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The fractionation of stable Cr isotopes is a well-accepted proxy for demonstrating Cr(VI) reduction occurring
in geological systems. Published values for experimentally determined effective kinetic Cr isotope enrich-
ment factors (€,) vary over the range of 0.4-5.0%.. Most published studies propose a variation in Cr(VI)
reduction mechanisms as being responsible for the wide range of &,. Alternatively, varying reaction rates
and/or transport limitations have been addressed. In this study the different contributions on €;, were quan-
titatively addressed by performing a series of reactive transport model simulations. The proposed reaction
network is based on a novel multi-continuum approach and expressing isotope fractionation through the
formation of a >*Cr(OH )3(s)~>Cr(OH)ss) solid solution as the product of Cr(VI) reduction. In doing so, Cr(VI)
reduction was considered to occur at solid surfaces and Cr isotope fractionation was modeled by defining an
equilibrium enrichment factor.
Simulating Cr(VI) reduction occurring along a 1D flow path suggested that for a given reaction mechanism &y,
can vary over a large range. According to our simulations the upper range of €, is defined by a reaction
mechanism's theoretical equilibrium enrichment factor. In contrast, high reduction rate and/or transport limita-
tions can shift &, to very low values. In a second model simulation our modeling approach was used to propose
an alternative kinetic interpretation for the low €, observed in Fe(II)-Cr(VI) reduction experiment by others.
Our simulations suggest that the individual contributions of reaction rates, transport limitations and reaction mech-
anisms should be addressed more carefully when interpreting experimentally determined kinetic Cr isotope enrich-
ment factors and Cr isotope data derived from field sites. Reactive transport modeling is a powerful tool, which
should be more commonly used to quantitatively assess these individual contributions in experimental systems.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

In nature, Cr mostly occurs in two stable oxidation states. The highly
toxic and very soluble oxidized form Cr(VI) is primarily derived from
anthropogenic activities such as leather tanning, wood impregnation,
galvanization of metal surfaces and cement clinker. Cr(VI) occurs as
the chromate oxyanions CrO3~, HCrO; and Cr,0%~ and can lead to
health problems such as lung cancer and dermatitis (Kotas and
Stasicka, 2000). Naturally occurring chromium occurs mostly in the
reduced form Cr(III), which is an essential nutrient, less soluble, adsorbs
strongly on solid surfaces and co-precipitates with Fe(Ill) hydroxides
(Rai et al., 1987; Davis and Olsen, 1995). Exceptions are some rare nat-
urally occurring Cr(VI) minerals such as the lead chromate crocoite
(PbCr04) (Frost, 2004) and Cr(VI) bearing groundwater systems natu-
rally occurring in arid regions (Izbicki et al., 2008).

Significant fractionation of the four stable Crisotopes (°°Cr, >2Cr,>3Cr
and >*Cr) has been reported for a series of Cr(VI) reduction experiments
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(Ellis et al., 2002; Sikora et al., 2008; Berna et al., 2010; Zink et al., 2010;
Dossing et al, 2011; Basu and Johnson, 2012; Han et al, 2012;
Jamieson-Hanes et al., 2012; Kitchen et al., 2012). These experiments
showed a general trend of accumulating heavier Cr isotopes in the
unreacted Cr(VI) species and an accumulation of the lighter ones in
the produced Cr(III) species. In contrast, Cr(IIl) species did not undergo
rapid isotopic exchange during a Cr(IIl) oxidation experiment (Zink et
al., 2010). Variation in Cr isotope composition is, therefore, an accepted
proxy for demonstrating that Cr(VI) reduction is occurring in geological
systems. Tracking of Cr(VI) reduction is especially powerful when deal-
ing with subsoil Cr(VI) contamination and related remediation ac-
tions. A series of case studies demonstrating naturally occurring
Cr(VI) reduction has been described recently (Izbicki et al., 2008;
Berna et al.,2010; Wanner et al., 2012a,b,c). Tracking Cr(VI) reduction
has also been used for unraveling redox conditions throughout Earth's
history (e.g., Frei et al, 2009). In this context, observed Cr isotope
fractionation was used to unravel the fluctuations in the Precambrian
atmospheric oxygenation (Frei et al., 2009) and to evaluate the redox
evolution of hydrothermal systems (Schoenberg et al., 2008).

Stable isotope fractionations are caused mainly by differences in
the vibrational energies of isotopically light and heavy substances
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(Bigeleisen and Mayer, 1947; Urey, 1947; Schauble et al., 2004). The
isotopically lighter forms of any substances have a lower vibrational
energy compared to the heavier ones. When substances consisting
of multiple isotopic species react and the remaining reactant equili-
brates with the reaction product, an unequal distribution of the
isotopes is observed. Stable isotope fractionations are usually reported
in terms of the isotopic fractionation factor o. For Cr isotopes, a is
defined as the ratio of >3Cr/>?Cr in the two stable Cr redox states
(Cr(VI) and Cr(Ill)). For convenience, fractionation factors are often
expressed as isotopic enrichment factors € (e.g., Schauble et al., 2004;
Sikora et al., 2008):

€= (ot—1)-1000 =~ In(o) - 1000. (1)

Schauble et al. (2004) determined a theoretical equilibrium Cr
isotope enrichment factor €. between aqueous Cr(VI) and aqueous
Cr(IlT) species of 6-7%. whereas Zink et al. (2010) reported an &eq of
3.5%. for a Cr(VI) reduction experiment conducted under highly acidic
conditions (pH<<1) (Table 1). In all other reported Cr(VI) reduction
experiments a kinetic type isotopic fractionation behavior was observed
(Ellis et al., 2002; Sikora et al., 2008; Berna et al., 2010; Zink et al., 2010;
Dossing et al., 2011; Basu and Johnson, 2012; Han et al, 2012;
Jamieson-Hanes et al., 2012; Kitchen et al,, 2012). Applying a Rayleigh
distillation model the cited Cr(VI) reduction studies determined kinetic
enrichment factors &, within the range of 0.4-5.0%. (Table 1). Kinetic
isotopic fractionation is typically observed for systems undergoing
a fast net reaction where the backward reaction is negligible when
compared to the overall reaction rate (Young et al., 2002; Zink et al.,
2010; DePaolo, 2011).

Variations in observed effective kinetic Cr isotope enrichment
factors have been attributed to several causes: (i) The reaction rate
of Cr(VI) reduction affects the magnitude of the kinetic Cr isotope
enrichment factor such as shown for sulfur isotope fractionation
(Rees, 1973; Canfield, 2001). Sikora et al. (2008) showed a kinetic de-
pendence on the kinetic enrichment factor for microbiologically-
mediated Cr(VI) reduction experiments using lactate as the electron
donor. In these experiments €, = 1.8%. was observed for a high lac-
tate concentration and a high Cr(VI) reduction rate, and gy, =4.0%0

Table 1
Summary of published Cr(VI) reduction experiments.

was observed for a low lactate concentration and slow Cr(VI) reduc-
tion rate (Table 1). (ii) A variation in molecular scale reduction mech-
anisms has been addressed as a second cause likely inducing a
variation of g, (Sikora et al., 2008; Zink et al., 2010; Dossing et al.,
2011). On the contrary, Zink et al. (2010) did not observe that the
resulting Cr isotope fractionation factor is significantly dependent
on the pH dependent speciation of Cr(VI) and Cr(Ill) species
(Table 1). This is notable since the actual Cr(VI) reduction mechanism
is also dependent on the pH value (e.g., pH=7-9: CrO3~ = Cr(OH)J;
pH<4: HCrOz = Cr3™). (iii) As a third cause, transport limitations, such
as a limited diffusive flux towards reactive surfaces, have been reported
to shift a system's effective €, to lower values (Bender, 1990; Brandes
and Devol, 1997; Green et al, 2010). Even though these studies
described other isotopic systems (NO3 - and O,-reduction) it is as-
sumed that transport limitations can also affect the kinetic Cr isotopic
enrichment factor (Berna et al., 2010).

To the author's knowledge no study has yet quantitatively assessed
the individual contributions of the reaction mechanism, the Cr(VI)
reduction rate, and transport limitations on the effective kinetic Cr
isotope enrichment factor. In this study these contributions were quan-
titatively addressed by performing a series of reactive transport model
simulations of Cr(VI) reduction in a porous medium along a 1D flow
path. In the second part, the Fe(II)-added-Cr(VI) reduction experiments
performed by Dossing et al. (2011) were simulated and an alternative
interpretation proposed.

2. Simulation of Cr(VI) reduction in porous media along a 1D
flow path

2.1. Conceptual model

As a model simplification, it is assumed that Cr(VI) reduction occurs
at solid surfaces only (Fig. 1). This assumption is based on the observa-
tion that Fe(Il)-bearing minerals and solid organic matter are the most
common naturally occurring Cr(VI) reducing agents (Palmer and Puls,
1994). For both cases, Cr(VI) reduction can be microbiologically-
mediated if specific microorganisms are present (Sikora et al., 2008;
Han et al, 2010). Most bacteria are fixed on solid surfaces and are

Reference e~ -Donor

Initial Cr(VI)

Fractionation mode Effective ¢ Comment

Ellis et al. (2002) Fe?* bearing minerals (magnetite) 0.19 uM/L
Schauble et al. (2004) Theoretical calculation
Sikora et al. (2008) 3.3-100 mM lactate 5.1-9.5 pM
10,200 mM lactate 9.5 uM
Zink et al. (2010) 0.9 uM H,0, 0.9 uM
0.9 uM H,0, 0.9 uM
13.2 uM H,03 0.9 uM
13.2 M H,04 0.9 uM
Berna et al. (2010) Fe?* bearing minerals (e.g. green rust)  1.92 pM
Dossing et al. (2011) 0.05 nM Fe?* (batch experiment) 0.42 nM
0.03 mM Fe? " /min (added experiment) 0.78 uM
Han et al. (2012) 20 mM lactate 50 pM
20 mM lactate 50 uM
Basu and Johnson (2012) Fe(Il) doped goethite 17.7 tM
FeS (75 uM Fe(1I)) 19 uM
Green rust (100 uM Fe(II)) 11 M
FeCO; (84.2 uM Fe(II)) 19 yM
4 g of reduced sediment 24 yM
Kitchen et al. (2012) 60 mM Fe?* 20-22 yM
10 mg humic and 200 uM fulmic acid 21 M
Jamieson-Hanes et al. (2012) 7.5 g organic C (batch experiment) 100 pM

Rayleigh-type 3.3 and 3.5%o

Equilibrium fractionation ~ 6-7%

Rayleigh-type 4.1-4.5%0 Bioreduction (Shewanella oneidensis).
Rate =42 - 10~ '® mol/cell/day?

Rayleigh-type 1.8%0 Bioreduction (Shewanella oneidensis).
Rate =450 - 10~ '® mol/cell/day?

Rayleigh-type” 4.2%, pH=0.7

Equilibrium fractionation®  7.2%. pH=0.7

Rayleigh-type 5.0%o pH=ca. 7

Equilibrium fractionation ~ 3.5% pH<1

Rayleigh-type 2.4 and 3.1%.

Rayleigh-type 3.1-4.5%0

Rayleigh-type 1.5%0

Rayleigh-type 2%o Bioreduction (Pseudomonas stutzeri);
aerobic conditions

Rayleigh-type 0.4%0 Bioreduction (Pseudomonas Stutzeri);
denitrifying conditions

Rayleigh-type 3.91%.

Rayleigh-type 2.11%

Rayleigh-type 2.65%o

Rayleigh-type 2.67%o

Rayleigh-type 3.18%

Rayleigh-type 4204+0.11% pH=4-53

Rayleigh-type 3.114+0.11% pH=45-5

Rayleigh-type 3.5040.1%.

¢ Rate observed during first 24 h of experiment.

b Fractionation mode not clear since all experiment resulted in the same extent of Cr(VI) reduction. Presented here are the two different possibilities for interpretation (equilib-

rium vs. Kinetic fractionation).
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Reduction mechanisms m,
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Fig. 1. Conceptual model used to simulate Cr isotope fractionation for porous media along a 1D flow path. The model assumes that Cr(VI) reduction to Cr(III) occurs at solid surfaces
and that Cr(IIl) immediately precipitates as Cr(OH)3 (see inset). Overall Cr(VI) reduction rate is a function of diffusive Cr(VI) transport (Jp) to the solid surface and the net reduction
rate r,. Cr isotope fractionation typically occurs in the surface reaction controlled regime, where r,, is much larger than the gross exchange rate rex (DePaolo, 2011). The model
allows simulating the magnitude of Cr isotope fractionation as a function of different diffusive Cr(VI) fluxes (e.g., Jo1 and Jp,) for one specific reduction mechanisms (characterized
by €eq) occurring at different net molecular reaction rates (e.g., ry; and rp,,). For the specified reaction network the reaction rate constant k (Eqs. (6) and (7)) represents a proxy for
I'n. The terms “mineral region”, “immobile region”, and “mobile region” refer to the multi-region approach (Xu, 2008) that was used to setup the model.

immobile (Harvey et al., 1989). Moreover, Cr(VI) reaction products (e.g.,
Cr(OH)3) passivate the reactive surface sites of solid Cr(VI) reducing
agents (Jeen et al, 2007). Accordingly, a passivation layer and/or
biofilm is formed around solid surfaces and Cr(VI) has to diffuse through
such layers in order to get reduced.

The proposed conceptual model is closely related to the surface
kinetic model recently described by DePaolo (2011) to explain Ca iso-
tope fractionation during calcite precipitation experiments. According
to DePaolo (2011) surface reactions can occur in four different regimes:
(i) a near equilibrium regime, where the net reaction rate (r,) is much
slower than the forward and backward reaction rates (e.g., exchange
rate rey, Fig. 1), respectively, (ii) a surface equilibrium regime with the
same requirements than in the near equilibrium regime but with a r,
that is fast enough to induce transport limitations, (iii) a surface reac-
tion limited regime where r,>r.x and (iv) a regime with transport
and reaction effects where r, > rex and with a transport limitation of ry,.

Cr(IIT), which is the reaction product of Cr(VI) reduction, is almost
insoluble over a wide pH-range (Rai et al., 1987) and it is assumed that
it almost instantaneously precipitates as Cr(OH)s. Consequently,
Cr(VI) reduction either occurs in a surface reaction limited regime,
with or without transport limitations induced by the diffusive trans-
port of Cr(VI) through the biofilm, and/or passivation layer (Fig. 1).
According to the model of DePaolo (2011), both regimes should tend
to enrich the light (e.g., Cr) isotope in the reduced phase (Cr(IIl))
and a kinetic-type Cr isotope fractionation would be observed.

Our conceptual model (Fig. 1) allows the individual assessment of
kinetic Cr isotope fractionation effects induced by surface reaction ki-
netics and by transport limitation effects, respectively. It assumes that
Cr(VI) reduction occurs as one single molecular-scale Cr(VI) reduction
mechanism, which is described by a specific equilibrium enrichment
factor (Urey, 1947). Accordingly, one single equilibrium enrichment
factor €.q was defined, representing a hypothetical near-equilibrium
regime (DePaolo, 2011). Kinetic effects on the effective Cr isotope en-
richment factor were assessed by a variation of the specific molecular
scale Cr(VI) reduction rate (k) at a constant, non-transport-limited
diffusive Cr(VI) flux Jp through the biofilm and/or surface passivation
layer (Fig. 1). In contrast, transport limitations were assessed by
varying Jp at a constant molecular scale Cr(VI) reduction rate k. Each
Cr isotopic species (>>Cr03~ and >3CrO3 ) were treated as separate

transported species as done for '®0 and '°0 in Singleton et al.
(2004). Fractionation effects due to a variation in diffusion coefficient
between >2Cr and >3Cr species were not considered. If the diffusion
coefficients differed, our model approach would induce Cr isotope frac-
tionation also due to variation in the diffusive flux within the biofilm
and/or passivation layer such as described for Sr isotopes (Watson
and Mueller, 2009). This model simplification is justified by the fact
that mass differences between the different isotopic Cr(VI) species are
rather small (115 vs. 116 g/mol for CrO3 ™).

1.28 cm
d=1.28 cm : dy dody d,
—
A el v Ve
l::: 0.4 Vtotal 0.56* V(ota\
o~
0
=
© [ | mobile mineral
region I region
1=6.19 cm $=0.4 Immobile region
(V=0.06-V,.,)
& > |cey=0.0625 cm
v \_____,_/$ Nee=99
2.5ul/s

Fig. 2. General setup used to model Cr(VI) reduction along a 1D flow path. The inset
gives the front view of one individual grid cell and illustrates how the 99 cells were
discretized into the three regions of our multi-region approach.
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Table 4
Thermodynamic properties of specified mineral reactions.

Table 2

Composition of the injecting fluid.
pH 8.06
53Crog— mol/L 5.09E—07%
52Croz~ mol/L 4.49E —06°
K+ mol/L 1.46E—03
HCO3 mol/L 1.90E—03
S03~ mol/L 8.06E—05
Ca?+ mol/L 2.28E—04
Fe?* mol/L 1.00E — 04

? 59%Cr =0.0%..

2.2. Model setup

Cr isotope fractionation effects were simulated for a porous media
along an approximately 6.2 cm long 1D flow path (Fig. 2). This model
domain was divided into 99 cylindrical cells, each having a thickness
of 0.0625 cm. An injection rate of 2.5 uL/s was specified for the first
cell and the overall porosity was set to 0.4. These specifications lead to
an average linear flow velocity of 7 cm/day simulating Cr(VI) transport
that is dominated by advection such as reported for a series of field site
Cr(VI) contaminations (Faybishenko et al., 2008; Flury et al., 2009;
Wanner et al., 2012a,b,c). The composition of the injecting fluid was
specified as listed in Table 2.

The multi-region model approach described by Xu (2008) was used
to numerically formulate the conceptual model (Fig. 1). In doing so, a
three region model was defined and each of the 99 cells along the col-
umn were divided into these three regions (Fig. 2): (i) a mobile region
where advective transport occurs, (ii) an immobile region that is affect-
ed by diffusive transport only and (iii) a mineral region where mineral
dissolution/precipitation reactions take place (Figs. 1 and 2).

Table 3 gives the physical and mineralogical parameters used for
the three regions. Porosity and permeability were defined in a similar
way as Xu (2008). The distance between the regions and the corre-
sponding interfacial areas were calculated according to the general
geometrical setup of the simulated column (Fig. 2).

Transport processes were modeled according to the standard
advection diffusion equation in TOUGHREACT (Xu et al., 2011)

9(¢Cy)
ot

~ V-(¢D;-T-VC) =V (¢-v-G) @

where C; (mol/kgy,o) refers to the concentration of aqueous species i, ¢
is the porosity of the porous medium, D; (m?/s) refers to the diffusion
coefficient of species i, T refers to the tortuosity, and v (m/s) is the aver-
age linear flow velocity. Advective transport takes place essentially only
within the mobile region because the permeability of this region is
much higher when compared to the other regions (Table 3). Diffusive
flux of aqueous species i (Jp;) within the immobile region is proportion-
al to

Dy'A  dC,
JDiOCd] ¥ d2 +a (3)
Table 3

Reaction log K (equilibrium
constant)?

52Cr03~ +5H™" + 3Fe? " =>2Cr(OH)3(s) + 3Fe** + H,0 25.69147912

33Cr03~ +5H" +3Fe? " =>3Cr(OH)3(s) + 3Fe> © 4+ H,0 25.69

CaC0;3+H+ =Ca?* +HCO35 1.8487

Fe>* +3H,0=Fe(OH); +3H™ —3.191

At 25 °C.

where D,q refers to the diffusion coefficient of aqueous species
(~107° m?/s), A (m?) is the interfacial area between two adjacent
regions, dG;/dx (mol/kgy,o/m) is the concentration gradient of species
i, and d; and d;, (m) refer to the distances from the centers of two adja-
cent regions to their mutual interface (Fig. 2).

2.3. Reaction network

Ferrous iron was used as a general Cr(VI) reducing agent. This
choice is based on the observation that ferrous iron is one of the
most prevalent naturally occurring Cr(VI) reducing agents (Buerge
and Hug, 1997). Furthermore, it was assumed that once produced,
Cr(Ill) immediately precipitates as Cr(OH)s. This simplification is
justified by the fact that the simulations were performed for systems
at near neutral pH-values where the solubility of Cr(OH)s is low and
Cr(OH)3(aq) is the dominant Cr(IlI) species (Rai et al., 1987; Kotas
and Stasicka, 2000). Following this argument, Cr(VI) reduction to
Cr(1l) was formulated for two Cr isotope species (°>2Cr and >3Cr) as
a kinetic mineral precipitation reaction using Fe(Il) as reducing agent:

PCro;” +SH' +3Fe’”" ="Cr(OH), ) + 3Fe’" + H,0 (4)
PCro;” +5H' +3Fe”" =" Cr(OH), ) + 3Fe™" + H,0 (5)

It should be pointed out that the coexistence of aqueous Fe(Il) and
Cr(VI) such as defined for the injecting fluid (Table 2) is not favored
from a thermodynamic point of view (Table 4) because the homogenous
reaction between Fe?™ and CrO3~ is nearly instantaneous (Buerge and
Hug, 1997). Moreover, the simulations were run for circumneutral pH
values at which Fe(lI) species are only stable if strongly reducing condi-
tions are established (Nordstrom and Munoz, 1985). Although these ini-
tial conditions are in disequilibrium, the specified reaction network
allows simulation of Cr(VI) reduction at solid surfaces. This was achieved
by allowing Cr(OH); precipitation and Cr(VI) reduction under Kinetic
constraints (Eqs. (4) and (5)) within the mineral region only (Fig. 1)
while the homogenous reaction between Fe?™ and CrOZ ~ is suppressed
in the other regions. With these specifications, aqueous Fe(Il) operates
as a representative for any solid or immobile Cr(VI) reducing agents
(e.g., bacteria, Fe(I)-bearing minerals), and not as an aqueous reducing
agent. Accordingly, the reaction network is in agreement with our

Physical and mineralogical parameters of the three regions of the specified multi-region model.

Parameter Mobile region Immobile region Mineral region

Volume fraction of the medium 0.4 0.06 0.54

Porosity 1 1 0.05

Distance to interface (m) d; d; d; d; dy d;
227E—03 3.40E—04 3.40E—04 3.06E—03

Area between regions (m?) 1.09E—02 1.09E—02

Permeability (m?) 1.00E—11 1.00E—18 1.00E—18

Mineralogy No mineral reaction allowed

No mineral reaction allowed

10 vol.% Calcite, Fe(OH)3 and Cr(OH)3
precipitation (Cr(VI) reduction)
allowed, remaining solids are non-reactive
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conceptual model assuming that Cr(VI) reduction occurs at solid surfaces
only (Fig. 1). The benefit of using aqueous Fe(Il) as a representative for
Fe(Il)-bearing solids is that molecular scale heterogeneous Cr(VI)
reduction at reactive Fe(ll) surfaces do not have to be formulated
explicitly. The same holds true for iron cycling phenomena, such as the
partial reductive dissolution of Fe(IllI)-bearing solids, subsequent homo-
geneous reactions between aqueous Fe(Il) with Cr(VI) and
reprecipitation of Fe(Ill)-bearing solids (Coby et al., 2011). The defi-
nition of excess aqueous Fe(Il) with respect to Cr(VI) in the injecting
fluid (Table 2) ensures that Fe(Il) consumption caused by Cr(VI) re-
duction (Egs. (4) and (5)) does not affect the overall Cr(VI) reduction
rate. In addition, this definition allows specifying constant iron-
reducing redox conditions along the entire 1D flow path.

The isotopic endmembers >2Cr(OH)s(sy and **Cr(OH)s(s) were
treated as one mineral phase assuming an ideal solid solution. In
doing so, TOUGHREACT (Xu et al., 2011) calculates the reaction
rates of the 2Cr(OH); (r*c) and °3Cr(OH); (r®c.) endmembers
according to Egs. (6) and (7),

QSZCI- QSZCr

T = Ass ks (1 e el bl Lo ®
Q“Cr Q-53Cr

r53Cr = ASS'k53' (1 —m = Ass'k' 1—m (7)

where Ag refers to the reactive surface area of the solid solution
(mzmmeral/kg,.,zo), ks, and Ks3 are the reaction rate constants of the
two end members (mol/m?/s), Q%¢, and Q% refer to the ion activity
product of the Cr(VI) reduction reaction (Egs. 4 and 5), K¢, and K%¢;,
are the corresponding equilibrium constants and Xs, and Xs3 are the
mole fractions of the two end members. ks, and Ks3 represent the ki-
netics of the actual molecular scale Cr(VI) reduction reaction. As a
model simplification, ks, and ks3 were assumed to be equal and
they were treated as one variable k (Egs. (6) and (7)). This model
simplification holds perfectly true for an equilibrium situation
where the net Cr(VI) reduction rate is zero but also for an infinitely
high net overall Cr(VI) reduction rate, where Cr(VI) is reduced to
Cr(Ill) instantaneously. The total reactive surface area of the
Cr(OH)s solid solution, Ags, was held constant and was fixed to an ar-
bitrary value of 0.014 mz/kgHzo. Assuming an initial Cr(OH); volume
fraction of 1075, this value corresponds to a specific surface area of
600 m?/g that is typically used for ferric hydroxides (Dzombak and
Morel, 1990). The assumption of constant surface area is based on
the fact that the overall Cr(VI) reduction rate is not dependent on
the reactive surface area of the Cr(OH)s; solid solution because
Cr(OH)s is not a Cr(VI) reducing agent. However, the rate is depen-
dent on the reactive surface area of solids operating as Cr(VI) reduc-
ing agents. To keep things simple, evolving reactive surface areas of
solid Cr(VI) reducing agents were not considered by our reaction
network. In doing so, our reaction network does not account for the
fact that solid Cr(VI) and Fe(Il) bearing reductants get passivated by
newly-formed reaction products such as Cr(OH)s(s), Fe(OH)s and
carbonates, that may reduce the reactive surface areas with time
(Jeen et al.,, 2007; Wanner et al., 2011). The cited studies also provide
two alternative reaction networks that allow simulating the gradual
decline of the reactive surface area. These reaction schemes, however,
were not included, since reactions with Fe(II) bearing solids were not
formulated explicitly and the focus of this work was not on the long
term reactivity of solid Cr(VI) reducing agents. The ideal behavior of
the Cr(OH)3 solid solution was ensured by Eq. (8) (e.g., Reed, 1982)

%: Q52Cr N Q53Cr (8)
Ky  \Kog, Koigy

while a rate law derived from transition state theory (TST) (Lasaga,
1984) was applied for the solid solution using Eq. (9)

e- _st
I = Ak (1 r) 9)

SS

In these equations, Qss and K refer to the ion activity product and
the equilibrium constant of the solid solution, rss and k are the overall
solid solution's reaction rate and reaction rate constant and As, and
Ass refer to the reactive surface area of the two end members.

Using the solid solution approach described above, Cr isotope frac-
tionation is simulated by means of varying equilibrium constants K*¢,
and K>, only. According to Urey (1947) K>¢,/K>¢, refers to the theo-
retical equilibrium fractionation factor a.q for one specific Cr(VI) re-
duction mechanism. A log(K) of 25.69 was taken for Eq. (5)
(Table 4). This value was calculated based on Fe speciation reactions
and log(K) values tabulated in the EQ3/6 database (Wolery, 1992)
which was derived using SUPCRT92 (Johnson et al., 1992 and re-
ferences therein) and on thermodynamic Cr data reported by Ball
and Nordstrom (1998). The log(K) of Eq. (4) was then set at
25.69147912 (Table 4) to express an equilibrium Cr enrichment fac-
tor €eq Of 3.4% (i.e., corresponding to oreq= 102>69147912 /102569 =
1.0034). This value approximately represents the average of experi-
mentally determined kinetic Cr isotope enrichment factors (Table 1)
and is close to the equilibrium Cr isotope enrichment factor of 3.5%.
that was determined by Zink et al. (2010).

Isotopic data are reported as the >3Cr/>2Cr ratio in terms of the
5-notation relative to the certified Cr isotope standard NIST SRM
979 and are given in %o.:

53 /52
Cr/>“Cr
83Cr = (@) -1 (10)

(>*Cr/>Cr) spumore

(P3Cr/°2Cr)modeled is the simulated >>Cr/>2Cr ratio and (>3Cr/>2Cr)sgmo79
the known >>Cr/>?Cr ratio (=0.11339) of the certified standard.

In addition to Cr(OH)s precipitation, the reaction network allows
the formation of Fe(OH)s also:

Fe'" + 3H,0 = Fe(OH), + 3H". (11)

Additionally, 10 vol.% of calcite (Table 4) was added to buffer pH
changes induced by Cr(VI) reduction (Egs. (4) and (5)). Fe(OH)s
and calcite precipitation and dissolution reactions were simulated
using a thermodynamic approach. Hence, they were allowed to
reach thermodynamic equilibrium at each time step. Equilibrium
constants for mineral and aqueous species reactions were defined as
tabulated in the EQ3/6 database (Wolery, 1992) (Table 4).

2.4. Model results and discussion

The model was run for four different overall Cr(VI) reduction rates
by means of a varying Cr(VI) reduction reaction rate constant k
(Egs. (6) and (7)), keeping £.q constant at 3.4%.. Following the discus-
sion by DePaolo (2011), these runs assessed Cr isotope fractionation
in reaction rate controlled regimes as a function of the actual surface
reaction rate k (Fig. 1). In a second set of another four model runs,
Cr isotope fractionation effects in transport-controlled regimes
(DePaolo, 2011) were simulated. For these simulations, the system's
overall Cr(VI) reduction rate was varied by means of a varying diffu-
sive flux Jp within the immobile region (Fig. 1) while keeping k constant
(k/kmax=0.1). The interfacial area A between the three regions was
varied by ca. 2.2 orders of magnitude resulting in a variation of the dif-
fusive flux Jp in the same order of magnitude (Eq. (3)). The use of a set of
different diffusive fluxes Jp operates as a proxy for a variation in the
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extent of the biofilm/passivation layer present around reactive surfaces
(Fig. 1). This approach also allows considering the assumption that a
biofilm/biological reaction system may have different effective Jp than
an equivalently thick chemical passivation layer, which is based on
the observation that the permeability of biological reaction systems
(e.g., cell membranes) can be relatively low (Hancock and Wong,
1984; Pearson et al, 1999; Nikaido, 2003; Jones and Niederweis,
2010). Small values for Jp correspond to a thick passivation layer or a
slow transport path within biological systems. On the contrary, large
Jp corresponds to a thin passivation layer or fast transport paths of
biological systems. According to DePaolo (2011), transport limitations
of chemical systems are a function of the thickness of such layers and
occur only when it is larger than a specific minimum extent. Moreover,
the thickness highly depends on a specific experimental setup. In a
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Fig. 3. Model results for varying overall Cr(VI) reduction rates (ro=reaction rate in
mol/kgy,o/s at column inlet) defined by means of differing molecular scale Cr(VI) re-
duction rates k (surface reaction controlled regime) using a constant equilibrium en-
richment factor of 3.4%.. a: Steady state Cr(VI) concentration profiles (C/Cy) within
the mobile region. b: §°>Cr vs. reduced Cr(VI) fraction plots for aqueous Cr(VI) of the
mobile region. Also shown is the theoretical 5°>Cr evolution of mobile region Cr(VI)
following a Rayleigh-type model for €yin = 3.4%0, 2.3%o, 1.5%. and 0.7%..
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stirred batch experiment for instance, the passivation layer is much
smaller when compared to an unstirred experiment. Accordingly, the
definition of different values for Jp allows assessing the contribution of
transport limitations induced by a specific experimental setup or by
specific passivation phenomena on the effective kinetic Cr isotope
enrichment factor.

Modeled steady-state Cr(VI) concentration profiles within the mo-
bile region followed a linear trend in a logarithmic C/Cy plot, where C
and C, refer to the Cr(VI) concentration at a specific location and at
the column inlet (Figs. 3a and 4a). Accordingly, Cr(VI) reduction within
the model domain was simulated by means of a first order rate law with
respect to the Cr(VI) concentration. We are confident that this is a rea-
sonable simulation of natural systems since a first order behavior has
been reported for experiments performed at fixed pH values and in
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Fig. 4. Model results for varying overall Cr(VI) reduction rates (ro=reaction rate in
mol/kgy,o/s at column inlet) defined by means of varying diffusive fluxes Jp within
the immobile region (transport-limited regime). a: Steady state Cr(VI) concentration
profiles (C/Co) within mobile region. b: 6°3Cr vs. reduced Cr(VI) fraction plots for aque-
ous Cr(VI) of the mobile region. Also shown is the theoretical 5°>Cr-evolution of mobile
region Cr(VI) following a Rayleigh-type model for &y, = 2.3%., 0.9%. and 0.6%..
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the presence of an excess of Cr(VI) reducing agents (Buerge and Hug,
1997). 8°3Cr vs. remaining Cr(VI) fraction plots that correspond to the
Cr(VI) concentration profiles are illustrated in Figs. 3b and 4b. Modeled
§°3Cr-values fit closely with Rayleigh-type fractionation curves
expressed as

67 Cr, = ((6”Cr, + 1000)f* ") —1000 (12)
where 6°3Cry and 6°3Cr refer to the Cr isotope composition at location x
and at the column inlet (0.0%., see Table 2), f refers to the remaining
Cr(VI) fraction at location x and akin is the effective kinetic fraction-
ation factor.

Depending on the regime, €, showed a different dependence on
the overall Cr(VI) reduction rate. For the surface reaction controlled
regimes €y, decreased with increasing overall Cr(VI) reduction rate
even though the equilibrium enrichment factor and reduction mech-
anism, respectively, remained the same (Fig. 3b). These model runs
also show that gy, approaches the defined equilibrium enrichment
factor (geq=13.4%.) at slow overall Cr(VI) reduction rates (Fig. 3b).
This observation indicates that the maximum effective Cr isotope
enrichment factor is defined by the (theoretical) equilibrium enrich-
ment factor for a given Cr(VI) reduction mechanism.

In contrast, €y, became smaller with decreasing overall Cr(VI)
reduction rate for the transport-limited regimes (Fig. 4b). Interesting-
ly, €xin approaches a maximum value of 2.3%. for the condition where
a high diffusive flux within the immobile region was specified (Jp/
Jpmax=0.1 and Jp/Jpmax =1, Fig. 4b). This observation confirms that
for non-transport-limited systems, the resulting Cr isotope enrich-
ment factor solely depends on the equilibrium enrichment factor
and on the molecular scale Cr(VI) reduction rate.

Regarding the interpretation of experimentally determined kinetic
Cr isotope enrichment factors, an important observation is that gy,
does not a priori depend on a system's overall Cr(VI) reduction rate.
Such dependence is only true for systems that do not encounter
transport limitations. Furthermore it has to be noticed that both
high molecular scale Cr(VI) reduction rates and transport limitations
can significantly shift the observed g, to low values even though the
specific Cr(VI) reduction mechanism remains constant.

The observation that simulated 8>3Cr-values followed a Rayleigh-
type fractionation model lends support that such Rayleigh models are
a suitable approach to describe Cr isotope fractionation in dynamic
systems and not for well-controlled laboratory experiments only. For
example, Fig. 5 illustrates for one particular model run that 5°3Cr-values
of Cr(OH)5 present within the mineral region can also be approximated
with a Rayleigh-type model. It has to be pointed out that the Rayleigh
behavior of solid Cr(Ill) was calculated by means of the same equation
as for the Cr(VI) present within the mobile region (Eq. (12)). In contrast,
§°3Cr-values of solids obtained from closed system batch experiments
follow the Rayleigh curve “Cr(Ill) Rayleigh-model (accumulation)”
(Fig. 5), which accounts for the fact that all solids present within the
system accumulate over time (Zink et al., 2010). Accordingly, it is
suggested that 6°>>Cr-values collected during flow-through experiments
or at field sites follow the non-accumulative-Rayleigh curve such as
proposed by Wanner et al. (2012a). The accuracy of such Rayleigh-
models do, however, suffer from uncertainties in the magnitude of the
effective field scale kinetic Cr isotope enrichment factor.

3. Model application: simulation of the Dossing et al. (2011)
Fe(II)-Cr(VI) reduction experiment

After having shown that variations in kinetic Cr isotope enrichment
factors are not necessarily due to changes in Cr(VI) reduction mecha-
nisms, an alternative interpretation is proposed for the Dossing et al.
(2011) Fe(I)-added-Cr(VI) reduction experiment. This new interpreta-
tion is tested with another reactive transport model.
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Fig. 5. Rayleigh model for one model run simulating a transport-limited regime
(Jo/Ipmax = 0.01). 8°3Cr-values of Cr(VI) within the mobile region and &°>Cr-values of
Cr(Ill) within the mineral region follow a Rayleigh fractionation model with gy, =
0.9%.. Also shown is the theoretical 6°>Cr evolution of total Cr(Ill) produced along
the 1D flow path (curve ‘Cr(Ill) accumulation’).

The experiment was performed by adding a ferrous iron solution
at a constant flow rate into a beaker containing a Cr(VI) bearing solu-
tion (Dossing et al., 2011). During the course of the experiment the
pH-value was fixed to 8.1. The initial Cr(VI) bearing solution was
completely reduced within a time period of ca. 70 min. 5°>Cr-values
of precipitated solid Cr(III) revealed a kinetic Cr isotope enrichment
factor of 1.5%. (Table 1). In contrast, a kinetic enrichment factor of
3.1-4.5%. was observed for a batch experiment with a fixed initial
CrO3~ and Fe?™ concentration (Table 1). Dossing et al. (2011) attrib-
uted the low enrichment factor observed in the iron-added experi-
ment to a Cr(VI) reduction mechanism involving the formation of
green rust, adsorption of CrO7~ anions and Cr(VI) reduction within
the green rust structure. Alternatively, a kinetic cause for the low ob-
served enrichment factor was ruled out explicitly since it was argued
that the Cr(VI) reduction rate was lower in the iron-added experi-
ment when compared to the batch experiment. This statement, how-
ever, represented only a qualitative interpretation since actual
molecular scale Cr(VI) reduction rates were not quantified explicitly.
It is based on the fact that for the Fe(Il)-added experiment Fe(Il) was
added slower than in the batch-experiment where it was injected
instantaneously (see Dossing et al., 2011 for more details).

3.1. Conceptual model

In this model we test the assumption of Dossing et al. (2011) that
the Cr(VI) reduction rate was low in the iron-added experiment. To
test this assumption, a different conceptual model was used to con-
strain the reactive transport model (Fig. 6). It is known that in the
presence of aqueous Fe(Il) and at near neutral pH values or at acidic
conditions (pH<3), Cr(VI) is reduced to Cr(Ill) at a very high reaction
rate that is proportional to the Fe(Il)/Cr(VI) ratio (Buerge and Hug,
1997). We assume that the Fe(II)/Cr(VI) ratio and the Cr(VI) reduc-
tion rate in the vicinity of the Fe(Il) inlet location were higher than
in the batch experiment. This assumption is based on the observation
that the overall Fe(Il)aqgea/Cr(VDinitial ratio of the iron-added experi-
ment was the same as the initial Fe(II)/Cr(VI) ratio of the batch exper-
iment after only ca. 3 min (Dossing et al., 2011). Consequently, it is
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Fig. 6. Conceptual model for simulating the Fe(II)-added-Cr(VI) reduction experiment
performed by Dossing et al. (2011): Cr(VI) reduction occurs at a high reaction rate but
only within a limited volume with a sufficient amount of Fe(Il) (gray domain). Cr(VI)
exchange between bulk solution and depletion zone occurs via stirring and diffusive
Cr(VI) flux Jp. During the course of the experiment this Cr(VI)-depleted domain increases
due to a decrease in the overall Cr(VI) concentration and a wider spread of injected Fe(II).

proposed that a zone with a depleted Cr(VI) concentration and com-
plete Fe(Il) consumption was established at the inlet location (Fig. 6).
Moreover, it is assumed that the pH-value of the depletion zone is lo-
cally different when compared to the bulk solution since Cr(VI)
reduction and subsequent Fe(OH)s precipitation lead to a significant
pH change (Egs. (4), (5) and (11)).

Cr(VI) exchange between the bulk solution and the depletion zone
occurred via stirring but also due to a diffusive flux induced by the pro-
posed Cr(VI) concentration gradient (Eq. (3)). The diffusive Cr(VI) flux
Jo (Eq. (3)) towards the depletion zone was likely decreasing during the
course of the experiment since the bulk Cr(VI) concentration and Cr(VI)
concentration gradient, respectively, were decreasing with time
(Dossing et al.,, 2011). The decrease in diffusive Cr(VI) flux most likely
led to a gradual increase of the volume of the proposed Cr(VI) depletion
(and Fe(II) consumption) zone until it covered the whole experimental
volume. This stage corresponds to the time in the experiment when the
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bulk Cr(VI) concentration was below the detection limit and the Fe(lI)
concentration started to increase (Dossing et al., 2011).

Because the proposed conceptual model assumes a high molecular
scale Cr(VI) reduction rate, which is possibly transport-limited, Cr
isotope fractionation is expected to encounter surface reaction as
well as transport effects (DePaolo, 2011). These are the requirements
where €, is most effectively shifted to low values as shown with the
simulations presented earlier (Figs. 3 and 4).

3.2. Model setup and simulation results

The same reaction network as described earlier was used to simu-
late Cr(VI) reaction and Cr isotope fractionation, assuming that Cr(VI)
reduction occurs as a single molecular-scale reaction mechanism with
a hypothetical equilibrium enrichment factor of 3.4%.. According to
the conceptual model (Fig. 6) two grid cells were defined. One grid
cell corresponds to the Cr(VI) depletion zone and one to the bulk
Cr(VI) solution. The initial size of the Cr(VI) depletion zone is not
known. The initial volume of the Cr(VI) depletion zone was, there-
fore, calculated based on an arbitrary assumption that Fe(II) injected
during the first minute is completely consumed by Cr(VI) reduction.
This assumption resulted in a volume of 2.48 mL for the depletion
zone and a volume of 197.5 mL for the bulk solution (Table 5) taking
into account initial bulk Cr(VI) concentration, Fe(II) concentration of
the added Fe(II) solution and the stoichiometry of the Cr(VI) reduc-
tion reaction considered by the reaction network (Egs. (4) and (5)).
The composition of the initial bulk Cr(VI) solution was specified
according to Dossing et al. (2011) (Table 5). Dilute deionized water
was assumed for the initial concentration of the Cr(VI) depletion
zone. The injection of the Fe(II) solution was simulated by specifying
0.025 mmol of a hypothetical solid FeCl, phase within the Cr(VI) de-
pletion zone. FeCl, was defined to kinetically dissolve following a TST
rate law similar to Eq. (9) and producing aqueous Fe? ™ and CI™

FeCl, = Fe’™ 4 2C1°. (13)

An arbitrary high equilibrium constant of log(K) =50, a reaction
rate of 0.18 mmol/s/kgy,0, and no surface area dependence was de-
fined to ensure the same constant Fe(II) injection rate as in the actual
experiment (0.8 mL/min, Fe(Il) concentration=35.81 mmol/L). The
specification of chemical equilibrium with a hypothetical “fix_pH”
mineral phase

fix,H = H" (14)

maintained the pH value of the bulk solution at 8.1 (Fig. 7) when using a
log(K) of —8.1. In doing so, the model does not have to explicitly

Table 5
Initial conditions of the two domains defined to model the Dossing et al (2011) Fe(II)-added-Cr(VI) reduction experiment.
Cr(VI) Bulk solution Cr(VI) depletion zone
Volume? mL 197.5 24.8
Mineralogy*® No mineral reaction allowed 50 vol.% NaOH, 50 vol.% FeCls,

Porosity® - 1
Permeability m® 1.00E—10
Distance to interface m 2.25
Initial area A between cells m® 04

pH 8.1
3Cro3~ mol/L 3.65E—04
520103~ mol/L 3.22E—03
K+ mol/L 7.18E—03
Cl™ mol/L 6.60E — 05
Fe?* mol/L 1.00E—10

Fe(OH)3; and Cr(OH)5 precipitation (Cr(VI)
reduction) allowed

1.00E—10
1.00E—10
1.00E—10
1.00E—10
1.00E—10

2 This definition leads to a initial volume of the Cr(VI) depletion zone of 2.48 mL (1.2%. of total volume) and initial NaOH and FeCl, concentrations of 0.025 mmol and 0.08 mmol.

b §°3Cr = 0.0%.
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Fig. 7. Comparison between measured and modeled 6°>Cr-values (a) and aqueous con-
centrations (b) of the Dossing et al. (2011) Fe(Il)-added-Cr(VI) reduction experiment.
Simulated values refer to the bulk solution except for the solid 6°>Cr values, which refer
to the Cr(VI) depletion zone, and the pH values that are shown for both zones.

consider the injection of a NaOH solution as it was performed during the
Dossing et al. (2011) experiment to fix the pH at this value. Diffusive
Cr(VI) transport into the depletion zone was simulated based on
Egs. (2) and (3). Small assumed values of 0.25 and 0.225 mm were
assigned to d; and d,, respectively (Table 5). The reaction rate constant
k for the Cr(VI) reduction (Egs. (4) and (5)) and the interfacial area
between the two grid cells were calibrated in order to get an initial
8°3Cr of the Cr(lll) formed within the depletion zone of — 1.4%.
(Fig. 7). This resulted in k=2 -10~> mol/m?/s and A=0.4 m?. It has
to be pointed out that resulting 5°>Cr values were only sensitive with
respect to A unless k was higher than k=2-10"2° mol/m?/s. The
specified diffusive flux was most likely higher than in the actual exper-
iment because stirring effects cannot be accurately simulated with
TOUGHREACT and had to be compensated by an increased diffusive
flux. Furthermore, our simulations did not allow for changing grid cell
volumes during a simulation run. The lack of an evolving Cr(VI) deple-
tion zone was compensated by a time-dependent increase in the diffu-
sive Cr(VI) flux Jp. Stopping and restarting the simulation 18 times
ensured such an increase in the diffusive Cr(VI) flux because before
each restart the interfacial area A (Eq. (3)) between the two zones
was increased. The actual values for A (Table 6) were calibrated in

order to get a good fit with the measured §°3Cr values for Cr(Ill) and
Cr(VI) respectively (Fig. 7a). Fig. 7b illustrates that the model setup
and model calibration also results in a reasonable independent repro-
duction of measured Fe(Il) and Cr(VI) concentrations as well as mea-
sured pH-values. Fig. 7b also illustrates that Cr(VI) reduction and
subsequent precipitation of Fe(OH); lead to initially low pH values
within the Cr(VI) depletion zone (pH = 2.3) that only slightly increased
during the course of the experiment. The observed minor pH oscilla-
tions (Fig. 7b) are a result of the stepwise increase of the interfacial
area A (Table 6) leading to unsmooth OH™ diffusion into the Cr(VI)
depletion zone.

3.3. Discussion

The successful simulation of the trend of all measured parameters
(Fig. 7) lends strong support for our conceptual model (Fig. 6) even
though the actual Cr(VI) reduction mechanism and equilibrium en-
richment factor, respectively are not known and transport processes
(e.g., stirring effects, evolving volumes) could not be fully simulated.
The use of an increasing interface area as proxy for the evolving
Cr(VI) depletion volume (Table 6) can be justified by the fact that
the interfacial area must have increased as the volume of the Cr(VI)
depletion zone also increased (Fig. 6). Because the interfacial area A
and the reaction rate constant k were the most sensitive parameters
in model calibration, it is inferred that the experiment ran in the
transport and surface reaction limited regime (DePaolo, 2011),
where gy, is most effectively shifted to low values (Figs. 3 and 4).
Accordingly, it is suggested that the low observed enrichment factor
is most likely attributed to both, a transport-limited overall Cr(VI)
reduction rate and a high molecular-scale Cr(VI) reduction rate r,,.
Such a fast reduction rate was possibly induced by the low pH value
of the proposed Cr(VI) depletion zone since fast reaction kinetics be-
tween Cr(VI) and Fe(Il) have been observed for pH values<3 (Buerge
and Hug, 1997). However, the model does not explicitly consider a pH
dependence on the molecular scale Cr(VI) reduction rate and it is
therefore only inferred that a fast molecular-scale Cr(VI) reduction
rate is necessary to obtain the observed Cr isotope fractionation.
Our interpretation does not rule out contribution of another Cr(VI)
reduction mechanism with a low equilibrium enrichment factor,
such as stated by Dossing et al. (2011). However, a specific mecha-
nism solely responsible for the small enrichment factor seems very
unlikely since the observed value is smaller than in most other pub-
lished experiments (Table 1). This observation is notable because

Table 6
Calibrated time dependent interfacial areas between the Cr(VI) depletion
zone and the bulk Cr(VI) solution.

Time period (min) Interfacial area A (m?)

0-2 0.4
2-5 0.42
5-10 0.45
10-15 0.49
15-20 0.534
20-25 0.581
25-30 0.633
30-35 0.689
35-40 0.75
40-45 0.817
45-50 0.889
50-55 0.966
55-60 1.115
60-65 1.400
65-68 1.700
68-71 2.150
71-73 2.800
73-74 4.000
74-80 a

2 Not simulated, values shown in Fig. 7 were extrapolated.
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these other experiments were performed in closed systems that were
much closer to equilibrium conditions than the Dossing et al. (2011)
Fe(Il)-added-Cr(VI) reduction experiment.

4. Conclusions

The simulations presented in this paper illustrate that a system's
effective kinetic Cr isotope enrichment factor is dependent on the spe-
cific Cr(VI) reduction mechanism (e.g., equilibrium enrichment factor),
specific molecular scale Cr(VI) reduction rate and on transport limita-
tions of a system's overall Cr(VI) reduction rate. The simulations also
confirmed that for surface reaction-controlled and transport-limited
systems the observed effective kinetic Cr isotope enrichment factor
could be substantially shifted to very low values even though the
molecular scale Cr(VI) reduction mechanism remained constant. Both
effects should be addressed when discussing experimental results of
Cr(VI) reduction experiments but also when referring to Cr isotope
data collected at field sites. In the case of the Dossing et al. experiment,
a completely different interpretation could be given by addressing
transport limitations and surface kinetic effects.

The fact that the proposed reaction network allowed an indepen-
dent assessment of the contributions of the individual factors on the
resulting enrichment factor confirms that reactive transport modeling
is a powerful tool when it comes to data interpretation. Such models
do, however, require a lot of quantitative information on the relevant
reactive and transport processes, and many details regarding the exper-
imental conditions. Regarding fractionation effects of different Cr(VI)
reduction mechanisms, there is currently still a lack of information. An
equilibrium enrichment behavior, that is a thermodynamically defined
variable for a specific molecular scale Cr(VI) reduction mechanism, was
so far only reported for one particular experiment. In order to have a
better constraint on the degree of variation of equilibrium Cr isotopic
enrichment factors, more experimental data are needed. Moreover,
there is a need for more rigorous quantitative assessment of diffusive
Cr(VI) transport across passivation layers and biofilms/biological reac-
tion systems. In conjunction with reactive transport modeling such
experimental data could help to tightly constrain the Cr isotope frac-
tionation factor for a given reaction mechanism under specific ex-
perimental (e.g., transport-limited) conditions. Tightly constrained
fractionation factors may then be used in conjunction with large-scale
2D or 3D reactive transport models to obtain a more robust quantifica-
tion of Cr(VI) reduction efficiencies for environmental systems, and in
paleoclimatic interpretations. Such models benefit from the fact that
large-scale aquifer heterogeneities can be considered as well. This is im-
portant since field-scale Cr(VI) reduction mostly occurs within locally
reduced domains (e.g., engineered or naturally occurring) that may be
physically separated from the predominant advective contaminant
transport domain. Accordingly, transport of Cr(VI) to potential reducing
agents or vice versa may introduce another degree of transport limita-
tion in addition to the ones occurring at the experimental/reaction
scale.
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