 12.021 −3 2 0 0 0 0 0 1 0 0 0 0 0 0

a23 FeCl2+ 2.8 2 −1.475 0 0 1 0 0 0 0 1 0 0 0 0 0 0

a24 HNO3(aq) 0 0 1.308 1 0 0 0 0 0 0 0 0 1 0 0 0 0

a25 H2SO4(aq) 0 0 1.021 2 0 0 0 0 0 0 0 1 0 0 0 0 0

a26 HSO−
4 2.37 −1 −1.975 1 0 0 0 0 0 0 0 1 0 0 0 0 0

a27 HSiO−
3 1.81 −1 9.836 −1 1 0 0 0 0 0 0 0 0 0 0 1 0

a28 KHSO4(aq) 0 0 1.502 1 0 0 0 1 0 0 0 1 0 0 0 0 0

a29 KSO−
4 1.81 −1 −0.875 0 0 0 0 1 0 0 0 1 0 0 0 0 0

a30 MgCO3(aq) 0 0 7.356 −1 0 0 0 0 1 0 0 0 0 1 0 0 0

a31 MgHCO+
3 2.31 1 −1.033 0 0 0 0 0 1 0 0 0 0 1 0 0 0

a32 MgOH+ 2.31 1 11.682 −1 1 0 0 0 1 0 0 0 0 0 0 0 0

a33 MgSO4(aq) 0 0 −2.22 0 0 0 0 0 1 0 0 1 0 0 0 0 0

a34 NaHCO3(aq) 0 0 −0.149 0 0 0 1 0 0 0 0 0 0 1 0 0 0

a35 NaSO−
4 1.81 −1 −0.696 0 0 0 1 0 0 0 0 1 0 0 0 0 0

a36 OH− 1.4 −1 13.991 −1 1 0 0 0 0 0 0 0 0 0 0 0 0

1No Cr complexes were considered
2re,j refers to the effective ionic radius that is used in conjunction with various forms of the Debye Hueckel activity model to calculate activity
coefficients (see Steefel et al. [41] and references therein for more information)

and thermodynamic parameters are provided in Table 4.
The model temperature was set to 25 ◦C. Consequently,
the effective rate constant is equal to the one at 25 ◦C
(kMin, Table 4) and activation energies are irrelevant to
calculate reaction rates.

3.2.1 Reactive surface area of primary minerals

For initially present (i.e., primary) minerals, reactive sur-
face areas provided in Table 4 refer to bulk reactive surface
areas Am (m2

mineral/m
3
medium). They are converted into units
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mineral/kgH2O to calculate the effective reactive surface

area A that goes into the reaction rate (2)

A = Am

ρw · ϕ
(3)

where ρw is the water density (997.16 kgH2O/m3
water

at 25 ◦C), ϕ is the porosity of the porous medium
(m3

water/m
3
medium) and Am refer to the reactive surface areas

provided in Table 4
(
m2

mineral/m
3
medium

)
.

3.2.2 Reactive surface area of secondary minerals

The calculation of reactive surface areas of newly formed
(i.e., secondary) minerals (e.g., Cr(OH)3) differs between
the different codes used so solve this benchmark.

TOUGHREACT and CRUNCHLOW are using specific
reactive surface areas to calculate reactive surface areas
(A2nd,m2

mineral/kgH2O) used in conjunction with Eq. 2

A2nd = Vfrac · Aspecific

ρw · ϕ (4)

where Vfrac refers to the mineral volume fraction (m3
mineral/

m3
medium), and Aspecific is the corresponding specific surface

area (m2
mineral/m

3
mineral). By doing so, a minimum threshold

volume fraction (Vfrac) has to be defined to calculate the
surface area (A2nd) of the very first mineral amount that
precipitates (Table 4).

In simulations carried out by MIN3P and FLOTRAN,
constant reactive surface areas were used for newly formed
secondary minerals (Table 4). In case of MIN3P, minimum
initial volume fractions V 0

frac > 0 have to be specified.
It should be noted that these minimum volume fractions
refer to true volume fractions, whereas TOUGHREACT and
CRUNCHFLOW are only using minimum volume fractions
to calculate A2nd (4) and zero mineral volume fractions can
be handled.

3.3 Kinetic aqueous reactions

Cr(VI) reduction is modeled as an aqueous kinetic reaction
using aqueous Fe(II) as the reductant:

CrO2−
4 + 3Fe2+(aq) + 8H+ = Cr3+ + 3Fe3+ + 4H2O (5)

Generally, kinetic Cr(VI) reduction by aqueous Fe(II)
(5) follows a first-order reaction rate with respect to aque-
ous Fe(II) as well as Cr(VI) [48]. At the Rivera site,
however, Fe(II) is available mostly in excess of Cr(VI)
[18]. Accordingly, for this benchmark the reaction rate r

(molkgH2O
−1s−1) for Eq. 5 is specified as a first-order

reaction rate solely with respect to the total Cr(VI) concen-
tration and no dependence on total Fe(II) concentration was
considered

r = k · (CrO2−
4 )T otal (6)
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Table 4 Thermodynamic and kinetic parameters of mineral reactions used for any of the problem levels

Molar Log(kMin) Am

Minerals Formula volume Log(K)(25oC)5
(
molkgH20

−
(
m2

mineral/

(cm3/mol) 1m−2s−1
)5

m3
medium

)2

m1 Cr(OH)3(am) Cr(OH)3 29.09 9.35 −4 13

m2 CO2(s) CO2 1.00 −9.5 −4 1

m3 Cr−Jarosite KFe3(SO4)1.8(CrO4)0.2(OH)6 100.44 −12 −5 1

m4 CaCrO4(s) CaCrO4 98.32 −8.6 −3 1

m5 CaCrO4(s) − Iso Ca52Cr0.89816 53Cr0.10184O4 98.32 −8.7429334 −3 1

m6 Cr-Jarosite-Iso KFe3(SO4)1.8(52Cr0.89816 53Cr0.10184O4)0.2(OH)6 100.44 −12.02858664 −5 1

m7 52Cr(OH)3(am)
1 52Cr(OH)3 29.09 9.350 −8 13

m8 53Cr(OH)3(am)
1 53Cr(OH)3 29.09 9.350 −8 13

m9 Chamosite Fe2Al2SiO5(OH)4 106.20 32.837 −12 1

m10 Quartz SiO2 22.69 −3.752 −13.4 1

m11 Annite KFe3AlSi3O10(OH)2 154.32 29.453 −9.5 1

1Specified as solid solution
2Specified values refer to bulk surface areas except for m1, m7 and m8 (see note below)
3Values refer to constant reactive surface areas used by MIN3P, and FLOTRAN to calculate the precipitation rate of these newly formed phases.
Using TOUGHREACT and CRUNCHFLOW, specific surface areas of 1 m2

mineral/gmineral were used in conjunction with Eq. 4 to calculate evolving
reactive surface area. For these codes, initial volume fractions of 1e-10, 8.981529e-11 and 1.018437e-11 were specified to calculate the surface
area of the very first amount of precipitated Cr(OH)3 (m1), 52Cr(OH)3 (m7), and 53Cr(OH)3 (m8)
4Log(K) values do not have to be adjusted using MIN3P and the values specified for (m3) and (m4) can be used to simulate problem
level #4
5Specified according to Wanner et al. [30]

where k (s−1) is the reaction rate constant and (CrO2−
4 )T otal

refers to the total Cr(VI) concentration. To obtain the
observed 31 % Cr(VI) reduction along a 120-m flow path at
an average linear flow velocity of 3.5 m/day [18], k was set
to 1.268 × 10−7 s−1.

3.4 Simulating the fate of individual Cr isotopes

Cr isotope composition is typically expressed as a δ value
given in per mil

δ53CrSRM979 = R
(
53Cr/52Cr

)
modeled

R
(
53Cr/52Cr

)
SRM979

− 1 (7)

where R(53Cr/52Cr)modeled and R(53Cr/52Cr)SRM979 refer to
the simulated 53Cr/52Cr ratio as well as to the correspond-
ing ratio of the certified standard SRM979 [49], which is
0.11339. Equation 7 and any other expression related to sim-
ulated stable Cr isotope ratios is following the guidelines
recently presented by Coplen [50].

3.4.1 Cr isotope fractionation during kinetic aqueous
Cr(VI) reduction

For the problem levels simulating Cr isotope fractiona-
tion (#2, #4), we make the simplification (i.e., assumption)
that 52Cr and 53Cr sum up to 100 % bulk Cr (52Cr+
53Cr=CrTotal) even though they only represent about 93 %
of total Cr [49]. Accordingly, we do not simulate the fate
of the two minor Cr isotopes (50Cr and 54Cr). The fate
of 52Cr and 53Cr during Cr(VI) reduction is simulated by
replacing Eq. 5 by two separate equations for the two
major isotopologues of aqueous Cr(VI) (52CrO4)

2− and
(53CrO4)

2−:

(52CrO4)
2−+3Fe2+(aq)+8H+ =(52Cr)3++3Fe3++4H2O (8)

(53CrO4)
2−+3Fe2+(aq)+8H+ =(53Cr)3++3Fe3++4H2O (9)

As modeled here, kinetic Cr isotope fractionation is
caused by different reduction rates for (52CrO4)

2− (52r) and
(53CrO4)

2−(53r). This distinction was implemented in each
of the codes utilized for this benchmark. TOUGHREACT



504 Comput Geosci (2015) 19:497–521

[51], FLOTRAN [52], and CRUNCHFLOW [53 and refer-
ences therein] employed the method described for C isotope
fractionation [36]. In doing so, the concentrations of the spe-
cific Cr(VI) isotopologues were used to calculate 52r and 53r

52r = k ·
(
52CrO4

)2−
Total

(10)

53r = k ·
(
53CrO4

)2−
Total

· α53CrCr(III)/Cr(VI) (11)

where k (s−1) corresponds to the reaction rate constant used
for the reduction of bulk Cr(VI) ((6); 1.268 × 10−7 s−1),
and (52CrO4)

2−
Total and (53CrO4)

2−
Total refer to the total

concentrations of (52CrO4)
2− and (53CrO4)

2−. The term
α53CrCr(III)/Cr(VI) denotes the Cr isotopic fractionation fac-
tor, which defines the magnitude of Cr isotope fractionation
based on the ratio of the instantaneous 53Cr/52Cr ratio
of the product R(53Cr/52Cr)Cr(III) to the residual reactant
R(53Cr/52Cr)Cr(VI):

α53CrCr(III)/Cr(VI) = R(53Cr/52Cr)Cr(III)
R(53Cr/52Cr)Cr(VI)

(12)

Cr(VI) reduction experiments with soil samples having a
similar mineralogical composition to the Rivera aquifer
were performed by Ellis et al. [20] yielding a fractionation
factor of 0.9966. Accordingly, α53CrCr(III)/Cr(VI) was set to
0.9966 for the problem set presented here.

In contrast to the other codes, MIN3P [29, 34, 54] com-
putes 52r and 53r by using the total Cr(VI) concentration
and specific reaction rate constants for (52CrO4)

2− (52k)

and (53CrO4)
2− (53k) assuming that 52k and 53k sum up to

the reaction rate constant of bulk Cr(VI) k (6):

52r = 52k ·
(
CrO2−

4

)

Total

= k

1 + α53CrCr(III)/Cr(VI) · R(53Cr/52Cr)Cr(VI)

×
(
CrO2−

4

)

Total
(13)

53r = 53k ·
(
CrO2−

4

)

Total

= k · α53CrCr(III)/Cr(VI) · R(53Cr/52Cr)Cr(VI)
1 + α53CrCr(III)/Cr(VI) · R(53Cr/52Cr)Cr(VI)

×
(
CrO2−

4

)

Total
(14)

For any approach, 52r and 53r sum up to an overall reac-
tion rate that is very close to the one used for problem level
#1 (6) ensuring that the overall Cr(VI) reduction rate was
essentially the same for levels #1 and #2 as well as for #3
and #4

(52r + 53r)1

= k ·
[(

52CrO4

)2− +
(
53CrO4

)2− · α53CrCr(III)/Cr(VI)

]

(15)

(52r + 53r)2 = k ·
[(

52CrO4

)2− +
(
53CrO4

)2−]
(16)

where (52r + 53r)1 refers to the sum of 52r and 53r

of the TOUGHREACT, CRUNCHFLOW, and FLOTRAN
approach, whereas (52r + 53r)2 refers to the correspond-
ing MIN3P approach. Equation 15 implies that the overall
Cr(VI) reduction rate for the TOUGHREACT, CRUNCH-
FLOW, and FLOTRAN approach is slightly smaller than
the one for the bulk problems (levels #1 and #3). However,
the rate difference is less than 0.1 % because the normal-
ized bulk earth fraction of 53Cr is on the order of 10 %
and α53CrCr(III)/Cr(VI) was set to 0.9966, which justifies the
chosen approach.

3.4.2 Nonfractionating precipitation of Cr(OH)3

In all of the codes, (52Cr)3+ and (53Cr)3+ precipitate as
an ideal 52Cr(OH)3−53Cr(OH)3 solid solution to remove
both Cr(III) isotopologues produced by reactions 8 and 9.
To do so, 52Cr(OH)3 and 53Cr(OH)3 are defined as end-
members (reactions m7 and m8, Table 3). “Ideal” means
that for a given composition, the activities of the two
end-members, axCr(OH)3, are equal to the corresponding
mole fractions, xxCr(OH)3, in the solid solution (i.e., activ-
ity coefficient = 1). The overall precipitation rate of the
52Cr(OH)3–52Cr(OH)3 solid solution, ssr , is the sum of the
precipitation rate of the two end-members

ssr = 52Cr(OH)3r + 53Cr(OH)3r (17)

where 52Cr(OH)3r and 53Cr(OH)3r refer to the precipitation
rate of the two end-members (molkgH2O−1s−1). The cal-
culation of 52Cr(OH)3r and 53Cr(OH)3r differs between the
different codes used to solve this benchmark. The corre-
sponding numerical implementation is described as follows
illustrating that for any code, the precipitation of Cr(III)
does not cause Cr isotope fractionation.

TOUGHREACT and FLOTRAN Using TOUGHREACT
[21] and FLOTRAN [52], the precipitation rate for the
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52Cr(OH)3 and 53Cr(OH)3 end-members is calculated
according to

52Cr(OH)3r = Ass · kMin ·
(
1 − Q52Cr(OH)3

K52Cr(OH)3

)

+ kMin · Ass ·
(
x52Cr(OH)3

− 1
)

(18)

53Cr(OH)3r = Ass · kMin ·
(
1 − Q53Cr(OH)3

K53Cr(OH)3

)

+ kMin · Ass ·
(
x53Cr(OH)3

− 1
)

(19)

where Ass (m2
mineral/kgH2O) refers to the reactive surface

area of the solid solution (Table 4), kmin is the reaction rate
constant of the solid solution (molkg−1

H2Om
−2s−1, Table 4),

Q52Cr(OH)3 and Q53Cr(OH)3 refer to the ion activity prod-
uct of reactions m7 and m8 (Table 3), K52Cr(OH)3 and
K53Cr(OH)3 are the corresponding equilibrium constants,
and x52Cr(OH)3 and x53Cr(OH)3 are the mole fractions of
the precipitating end-members. The first term of Eqs. 18
and 19 refers to the precipitation rate of the correspond-
ing end-member as pure minerals (i.e., maximum rate).
The second term ensures that end-members precipitation
rates linearly decrease with decreasing mole fraction (as
xxCr(OH)3−1 < 0). To ensure that the volume ratio of these
end-members reflect the fluid composition, x52Cr(OH)3 and
x53Cr(OH)3 are calculated according to

x52Cr(OH)3
(20)

= Q52Cr(OH)3
/K52Cr(OH)3

Q52Cr(OH)3
/K52Cr(OH)3

+ Q53Cr(OH)3
/K53Cr(OH)3

x53Cr(OH)3
(21)

= Q53Cr(OH)3
/K53Cr(OH)3

Q52Cr(OH)3
/K52Cr(OH)3

+ Q53Cr(OH)3
/K53Cr(OH)3

where (Q52Cr(OH)3/K52Cr(OH)3) and (Q53Cr(OH)3/

K53Cr(OH)3) refer to the Q/K ratio of reactions m7 and m8,
respectively (Table 3).

By setting K52Cr(OH)3 = K53Cr(OH)3 as well as by
using a constant reactive surface area and reaction rate
constant (Ass and kMin) (Table 4), the ratio of the two pre-
cipitation rates, (53Cr(OH)3r/52Cr(OH)3r) reflects the aqueous
(53Cr)3+/(52Cr)3+ ratio (R(53Cr/53Cr)Cr(III)) and no Cr
isotope fractionation is introduced by the precipitation of
the 52Cr(OH)3 −53Cr(OH)3 solid solution.

CRUNCHFLOW Using CRUNCHFLOW [25], 52Cr(OH)3
and 53Cr(OH)3 precipitation rates are calculated
according to

52Cr(OH)3r = Ass · kmin · x52Cr(OH)3

×
(
1 − Q52Cr(OH)3

Kss · x52Cr(OH)3

)
(22)

53Cr(OH)3r = Ass · kmin · x53Cr(OH)3

×
(
1 − Q53Cr(OH)3

Kss · x53Cr(OH)3

)
(23)

with x52Cr(OH)3 and x53Cr(OH)3 calculated according to

x52Cr(OH)3
= (52Cr)3+

Cr3+Total
(24)

x53Cr(OH)3
= (53Cr)3+

Cr3+Total
(25)

By analogy of the TOUGHREACT and FLOTRAN
approach, the absence of fractionation during Cr(III) precip-
itation was ensured by setting K52Cr(OH)3 = K53Cr(OH)3 as
well as by using a constant reactive surface area and reac-
tion rate constant (Ass and kMin) (Table 4). It should be
noted that for the precipitation of the specified 52Cr(OH)3–
53Cr(OH)3 solid solution the TOUGHREACT/FLOTRAN
calculation (18–21) is fully equivalent to the one used by
CRUNCHFLOW (22–25). For solid solutions with more
than two end-members, the different implementation may
cause different results, which was however not tested by this
benchmark.

MIN3P Using MIN3P, 52Cr(OH)3 and 53Cr(OH)3 precipi-
tation rates are calculated according to

52Cr(OH)3r = Ass · 52k ·
(
1 − QCr(OH)3

KCr(OH)3

)
(26)

53Cr(OH)3r = Ass · 53k ·
(
1 − QCr(OH)3

KCr(OH)3

)
(27)

with end-member specific reaction rate constants, 52k and
53k, defined as

52k = kBulk

1 + R
(
53Cr/52Cr

)
Cr(III)

(28)

53k =
kBulk · R (

53Cr/52Cr
)
Cr(III)

1 + R
(
53Cr/52Cr

)
Cr(III)

(29)
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where R(53Cr/52Cr)Cr(III) refers to the ratio between the
total dissolved (53Cr)3+ and total dissolved (52Cr)3+
concentration, and kBulk is the reaction rate constant
of bulk Cr(OH)3 (reaction m1). Combining Eqs. 28
and 29 yields 53k/52k = R(53Cr/53Cr)Cr(III), thus illus-
trating that the ratio of the two precipitation rates,
(53Cr(OH)3r/52Cr(OH)3r), reflects R(53Cr/53Cr)Cr(III) as
well. Accordingly, by setting K52Cr(OH)3 = K53Cr(OH)3,
no Cr isotope fractionation is introduced by Cr(III)
precipitation.

3.4.3 Solubility of Cr bearing minerals

Jarosite and chromatite For the two 2D problem lev-
els (#3, #4), aqueous Cr(VI) is inherited from the
dissolution of Cr(VI)-bearing jarosite and chromatite.
To add the fate of individual Cr isotopes to the 2D
problem (level #4) bulk Cr is replaced by 52Cr and
53Cr (i.e., CrTotal = 52Cr + 53Cr) in the cor-
responding reaction stoichiometry (Table 4). As a con-
sequence, the expression for the equilibrium constant of
the two minerals slightly differs depending on whether
the fate of the individual Cr isotopes is considered or
not. For instance, the equilibrium constants for bulk chro-
matite (KCaCrO4) and 52Cr- and 53Cr-bearing chromatite
(KCaCrO4−Iso) are expressed as

KCaCrO4 = aCa2+ · aCrO4
2−

aCaCrO4(s)
(30)

KCaCrO4−Iso =
aCa2+ ·

(
a52CrO4

2−
)ν52Cr ·

(
a53CrO4

2−
)ν53Cr

aCaCrO4−Iso(s)

=
aCa2+ ·

(
0.9 · a(CrO4

2−)bulk

)0.9 ·
(
0.1 · a(CrO4

2−)bulk

)0.1

aCaCrO4−Iso(s)

= KCaCrO4 · 0.72 (31)

where ax refers to the activity of Ca2+, bulk CrO2−
4 ,

(52CrO4)
2−, (53CrO4)

2−, bulk CaCrO4 and 52Cr-
and 53Cr-bearing chromatite, and ν52Cr and ν53Cr are
the stoichiometric coefficients of (52CrO4)

2− and
(53CrO4)

2− in reaction m5 (≈0.9 and 0.1). Assuming
CrO2−

4 bulk = (52CrO4)
2− + (53CrO4)

2−, KCaCrO4, and
KCaCrO4−Iso differ for a given bulk Cr(VI) concentration
such as illustrated with Eq. 31. In other words, the sol-
ubility of bulk CrO2−

4 is not the same if the same value
is specified for KCaCrO4 and KCaCrO4−Iso. Consequently,
the equilibrium constants for 52Cr- and 53Cr-bearing
jarosite and chromatite (m5 and m6, Table 4) have to be

updated to ensure the same bulk Cr(VI) solubility as for
level #3:

KCaCrO4−Iso = KCaCrO4 · (
f52Cr

)ν52Cr

× (
f53Cr

)ν53Cr (32)

KCr−jarosite−Iso = KCr−jarosite · (f52Cr

)ν52Cr

× (
f53Cr

)ν53Cr (33)

KCaCrO4 and KCr−Jarosite correspond to the equilibrium con-
stants of bulk CaCrO4 and bulk jarosite such as used for
problem level #3 (m3 and m4, Table 3), f52Cr and f53Cr
refer to the normalized fraction of 52Cr and 53Cr (depending
on δ53CrSRM979), and ν52Cr and ν53Cr are the stoichiometric
coefficients of (52CrO4)

2− and (53CrO4)
2− in reactions m5

and m6.
It should be noted, that in contrast to the other codes,

the jarosite and CaCrO4 log(K) adjustments (32 and
33) are not required using MIN3P. It is not necessary
because MIN3P computes mineral solubilities and aque-
ous kinetic reactions (13 and 14) based on bulk Cr(VI)
concentrations.

Cr(OH)3 The solubility of bulk Cr3+ (Cr3+ = (52Cr)3+ +
(53Cr)3+) remains constant when adding the fate of 52Cr
and 53Cr to the simulations because the same log(K) is
specified for bulk Cr(OH)3 as well as for the correspond-
ing solid solution end-members (reactions m1, m7 and m8,
Table 4).

4 Detailed specification of the four problem levels

4.1 Level #1: Cr(VI) reduction along a 1D flow path

The simulation is carried out for a 1D flow path of 800 m
to track Cr(VI) reduction along a large concentration range.
The model domain is discretized into 800 cubical grid
blocks with a dimension of 1 × 1 × 1 m each. The simu-
lation is run for 1,000 days. The porosity is set to a fixed
value of 0.17 for the whole model domain (i.e., no porosity
update due to mineral dissolution and precipitation reac-
tions). A constant flux boundary condition is specified for
the two model boundaries by assigning an injection rate of
6.887 × 10−3 kg/s into the upstream boundary grid block
and an extraction rate of −6.887 × 10−3 kg/s out of the
downstream boundary grid block. For a porosity of 0.17
and the specified model domain this injection rate corre-
sponds to a fixed (i.e., constant) average linear flow velocity
of 3.5 m/day, which is in agreement with the inferred
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groundwater flow velocity along the best constrained flow
path at the Riviera site [18].

The diffusion coefficient is set to 10−9 m2/s. The
approaches for simulating hydrodynamic dispersion differs
between the different codes used to solve this bench-
mark [41]. Using CRUNCHFLOW,MIN3P, and FLOTRAN
hydrodynamic dispersion is simulated by means of a dis-
persion tensor. By contrast, TOUGHREACT requires the
accurate definition of aquifer heterogeneity to simulate
hydrodynamic dispersion, which often requires the spec-
ification of a multicontinuum [51]. Due to the different
treatments, a good match between the codes is challenging
for problems involving hydrodynamic dispersion. Accord-
ingly, we did not consider hydrodynamic dispersion for
this particular benchmark. In fact, we postulate that match-
ing hydrodynamic dispersion using these four codes would
serve as a benchmark of it its own.

With the exception of the upstream boundary grid block,
initial total concentrations are defined according to major
cation and anion concentrations measured in an uncontami-
nated groundwater sample (Table 5, [18]). For the upstream
boundary grid block, aqueous concentrations are kept con-
stant (fixed boundary condition, see Table 5). They are

Table 5 Initial (levels #1-4) and boundary primary species concentra-
tion (levels #1-2) used for the four problem levels

Initial Fixed boundary

Unit concentration concentration

(total conc.) (total conc.)

pH 6.2 6.2

Na+ mg/L 4.7 4.7

K+ mg/L 0.9 0.9

Mg2+ mg/L 2 2

Ca2+ mg/L 13.58 13.58

Cl− mg/L 118.77 118.66

SO2−
4 mg/L 8.85 8.85

NO−
3 mg/L 12.25 12.25

HCO−
3 mg/L 22.58 22.58

CrO2−
4 mg/L 0 0.082

Fe2+ mg/L 0.01 0.01

Fe3+ mg/L 0 0

SiO2(aq) mg/L 0 0

Cr3+ mg/L 0 0

Al3+ mg/L 0 0

1Obtained by employing a charge balance constraint. The measured
concentration was 13.2 mg/L
2For component problem #2, this concentration was assigned
to 52(CrO4)

2− 1.39373917E-6 mol/kgH2O and 53(CrO4)
2−

(1.58038813E-7 mol/kgH2O) to specify an initial δ53CrSRM979 of
0.0 �

specified according to a chemical analysis of a typical
Cr(VI) contaminated groundwater sample with a Cr(VI)
concentration of 0.08 mg/L (Table 5).

The reaction network used for problem level #1 is com-
posed of aqueous reactions a1—a36, mineral reactions m1,
m2, and m9–m11 (Tables 2 and 3) and the aqueous kinetic
reaction reducing Cr(VI) to Cr(III) (5 and 6). The follow-
ing initial mineral volume fractions are assigned to the
whole model domain: 68 % quartz, 10 % annite, 4 %
chamosite, 1 % CO2(s), and 0.0 % Cr(OH)3(am) (% of
entire porous medium). CO2(s) is a hypothetical phase that
was used to fix the log(pCO2) to −1.7 by specifying a
large reaction rate constant and by setting log(K) to −9.5
(Table 4). A log(pCO2) of −1.7 corresponds to the obser-
vation that the calculated CO2 partial pressures of ground-
water samples were more or less uniform and close to this
value [18].

4.2 Level #2: simulation of Cr isotopic fractionation
for the 1D problem

This problem level adds Cr isotope fractionation to
level #1 using the same initial specification to sim-
ulate flow and transport. The only exception is that
the Cr(VI) concentration of the upstream boundary
(0.08 mg/L, Table 5) is assigned to (52CrO4)

2− and
(53CrO4)

2− instead of the bulk CrO2−
4 taking into account

the normalized bulk earth fraction of 52Cr and 53Cr,
which are 0.89815629 and 0.1018437, respectively [49]. In
doing so, inlet (52CrO4)

2− and (53CrO4)
2− concentration

are fixed to 1.39373917E-6 and 1.58038813E-
7 mol/kgH2O while the total Cr(VI) concentration
(52CrO4)

2− + (53CrO4)
2−) remains at the same con-

centration as specified for problem level #1(1.551778e-6
mol/kg = 0.08 mg/L, Table 5). According to Eq. 7, this
definition yields an initial δ53CrSRM979 value of 0.0 �.

The reaction network used in this simulation is com-
posed of aqueous reactions a1–a36 (Table 2) and mineral
reactions m2 and m7–m11 (Table 3), as well as the aqueous
kinetic reactions simulatingthe reduction of (52CrO4)

2− and
(53CrO4)

2− to (52Cr)3+ and (53Cr)3+, respectively (8–14).

4.3 Level #3: simulation of 2D Cr(VI) plume

The 2D flow field is adapted from a previous hydro-
logical flow simulation performed by a consulting com-
pany using the software “Groundwater Modeling System”
(GMS). A domain of 224 × 236 m is used. It is dis-
cretized into 56 × 59 cubical grid blocks having a dimen-
sion of 4 × 4 × 1 m each and the simulation is run for
1,000 days.

The model domain is divided into two different flow
domains (Fig. 2). The first domain, labeled as aquifer
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Fig. 2 2D domain for the
simulation of problem levels #3
and #4 illustrating the actual
aquifer domain and the location
of the different mineral zones as
well as initial and boundary
conditions for setting up the
steady state flow field

domain, corresponds to the actual aquifer and consists of
mineral zones i–iii such as defined below. The second
domain, labeled as non-aquifer domain, corresponds to the
part of the rectangular 2D domain where no aquifer is
present and consists of mineral zone iv. Permeability and
porosity of the aquifer domain are set to fixed values of
10−10 m2 and 0.17, whereas a permeability of 10−20 m2

and the same porosity (0.17) is used for the non-aquifer
domain. The aquifer domain comprises grid blocks except
the ones with the x, y-coordinates (i.e., xm, yn) listed in
Table 6 (Fig. 2).

An initial fluid pressure of 1.0 × 105 Pa is specified for
the whole model domain. No-flow boundary conditions are
defined for the x-begin (xm, y1), y-begin (x1, ym), and y-
end (x56, yn) boundary. For the x-end boundary (xm, y59),
a flux boundary condition is specified by fixing the fluid
pressure to 1 × 105 Pa. The aquifer at the site is mainly fed
by meteoric water originating from precipitations along the
adjacent mountain ranges. To mimic this observation, a con-
stant water injection rate of 0.3 kg/s is defined for grid block
x56, y7 (Fig. 2).

As for the two 1D levels, the diffusion coefficient is set
to 10−9 m2/s and hydrodynamic dispersion was not consid-
ered. The same initial total aqueous species concentrations
as for problem level #1 is specified for the whole model

domain (Table 5). For the water injection grid block
(x56, y7), total aqueous species concentrations are fixed for
the entire simulation.

The reaction network used in this simulation is composed
of aqueous complexation reactions a1—a36 (Table 2),
mineral reactions m1–m4 and m9—m11 (Table 3), and the

Table 6 Grid blocks belonging to the non-aquifer domain (Fig. 2)

(x1,y15−59) (x16,y55−59) (x43,y29−59)

(x2,y19−59) (x17,y56−59) (x44,y28−59)

(x3,y22−59) (x18,y57−59) (x45,y27−59)

(x4,y26−59) (x19,y58−59) (x46,y26−59)

(x5,y29−59) (x20,y59) (x47,y25−59)

(x6,y32−59) (x33,y37−59) (x48,y25−59)

(x7,y36−59) (x34,y36−59) (x49,y24−59)

(x8,y39−59) (x35,y35−59) (x50,y23−59)

(x9,y43−59) (x36,y34−59) (x51,y22−59)

(x10,y46−59) (x37,y34−59) (x52,y21−59)

(x11,y50−59) (x38,y33−59) (x53,y21−59)

(x12,y51−59) (x39,y32−59) (x54,y20−59)

(x13,y52−59) (x40,y31−59) (x55,y19−59)

(x14,y53−59) (x41,y30−59) (x56,y18−59)

(x15,y54−59) (x42,y30−59)
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aqueous kinetic reaction between aqueous Cr(VI) and Fe(II)
(5 and 6). In the case of jarosite, the reaction network
includes dissolution only. Jarosite precipitation was sup-
pressed because jarosite is typically formed under highly
acidic conditions [55]. Four different initial mineral zones
were defined within the model domain (Fig. 2): (i) a
general hotspot domain with 67.72 % quartz, 10 % annite,
4 % chamosite, 0.3 % Cr(VI)-bearing jarosite (e.g., Cr-
Jarosite), 1 % CO2(s), and 0.0 % Cr(OH)3(am) (% of entire
porous medium). This zone was assigned to the follow-
ing grid blocks (Fig. 2): (x11−19, y8−13), (x12−19, y13−18),
(x14−20, y18−23), (x14−21, y23−27), (x20−22, y13−18), and
(x21−23, y18−23) except (x22, y22). (ii) The second, small
zone (two grid blocks, “Cr(VI) infiltration”) simulates the
vertical infiltration of a high Cr(VI) load derived from the
dissolution of highly soluble Cr(VI) phases (e.g., chro-
matite (CaCrO4)) accumulated in the saturated zone [18].
It is assigned to grid blocks (x18, y28) and (x22, y22) (Fig. 2)
and contained 65 % quartz, 10 % annite, 4 % chamosite, 3 %
chromatite (CaCrO4) 1 % CO2(s), and 0.0 % Cr(OH)3(am)

(% of entire porous medium). (iii) The initial mineral phase
distribution of the remaining part of the aquifer domain
(mineral zone iii) is the same as for problem level #1 (68 %
quartz, 10 % annite, 4 % chamosite and 1 % CO2(s) and
corresponds to the uncontaminated aquifer. (iv) The same
initial mineralogical composition as for mineral zone iii was
assigned to the non-aquifer domain.

4.4 Level #4: simulation of Cr isotopic fractionation
for the 2D problem

This level adds Cr isotope fractionation to level #3 using
the same initial specification to simulate flow and transport.
The reaction network is composed of aqueous complex-
ation reactions a1—a36 (Table 2), mineral reactions m2
and m5–m11 (Table 3), and aqueous kinetic reactions
simulating the reduction of (52CrO4)

2− and (53CrO4)
2−

to (52Cr)3+ and (53Cr)3+, respectively (8–14). The same
initial mineral zone distribution as for level #3 is used
(Fig. 2). Also, the assigned initial mineral volume fractions
are the same except that Cr-Jarosite is replaced by “Cr-
Jarosite-Iso” and CaCrO4(s) is replaced by “CaCrO4(s)-Iso”
(reactions m5 and m6, Table 3). As for level #3, jarosite
precipitation is suppressed. With this specification, the two
Cr(VI) isotopologues are introduced to the aqueous phase
by dissolution of “CaCrO4–Iso” and “Cr–Jarosite–Iso”
(Table 3). By using a ratio of the stoichiometric coefficients
of (52CrO4)

2− and (53CrO4)
2− that is equal to the ratio of

the bulk earth distribution (53Cr/52Cr = 0.11339, Table 3)
and a sufficiently high reaction rate constant (Table 4) to
establish equilibrium for these two minerals the model
assumes a source δ53CrSRM979 value of 0.0 �. Assum-
ing δ53CrSRM979 = 0.0 % is based on the observation

that anthropogenic Cr(VI) sources (e.g., chromic acid)
generally show δ53CrSRM979 values close to 0.0 � [17,
20]. Partial Cr(VI) reduction prior CaCrO4 and jarosite
formation could have shifted the corresponding
δ53CrSRM979 to higher values. However, due to the absence
of δ53CrSRM979 measurements for pure CaCrO4 and
jarosite such an effect on δ53CrSRM979 was not considered.
According to Eqs. 32–33 and by assuming δ53CrSRM979 =
0.0 � , log(K) of jarosite and CaCrO4 (m5 and m6, Table 4)
are updated to −8.74293 (CaCrO4(s)-Iso) and −12.02859
(Cr-Jarosite-Iso) to ensure the same bulk Cr(VI) solubility
as for level #3.

5 Results and discussion

5.1 Level #1

5.1.1 General simulation results

Steady state spatial profiles of total aqueous species con-
centrations involved in Cr(VI) reduction (5) are shown in
Fig. 3 together with total Al3+ and SiO2 concentrations,
pH value, and precipitated Cr(OH)3 volume fraction pro-
files. Dissolved Fe2+ required for Cr(VI) reduction (5) was
inherited by annite and chamosite dissolution inducing a
continuous increase of SiO2 and Al3+ along the 1D model
domain. The observation that Fe2+ also increased linearly
along the model domain illustrates that for the given (i.e.,
large) total ferrous iron concentrations, Fe2+ is not signifi-
cantly affected by Cr(VI) reduction (5) and that chamosite
and annite dissolution rates have a strong control on total
Fe2+ concentration. It should be noted that for annite a reac-
tion rate constant larger than the one reported by Palandri
and Kharaka [56] was used (Table 4) to obtain similar Fe2+
concentrations as observed in the field (ca. 2 mg/L [18]).
Therefore, specified annite dissolution rates do not represent
“true” field scale rates, but rather form a (simplified) way
of obtaining redox conditions (e.g., Fe2+ concentrations),
similar to the ones observed in the field. Moreover, the spec-
ified annite dissolution rate ensures that Fe2+ is available
in excess of Cr(VI), thus justifying the definition of a first-
order dependence of the Cr(VI) reduction rate on the total
Cr(VI) concentration (6).

Due to its low solubility, aqueous Cr3+ formed by Eq. 5
precipitated as amorphous Cr(OH)3 yielding low total dis-
solved Cr3+ concentrations on the order of 1e-8 mol/kgH2O
or lower (Fig. 3a). With the specified reaction network,
about 90 % of the inlet Cr(VI) concentration was reduced
along the simulated flow path. The extent of Cr(VI) reduc-
tion at x = 120 m was ca. 31 % such as inferred for
the field site [18]. Chlorine evolution at the downstream
model boundary (x = 800 m) show that the breakthrough of
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Fig. 3 Steady state profiles of
various components obtained for
level #1 after a simulated time
period of 1,000 days. a Total
Cr(VI) and Cr(III)
concentration, pH value, and
Cr(OH)3 volume fraction
profiles. The gray shaded
domain illustrates that 31 % of
the initial Cr(VI) is reduced
after a flow path of 120 m, such
as inferred for the field site [18].
b Total Fe(II), Fe(III),
SiO2(aq), and Al3+
concentration profiles

the influent solution (Table 5) occurred after ca. 230 days
(Fig. 4) confirming that the simulation was run at an average
linear flow velocity of 3.5 days.

5.1.2 Code comparison

Results obtained from different codes match each other
almost perfectly (Fig. 3). The only minor differences were
observed for the breakthrough curves (Fig. 4). By neglec-
ting hydrodynamic dispersion, these breakthrough curves
are solely inherited from numerical dispersion. Accordingly,

the minor breakthrough curve variations illustrate that
the different numerical approaches for solving transport
introduced a slightly variable degree of numerical disper-
sion. The numerical dispersion coefficient Dn and cor-
responding numerical dispersivity (Dn/v) was estimated
using an analytical solution [57] for the time dependent
Cl− concentration at the downstream model boundary
(x = 800 m):

c(t)x=800 m = cini + cboun − cinit

2
erfc

(
800 − vt√

(4Dnt)

)
(34)
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Fig. 4 Temporal evolution of
the total Cl− concentration at
the downstream model boundary
(x = 800 m) for level #1 around
the time of breakthrough. Also
shown are analytical
breakthrough curves for
dispersivities of 0.54 and 1.0 m,
respectively. By neglecting
hydrodynamic dispersion, these
disperisivities are solely
inherited from numerical
dispersion

where cini and cbound refer to the initial and boundary Cl−
concentrations, v is the average linear flow velocity, Dn

refers to the numerical dispersion coefficient. Applying
Eq. 34 to the various breakthrough curves yields numerical
dispersivities of 0.54 m (TOUGHREACT and CRUNCH-
FLOW) and 1.0 m (FLOTRAN, MIN3P), respectively.

It should be noted, that this benchmark does not aim to
investigate numerical approaches for simulating transport
processes. Accordingly, a discussion regarding numerical
approaches to cause variable numerical dispersion is beyond
the scope of this paper. For an extended discussion, it is
referred to Steefel et al. [41] and references therein.

5.2 Level #2

5.2.1 The fate of individual Cr isotopes

δ53CrSRM979 value profiles (Fig. 5d) for the three Cr pools
of the problem (i.e., dissolved Cr(VI), dissolved Cr(III), and
solid Cr(OH)3) show that the problem entirely follows a
Rayleigh-type fractionation model

δ53CrSRM979 x =
[(

δ53CrSRM979 0 + 1000
)
· f (α−1)

]

−1000 (35)

where δ53CrSRM979 x and δ53CrSRM979 0 refer to the
δ53CrSRM979 values at location x and at the column
inlet (0.0 � for Cr(VI) and −3.4 � for Cr(III), f

refers to the remaining Cr(VI) fraction at location x and
α = α53CrCr(III)/Cr(VI) = 0.9966 is the kinetic fractiona-
tion factor that was used to simulate Cr isotope fractionation
(8–14). Note that δ53CrSRM979 values of the precipitated

Cr(OH)3 solid solution were calculated in analogue to the
ones for dissolved Cr(VI) and Cr(III) (7) using the computed
ratio of the volume fractions of the two isotopic end-
members (V53Cr(OH)3/V52Cr(OH)3) and assuming an equal
molar volume for both end-members (29.09 cm3/mol):

δ53CrSRM979 =
(
V53Cr(OH)3

/V52Cr(OH)3

)

R
(
53Cr/52Cr

)
SRM979

− 1 (36)

The trend of increasing δ53CrSRM979 values with decreas-
ing Cr(VI) concentrations illustrate that Cr(VI) reduction
is accompanied by an accumulation of the heavy Cr iso-
topes in the remaining aqueous phases whereas formed
Cr3+ becomes enriched in the lighter Cr isotopes.

5.2.2 Code comparison

Simulated total Cr(III) and Cr(VI) concentration profiles
of the two Cr(VI) and Cr(III) isotopologues as well as
52Cr(OH)3 and 53Cr(OH)3 volume fraction profiles match
almost perfectly when comparing results from different
codes (Fig. 5a–c). The same applies for the δ53Cr value
profiles of the three Cr pools (Fig. 5d). Moreover, for
any code (52CrO4)

2− and (53CrO4)
2− as well as (52Cr)3+

and (52Cr)3+ sum up almost perfectly to the correspond-
ing bulk species (e.g., CrO2−

4 , Cr3+) obtained for level #1
(Fig. 6). The same applies for the steady state 52Cr(OH)3
and 53Cr(OH)3 volume fractions, which also sum up to
the bulk Cr(OH)3 volume fractions obtained for level #1
(Fig. 6).

Our conceptual model assumes that Cr(VI) reduction and
accompanying Cr isotopic fractionation is inherited from
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Fig. 5 Steady state profiles obtained for level #2 for different Cr
pools after a simulated time period of 1,000 days. a Total (52CrO4)

2−,
(53CrO4)

2−, and (52CrO4)
2− + (53CrO4)

2− concentration profiles. b
Total (52Cr)3+, (53Cr)3+, and (52Cr)3++ (53Cr)3+ concentration pro-
files. c 52Cr(OH)3,53, Cr(OH)3, and 52Cr(OH)3 + 53Cr(OH)3 volume
fraction profiles d Steady state δ53CrSRM979 values for dis-
solved CrO2−

4 and Cr3+ as well as for precipitated Cr(OH)3

as a function of the remaining Cr(VI) fraction f (open
symbols). Also illustrated are Rayleigh-type fractionation mod-
els (Eq. 35) with α53CrCr(III)/Cr(VI) = 0.9966 for Cr(VI)
(δ53CrCr(VI)/SRM979) and Cr(III) (δ53CrCr(III)/SRM979), which per-
fectly match the three simulated Cr pools. The observation that
Cr3+ and Cr(OH)3 both plot on δ53CrCr(III)/SRM979 illustrates that no
fractionation was induced by Cr(OH)3 precipitation

a first-order irreversible aqueous reaction where the reac-
tionproduct is removed from the solution (Fig. 1). Since
these are the main characteristics of a Rayleigh distil-
lation process, the good fit with the analytical Rayleigh
equation (Fig. 5d) adds additional confidence to the sim-
ulation results. In particular, the good match between the
steady state δ53CrSRM979 profiles of dissolved Cr3+ and
the ones for precipitated Cr(OH)3 confirms that Cr isotope

fractionation was solely accomplished during reduction of
Cr(VI) to Cr(III), and no fractionation occurred during pre-
cipitation of Cr(OH)3. The good agreement among different
codes is especially notable given that the implementation
of Cr isotope fractionation is different in different codes
(see 10–29).

It should be noted, however, that the good match between
the simulation results and the Rayleigh equation is only
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Fig. 6 Comparison between total bulk Cr(VI) and Cr(III) concentration and bulk Cr(OH)3 volume fraction profiles obtained for levels #1 and #2
using different codes. a TOUGHREACT, b CRUNCHFLOW, cMIN3P, and d FLOTRAN

obtained because hydrodynamic dispersion was not con-
sidered. This limitation occurs because a system’s effec-
tive fractionation factor is shifted to a value closer to
unity (less fractionation) if the Cr(VI) reduction rate is
transport-limited [21] or if strong hydrodynamic dispersion
is occurring [27, 28]. Accordingly, for substantial longitudi-
nal dispersion, we expect that a well-fitting Rayleigh model
would require a fractionation factor closer to unity (less
fractionation) than defined as input parameter (α = 0.9966).

5.3 Level #3

5.3.1 General simulation results

Steady state total CrO2−
4 concentrations (Fig. 7a) demon-

strate that the overall Cr(VI) plume in the aquifer is largely
dominated by the dissolution of chromatite (CaCrO4)

present in the Cr(VI) infiltration zone (Fig. 2). By contrast,
steady state total CrO2−

4 concentrations were significantly
lower in the general hotspot domain (Fig. 7a). These vari-
able Cr(VI) concentrations are inherited by a much higher
chromatite solubility when compared to the solubility of
jarosite (Table 4). Owing to the specified high reaction
rate constant (Table 4), saturation with respect to jarosite
is quickly established, thus forming a solubility control on
the Cr(VI) plume. The strong Cr(VI) concentration con-
trast between the two hotspot domains in turn illustrates
that the environmental hazards of Cr(VI) contaminations
are strongly controlled by the mineralogical composition of
Cr(VI) hotspots.

The dissolution of jarosite introduces elevated total Fe3+
and SO2−

4 concentrations to the aquifer in addition to the
Cr(VI) plume (Fig. 7e–f). The steady state total Fe3+ con-
centrations, however, are also affected by Cr(VI) reduction,
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Fig. 7 Steady state spatial distribution of selected total aqueous
species concentrations, Cr(OH)3 volume fractions, and fluid pressure
obtained for level #3 after a simulated time of 1,000 days. The colors

and black contours indicate results obtained from the TOUGHRE-
ACT runs. MIN3P and CRUNCHFLOW results are shown as gray and
purple contour lines, respectively



Comput Geosci (2015) 19:497–521 515

Fig. 7 (continued)
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which produces Fe3+ in addition to Cr3+ (5). Accord-
ingly, the second domain with elevated total Fe3+ con-
centrations is observed near the Cr(VI) infiltration zones
in addition to the one generate by jarosite dissolution.
The highest total Fe3+ concentrations are found slightly
downstream of the second (i.e., downstream) Cr(VI) infil-
tration zone where both Fe3+ sources contribute on total
Fe3+. The largest Cr(OH)3 volume fractions are observed
close to both Cr(VI) infiltration zones (Fig. 7c). By contrast,
total Cr3+ concentrations (Fig. 7b) are mainly controlled by
the pH dependent solubility of Cr(OH)3. Because Cr(OH)3
solubility is higher at lower pH values (Table 3) Cr3+
concentrations are decreasing with increasing pH values
(Fig. 7d). Total Fe2+ concentrations are not substantially
affected by Cr(VI) reduction (Fig. 7g) because Fe2+ is avail-
able in excess of Cr(VI). By analogy to the 1D problem,
the Fe2+ excess over Cr(VI) is inherited from strong kinetic
chamosite and annite dissolution (Table 4). Similar to Fe2+,
steady state total SiO2, Al3+, and K+ concentrations (Figs.
7h–j) are controlled by the kinetic dissolution of quartz,
annite, and chamosite whereas total Ca2+ concentrations
are controlled by the presence of chromatite in the Cr(VI)
infiltration zone (Fig. 7k).

5.3.2 Code comparison

Overall, steady state concentrations obtained from differ-
ent codes match each other well (Fig. 7). However, minor
total concentration differences are observable for a few
species (e.g., Cr3+, Fe3+, SO2−

4 , pH). We suspect that
these differences are inherited from minor flow field dif-
ferences, illustrated with minor differences in the steady
state pressure distributions (Fig. 7l). Minor flow field
differences are most likely inherited from a differ-
ent definition of fluid compressibility and a different
approach for model discretization. For instance, MIN3P
[54] is the only code using grid blocks that are only
half the size at the edge of the grid, resulting in a model
domain that is 2 m shorter at each of the four grid
boundaries when compared to the CRUNCHFLOW [53
and references therein] and TOUGHREACT [51] grid.
Moreover, TOUGHREACT is using a pressure and
temperature dependent water compressibility that is
slightly larger than 0 to solve for fluid pressures,
whereas CRUNCHLOW and MIN3P are using zero
water compressibility. CRUNCHFLOW’s and MIN3P’s
use of a zero water compressibility in particular causes
a larger pressure for the water injecting grid block
when compared to the corresponding TOUGHREACT
pressure (PCRUNCHFLOW = 1.010 × PTOUGHREACT;
PMIN3P = 1.019 × PTOUGHREACT), thus inducing a larger
pressure gradient across the full model domain in the same
order of magnitude. The observation that MIN3P yielded

the largest maximum pressure is inherited from defining
water injection for one of the small grid blocks at the
model edge. Moreover, this definition shifts the location
of water injection by about 2 m for the MIN3P model,
which also contributed to the observed pressure gradient
differences.

A variable pressure distribution and subsequent varying
flow velocities cause varying residence times along spe-
cific transport paths, thus introducing total concentration
differences for species that are controlled by kinetic mineral
dissolution (e.g., Fe2+, SiO2, Al3+, and pH) (Fig. 7d, g–i).
Small pH differences (Fig. 7d) in turn are responsible for
minor differences observed for species that are controlled by
a pH dependent mineral solubility such as SO2−

4 and Fe3+
(jarosite) and Cr3+ (Cr(OH)3) (Fig. 7b, e–f).

Despite of minor flow field differences, breakthrough
curves for Cr(VI), HCO−

3 , and K+ match very well (Fig. 8)
confirming that, overall, the flow field was wellmatching.

5.4 Level #4

5.4.1 The fate of individual Cr isotopes

Figure 9a illustrates that the steady state δ53CrCr(VI)/SRM979

distribution is not as strongly controlled by the Cr(VI)
infiltration zone when compared to the steady state
Cr(VI) distribution (Fig. 7a). In particular, maximum
δ53CrCr(VI)/SRM979 values were obtained for the left
hand aquifer boundary (Fig. 2). Large δ53CrSRM979 val-
ues are explained by the minimum pressure gradient
and subsequent minimum flow velocities observed for
this domain (Fig. 7l). Low velocities in turn increase
the aquifer residence time, and thus introduce a larger
extent of Cr(VI) reduction along a specific flow path.
The different behavior of δ53CrCr(VI)/SRM979 and Cr(VI)
demonstrates that δ53Cr values are controlled by the extent
of Cr(VI) reduction that a particular Cr(VI) load experi-
enced rather than by the total aqueous Cr(VI) concentration
[11, 17]. By contrast, Cr(VI) concentrations are controlled
by the solubility of a particular Cr(VI)-bearing mineral.

5.4.2 Code comparison

Comparing results for problem level #4 demonstrates that
the tested codes are capable to accurately simulate the fate
of Cr isotopes during the tested processes (fractionation dur-
ing aqueous kinetic Cr(VI) reduction, non-fractionating pre-
cipitation of Cr(III), dissolution of Cr(VI) bearing phase).
Most importantly, the steady state δ53CrSRM979 value dis-
tribution for the three Cr pools (e.g., Cr(VI), Cr(III), and
precipitated Cr(OH)3) derived from different codes match
almost as good as for the corresponding 1D problem
(Fig. 9a–c vs. Fig. 5d). Moreover, the very similar steady
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Fig. 8 CrO2−
4 , K+, and HCO−

3 breakthrough curves for level #3
observed at (x20, y32) (a), (x15, y38) (b), and (x21, y36) (c)

state δ53CrCr(OH)3/SRM979 and δ53CrCr3+/SRM979 distribu-
tions (Fig. 9b–c) confirm that Cr isotope fractionation was
solely simulated during reduction of Cr(VI) to Cr(III),
whereas no fractionation occurred during precipitation of
Cr(OH)3.

Minor differences between MIN3P and the two other
codes were obtained for δ53CrCr(OH)3/SRM979 (Fig. 9c), but
only for the left-hand aquifer boundary where the precip-
itated Cr(OH)3 volume fractions were very small, on the
order of 1e–9 or smaller (Fig. 7c). Accordingly, these minor

Fig. 9 Steady state spatial δ53Cr value distribution for the three dif-
ferent Cr pools (Cr(VI), Cr(III), and solid Cr(OH)3) obtained for level
#4 after a simulated time of 1,000 days. The colors and black contours
indicate results obtained from the TOUGHREACT runs. MIN3P and
CRUNCHFLOW results are shown as gray and purple contour lines,
respectively
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Fig. 10 Steady state spatial distribution of bulk aqueous Cr(VI) and
Cr(III) concentrations and bulk Cr(OH)3 volume fractions obtained for
problem levels #3 and #4 using TOUGHREACT, CRUNCHLFOW,
and MIN3P after a simulated time of 1,000 days. The colors and black

contours denote results for level #3, whereas the purple contours refer
to the sum of (52CrO4)

2− and (53CrO4)
2−, (52Cr)3+ and (53Cr)3+ as

well as 52Cr(OH)3 and 53Cr(OH)3 obtained for level #4

differences are attributed to the different approaches of cal-
culating precipitation rates of newly formed minerals. The
fact that MIN3P is the only code that is using minimummin-
eral volume fractions larger than zero means that, for small
Cr(OH)3 volume fractions (on the order of the defined min-
imum volume fractions), δ53CrCr(OH)3/SRM979 is affected
by the specified minimum 52Cr(OH)3 and 53Cr(OH)3
volume fractions (8.981529e-11 and 1.018437e-11) cor-
responding to an initial δ53CrCr(OH)3/SRM979 of 0.0 �.

For larger Cr(OH)3 volume fractions, MIN3P derived
δ53CrCr(OH)3/SRM979 values are no longer affected by
the specified minimum volume fractions such that over-
all, the different approach of handling secondary mineral
phases do not cause major differences and a good overall
δ53CrCr(OH)3/SRM979 match was obtained (Fig. 9c).

The observation that, for any of the codes, steady state
total concentration distributions obtained for the sum of the
Cr(VI) and Cr(III) isotopologues compare almost perfectly
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with corresponding total bulk Cr(VI) and Cr(III) concen-
trations obtained for level #3 (Fig. 10) adds additional
confidence to the simulation results. The same applies for
the sum of the 52Cr(OH)3 and 53Cr(OH)3 end-member vol-
ume fractions. The good match between Crtotal (problem #3)
and 52Cr + 53Cr (problem #4) demonstrates that the overall
reaction network remained largely unchanged when adding
the simulation of Cr isotope fractionation to the 2D prob-
lem. Obtaining such a good match is particularly important
because in comparison to the 1D problems, the 2D prob-
lems also include solid Cr(VI) sources (reactions m3–m6,
Table 4), for which log(K) adjustments had to be performed
to obtain the same bulk Cr(VI) solubility when adding the
simulation of individual Cr isotopes to the problem (32–33).

6 Summary and conclusion

A benchmark problem set consisting of four problem lev-
els was developed for the simulation of Cr isotope frac-
tionation in 1D and 2D. It was largely adapted from a
recent field study where Cr(VI) reduction and accompa-
nying Cr isotope fractionation occurs abiotically by an
aqueous reaction with dissolved Fe(II). A first-order reac-
tion rate law with respect to dissolved Fe2+was therefore
used to simulate Cr(VI) reduction and Cr isotope frac-
tionation. Owing to its low solubility, Cr(III) produced by
this aqueous reaction readily precipitated as a 52Cr(OH)3–
53Cr(OH)3 solid solution, without additional Cr isotope
fractionation. The correct model implementation of Cr iso-
tope fractionation was tested with two 1D problem levels.
The first level considered the general flow definition and
reaction network only, whereas the second one incorpo-
rated the fractionation of Cr isotopes. In addition, two 2D
problem levels are provided to ensure the correct model
implementation of a solid Cr(VI) source consisting of two
different Cr(VI)-bearing mineral phases, which is a typ-
ical situation for Cr(VI)-contaminated sites. In analogue
to the 1D problem levels, the first 2D level deals with
the general flow definition and reaction network, while
the Cr isotopic composition of the Cr(VI) source and
Cr isotope fractionation was incorporated into the second
one.

Correctness of the presented numerical solutions was
ensured by running the benchmark problem set with the
following four well-established reactive transport model-
ing codes: TOUGHREACT, MIN3P, CRUNCHFLOW, and
FLOTRAN. Results for the 1D Cr isotope fractionation
problem were also compared with an analytical Rayleigh-
type fractionation model, because it accurately describes Cr
isotope fractionation for this first-order irreversible reaction.
An additional constraint on the correctness of the results
was obtained by comparing results from the problem

levels simulating Cr isotope fractionation with the cor-
responding ones only simulating bulk concentrations.
For all problem levels, model to model comparisons showed
excellent agreement, suggesting that for the tested geochem-
ical processes (fractionation during aqueous kinetic Cr(VI)
reduction, non-fractionating Cr(III) precipitation, dissolu-
tion of Cr(VI)-bearing minerals) all of the tested codes are
capable to accurately simulate the fate of individual Cr
isotopes.

The presented problem set is proposed to serve as a useful
benchmark to test the simulation of stable isotope fractiona-
tion during aqueous kinetic as well as mineral precipitation
reactions. Modelers seeking to incorporate Cr isotope frac-
tionation, or fractionation of any other isotopic species (e.g.,
C, Li, S), may therefore find the presented benchmark prob-
lem set useful to verify their codes for the geochemical
processes tested here. It should be noted, however, that
for aqueous kinetic reactions the code-specific simulation
approaches were solely tested for first-order reaction kinet-
ics. The two 2D problem levels also provide a base case
for code verification that could be expanded by specify-
ing a heterogeneous redox and/or permeability distribution
in order to assess the effects of hydrodynamic dispersion
and localized Cr(VI) reduction on the resulting Cr isotopic
composition. The accurate implementation of such trans-
port effects on the fate of stable isotope ratios, however,
should be rigorously tested by future benchmark efforts.
The same applies for the accurate simulation of stable iso-
tope fractionation in conjunction with reaction orders other
than first-order.
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