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ABSTRACT: An investigation of the fundamental processes leading to the incorporation of
18
O isotopes in carbon dioxide and in iron oxides is critical to understanding the atmospheric
evolution and geochemistry of Mars. Whereas signatures of 18O have been observed by the
Phoenix Lander and the sample analysis at Mars for carbon dioxide, the underlying isotopic
exchange pathways with minerals of the crust of Mars are still elusive. Here, we reveal that
reactions of gaseous 18O-carbon dioxide over goethite (FeO(OH)) and hematite (Fe2O3) lead
to an 18O transfer from the atmosphere that enriches the 18O content of the iron oxides in the
absence of water and light. This proof-of-concept study shows that isotopic enrichment
processes on Mars not only are limited to the atmosphere but also proceed via chemical
interaction with dry iron oxides. These processes are decisive to comprehending the 18O cycle
between the atmosphere and the surface on the planetary scale.

B

imolecular gas-phase reactions of electronically excited
atomic oxygen (18O(1D)) with carbon dioxide involving
carbon trioxide (CO3) intermediates have been hypothesized
to drive the 18O isotopic enrichment in carbon dioxide in the
Martian atmosphere (reaction 1),1−3 whereas an examination
of the isotopic composition data of Martian meteorites hints at
mineral-mediated isotopic enrichment processes.4,5
18

O + C16O2 → [C16O218O] → 16O + C18O16 O

hydrogen peroxide when ozone reacts with surface-bound
water on atmospheric aerosols.20 This mechanism may provide
an explanation for the production of isotopically anomalous
carbonates found in the SNC (shergottites, nakhlaites,
chassignites) Martian meteorites.19,21 Consequently, laboratory
and modeling investigations on oxygen isotope exchange in the
Martian atmosphere and on the surface have been expanded to
elucidate potential heterogeneous surface processes involving
gas−liquid exchanges between carbon dioxide (CO2) and
water (H2O).22−24 Isotopic exchange reactions between
gaseous carbon dioxide with metal oxides such as zinc oxide
have also been performed, although the experimental
parameters do not replicate the surface conditions on Mars
(Supporting Information, Table S1).
Thus, despite more than half a century of research, the
fundamental 18O isotopic exchange pathways between
atmospheric molecules with minerals prevailing on the surface
of Mars are still elusive, although they are critical to rationalize
the full oxygen cycle between the atmosphere and the Martian
surface on the planetary scale. Here, we reveal a signiﬁcant,
hitherto overlooked 18O isotopic exchange process between
carbon dioxide as the predominant constituent of the
atmosphere on Mars (94.9%) with prevalent iron oxides
existing as hematite (Fe2O3) and goethite (FeO(OH)). Up to

(1)

Heterogeneous isotopic exchanges between atmospheric 18Ocarbon dioxide and oxygen-bearing minerals such as iron
oxides have been proposed as sources of isotopic fractionation,
but these processes operate only at temperatures beyond 800
K,6 vastly exceeding even the highest temperature on Mars
recorded at the equator of 300 K by Viking Landers, Mars
Global Surveyor, Mars Exploration Rovers, Odyssey Orbiter,
and Mars Reconnaissance Orbiter.7−11 However, it is also
known that CO2 exchanges O with surfaces of hydrated salts at
lab temperatures or even with dry glass.12 An ultraviolet
photon-assisted oxygen isotope fractionation in the presence of
liquid water has been demonstrated to lead to δ18O = +6‰
compared to the VSMOW (Vienna Standard Mean Ocean
Water) value, but this mechanism applies only if shallow
standing water on Mars could persist over geological time
scales in the past.13,14 Despite the relatively low concentration
of only 1%, carbonates are the most intriguing constituents of
Mars-related meteorites, as they were likely formed from the
interaction of atmospheric carbon dioxide and water.15−19 On
the basis of an isotopic analysis of the ALH84001 meteorite
and laboratory studies, Thiemens et al. proposed a transfer of
oxygen isotopes from atmospheric ozone to carbonates via
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to be 48 ± 1%, 6 ± 1%, and 46 ± 1%, respectively. It should be
noted that under ideal conditions only ion counts of m/z = 44
(C16O2) and 48 (C18O2) should be present; the detection of
m/z = 46 (C16O18O) reﬂects deviations from purity of the
C18O2 sample. In the reference sample (Figure 1a), both C16O2
and C18O2 decrease over time from 48 ± 1% and 46 ± 1% to
26 ± 1% and 24 ± 1%, respectively. Simultaneously, the
fraction of C16O18O increases from 6 ± 1% to 50 ± 1%. The
overall fraction of the 16O and 18O isotopes remains constant
within the error limits at 51 ± 2% and 49 ± 2%, respectively.
The enhancement of C18O16O suggests that an isotopic
exchange must exist at 293 K between C18O2 and C16O2, as
expected from a statistical isotopic exchange. While oxygen
exchange between carbon dioxide isotopologues in the gas
phase has not been studied experimentally or theoretically to
our knowledge, a bimolecular gas-phase reaction 2 between
both isotopologue reactants C18O2 and C16O2 (both being
stable closed shell molecules) should face a signiﬁcant
activation barrier, which cannot be overcome at 293 K.
Therefore, it cannot account for the oxygen isotopic exchange
as detected experimentally. On the other hand, the surface of
the Pyrex glass, a boron−silicate glass which consists of 80.6%
SiO2, 12.6% B2O3, 4.2% Na2O, 2.2% Al2O3, 0.1% CaO, 0.1%
Cl, 0.05% MgO, and 0.04% Fe2O3, may catalyze the isotopic
exchange between C18O2 and C16O2 (Table S1). However, the
constant fraction of 16O and 18O of 51 ± 2% and 49 ± 2%
before and after the reaction reveals that no 16O from the Pyrex
glass has been exchanged with 18O from carbon dioxide
(C18O2). Therefore, we can conclude that the presence of the
reaction vessel does not lead to a depletion of 18O from the gas
phase but does catalyze oxygen exchange between C18O2 and
C16O2.

49% of iron may be incorporated in hematite and up to 40% in
goethite as determined by the Spirit Rover in the Gusev
Crater; these minerals are supplemented by, for example,
pyroxene, olivine, and jarosite.25 These minerals are hence
widely used by the planetary science community as
constituents of Mars analog soils.26−28 Our studies reveal
that reactions of gaseous 18O-carbon dioxide over goethite and
hematite lead to a substantial 18O transfer from the gas phase
to the iron oxides at the temperature of 293 K even in the
absence of water. Complementary electronic structure
calculations are in accord with our experimental ﬁndings and
suggest preferential incorporation of 18O in goethite (FeO(OH)) compared to hematite (Fe2O3). Thus, this proof-ofconcept study shows that isotopic enrichment processes on
Mars are more complex than previously thought and implicates
heterogeneous chemistry involving distinct iron oxides without
a requirement for surface water. Our results bring us closer to
an understanding of the isotope exchange processes via
heterogeneous chemistry taking place on Mars and the
resulting 18O enrichment in Martian meteorites.
Figure 1 visualizes the temporal evolution of the normalized
ion counts of three isotopologues of carbon dioxide recorded

C16O2 + C18O2 → 2C16O18O

(2)

In strong and intriguing contrast to the aforementioned
ﬁndings in the reference sample, carbon dioxide over Fe2O3
and in particular over FeO(OH) gets depleted in 18O at the end
of the reaction. Quantitatively, the ﬁnal fractions of C16O2 to
C18O2 to C16O18O of 34 ± 1% to 17 ± 1% to 49 ± 2%
(Fe2O3) and 73 ± 1% to 2 ± 1% to 25 ± 1% (FeO(OH))
translate into overall 16O to 18O fractions of 60 ± 2% to 40 ±
2% (Fe2O3) and 86 ± 2% to 14 ± 2% (FeO(OH)) at the end
of the experiments compared to 51 ± 2% to 49 ± 2% when the
reaction started. The gas-phase depletion of 18O suggests an
eﬃcient exchange with 16O from the condensed phase (i.e.,
Fe2O3 and FeO(OH)) and hence an enrichment of 18O in the
iron oxides even at 293 K. This enrichment is signiﬁcantly
more pronounced in the FeO(OH) sample, thus underlining
the conceptual framework of an enhanced catalytic activity of
FeO(OH)) compared to Fe2O3. Water adsorbed on the iron
oxide surfaces could play a role in the isotope exchange;
however, no traces of water could be detected in our samples
(Figure S1 and Table S2).
The temporal proﬁles in Figure 1 are ﬁtted and the rate
constants are exploited to gain additional information about
the isotopic enrichment processes. In detail, eqs 3 and 4 of a
(pseudo) ﬁrst-order process can be utilized to ﬁt the decay and
growth curves (Table 1), where Ii(t) equals the normalized ion
counts at a given time t (s) and ki is the rate constant (s−1) of
the ith species.29

Figure 1. Normalized and integrated EI-QMS temporal proﬁles of the
C16O2−C18O2 system. The data are shown for m/z values of 44
(C16O2, black squares), 46 (C16,18O2, red circles), and 48 (C18O2, blue
triangles) from a Pyrex vial that (a) does not contain any iron oxides,
(b) contains FeO(OH), and (c) contains Fe2O3, respectively. The
error bars of the data points represent the calculated standard
deviation of 10 EI-QMS cycles, each accumulated for 25 s.

at mass-to-charge (m/z) ratios of 44 (C16O2), 46 (C16O18O),
and 48 (C18O2) obtained while eﬀusing each of the gas
mixtures at distinct time intervals into the ultrahigh-vacuum
chamber. The time zero deﬁnes the fraction of the initial ion
counts for m/z = 44 (C16O2), 46 (C16O18O), and 48 (C18O2)

Ii(t ) = Ii(0) exp(kit )
2601
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Table 1. Decay−Growth Rate Constants (in s−1) for the Experiments as Derived from the EI-QMS Temporal Proﬁles
species of interest (m/z)
type of experiment

C16O2 (44)

C16O18O (46)

C18O2 (48)

without iron oxides
FeO(OH)
Fe2O3

(3.3 ± 0.9) × 10−6
(2.0 ± 0.1) × 10−5
(1.3 ± 0.1) × 10−5

(4.8 ± 2.0) × 10−6
(2.0 ± 0.1) × 10−5
(1.5 ± 0.1) × 10−5

(4.3 ± 1.3) × 10−6
(2.1 ± 0.1) × 10−5
(9.9 ± 0.1) × 10−6

Ii(t ) = Ii(0)[1 − exp(kit )] + Ii(t = ∞)

First-principles electronic structure calculations using
density functional theory (DFT) were performed to model
the isotopic exchange reactions in question, with both accuracy
and eﬃciency taken into consideration.31 Speciﬁcally, Gibbs
free energy proﬁles were evaluated for the reactions between
distinct carbon dioxide isotopologues (reaction 2, Figure 3a)
and those between carbon dioxide isotopologues and models
for goethite (reactions 5 and 6, Figure 3b) or hematite
(reactions 7 and 8, Figure 3c):

(4)

According to the data, the rate constants associated with the
formation (C16O18O) and decay (C16O2, C18O2) of the
isotopologues in the reference sample are identical within
the error limits. The rate constants in the Fe2O3-containing
sample are 2−4 times higher than the decay and formation
rates obtained from the reference sample. On the other hand,
the rates in the FeO(OH) system increase by close to 1 order
of magnitude. This underscores the more eﬃcient 18O
depletion from the gas phase into the condensed-phase
FeO(OH) catalyst. These ﬁndings also underscore the earlier
conclusion that FeO(OH) is more active for 18O incorporation
than Fe2O3.
To conﬁrm and to quantify the 18O enrichment in the
FeO(OH) and Fe2O3 samples, the minerals were recovered
and analyzed via secondary ion mass spectrometer (SIMS)
(Methods section) (Figure 2 and Table S3). Prior to the

Fe216O4 H 2 + C18O2 → Fe216O318OH 2 + C16O18O

(5)

Fe216O4 H 2 + C16O18O → Fe216O318OH 2 + C16O2

(6)

Fe216O3 + C18O2 → Fe216O218O + C16O18O

(7)

Fe216O3 + C16O18O → Fe216O218O + C16O2

(8)

Multiple bound structures of [FeO(OH)]2−CO2 and
Fe2O3−CO2 complexes were sampled as simplified models of
possible reaction intermediates that involve carbon dioxide
being chemisorbed on the surfaces of goethite and hematite.
The noncatalytic reaction 2 exhibits an equilibrium constant
Keq = [C16O18O]2 /[C16O2 ] /[C18O2 ] = 3.9986

(9)

and an adiabatic Gibbs free energy change ΔrG = −3.3764
kJ mol−1 ≃ −3.4 kJ mol−1 with the broken rotational symmetry
of C16O18O as the main contributor. This adiabatic Gibbs free
energy change corresponds to equilibrium fractions of 50%,
26%, and 24% for C16O18O, C16O2, and C18O2, which agree
very well with the experimental observations reported in Figure
1a. As shown in Figure 3a, along the reaction path 2 for isotope
exchange, two van der Waals complexes (or local minima,
ΔGvdw = +30.3 kJ mol−1),32 two high-lying transition states
(ΔGts = +270.4 kJ mol−1), and one intermediate (ΔGint =
+223.2 kJ mol−1) were identiﬁed, indicating a two-step isotopic
exchange mechanism in the gas phase. However, the very high
free energy barrier closes this channel at 293 K and indicates
the necessity of a catalyst to reduce the eﬀective barrier. This
catalyst can be the wall of the container, or goethite, or
hematite. Considering the chemical complexity of the Pyrex
glass surface as discussed above, elucidating the surfacecatalyzed reactions in the reference system by the Pyrex glass
or by the glass-to-metal adapter of the gas storage device is
beyond the scope of the present work.
Having established both experimentally and computationally
that the isotopic exchange of carbon dioxide in the reference
system can be replicated quantitatively in terms of thermodynamic equilibrium eﬀects, we explored the roles of model
[FeO(OH)]2 and Fe2O3 clusters representing goethite and
hematite, respectively, in the isotopic exchange mechanism(s).
Based on experimental results, equilibrium constants of 4.28
and 4.15 can be obtained in the presence of goethite and
hematite, respectively. This indicates unaltered overall
thermodynamics although 18O is depleted at diﬀerent levels.

Figure 2. Ion microprobe results for the reference and processed
samples. The black horizontal line labeled “SMOW” shows the
Standard Mean Ocean Water value of 16O/18O = (2.005 ± 0.045) ×
10−3. The error bars of the data points represent the calculated
standard deviation of 30 cycles, each accumulated for 10 s.

exposure to carbon dioxide, the FeO(OH) and Fe2O3 samples
exhibit 18O to 16O ratios of (1.971 ± 0.012) × 10−3 and
(2.010 ± 0.004) × 10−3, respectively. These data are close to
the VSMOW value of the 18O to 16O ratio of (2.005 ± 0.045)
× 10−3.30 After the processing, the FeO(OH) and Fe2O3
samples reveal 18O to 16O ratios of (4.5 ± 0.7) × 10−3 and
(3.7 ± 0.3) × 10−3, i.e. an enrichment of 18O by a factor of 2.3
± 0.4 and 1.9 ± 0.2 in FeO(OH) and Fe2O3, respectively.
These quantitative ﬁndings show that both minerals lead to an
18
O enrichment within the FeO(OH) and Fe2O3 minerals and
simultaneously deplete 18O in gaseous carbon dioxide, with
FeO(OH) resulting in a slightly enhanced 18O enrichment
compared to Fe2O3.
2602
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Figure 3. Calculated Gibbs free energies for representative isotopic exchange mechanisms: (a) reaction 2, (b) reactions 5−6, and (c) reactions
7−8. The total Gibbs free energies of the isolated reactants of reactions 2 (C(18O)2 and C(16O)2), 5 (C(18O)2 and 2Fe2(OOH)2), and 7 (C(18O)2
and 2Fe2O3) are set to zero for a, b, and c. Atoms that are included in the illustration are Fe (orange), C (brown), O (red, with 18O labeled using
18), and H (white). Transition states are indicated by tops of parabolas. The Cartesian coordinates for the reactants, products, intermediates, and
transition states are compiled in Tables S3−S8.

oxide hydroxide, (FeO(OH))two ubiquitous minerals on
the surface of Mars with total average weight percentages of
about 18% based on data from the Viking Lander and
Pathﬁnder Missionsdrive an oxygen isotopic exchange
between atmospheric carbon dioxide and the minerals. This
leads to an 18O enrichment in the iron-containing minerals.
This isotopic exchange operates in the dark, i.e., without
illumination of the samples with light, and at temperatures at
least as low as 293 K. Furthermore, our experiments provide
the proof-of-concept that the 18O−16O exchange between the
atmosphere and the minerals is facile and slightly accelerated in
goethite compared to hematite. Considering that hematite can
be transformed into goethite upon exposure to water on Mars
formally via eq 10

In our expanded computational consideration of detailed
isotopic exchange mechanisms, the majority of bound
[FeO(OH)]2−CO2 and Fe2O3−CO2 intermediates sampled
are nearly thermodynamically neutral (|ΔrG| ≤ 0.1 kJ mol−1)
for the exchange of 16O and 18O via elementary steps 5 through
8 and are thus not impactful. In a distinct portion of
[FeO(OH)]2−CO2 conﬁgurations, interestingly, the symmetric and asymmetric stretching modes of the CO moiety in
the CO2 entity contribute to nontrivial Gibbs free energy
changes and hence preferentially remove 18O rather than 16O
from the gas-phase carbon dioxide. This reveals a qualitative
agreement with experimental results illustrated in Figure 1b. As
a typical example (Figure 3b), isotopic exchange can occur
between CO2 and a bridge O atom in [FeO(OH)]2 through
the [FeO(OH)]2−CO2 cluster, leading to ΔrG = −0.4 and
−0.2 kJ mol−1 for reactions 5 and 6, respectively.
The oxygen isotopic cycle between oxygen-bearing molecules such as carbon dioxide in the Martian atmosphere and
surface minerals like goethite and hematite has remained a
highly controversial topic with atmospheric loss to space of the
lighter 16O, initially proposed as a driving force to account for
the higher levels of 18O in atmospheric carbon dioxide as
determined by the Phoenix Lander and the Curiosity Rover of
δ18O = 31.0 ± 5.7‰ and δ18O = 48 ± 5‰, respectively.18,33
However, hitherto unspeciﬁed heterogeneous processes
involving minerals in the Martian soil were proposed to play
a critical role in the oxygen isotopic enrichment in the Martian
atmosphere.18 Our present study provides compelling evidence
that hematite (iron(III) oxide, Fe2O3) and goethite (ferric

Fe2O3 + H 2O → [FeO(OH)]2

(10)

the oxygen isotopic enrichment on the Martian surface is
expected to be accelerated in “wet” areas compared to dry
regions. By contrast, dehydration of goethite to hematite
requires temperatures above 500 K.34 Although bulk liquid
water has not been detected on the present Martian surface so
far, numerous researchers have suggested that brines or
interfacial water may occur periodically based on contemporary gully activity, dune and slope streaks, and recurring
lineae.35−39 Because water sublimation and condensation on
Mars remains an active, ongoing process, this might also
challenge the generally accepted hypothesis that the present
composition of the Martian atmosphere represents the end2603
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isotopologues of carbon dioxide.42 Finally, the goethite and
hematite samples were recovered from the vials, and the 18O
enrichment was determined exploiting a Cameca IMS-1280
secondary ion mass spectrometer (SIMS). We would like to
stress that the vessel and the samples were baked while
simultaneously pumping the system to ultrahigh-vacuum
conditions (10−10 Torr) to remove any potential water
contaminations. This protocol has been well-established to
eliminate even traces of water.43 Furthermore, the absence of
any water was conﬁrmed spectroscopically. We recorded in
separate experiments infrared spectra (FTIR) of the gases
eﬀused into the vacuum system; not even traces of water
impurities were observed (Figure S1 and Table S2).
The Pfeiﬀer Vacuum QMG 422 was operated with an
electron impact ionization energy of 100 eV and an emission
current of 0.7 mA; ions were detected by a secondary electron
multiplier held at 2000 V. At these conditions, ion−molecule
reactions were found not to induce any isotopic scrambling in
the C16O2−C18O2 gas mixture.44 After the experiments, the
oxygen-isotope compositions were determined with a Cameca
IMS-1280 secondary ion mass spectrometer (SIMS).45 All
samples were coated with gold (Au). A 1.5 nA focused cesium
primary ion beam (Cs+), accelerated to 10 keV, was rastered
over a 25 × 25 μm2 area of each sample for 120 s to remove
the gold coating. The raster was then reduced to 15 × 15 μm2
for data collection. The SIMS was operated at a potential of
−10 keV, meaning 20 keV impact energy for the primary ions;
a normal-incidence electron ﬂood gun was used for charge
compensation. The two oxygen isotopes were collected by
using multicollection mode; 16O− and 18O− were measured on
multicollector Faraday cups (FCs) with 1010 and 1011 Ω
resistors, respectively. Typical count rates of 16O from
FeO(OH) and Fe2O3 were 2 × 109 s−1. The mass-resolving
power for 16O− and 18O− was set to 2000, which was suﬃcient
to discriminate interfering ions. Each measurement consisted
of 30 cycles with 10 s integration time per cycle. The reported
18
O to 16O ratios were corrected for the relative detection
eﬃciencies of the FCs and backgrounds. The 18O/16O isotopic
ratios of FeO(OH) and Fe2O3 prior to exposure to the carbon
dioxide gas mixture were also determined within the same
experimental setup and act as reference data of the
unprocessed material.
All electronic structure calculations were performed by using
density functional theory (DFT) in Q-Chem 5.146 with the
ωB97M-V exchange−correlation functional47 and the def2TZVPPD basis set.48 Thermodynamic corrections were
evaluated from vibrational−torsional and rotational degrees
of freedom based on the quasi-rigid-rotor−harmonic oscillator
(QRRHO)49 model and experimental conditions (T = 293 K,
partial pressure p = 60 mbar). This pressure does not agree
with the partial pressures of carbon dioxide isotopologues in
the Martian atmosphere, but it only impacts on the
translational Gibbs free energy which is canceled between
reactants and products. Transition states were obtained for
reaction 2 by locating the ﬁrst-order stationary point on the
electronic potential energy surface (PES), which was
conﬁrmed by using the intrinsic reaction coordinate (IRC)
approach.50 In detailed mechanistic studies, CO2 monomer
and dimers, one Fe2O3 cluster, seven [FeO(OH)]2 clusters,
four Fe2O3−CO2 clusters, and 24 [FeO(OH)]2−CO2 clusters
were investigated at their optimized geometries that are
presented as Cartesian coordinates in the Supporting
Information.

product of the planetary evolution over the age of our Solar
System.
To conclude, our ﬁndings represent a step toward a better
understanding of the critical role of distinct minerals on the
Martian surface in 18O isotopic exchange processes between
atmospheric carbon dioxide and surface minerals. Although
these investigations were conducted at 293 K, whereas the
average surface temperature of Mars resides at 210 K,40 these
results also highlight the necessity to incorporatebesides the
traditional gas-phase atmospheric chemistryheterogeneous
chemistry into future atmospheric and surface models in an
attempt to replicate isotopic enrichments in the Martian
atmosphere and on the surface. It is worth noting, however,
that the surface on Mars may reach the temperatures at which
our experiments were conducted (293 K) at noon in the
summer in the equatorial area.7−11 It should be highlighted
that no single laboratory setup can replicate the complexity of
the physical and chemical parameters in “real” planetary
environments. Future studies should unravel how the isotopic
exchange depends, for instance, on lower temperatures and
pressures. Likewise, potential synergistic eﬀects of simultaneous exposure to light on the 18O enrichment pathways
should be untangled as well as how these processes depend on
the wavelength of the light and on the grain size of the
minerals. The interaction of carbon dioxide with goethite
surfaces may also involve carbonate intermediates, which could
be traced in future experiments.41 Finally, distinct minerals and
mixtures have to be explored and how the chemical
composition might lead to distinct isotopic fractionation.
Finally, electronic structure computations played a critical role
in supporting our experimental ﬁndings. Distinct structures of
clusters such as in the goethite model system can qualitatively
account for preferential depletion of 18O from gas-phase
carbon dioxide to the mineral as determined experimentally.
However, because of the complexity of the solid-state system
and potential eﬀects of grain sizes, interstitial sites, and the
solid-state structure versus model clusters, the computational
observations cannot quantitatively simulate the experimental
ones. Nevertheless, our combined experimental and computational study presents an explicit proof-of-concept of the 18O
depletion from gas-phase carbon dioxide to goethite, thus
giving us a broader understanding of the processes responsible
for isotope abundance ratios on Mars. The same ideas may also
be relevant in the solar nebula where temperatures exceed 273
K within 3−4 astronomical units (AU) from the Sun.

■

EXPERIMENTAL AND COMPUTATIONAL
METHODS
Equimolar mixtures of carbon dioxide (C16O2) and 18O-carbon
dioxide (C18O2) were prepared at a temperature of 293 ± 1 K
in three separate Pyrex sample containers at a volume of
24 ± 1 mL by ﬁlling each vial with 60 ± 1 mbar of C16O2
(Airgas, 99.999%) and 60 ± 1 mbar of C18O2 (Sigma-Aldrich,
95 atom % 18O), respectively. Two of the vials also contained
goethite (ferric oxide hydroxide, FeO(OH), Sigma-Aldrich)
and hematite (iron(III) oxide, Fe2O3, Sigma-Aldrich); the
third vial acted as a reference and hence did not contain any
added iron oxide. To monitor the isotopic exchange, the
individual gas mixtures were eﬀused in well-deﬁned time
intervals into an ultrahigh-vacuum chamber at a pressure of
(9.0 ± 0.1) × 10−9 mbar, and the composition was analyzed
via an electron impact residual gas analyzer (quadrupole mass
spectrometer, EI-QMS) for the C16O2, C16O18O, and C18O2
2604
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