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The explosion of interest in Fe isotope geo-
chemistry has highlighted the need for rigorous
experimental determination of equilibrium Fe iso-
tope fractionation factors for £uid and mineral
systems. Bullen et al. [1] criticize several aspects
of the experimental methods and conclusions pre-
sented in Johnson et al. [2]. Although at the end
of their comment, Bullen et al. [1] acknowledge
that the +2.75x fractionation we measure be-
tween dissolved Fe(III) and Fe(II) in low-pH so-
lutions may be valid, the majority of their com-
ment takes issue with our 57Fe tracer experiment
(table 1 in [2]) and the equilibrium experiment
at pH=5.5 (Experiment 1 of table 2 in [2]). We
presume that they have focused on the moderate-
pH experiment because of the relatively high hy-
droxide species that are calculated to exist in
this solution, which would be most pertinent to
the isotopic fractionation arguments that were
previously laid out in Bullen et al. [3]. The com-
ments made by Bullen et al. [1] highlight the im-
portance of distinguishing between equilibrium

and kinetic processes during isotopic exchange,
and we welcome the opportunity to re-emphasize
our original points, as well as address the issues
raised by Bullen et al. [1].
The ¢rst major issue raised by Bullen et al. [1]

deals with the 57Fe tracer experiments that were
used to establish rates of Fe isotope exchange
(their second paragraph), where Bullen et al. [1]
suggest that these results cannot be used to infer
isotopic exchange rates in the two ‘isotopically
normal’ (equilibrium) experiments, in part be-
cause the £uid compositions for all three experi-
ments are slightly di¡erent. First, although there
may be small di¡erences in rates of isotopic ex-
change among the di¡erent solutions used, the
time we waited to attain isotopic equilibrium
was an order of magnitude longer than the time
required to reach 98% equilibrium (3 min) in the
57Fe-tracer experiments. Second, Bullen et al. [1]
imply that kinetic data obtained for systems out
of isotopic equilibrium are somehow inapplicable
to determining rates of isotopic exchange (their
second paragraph). Bullen et al. [1] are incorrect
in the implication that exchange rates determined
using isotopically enriched tracers (where initial
isotopic contrasts are large) cannot be generally
applied to systems of ‘normal’ isotope composi-
tion; to the contrary, there are great advantages
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of using enriched tracers, where the extent of ap-
proach to isotopic equilibrium is essentially inde-
pendent of the ¢nal isotopic fractionation factor.
Almost all kinetic data (in all ¢elds of science) are
attained far from equilibrium for the process
being studied, and unless there is a change of
mechanism as the reaction proceeds (most un-
likely for isotopic exchange in solution), this
does not a¡ect the results.
Bullen et al. [1] further suggest that the rate

constants were variable, suggesting a change in
mechanism. Although they o¡er no speci¢c evi-
dence or study that suggests a change in mecha-
nism, we contend that they have made an inap-
propriate interpretation based on regression of
selected portions of the data, which violates the
fundamental mathematical relations of the rate
equations when cast in terms of F (fraction of
isotopic exchange), where, for example, an inter-
cept of zero is required for ¢rst- and second-order
reactions (this was noted in section 3.1 of Johnson
et al. [2]). By choosing to break the data set at
60 s, where the ferric- and ferrous-derived F val-
ues are most disparate, they have highly biased
the kinetic interpretation.
We are perplexed by the suggestion that time

series beyond 3 min are required to demonstrate
attainment of isotopic equilibrium, where the data
show that the system attained 98% isotopic equi-
librium within 180 s. In addition, the most sensi-
tive determination of the kinetics of exchange are
constrained for early time periods, where lower
percentages of exchange have occurred. Because
the isotopic exchange rates we measured are sim-
ilar to those determined using 55Fe and 59Fe trac-
ers in solutions that are signi¢cantly di¡erent
from those used in our study (references 19 and
20 cited in [2]), we do not accept the contention of
Bullen et al. [1] that isotopic equilibrium was not
attained after waiting 26^31 min for the ‘isotopi-
cally normal’ experiments.
A second issue raised by Bullen et al. [1] is

related to the question of whether or not attain-
ment of redox equilibrium is a necessary prereq-
uisite to isotopic equilibrium (their third para-
graph). Of course, for isotopic equilibrium, there
must be redox equilibrium between, for example,
the 56Fe(III)/56Fe(II) couple and the 54Fe(III)/

54Fe(II) couple. But these couples have no need
to be in redox equilibrium with anything else.
For example, consider an equimolar solution of
Fe(II)(aq) and Fe(III)(aq) at pH=1. This solution
will come to the same isotopic equilibrium, be it
under an atmosphere of hydrogen or oxygen,
although the mixture, both in toto and in each
of its isotopic components, is out of external re-
dox equilibrium by the same factor, of 1013 in the
former case, and 1031 in the opposite sense in the
latter. The point is that isotopic exchange is much
faster than the reactions with hydrogen or (except
at high pH) oxygen.
Similar examples have long been known to

those involved in high pressure^temperature oxy-
gen isotope exchange experiments, where isotopic
equilibrium may be attained for systems that con-
tain metastable assemblages that are not in ther-
modynamic equilibrium; this simply re£ects the
fact that the kinetics for phase conversion may
be slower than the kinetics of isotopic exchange.
In the second paragraph of page 143 of Johnson
et al. [2], we noted this issue in regard to the rate
of oxidation of aqueous solutions relative to the
rate of species separation. As we noted in our
paper, Fe(II) species are intrinsically unstable in
the presence of oxygen, but if the change in
Fe(III)/Fe(II) ratio is slow relative to the isotopic
exchange rates, then equilibrium isotopic fractio-
nations may be measured for a system that is not
at thermodynamic equilibrium with respect to am-
bient conditions. The converse is also true, that is,
a system in apparent thermodynamic equilibrium
may still be dramatically out of isotopic equilib-
rium. Such cases have proved problematic (or
formed the basis for reversal experiments) to ex-
perimentalists for decades, where £uids and min-
erals may be placed in an experimental apparatus
in proportions that match those of a system at
thermodynamic equilibrium, but where the iso-
topic compositions of the starting materials do
not re£ect isotopic equilibrium. Another example
might re£ect a natural system where, for example,
magnetite might be oxidized to hematite by reac-
tion with O2 from groundwater, and yet the Fe in
magnetite might not come to isotopic equilibrium
with Fe dissolved in that same groundwater.
Moreover, in such a case, it is possible that for-
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mation of hematite is so rapid that it does not
form in isotopic equilibrium with dissolved Fe.
We certainly agree that the least robust equi-

librium experiment is the pH=5.5 experiment,
where we noted that the Fe(III)/Fe(II) ratio varied
from an initial value of 0.91 to 5.88 over the 26
min duration of the experiment. In response to
the comment by Bullen et al. [1], we have repeated
the conditions of this experiment and measured
the Fe(III)/Fe(II) over time, and found that the
majority of the shift occurs in the ¢rst few sec-
onds of the experiment, and remains stable up to
the 26 min duration of the original experiment.
Therefore, despite the fact that the system was
thermodynamically unstable with respect to ambi-
ent conditions, isotopic equilibrium was easily
maintained prior to species separation by carbon-
ate addition. Although Bullen et al. [1] argue that
the kinetic results of our 57Fe experiment are not
applicable to the pH=5.5 experiment, such an
argument requires vastly di¡erent exchange rates
(orders-of-magnitude) to have occurred in the
pH=5.5 experiment; it is di⁄cult to conceive of
such dramatic di¡erences, and the large ranges
that would be required have not been revealed
by other tracer studies (references 19 and 20 cited
in [2]).
Bullen et al. [1] further focus on the pH=5.5

experiment in their fourth paragraph, where the
third major issue they raise regards the isotopic
mass balance for this experiment. First, it is im-
portant to keep in mind that the low Fe(III) con-
tents measured by Ferrozine assay have high er-
rors, as noted in our table 2 [2]. Second, we do
not understand how Bullen et al. [1] calculate the
mass balance for this experiment; they note that
the bulk N

56Fe value is 30.17x, and that the
measured value for the mixture is 30.09x (table
2; [2]). The two Fe(III) and Fe(II) mass determi-
nations and associated errors produce a range of
combinations for calculating isotopic mass bal-
ance of the system. Using the bulk constraint of
N
56Fe=30.09x that was measured, the calcu-
lated N

56Fe values of the system vary between
30.01 and +0.35x, which overlaps the measured
value within the 2 S.D. error ( R 0.10x ; see sec-
tion 2 of [2]) of the measured N

56Fe value of the
initial mixture. We therefore disagree with the

contention of Bullen et al. [1] that the pH=5.5
experiment is not in isotopic mass balance within
the uncertainties given. Third, Bullen et al. [1]
suggest that additional uncertainty is produced
because correction for the 20% exchange that
was applied in the 57Fe-enriched tracer experi-
ments was not done for the pH=5.5 ‘equilibrium’
experiments; as discussed in section 3.1 of John-
son et al. [2], this correction must be applied to
the enriched tracer experiments if the true rate
constants are to be calculated because the isotopic
contrasts are so large when using enriched tracers.
For the ‘isotopically normal’ experiments, we re-
ported the fractionations listed in table 2 as mea-
sured. However, we calculated the e¡ects of cor-
rections for partial isotopic exchange on the
equilibrium experiments, and these are explicitly
illustrated in ¢gures 2 and 3 of our paper [2].
The fourth major issue raised by Bullen et al.

[1] lies in their discussion of the role of minor
aqueous Fe species in terms of equilibrium Fe
isotope fractionation. The last third of their com-
ment is devoted to this, which follows the theme
they originally developed in Bullen et al. [3]. John-
son et al. [2], for example, did not address the
issue of equilibrium between [FeII(OH)(H2O)5]þ

and [FeII(H2O)6]2þ because we expect such e¡ects
to be very small. The calculated fraction of Fe(II)
present as the hydroxide complex is 9 0.01% of
total ferrous species at pH=5.5, the highest that
we used. Moreover, the isotopic shift between
[FeII(OH)(H2O)5]þ and [FeII(H2O)6]2þ (or be-
tween [FeIII(H2O)6]3þ and at least its mononu-
clear hydroxy complexes, for that matter) is prob-
ably far smaller than that between [FeII(H2O)6]2þ

and FeIII(H2O)6]3þ, because water and hydroxide
provide almost identical ligand ¢elds.
We ¢nd the current comment [1] and earlier

discussions [3] to show an unfortunate confusion
of kinetic and equilibrium e¡ects. There is, of
course, no way in which altering kinetic pathways
can change equilibrium isotope fractionations.
Despite this, in the sixth paragraph of their com-
ment, Bullen et al. [1] suggest that minor ferrous
hydroxide species can have a signi¢cant e¡ect on
Fe isotope fractionations because such species
have very high oxidation rate kinetics. This
theme, that the relative kinetics of Fe species
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can a¡ect equilibrium Fe isotope fractionations, is
echoed in the ¢rst, second, and sixth paragraphs
of the Discussion section of Bullen et al. [3]. If we
accept the relative proportions of species that are
calculated from various databases, minor Fe spe-
cies can have no e¡ect on the equilibrium isotope
fractionation between the major ferric and ferrous
species unless the isotopic e¡ects of a minor
species are extremely large. Bullen et al. [1,3]
are, surprisingly, using a kinetic argument to in-
fer equilibrium isotope fractionations. Moreover,
although Bullen et al. [1] claim in their sixth para-
graph that theory may be used to predict the di-
rection of such kinetic isotope e¡ects in support
of their model, we draw the reader’s attention to
the several papers we cited (references 16^18 in
[2]) which have shown that kinetic isotope e¡ects
cannot be generally predicted in sign or magni-
tude.
Bullen et al. [1] instead suggest that the mea-

sured isotopic fractionations in the pH=5.5 ex-
periment may be produced through a Rayleigh
fractionation process in which Fe(III) is produced
by oxidation of [FeII(OH)n]2�n species. They sug-
gest that colloidal material likely formed, but dis-
count our discussion on the potential in£uence of
colloids in the ¢rst paragraph of page 144 [2],
where we note that any colloidal Fe will be found
in the ferric Fe precipitate, thus preserving the
integrity of the isotopic composition of the ‘ferric
Fe fraction’. It seems to us as special pleading to
call upon such a model for the pH=5.5 experi-
ment, given the fact that the pH=2.5 experiment
produced essentially the same result ; the validity

of the pH=2.5 experiments is not challenged by
Bullen et al. [1].
Finally, Bullen et al. [1] correctly raise potential

issues in natural systems where Fe(II) is being
oxidized to Fe(III) and precipitated under rela-
tively high pH conditions; we emphasize, how-
ever, that isotopic disequilibrium will be an issue
only when the oxidation rates are greater than or
at least comparable to the isotopic exchange rates.
These conditions do not apply to either our
pH=2.5 or pH=5.5 experiments, as shown by
the isotopic exchange kinetics that were deter-
mined from our enriched tracer experiment and
the very long time we waited for isotopic equilib-
rium to occur in the ‘isotopically normal’ experi-
ments. For the reasons given above, we consider
the objections of Bullen et al. [1] to be erroneous,
and we continue to stand by our data and inter-
pretations.[BOYLE]
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