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Abstract

Chromium stable isotope ratios are useful as indicators of Cr redox reactions and Cr sources in both modern and ancient
geochemical systems. Correct interpretation of Cr isotope data requires a quantitative understanding of isotopic fractionation
by various processes, the most important of which is reduction of Cr(VI) to Cr(III). We determined the magnitude of isotopic
fractionation, for the 53Cr/52Cr ratio, induced by abiotic, dark reduction of Cr(VI) by aqueous Fe(II) and a few organic sub-
stances. The isotopic fractionation for reduction by dissolved Fe(II), expressed as e (�d53Crproduct flux � d53Crreactant) is
�4.20 ± 0.11& from pH = 4.0 to 5.3. Lesser fractionation was observed in preliminary experiments with very rapid reaction;
we attribute this to transient heterogeneity and diffusive limitation of the reaction as reactants were mixed. This phenomenon
is a general problem with batch isotopic fractionation experiments, if significant reaction occurs before mixing of reactants is
complete. e = �3.11 ± 0.11& for reduction by three organic reductants (a humic acid at pH = 4.5 and 5.0, a fulvic acid at
pH = 5.0, and mandelic acid catalyzed by goethite or c-Al2O3 at pH = 4.0).
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The geochemistry of chromium depends strongly on re-
dox reactions. Cr occurs in natural aqueous systems as
Cr(VI) (+6 valence) and/or Cr(III) (+3 valence) (Ball and
Nordstrom, 1998). Stable under oxidizing conditions,
Cr(VI) forms the soluble, mobile chromate CrO2�

4

� �
,

dichromate Cr2O2�
7

� �
, and hydrochromate HCrO�4

� �
an-

ions, with relative abundances depending on pH and Cr(VI)
concentration. Cr(III) is stable under reducing conditions
found in many sediments, soils and aquifers; it is sparingly
soluble at circum-neutral pH, adsorbs strongly onto solid
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surfaces, and is largely immobile. Cr(VI) is carcinogenic
and otherwise toxic, whereas Cr(III) toxicity is relatively
minor (US Department of Health, 2000). Reduction of
Cr(VI) to Cr(III) can occur via microbial action (Lovley,
1993) or abiotic reactions (Palmer and Wittbrodt, 1991).

Many Cr-related geochemical questions focus on its re-
dox shifts. Contamination of soil and water with Cr(VI)
is common as a result of industrial activities (Proctor
et al., 2000) or ultramafic rock weathering (e.g., Izbicki
et al., 2008; Oze et al., 2007). Reduction of dissolved Cr(VI)
to Cr(III) occurs naturally in some groundwater systems,
rendering the Cr immobile and less toxic (Palmer and Puls,
1994). Artificial remediation can be carried out through
biologically or abiotically induced reduction (Blowes
et al., 2000; Faybishenko et al., 2008; Fruchter, 2002). Re-
dox reactions play a role in the cycling of Cr in modern
oceans and lakes (Johnson et al., 1992; Pettine, 2000).
The strong redox sensitivity of Cr has also led to its
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development as an indicator of paleo-redox conditions
(Frei et al., 2009).

Recently, Cr stable isotope (53Cr/52Cr) variations have
been developed as a new indicator of Cr sources and redox
reactions (Johnson and Bullen, 2004). Isotopic fraction-
ation induced by a chemical reaction can be quantified
using a fractionation factor, a:

a ¼
ð53Cr=52CrÞproduct flux

ð53Cr=53CrÞreactant

ð1Þ

Measured 53Cr/52Cr ratios are reported as relative devi-
ations, in parts per thousand (per mil or &), from SRM 979
(a certified isotopic reference material distributed by NIST):

d53Cr ¼ ð53Cr=52CrÞmeasured

ð53Cr=52CrstandardÞ
� 1

� �
� 1000& ð2Þ

Similarly, a fractionation factor can be expressed using e
notation:

e ¼ ða� 1Þ � 1000& ð3Þ

This representation of the fractionation factor is conve-
nient, as e is very close to the difference in d53Cr between the
reaction product flux and the Cr(VI) reactant:

e � d53Crproduct flux � d53Crreactant ð4Þ

Laboratory experiments have revealed that Cr(VI)
reduction, like that of the other oxoanions nitrate, sulfate,
perchlorate, and selenate, involves an enrichment of lighter
isotopes in the products. The isotopic fractionation factor
varies in magnitude, depending on reaction mechanism
and other variables such as microbial reduction rate. Ellis
et al. (2002) found e = �3.4 ± 0.1& for abiotic reduction
by magnetite and suspensions of two organic material-rich
sediments. Sikora et al. (2008) studied Cr isotope fraction-
ation during Cr(VI) reduction by the bacterium Shewanella

Oneidensis MR-1. They found e values close to �4.1& for
several experiments with low electron donor concentrations
(100 lM or less), and e = �1.8 ± 0.2& for one experiment
with much more electron donor (10 mM). Berna et al.
(2010) determined e values of �3.07& and �2.38& for
two incubated sediments from a contaminated site. Zink
et al. (2010) reported e = �3.5 and �5.0& for reduction
by H2O2 under highly acidic and circum-neutral conditions,
respectively. Experiments by Døssing et al. (2011) indicated
e = �3.0 to �4.4& for reduction by aqueous Fe(II) at cir-
cum-neutral pH, and �1.5& for simultaneous reduction by
dissolved Fe(II) and Fe(II) + Fe(III) “green rust.” Basu
and Johnson (2012) reported e = �3.91& for reduction
by Fe(II)-doped goethite, �2.11& for FeS, �2.65& for
green rust, �2.67& for siderite (FeCO3), and �3.18& for
artificially reduced sediments from a permeable reactive
barrier. These kinetically controlled isotopic shifts are smal-
ler than equilibrium isotope fractionations: Wang and
Johnson (2011) reported d53Cr(VI)–d53Cr(III) = 4.9& for
isotopic equilibrium in an experiment containing 0.2 M
Cr(VI) + 0.2 M Cr(III) at 60 �C, whereas Schauble et al.
(2004) reported a theoretical estimate of 6–7& for
Cr(VI)–Cr(III) equilibrium at 25 �C.

Several studies have used d53Cr measurements as a
means of detecting redox reactions in various systems
and/or tracing sources of Cr(VI) in the environment. Be-
cause Cr(VI) reduction consumes lighter isotopes at a great-
er rate than heavier isotopes, elevated d53Cr values in
groundwater Cr(VI) can provide evidence for the occur-
rence of Cr(VI) reduction. Izbicki et al. (2008, 2012) traced
Cr sources and Cr(VI) reduction in groundwater of the
Mojave desert, USA. Berna et al. (2010), Raddatz et al.
(2010), Gao et al. (2010), and Wanner et al. (2012) used
d53Cr data to provide evidence for Cr(VI) reduction in
anthropogenic contaminant plumes.

d53Cr data from ancient rocks are emerging as poten-
tially powerful indicators of paleo-redox conditions. Frei
et al. (2009) found systematic d53Cr shifts in a series of
banded iron formation samples from the 3.0 to 0.5 Ga time
period, and argued that d53Cr data provide new insights to
better constrain the nature and timing of paleo-redox
changes.

In this study, we determined isotopic fractionation fac-
tors for homogeneous Cr(VI) reduction by aqueous Fe(II)
and certain organic molecules. Aqueous Fe(II) is a key
player in Cr geochemistry, as it readily reduces Cr(VI)
(Buerge and Hug, 1997; Sedlak and Chan, 1997; Pettine
et al., 1998), and occurs commonly in aquifers and other
reducing waters on earth. Early in earth history, the oceans
were Fe(II)-rich and thus Fe(II)-driven Cr reduction plays
an important role in interpretations of Cr isotope data in
paleoredox studies (Frei et al., 2009). Døssing et al.
(2011) have already reported Cr isotope fractionation fac-
tors for homogeneous Cr(VI) reduction by aqueous Fe(II)
at pH = 7. Here, we report results from a series of experi-
ments determining the isotopic fractionation for this reac-
tion over a range of pH, with special attention paid to
avoiding potential complexity related to diffusion-limited
reaction when Fe(II)–Cr(VI) interaction is very rapid.

Cr(VI) is readily reduced by many dissolved organic spe-
cies (Elovitz and Fish, 1994; Deng and Stone, 1996; Wittb-
rodt and Palmer, 1996). The reaction rates are generally not
as rapid as those observed with Fe(II) reduction, but organ-
ic reductants are common in natural waters and could be
important Cr(VI)-reducers in cases where Fe(II) is absent.
We determined isotopic fractionation factors for Cr(VI)
reduction by two well-characterized natural humic sub-
stances. Because Cr(VI) reduction rates may be enhanced
by catalysis on oxide surfaces, we also performed experi-
ments with mandelic acid as the reductant, and geothite
and c-Al2O3as catalysts.

2. MATERIALS AND METHODS

All solutions were prepared with 18 MX-cm deionized
water. Temperature was maintained at 25 ± 3 �C. Experi-
mental solutions contacted only sterilized materials to en-
sure microbial reactions did not occur, especially in the
experiments with humic substances. All experiments were
performed under anoxic conditions in pre-cleaned glass
bottles, wrapped in aluminum foil to prevent photochemi-
cal reactions. The experimental media were placed in the
bottles, autoclaved and sealed with Teflon-silicone or butyl
rubber septa, cooled to room temperature, and sparged for
35 min with ultra-high purity N2 gas to remove O2. Samples
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were withdrawn using needles and syringes, with N2 in-
jected to replace withdrawn volumes. Some samples were
stored for up to two weeks before processing for isotopic
measurements. In those cases, Cr(VI) concentrations were
re-measured after storage on a subset of the samples to con-
firm that reduction did not occur during storage.

2.1. Reduction experiments: dissolved Fe(II)

Cr(VI) reduction by dissolved Fe(II) was carried out
using methods similar to the kinetic rate experiments re-
ported by Buerge and Hug (1997). Procedures were de-
signed to avoid extremely rapid reaction rates, which can
cause isotopic heterogeneity and lead to incorrect results
(see Section 4). The rate of Cr(VI) reduction is a nearly lin-
ear function of OH� concentration in the pH = 4–7 range
(Buerge and Hug, 1997). Reactions were very rapid and dif-
ficult to control at pH > 5.5. Because the Cr(VI) reduction
rate is proportional to Fe(II) concentration (Buerge and
Hug, 1997), it was minimized to reduced reaction rates,
and this in turn required low Cr concentrations. Solutions
consisted of a background electrolyte solution of 0.01 M
NaCl, with a pH buffer consisting of 1.0 mM sodium ace-
tate (CH3COOH; used at pH 4.0, 4.5, and 5.0 and 5.3),
or 1.0 mM 2-morpholinoethanesulfonic acid monohydrate
(MES; C6H13NO4S) (pH 6). Oxygen-free Fe(II) and Cr(VI)
reagent solutions were made from Fe(II)SO4�7H2O and
K2Cr2O7, respectively. The pH of the Fe(II) stock solution
was 3.5.

For each experiment, 100 mL of Cr(VI)-bearing buffer
solution was placed in a 100 mL capacity glass septum bot-
tle. Initial Cr(VI) concentrations were between 20 and
22 lM. Fe(II) was injected stepwise, with each step reduc-
ing a fraction of the Cr(VI) and oxidizing the Fe(II) com-
pletely. In preliminary experiments conducted at
pH = 4.0, 5.0, and 6.0, the concentration of the added
Fe(II) solution was 10 mM and the experimental solutions
were shaken as quickly as possible, within about one min-
ute, after injection.

Because the experiments at pH = 5.0 and 6.0 appeared
to have suffered from fast reaction rates and potential het-
erogeneity problems (see Section 4), a second set of experi-
ments, at pH = 4.5, 5.0, and 5.3 was designed more
carefully, to prevent persistence of local zones of high
Fe(II) concentrations and rapid reaction immediately after
injection. The injected Fe(II) solution’s concentration was
reduced to 1 mM, and the volume injected was increased
so that the mass of Fe(II) injected was about the same as
in the preliminary experiments. Also, a stirring bar was
used to vigorously stir the experimental solution as the
Fe(II) was injected. Prior to the final experiments, this new-
er procedure was used in reduction rate tests conducted at
pH 5.0 and 5.3 to confirm that reduction rates were slow
enough so that thorough homogenization of the added
Fe(II) could be achieved before substantial reduction oc-
curred. In each rate test, Fe(II) was added to a solution
containing 20 lM Cr(VI) in order to obtain 60 lM Fe(II)
initially. The concentration of Fe(II) was measured over
time to determine the reaction rate.
In the isotopic fractionation experiments, each stepwise
Fe(II) addition initially brought the experimental solu-
tion’s Fe(II) concentration to between 5 and 20 lM Fe(II).
The volume added was a significant fraction of the total
solution volume and caused slight dilution of the Cr(VI);
volumes were carefully monitored and concentrations were
later corrected accordingly. After Fe(II) addition, solu-
tions were allowed to react for 24 h prior to sampling to
ensure all Fe(II) was consumed and there was no potential
for further reaction during sample storage. Cr(VI) loss
matched that predicted from reaction stoichiometry
(3 mol Fe(II) per mole Cr(VI) reduced) within the uncer-
tainty of the injected volume (about ±10%). After each
reduction step was complete, samples were collected and
filtered (0.45 lm). A yellowish color was observed on the
filters, indicating the presence of a small quantity of an
Fe(III)-oxyhydroxide precipitate. The mass of precipitate
was very small; it was not visible in the experimental solu-
tion except toward the end of each experiment, when a
slight yellowish color was observed. Calculations using
the thermodynamic data of Refait and Génin (1994) indi-
cated that Fe(II) + Fe(III) “green rust” phases were unsta-
ble under the experimental conditions. After each sample
was taken, Cr(VI) concentrations were measured immedi-
ately, and samples were stored at 4 �C prior to prepara-
tion for isotopic analysis. Control experiments without
added Fe(II) showed no significant reduction of Cr(VI)
by the buffer solutions.

2.2. Reduction experiments: humic substances

Experiments were based on the kinetic studies of Wittb-
rodt and Palmer (1996). Soluble humic substances were ob-
tained from the International Humic Substances Society
(IHSS) collection: Elliott Soil Fulvic Acid Standard II
(2S102F) and Waskish Peat Humic Acid Reference
(1R107H). In contrast to the Fe(II) experiments, where
steps were taken to reduce reaction rates, humic substance
reduction experiments were conducted to maximize reac-
tion rates, which are quite slow and could lead to experi-
ment durations of several months. Reduction rate
increases with decreasing pH, so experiments were con-
ducted at pH = 4.5 or 5.0 in order to complete the experi-
ments within a few weeks time.

Each humic substance was dissolved in deionized
water to create a 100 mg/L solution. The pH was ad-
justed to the desired value and the solution was equili-
brated for 24 h before filtering 60 mL aliquots into
100 mL glass serum bottles. A CaCl2 background electro-
lyte was added to attain an ionic strength of 0.1 M. Each
bottle was autoclaved, sealed with a butyl rubber stopper,
covered with aluminum foil, and cooled to room temper-
ature before injecting Cr(VI) to attain an initial
concentration of 21 ± 0.5 lM. Samples were withdrawn
periodically as reduction proceeded, and concentrations
were measured immediately. To stop the reactions and
extract Cr(VI) for isotopic analysis without further reduc-
tion, sample preparation was begun within 20 min of
sampling.
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2.3. Surface-catalyzed reduction by an organic reductant

Experiments with surface-catalyzed reduction by man-
delic acid followed the reaction rate investigation of Deng
and Stone (1996). Mandelic acid (C8H8O3) was chosen as
a model alpha-hydroxyl carboxylic acid reductant. Solu-
tions were buffered at pH 4.0 (5.0 mM sodium acetate buf-
fer) to achieve reaction rates sufficient to complete the
experiments in a few weeks’ time. 0.1 M NaClO4 was used
as a supporting electrolyte, and two catalysts were used.
The first was c-Al2O3 (1.0 g/L; Degussa Corp) with a
BET surface area of 96 m2/g, and point of zero charge at
pH = 8.9. The second was Goethite (0.2 g/L; Bayferrox
910, Standard 86 obtained from Bayer AG) with a BET sur-
face of 17.5 m2/g, and point of zero charge at pH = 7.5–7.8.

Experiments containing sorbents, Cr(VI), buffer, and
supporting electrolyte were prepared in 1 L bottles. Solids
were kept suspended by shaking on a rotary shaker table.
Cr(VI) was allowed to equilibrate with sorbents for 24 h be-
fore reductant was added. Mandelic acid was injected to
start the experiment with a concentration of 200 lM. Sam-
ples were filtered (0.45 lm) to stop the reaction, and con-
centrations were measured immediately. Samples were
stored at 4 �C prior to preparation for isotopic analysis.

2.4. Analytical methods

Cr(VI) concentrations were measured within 5 min of
sampling using EPA method 7196A. A diphenylcarbazide
(DPC) indicator was added to acidified samples and visible
light absorbance at 540 nm was measured using a Thermo
Genesys 20 spectrophotometer. Reproducibility, deter-
mined by analyzing one out of every 5 samples in duplicate,
was ±4% (2r). Fe(II) concentrations were measured using
the ferrozine colorimetric method (Viollier et al., 2000).

Cr(VI) was extracted from sample solutions and sepa-
rated from dissolved Cr(III) and other solutes prior to isoto-
pic analysis, following the method of Ellis et al. (2002).
Solutions were processed within two weeks of sampling.
Cr(VI)–Cr(III) isotopic exchange is known to be very slow
(Zink et al., 2010), and should not have altered the isotopic
compositions over that time period. High-purity quartz-dis-
tilled HCl was used for all steps. After extraction of samples
from the bottles and filtration (0.45 lm) of the samples, a
double isotope spike solution comprised of 54Cr + 50Cr in
Cr(VI) form was added to aliquots of the filtered sample
containing 1000–1500 ng Cr(VI). The double spike is used
to correct for instrumental mass bias that occurs during iso-
topic analysis as well as any isotopic fractionation that may
occur during purification of the sample (see below). After
spiking, each sample was acidified to attain a pH of about
2, then passed through a column of AG1-X8 anion exchange
resin, onto which the Cr(VI) was adsorbed. Any dissolved
Cr(III), other cations, and weak acid anions were eluted
with dilute HCl. Cr(VI) was then converted to Cr(III) with
a sulfurous acid solution and eluted. Sulfate and most other
anions were removed by passing the solution through a sec-
ond anion exchange column. Blank samples were routinely
processed in parallel with the study samples. The amount
of Cr found in these blanks was less than 8 ng in all cases,
and was usually less than 5 ng. Very little Cr(III) was present
in most of the filtered sample solutions because of the lim-
ited solubility of Cr(OH)3(s) in the experiments. Accord-
ingly, the potential for contamination of the desired
Cr(VI) fraction by the Cr(III) from the experiment was neg-
ligible in most cases (see discussion for exceptions).

Mass-dependent isotopic fractionation occurs during
mass spectrometry and induces a systematic mass bias that
must be corrected for. We used the double spike method to
correct for mass bias and any isotopic fractionation in-
duced by sample preparation. This approach has been de-
scribed in detail elsewhere (Compston and Oversby, 1969;
Johnson and Beard, 1999). Briefly, the spike solution’s
54Cr/50Cr ratio is well calibrated. The measured 54Cr/50Cr
ratio of the sample-spike mixture is highly sensitive to the
mass bias, which can be extracted from the measured data
using iterative calculations that mathematically separate the
spike and sample contributions.

Mass spectrometry was carried out using either a thermal
ionization mass spectrometry (TIMS) method (Ellis et al.,
2002) or a multicollector ICP–MS method (Schoenberg
et al., 2008). TIMS was used for samples from the prelimin-
ary Fe(II) experiments and the mandelic acid experiments.
The analyses were done using a Finnigan MAT 261 multi-
collector thermal ionization mass spectrometer at the US
Geological Survey in Menlo Park, CA, USA. Five hundred
nanograms Cr was loaded as CrCl3, with boric acid and sil-
ica gel, onto a Re filament. The ratios 50Cr/52Cr, 53Cr/52Cr,
and 54Cr/52Cr were measured simultaneously a minimum of
50 times, in blocks of 10 measurements, between which
detector baselines were measured. Outliers were removed
and the results of each block were fed into a spreadsheet-
based routine that performed the double spike data reduc-
tion and extracted final results from the measured ratios.
Based on results from samples prepared and analyzed in
duplicate, precision for the TIMS analyses was 0.20& (2r).

A multicollector ICP–MS method very similar that of
Schoenberg et al. (2008) was used to analyze samples from
the final Fe(II) experiments and the humic substance exper-
iments. Measurements were made using a Nu Plasma HR
instrument. Samples were dissolved in 0.28 M HNO3 to at-
tain roughly 300 ng/mL Cr and were introduced into the
instrument via a desolvating nebulizer (DSN-100; Nu
Instruments). ArC+ and ArN+ interferences were avoided
using a high resolution method described by Weyer and
Schwieters (2003). 56Fe, 51V, and 49Ti intensities were mea-
sured, and corrections for 54Fe, 50V, and 50Ti were calculated
and applied, taking into account the mass bias determined
from the Cr double spike. Because the value obtained on
the SRM-979 standard varies slightly from day to day, pre-
sumably because of variability in the mass bias law of the
instrument (Albarède and Beard, 2004), sample results were
normalized to the average value for each day (Schoenberg
et al., 2008). Duplicate preparation and analysis of samples
indicate the uncertainty for these analyses was ±0.16& (2r).

2.5. Extraction of isotopic fractionation factors from data

If Cr(VI) reduction proceeds in a well mixed, closed sys-
tem with a constant isotopic fractionation factor, the d53Cr
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value of the remaining Cr(VI) can be modeled using a Ray-
leigh distillation equation, which can be expressed

dðtÞ ¼ ðd0 þ 1000&Þ cðtÞ
c0

� �a�1

� 1000& ð5Þ

where c(t) and d(t) are the concentration and isotopic com-
position of Cr(VI) as functions of time and c0 and d0 are ini-
tial values. Eq. (5) can be rearranged to give the linear form:

lnðdðtÞ þ 1000&Þ ¼ ða� 1Þ ln½cðtÞ� þ ½lnðd0 þ 1000&Þ
� ða� 1Þ lnðc0Þ� ð6Þ

Best fit a values were found by creating plots of
ln(d53Cr + 1000&) vs. ln[c(t)], determining the best fit line’s
slope via linear regression, and calculating a from the slope.
This is equivalent to the approach advocated by Scott et al.
(2004). Uncertainties in e were calculated by propagating
the standard errors of the best-fit slopes through the calcu-
lations and doubling the result.

3. RESULTS

3.1. Cr(VI) reduction by dissolved Fe(II): rate experiments

Results of the two experiments exploring rates of Cr(VI)
reduction by Fe(II) at pH = 5.0 and 5.3 are displayed in
Fig. 1 (no isotopic data were generated from these experi-
ments). After the first few minutes of reaction, reaction
rates are slightly slower than those predicted using the rate
law of Buerge and Hug (1997). However, reduction pro-
ceeded much faster than predicted by this rate law during
the first 3 min; steep decreases are visible in Fig. 1. At-
tempts to perform a similar experiment at pH = 6 revealed
nearly complete reduction in the first few minutes (data not
shown). Apparently, reaction kinetics were accelerated dur-
ing the mixing of the reagents and/or immediately thereaf-
ter. These rate experiments were carried out using the lower
Fe(II) concentrations and faster mixing methods of the final
experiments, and are not representative of the preliminary
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Fig. 1. Rates of reaction after injection of Fe(II) into Cr(VI)-
bearing solutions buffered at pH = 5.0 (circles) and 5.3 (squares),
and rate predictions based on the model of Buerge and Hug (1997)
for pH = 5.0 (dashed line) and 5.3 (solid line). Reduction during
the first few minutes was faster than model predictions.
experiments. Those were carried out with greater injected
Fe(II) concentrations and slower mixing.

3.2. Cr(VI) reduction by dissolved Fe(II): preliminary

isotopic experiments

d53Cr results from the preliminary Fe(II)-driven reduc-
tion experiments are given in Table 1 and Fig. 2. The pro-
gression of Cr(VI) concentration during the 24 h reaction
time after each Fe(II) addition was not monitored, as each
step was designed to proceed to completion and only the fi-
nal Cr(VI) concentration was determined. In each experi-
ment, Cr(VI) was reduced by three successive additions of
Fe(II), which reduced about 20%, 40%, and 20% of the
Cr(VI), respectively, and together resulted in reduction of
about 80%.

d53Cr of the remaining dissolved Cr(VI) increased as its
concentration decreased; Cr(VI) became enriched in the
heavier isotope as reduction proceeded (Fig. 2). The data
fall close to Rayleigh distillation models (Eq. (5)), though
the pH = 6 data deviate from the model slightly more than
the analytical uncertainty. The best-fit models for the exper-
iments at pH = 4.0, 5.0, and 6.0 yielded isotopic fraction-
ation, expressed as e values, of �4.19&, �3.65&, and
�2.97&, respectively.

3.3. Cr(VI) reduction by dissolved Fe(II): final isotopic

experiments

Results from the final Fe(II)-driven reduction experi-
ments are given in Table 2. These experiments were con-
ducted with lower injected Fe(II) concentration and faster
mixing, and the Fe(II) solution was added in 5 steps. Each
decrease in Cr(VI) concentration, determined after the com-
plete consumption of the added Fe(II), was found to be
equal to that predicted by the reaction stoichiometry; the
molar ratio of Cr(VI) loss to Fe(II) added was 1:3 within
the uncertainties of the measurements. This indicated that
the reaction had consumed all added Fe(II). Control exper-
iments without added Fe(II) showed no significant decrease
in Cr(VI).

In Fig. 3, d53Cr is plotted vs. the extent of Cr(VI) reduc-
tion in the final Fe(II)-driven reduction experiments. The
data from the three experiments at three different pH values
fall close to a single Rayleigh distillation model, with no sig-
nificant differences among the isotopic fractionation factors
determined for the individual experiments. The e values and
their uncertainties, derived from best-fit Rayleigh models,
are given in Table 3. These results are identical to the result
from the preliminary pH = 4.0 experiment, within the
uncertainties. A single Rayleigh model fit to the data from
all three final experiments and the preliminary pH = 4
experiment attains a close fit to all the data and yields an
e value of �4.20& (Fig. 3).
3.4. Cr(VI) reduction by dissolved humic substances

Time courses of Cr(VI) concentrations during reduction
by the three humic substances are given in Fig. 4. Reaction
rates were very slow compared to the Cr(VI)–Fe(II)



Table 1
Results of preliminary experiments, with Fe(II) injected at higher concentration.

pH = 4.0 pH = 5.0 pH = 6.0

Cr(VI) (lM) d53Cr (&) Cr(VI) (lM) d53Cr (&) Cr(VI) (lM) d53Cr (&)

Initial 21.7 -0.53 21.7 �0.50, �0.45* 22.2 �0.57
Step 1 18.7 N.D. 18.0 0.46 19.5 0.14
Step 2 10.4 2.77, 2.85* 10.3 2.26 9.6 1.75
Step 3 4.3 6.30 4.5 5.36 4.7 4.23

N.D.: not determined.
* Duplicate preparation and measurement.
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reaction, and were broadly consistent with those reported
by Wittbrodt and Palmer (1996). Concentrations con-
formed roughly to pseudo-first order kinetics, with Cr(VI)
half-lives of 177–390 h, after the first 24 h of reduction.
During the first 24 h, rates are somewhat greater than those
of the pseudo-first order models fitting later time points.

In Fig. 5, d53Cr is plotted vs. the extent of Cr(VI) reduc-
tion. Most data (15 out of 18 points) fall close to a single
Rayleigh distillation model with e = �3.11&. However,
each experiment’s final data point, with >93% reduction
of the initial Cr(VI), falls significantly below the trend de-
fined by the other data. A sample preparation problem is
likely (see Section 4), so we excluded these data when deter-
mining best-fit Rayleigh models. The resulting e values for
Table 2
Results of the final Fe(II)-driven reduction experiments.

pH = 4.5 pH = 5.0

Cr(VI) (lM) d53Cr (&) Cr(VI) (lM

Initial 20.5 0.16 20.5
Step 1 13.6 1.73 13.6
Step 2 8.4 4.19 8.4
Step 3 5.1 6.30 5.0
Step 4 3.2 8.01 3.3
Step 5 1.9 10.47 1.8
the three experiments individually, and their uncertainties,
are given in Table 3. No significant differences exist between
the three e values.

3.5. Cr(VI) reduction by mandelic acid with oxide catalysts

Cr(VI) concentrations during goethite- and Al2O3-cata-
lyzed reduction by mandelic acid at pH = 4.0 are plotted
in Fig. 4. As expected, loss of some of the initial dissolved
Cr(VI) from solution occurred via adsorption during the
24-h equilibration time prior to addition of the reductant.
Decrease in Cr(VI) concentration was about 35% with both
catalysts (Fig. 4); this is consistent with the observations of
Deng and Stone (1996). After addition of the reductant,
pH = 5.3

) d53Cr (&) Cr(VI) (lM) d53Cr (&)

0.16 20.5 0.16
1.80 13.5 1.79
3.82 8.4 3.88
6.11 5.2 6.34
8.02 3.1 7.55
10.06 1.9 10.22



Table 3
Isotopic fractionation factors derived from experiments that were unaffected by the diffusive barrier effect.

Reductant Initial reductant concentration pH Catalyst ea (&)

Dissolved Fe(II) 9–25 lM 4.0 – �4.19 ± 0.31
Dissolved Fe(II) 5–20 lM 4.5 – �4.28 ± 0.18
Dissolved Fe(II) 5–20 lM 5.0 – �4.15 ± 0.18
Dissolved Fe(II) 5–20 lM 5.3 – �4.16 ± 0.35
Dissolved Fe(II) All above, combined �4.20 ± 0.11
Elliot fulvic acid 100 mg/L 5.0 – �3.14 ± 0.27
Waskish humic acid 100 mg/L 4.5 – �3.09 ± 0.20
Waskish humic acid 100 mg/L 5.0 – �3.08 ± 0.07
Mandelic acid 200 lM 4.0 Goethite �3.10 ± 0.23
Mandelic acid 200 lM 4.0 c-Al2O3 �2.98 ± 0.46
All organic reductant experiments, combined �3.11 ± 0.11

a Uncertainties were calculated from 2 times the standard error of the slope- see Eq. (6).
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dissolved Cr(VI) concentration decreased smoothly,
roughly following pseudo-first order models with half-lives
of 550 and 435 h for the goethite- and alumina-bearing
experiments, respectively. Control experiments without cat-
alyst showed no significant Cr(VI) reduction by mandelic
acid at pH 4 (data not shown).

The d53Cr data from the mandelic acid experiments
show results very close to those of the humic substances
experiments (Fig. 5). Table 3 gives the e value derived from
each mandelic acid experiment, and also that of the best-fit
model for all of the organic reductant experiments com-
bined (once again excluding the last set of humic substance
data points). Fig. 5 shows that the data fall close to a single
model with e = �3.11&. Some data points deviate from the
model beyond the analytical uncertainty, suggesting there
may be slight differences in e between the various experi-
ments. However, the deviations are small (none greater
than 0.4&) so any corresponding differences in e are small.
Furthermore, differences in e between experiments do not
exceed the uncertainties derived from the data regressions
(Table 3).

4. DISCUSSION

4.1. Heterogeneity and diffusive barrier effects in the dissolved

Fe(II) experiments

In a Cr(VI) reduction experiment with a very high reac-
tion rate, significant reaction may occur before the injected
Fe(II) is evenly mixed into the solution. In this section, we
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argue that this heterogeneous reaction regime, when it oc-
curs, causes the e value observed at the system scale to be
an “effective” e that is smaller in magnitude than the
“intrinsic” e of the reaction at any given point. This phe-
nomenon can be understood by considering the diffusive
interface at the outer edge of a droplet of Fe(II) solution in-
jected into the Cr(VI) solution. Reaction occurs as Cr(VI)
diffuses into the Fe(II) solution and vice versa.

Fig. 6 depicts an idealized, quantitative, one dimensional
model, in which Cr(VI) diffuses into an Fe(II)-bearing zone
and is reduced. This model makes two simplifying approx-
imations: (1) It considers a steady state case with constant
Cr(VI) concentration and d53Cr at the outer boundary of
the Fe(II)-rich zone; (2) Cr(VI) reduction follows first-order
kinetics (i.e., Fe(II) concentration is held spatially invari-
ant). This model was developed, and applied in a different
context, by Bender (1990) and Clark and Johnson (2008),
who presented an analytical solution to the diffusion–reac-
tion governing equations. This solution is plotted in Fig. 6.

With increasing distance into the Fe(II)-bearing zone,
the concentration of Cr(VI) decreases and its d53Cr value
increases, because the Cr(VI) is being consumed and isoto-
pically fractionated by reduction and is increasingly sepa-
rated from the supply of Cr(VI) outside the zone. The
d53Cr value of the Cr(III) produced follows that of Cr(VI),
offset by e, and becomes substantially elevated deep inside
the Fe(II)-bearing zone (Fig. 6). This is the key point:
The average Cr(III) produced is isotopically heavier (i.e.,
not as strongly fractionated) compared to the case where
the Cr(VI) and Fe(II) are fully mixed and a diffusive barrier
does not exist between them. In the example shown in
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Fig. 6, the spatially integrated, mass-weighted d53Cr for
the Cr(III) produced is �2.1&, whereas the d53Cr of the
Cr(VI) supplied from the bulk solution outside the Fe(II)-
bearing zone is 0.0&. Accordingly, the “effective” isotopic
fractionation observed at the system scale is �2.1&, despite
the fact that e for the reaction itself (the “intrinsic” fraction-
ation) was set at �4.2&. We call this weakening of the ob-
served isotopic fractionation relative to the intrinsic
fractionation a “diffusive barrier effect”. The effect has been
observed previously in the context of isotopic fractionation
of NO�3 , O2, and SeO2�

4 in ocean or wetland waters diffu-
sively connected to reduction reactions in underlying sedi-
ments (Bender, 1990; Brandes and Devol, 1997; Clark
and Johnson, 2008).

A more accurate model of the interactions when an
Fe(II) solution is injected into a Cr(VI) solution would ac-
count for spatially varying Fe(II) concentration and would
address the transient nature of the Cr(VI)–Fe(II) reaction
zone, which becomes more diffuse over time. However, even
with these modifications, the key aspects of the model
would remain qualitatively the same as those depicted in
Fig. 6: Cr(VI) inside the Fe-rich zone would still be isotopi-
cally heavier than the bulk solution outside, because reduc-
tion drives the Cr(VI) to greater d53Cr values and a diffusive
barrier limits equilibration with the exterior. A diffusive
barrier effect is inescapable if significant reaction occurs
while the injected Fe(II) solution is present as separate do-
mains not yet fully mixed with the bulk solution.

Under the conditions present immediately after Fe(II)
injection into our preliminary pH = 5.0 and 6.0 experiments,
diffusive barrier effects could have occurred. According to
Buerge and Hug (1997), the rate of Cr(VI) reduction by
aqueous Fe(II) is proportional to Fe(II) concentration and
strongly pH-dependent, with the rate ten times greater at
pH 6.0 compared to pH = 5.0, and six times greater at
pH = 5.0 compared to pH = 4.0. The preliminary experi-
ments had much greater injected Fe(II) concentrations than
the final experiments and thus had much faster reaction rates
at the edges of the injected Fe(II) solution. Additionally, less
attention was paid to immediate mixing after injection.
Using the Buerge and Hug (1997) rate model, we calculate
fast reduction rates (significant reaction within several sec-
onds) for the injected 10 mM Fe(II) solution at pH = 5.0
and 6.0. In comparison, mixing was begun by hand after
injection, and may have taken more than about one minute.
We thus conclude that diffusive barrier effects were likely in
these experiments, and should have been stronger at
pH = 6.0 than at pH = 5.0. At pH 4.0, however, the reaction
was several times slower than at pH = 5.0, and therefore we
expect mixing was complete prior to significant reaction.

The final experiments were designed to avoid diffusive
barrier effects. Mixing was much faster and Fe(II) concen-
trations in the injected solutions were one tenth those of
the preliminary experiments. The lower Fe(II) concentra-
tions greatly decreased reaction rates during the time period
when the Fe(II) was incompletely mixed into the experi-
mental solution. Fig. 1 shows the reaction rates experiments
that demonstrated this; at pH = 5.3 and 5.0, 32% and 22%,
respectively, of the Cr(VI) was lost in the first three
minutes. Given that mixing was complete within about
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ten seconds in the final experiments, this reaction rate
should have been sufficiently slow to avoid diffusive barrier
effects.

A comparison between our preliminary and final exper-
iments at pH = 5.0 provides strong evidence for a diffusive
barrier effect in the preliminary one. These two experiments
were nearly identical: The masses of Fe(II) delivered were
similar, and other solution variables were identical. The
greater mixing rate and more dilute Fe(II) stock solution
used in the final experiment created ephemeral differences,
relative to the preliminary experiment, that existed only in
the brief time period prior to complete mixing. The different
isotopic results indicate a difference in reaction dynamics
during that time period, and there are very few ways to ex-
plain such a difference. The diffusive barrier effect we de-
scribe above is a viable explanation, and the conditions in
the preliminary experiment were such that it likely oc-
curred. We considered the alternative hypothesis that the
injected Fe(II) concentration itself was the controlling var-
iable, but this fails to explain the apparent lack of diffusive
barrier effects in the preliminary pH = 4.0 experiment.

Table 3 lists the fractionation factors derived from the
four experiments that we believe were not affected by diffu-
sive barrier effects: These are the three final experiments
(pH = 4.5, 5.0, and 5.3) and the preliminary pH = 4.0
experiment. All data points from these experiments con-
form to a single e value of �4.20& (±0.11&). This consis-
tent result provides additional confidence that we have
observed the intrinsic fractionation factor without signifi-
cant diffusive barrier effects. If such effects were involved,
we would expect variability in our results depending on dif-
ferences in reaction and mixing rates.

4.2. Integration with a previous study of Fe(II)-driven Cr(VI)

reduction

Døssing et al. (2011) recently reported Cr isotope isoto-
pic fractionation factors for homogenous Cr(VI) reduction
by dissolved Fe(II). Three nominally identical batch exper-
iments (designated R1), carried out with 1.1 mM Fe(II) in-
jected into a 38 mM Cr(VI) solution initially at pH = 7.0,
yielded conflicting results. Rayleigh model interpretations
of their data give e = �4.4 ± 0.3&, �3.0 ± 0.1&, and
�3.0 ± 0.3& for the three experiments. Because the initial
pH was 7.0, the reaction rate must have been very fast (Bue-
rge and Hug, 1997) and thus Cr(VI) reduction might have
occurred before homogenization of the experiments, lead-
ing to diffusive barrier effects. The differences between the
results of their three experiments may have been caused
by inadvertent differences in the way the injected Fe(II)
solution was mixed into the experiment. We suggest that
the result from the first R1 experiment, which yielded the
strongest fractionation, is closest to the intrinsic fraction-
ation, whereas the other R1 experiments yielded lesser effec-
tive values because of diffusive barrier effects.

Their first experiment’s result of �4.4& is statistically
indistinguishable from our results. Speculatively, we hypoth-
esize that this results was not affected significantly by diffu-
sive limitation, and the intrinsic e for homogeneous Cr(VI)
reduction by aqueous Fe(II) is close to 4.2& across the pH
range 4.0–7.0. However, additional experiments, designed
specifically to assure that diffusive barrier effects do not oc-
cur, would be needed above pH = 5.3 to test that hypothesis.

Although the intrinsic isotopic fractionation is of funda-
mental importance, in real geochemical settings, the effec-
tive fractionation governs the isotopic compositions
observed on the system scale. Effective fractionation in nat-
ure will vary just as it did in our experiments and those of
Døssing et al. (2011), according to the reaction-transport
dynamics of each system. Furthermore, as demonstrated
by the R2 and R3 experiments of Døssing et al. (2011), iso-
topic fractionation can be greatly influenced by the presence
of solid phases like green rust (e.g., e = �1.5&). Accord-
ingly, a detailed understanding of reaction mechanisms, so-
lid phase reductants, and reactive transport parameters is
required in order to precisely estimate fractionation factors
for real systems. If such understanding is lacking, one must
incorporate considerable uncertainty into the effective frac-
tionation factors used to interpret data.

4.3. Adsorption, solid phases, and species separation issues in

our experiments

The fact that a substantial fraction of the Cr(VI) was ad-
sorbed onto solids in the oxide-catalyzed mandelic acid-dri-
ven reduction experiments should have no effect on our
data interpretation, provided three conditions are met:
First, we assume there is no significant isotopic fraction-
ation accompanying adsorption or desorption, as has been
demonstrated by Ellis et al. (2004). Second, we assume the
adsorbed and dissolved Cr(VI) exchanged with each other
and remained isotopically identical as the system slowly
evolved over >100 h. Finally, we assume the ratio of ad-
sorbed Cr(VI) to dissolved Cr(VI) remained constant dur-
ing the experiment. We believe all of these assumptions
are correct, and the dissolved Cr(VI) we measured was rep-
resentative of the total Cr(VI) pool, in terms of both isoto-
pic composition and extent of reduction.

We considered the yellowish precipitate that formed in
our Fe(II)-driven reduction experiments as a possible com-
plicating factor. First, this precipitate could remove Cr(VI)
from solution via adsorption/coprecipitation without
reduction. However, the amount of Cr(VI) adsorbed was
very small, because the mass of precipitate was very small.
The total amount of Fe(III) generated in each experiment
was less than 60 lM; in the early phases, much less was
present. In comparison, our mandelic acid experiment had
38 times more Fe(III) present (2250 lmol/L), as a very fine
Goethite suspension. In that experiment, 35% of the Cr(VI)
adsorbed to the surfaces. Thus, in our Fe(II)-driven exper-
iments, the fraction of Cr(VI) adsorbed onto the ferric pre-
cipitate must have been small. More importantly, the loss of
Cr(VI) from solution in our final set of experiments pre-
cisely matched the calculated amount reduced, based on
the reaction stoichiometry and the measured Fe(II) addi-
tions. Thus Cr(VI) removal was driven by reduction, with
insignificant removal via coprecipitation.

The presence of the ferric precipitate in the experiments
may have allowed Cr(VI) reduction to occur partially as a
surface-catalyzed reaction rather than as an aqueous phase
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reaction alone. Buerge and Hug (1999) reported that the
presence of 1100 lmol/L lepidocrocite induced a threefold
increase in the rate of Cr(VI) reduction by Fe(II). In our
experiments, the amount of Fe(III) present was about 20
times less than that at the end of the experiments, and
about 100 times less toward the beginning. Accordingly,
we infer that the Fe(III) solid had little affect on the reac-
tion rate and mechanisms in our experiments, especially
in the early stages of each one. More importantly, if sur-
face-mediated reaction mechanisms had a significant effect
on e, this effect would have been small in the early stages
of each experiment, and would have increased with succes-
sive additions of Fe(II), as the Fe(III) reaction product in-
creased in mass. Our data show no evidence for changes in e
(Fig. 3), and we conclude that the small amount of precip-
itate that formed over time did not significantly affect e.

We excluded, from regressions to determine e, the final
data point of each humic substance experiment because
we suspected a small fraction of the Cr(III) in each sample
contaminated the Cr(VI) fraction that was purified for anal-
ysis. Because the extent of reduction was greater than 93%,
the Cr(III) mass in each sample was at least 13 times greater
than the Cr(VI) mass. We assume some or all of this Cr(III)
was complexed with various functional groups of the humic
or fulvic acids. Because the humic and fulvic acids are di-
verse mixtures, small fractions of them likely have proper-
ties that allow them to follow the Cr(VI) through the ion
exchange procedure. We calculate that, at most, a cross-
contamination of 1.5% of the Cr(III) into the analyzed
Cr(VI) fraction is needed to explain the offsets observed.
Such a contamination is possible, if not expected, during
the ion exchange procedures when humic substances are
present to complex Cr(III), and thus we believe the exclu-
sion of the three data points is warranted. It is also possible
that the three data points at 88% reduction are affected by
this problem, though to a much smaller extent. If those
points are also excluded, the remaining data from the three
humic/fulvic acid experiments together yield an e value of
�3.23 ± 0.17& (versus �3.10 ± 0.13& with the points in-
cluded). Because the 88% reduction data are not clearly
shifted, we chose to report the regression result obtained
when they are included.

4.4. Relationship between Cr isotopic fractionation and

reduction mechanisms

Kinetic fractionation factors are known to depend on
the exact nature of the reaction, including the characteris-
tics of intermediate species within the overall reaction,
and the relative rates of the elementary reaction steps (Rees,
1973; Schauble et al., 2004). In the present case, Cr(VI)
reduction proceeds in multiple electron transfer steps, with
Cr(V) and/or Cr(IV) species as ephemeral intermediates,
and transfers of either one or two electrons at each step,
depending on the nature of the reductant (Westheimer,
1949; Espenson, 1970; Elovitz and Fish, 1995; Wittbrodt
and Palmer, 1996; Zink et al., 2010).

The clear difference in isotopic fractionation factor be-
tween Cr(VI) reduction driven by dissolved Fe(II) and that
driven by organic reductants invites speculation regarding a
systematic relationship between reaction mechanism and e.
Because each Fe(II) donates only one electron, Fe(II)-dri-
ven reduction involves at least three steps and both Cr(V)
and/or Cr(IV) intermediate species. Organic reductants,
however, can donate one or two electrons at a time (West-
heimer, 1949) and thus the reaction mechanism can be quite
different, perhaps bypassing either the Cr(IV) or Cr(V)
intermediate. The fact that the three organic reductants in
the study induce essentially the same amount of isotopic
fractionation, despite differences between the reductants,
suggests some commonality of reaction mechanism. For
example, the organic reductants may tend to transfer two
electrons to begin Cr(VI) reduction, whereas each Fe(II)
can only transfer one. The very different reaction rates, with
Fe(II)–Cr(VI) reactions proceeding hundreds of times faster
than the organic-Cr(VI) reactions, also suggest contrasting
mechanisms that may be related to the contrasting isotopic
fractionations. The initial Fe(II)–Cr(VI) electron transfer is
very quick, in part because it involves no change of coordi-
nation: The Fe and Cr remain in octahedral and tetrahedral
coordination, respectively (Espenson, 1970). In contrast,
the initial organic-Cr(VI) electron transfer involves rear-
rangement of multiple covalent bonds in the organic mole-
cule (Westheimer, 1949), leading to much to slower reaction
kinetics. Although the kinetic details and their effects on
isotopic fractionation are not worked out yet, there appear
to be systematic reaction mechanism differences that are
consistent with our experimental results. Alternatively,
mass transfer limitations (e.g., barriers to binding of Cr(VI)
to the organic molecules) could lead to the difference in iso-
topic fractionation. We speculatively suggest that organic
reductants as a class may induce less Cr isotope fraction-
ation than aqueous Fe(II) does, but more data would be
needed to develop a secure systematic understanding.

Interestingly, in Cr(VI) reduction by magnetite, where
the reductant is crystal-bound Fe(II), e = �3.5& (Ellis
et al., 2002), 20% less than our result of �4.2& for aqueous
Fe(II). Apparently, the surface-related reaction mechanism
of the magnetite reaction involves different intermediate
species and/or rates for reaction steps compared to the
aqueous Fe(II) mechanism. Also interesting is the compar-
ison between microbial Cr(VI) reduction under electron
donor-poor conditions (e = �4.1&; Sikora et al., 2008),
and our result for aqueous Fe(II)-driven reduction
(e = �4.2&). This similarity could conceivably arise from
some systematic phenomenon, but we do not have enough
evidence to support such ideas. Overall, systematic relation-
ships between Cr isotope fractionation and Cr(VI) reduc-
tion mechanisms would be quite useful, but at present, we
see no reliable systematic patterns.
5. CONCLUSIONS

Our experiments with homogeneous Cr(VI) reduction by
dissolved Fe(II) indicate Cr isotopic fractionation, ex-
pressed as e, of �4.20 ± 0.11&, over the pH range 4.0–
5.3 at room temperature. This agrees, within the uncertain-
ties, with the result from one experiment by Døssing et al.
(2011) at pH = 7.0.
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Some of our preliminary, less refined experiments
yielded lesser e values. We believe these lower values were
a result of diffusive barrier effects, in which rapid, diffu-
sion-limited reaction occurred prior to complete mixing of
reactants. We suggest that, in any experiment where reac-
tion progresses significantly prior to complete mixing of
reactants, the isotopic fractionation observed at the system
scale may be an effective fractionation that is weaker than
the intrinsic fractionation induced by the reaction kinetics.

This issue is relevant in natural systems also. Whenever
a Cr(VI)-bearing solution comes into contact with Fe(II)-
rich waters, for example in a redox-stratified ocean of the
proterozoic, reduction is likely to proceed more rapidly
than physical mixing. As a result, diffusion limitations will
tend to occur, leading to effective fractionation, manifested
at the system scale, that is smaller in magnitude than the
intrinsic fractionation.

Our experiments with three organic reductants, includ-
ing oxide surface-catalyzed experiments, all conform to a
single fractionation factor, with e = �3.11 ± 0.11&. The
experiments covered a limited range of pH (4.0–5.0). Fur-
ther experiments are needed to cover a broader range of
conditions, but the lack of pH-dependency observed so
far suggests this result may apply over a wider range of pH.

These results, combined with previously published deter-
minations of isotopic fractionation for a variety of Cr(VI)
reduction mechanisms, can improve interpretation of
d53Cr data. For example, in a groundwater system where
Cr(VI) reduction is known to occur via homogeneous reac-
tion with dilute Fe(II), an estimate of e = �4.2 for the
intrinsic isotopic fractionation would be appropriate. Alter-
natively, if nothing is known about reduction mechanisms
in the system, a range of possible values reflecting those ob-
served in published laboratory studies with various reduc-
tants (e.g., e = �1.5& to �4.5&) should be considered.

Similarly, in paleo-redox studies using d53Cr, improved
understanding of isotopic fractionation during Cr(VI)
reduction by Fe(II) is helpful. For example, if reduction
of Cr(VI) in contact with Fe-rich archaean ocean waters
was driven by homogeneous, aqueous phase interaction,
the intrinsic fractionation might be estimated at e = �4.2.
However, in Fe(II)-rich waters, alternative reaction path-
ways such as reaction with green rust likely lead to smaller
magnitudes of intrinsic fractionation, and system-scale
reactive transport dynamics will also affect the isotopic dif-
ferences observed (Døssing et al., 2011).
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