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Abstract

Recent advances in mass spectrometry make it possible to utilise isotope variations of transition metals to address
some important issues in solar system and biological sciences. Realisation of the potential offered by these new
isotope systems however requires an adequate understanding of the factors controlling their isotope fractionation.
Here we show the results of a broadly based study on copper and iron isotope fractionation during various inorganic
and biological processes. These results demonstrate that: (1) naturally occurring inorganic processes can fractionate
Fe isotope to a detectable level even at temperature ~ 1000°C, which challenges the previous view that Fe isotope
variations in natural system are unique biosignatures; (2) multiple-step equilibrium processes at low temperatures may
cause large mass fractionation of transition metal isotopes even when the fractionation per single step is small;
(3) oxidation-reduction is an importation controlling factor of isotope fractionation of transition metal elements with
multiple valences, which opens a wide range of applications of these new isotope systems, ranging from metal-silicate
fractionation in the solar system to uptake pathways of these elements in biological systems; (4) organisms
incorporate lighter isotopes of transition metals preferentially, and transition metal isotope fractionation occurs
stepwise along their pathways within biological systems during their uptake. © 2002 Elsevier Science B.V. All rights
reserved.
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processes operating during the formation of the
solar system, the evolution of the Earth, and in-
teractions between geosphere and biosphere. Due
to the revolutionary developments in mass spec-
trometry over the last few years [1-10], stable
isotope abundances of heavier elements are now
accessible, and investigation of isotope variations
of transition metals such as Fe, Cu, Zn and Mo,
has become a new and fast developing research
area. Pioneering studies have demonstrated that
potential exists for applications of transition met-
al isotope systems from cosmochemistry, geo-
chemistry, through organic and inorganic chemis-
try, to biochemistry and the environment [3-6,9—
13]. However, realisation of this potential is ham-
pered by our inadequate knowledge about the
processes which control the mass fractionation
of these isotope systems, although initial results
suggest that both biological and abiotic processes
may be important for Fe and Cu isotopes [4,10-
19].

Here we report investigations on Cu and Fe
isotope fractionation during various processes.
This study expands our knowledge about transi-
tion metal isotope fractionation processes signifi-
cantly, and provides a basis for a wide range ap-
plications of these new isotope systems.

2. Inorganic mass fractionation at high
temperatures

Whether or not naturally occurring inorganic
processes fractionate transition metal isotopes is
an issue of current debate [2-6,8,10-19]. Although
it has been claimed that natural Fe isotope varia-
tion is a unique biological signature [3,11], there is
strong evidence to suggest that Fe and Cu iso-
topes may be fractionated abiotically in low tem-
perature environments [2,4,8,13,17]. However, the
critical question remains as to whether Fe iso-
topes can be fractionated by pure inorganic pro-
cesses taking place in nature, especially by equi-
librium processes. To investigate this issue, Fe
isotope compositions of natural materials have
been measured, where biological involvement
was most unlikely, and the mineral phases were
most likely to be in equilibrium.

2.1. Samples and methods

The samples chosen for this study are mantle
lherzolite xenoliths and pallasite meteorites. Lher-
zolite xenoliths are samples of the upper mantle
carried to the Earth’s surface through volcanism.
Three mantle xenoliths, namely TKN3I1F, JL1
and BD3855, were selected. They are spinel lher-
zolites and consist predominantly of olivine, or-
thopyroxene and clinopyroxene. TKN31F is from
Boss Mountain, and JL1 from Jacques Lake, cen-
tral British Columbia, Canada [20-22]. Minerals
in these two samples are equilibrated at c. 1000°C
[20-22]. BD3855 is from Pello Hill, Tanzania,
where the xenoliths have been subjected to mantle
metasomatism [23]. Pallasite is a group of mete-
orites which consists predominantly of Fe-Ni al-
loy and olivine. These minerals have crystallised
from melts in the interiors of asteroid-sized parent
bodies. Two samples were chosen for this study.
They are Imilac, which belongs to the main group
pallasite, and Eagle Station, which belongs to the
non-main group pallasite.

Samples were gently crushed and minerals of
olivine, orthopyroxene, clinopyroxene, and the
metal phase were handpicked. Amphibole was
separated from a metasomatic vein in BD3855.
The mineral separates were cleaned in purified
water in an ultrasonic bath. Silicate minerals
were digested using concentrated HF and HNO;
mixture, and the Fe-Ni alloys were dissolved in
6 M HCI. All samples were subsequently purified
chromatographically as described in Appendix A.
The purified samples were measured for Fe iso-
topes on a Nu Instruments plasma source mass
spectrometer in the Earth Science Department,
Oxford. Details of the mass spectrometry are pre-
sented in Appendix A.

2.2. Results and implications

Results are expressed in terms of &°Fe and
&'Fe, which are deviations in parts per 10*
from the Fe isotope reference material IRMM-
14. For the mantle xenoliths, Fe isotopes vary
from —1.8 to 5.5 &'Fe units (Table 1). The results
show no detectable isotope fractionation between
clinopyroxene and orthopyroxene in each sample.
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Fig. 1. A plot showing phase-related variation of Fe isotopes
in mantle xenoliths and pallasites. All results for &’Fe are
relative to IRMM-14 standard. The size of data symbols rep-
resents approximately the external precision at 1o level. Ol-
olivine; Opx-orthopyroxene; Cpx-clinopyroxene; Amp-am-
phibole.

Relative to pyroxenes, however, the Fe isotope
composition in olivine is systematically lighter
(Fig. 1), with fractionation between olivine
and clinopyroxene varying from 1.8 to 3.7 £’Fe

units. Amphibole in BD3855 shows the heaviest
Fe isotope composition in all these mineral
phases.

Whereas the amphibole in BD3855 is a product
of metasomatism and may not be in equilibrium,
minerals in the other two samples were equilibrat-
ed [20-22]. In fact, the observed pattern of Fe
isotopes in olivine and pyroxenes is similar to
the equilibrium distribution of oxygen isotopes
in mantle peridotite, where the oxygen isotope
composition of olivine is systematically lighter
than that of clinopyroxene and orthopyroxene
[24]. Moreover, Mg isotopes in these samples
have also been measured in this laboratory, and
show a similar variation between these mineral
phases (A. Galy, 2001, personal communication).
Thus it is concluded that the heavy isotope en-
richment in pyroxenes relative to olivine results
from equilibrium partitioning of Fe isotopes be-
tween these minerals, whereas the large difference
in Fe isotope composition between amphibole and
other mineral phases possibly point to the impor-

Table 1

Fe isotope results of mantle xenoliths and pallasites

Sample Mineral phase &'Fet £°Fe?
Mantle xenoliths

TKN 31F Olivine —1.8 —1.2
TKN 31F Orthopyroxene 1.2 0.8
TKN 31F Clinopyroxence 1.1 0.8
JL1 (BO) Olivine =22 —1.8
JL1 (BC) Orthopyroxene 1.2 0.8
JL1 (BO) Clinopyroxence 1.5 1.1
BD3855 Olivine —1.4 —-1.0
BD3855 Clinopyroxence 0.4 0.2
BD3855 Amphibole 5.8 3.6
BD3855 Amphibole® 5.2 32
Pallasites

Eagle Station Metal fraction 1.2 0.7
Eagle Station Olivine -1.9 —-1.2
Imilac Metal —-0.7 —0.5
Imilac Olivine -3.0 —-1.9

All results are relative to IRMM-14 Fe isotope standard.

4 Measured *"Fe/**Fe and *°Fe/**Fe ratios are expressed as &’Fe and £°Fe, which are deviations in parts per 10* from the Fe
isotope reference material IRMM-14 as follows:

R,
eXFe = (L“”‘eﬂ) X 10000

standard

, where R=%Fe/**Fe. Values of £°Fe and &’Fe for each sample are the averages of two or three separate analyses. External pre-
cision at 2¢ level is 0.4¢ and 0.6¢ for £°Fe and £Fe, respectively (see Appendix A).

® Duplicate analysis including duplication of ion exchange chromatographic separation.
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tance of kinetic processes in isotope mass frac-
tionation even at high temperatures.

For the pallasite samples, an overall variation
of c. 4 &'Fe units has been observed, with
—3=¢&"Fe=1.2 (Table 1). As for the mantle
xenoliths, this variation is also phase-related
(Fig. 1). Relative to olivine, the metal phase
shows heavy isotope enrichment in both samples.
This variation trend is consistent with theoretical
calculations of Fe isotope fractionation based on
Mossbauer spectrometry [19].

It is well known that equilibrium mass fraction-
ation of stable isotopes is expected to become
smaller with the increase of temperature and
decrease of the relative mass difference between
the isotopes [25,26]. Given the very high tem-
peratures at which these minerals are expected
to have been equilibrated, the existence of detect-
able mass fractionation in these mineral phases
is remarkable. These results demonstrate that nat-
urally occurring inorganic processes can fraction-
ate transition metal isotopes to significant levels
even at temperatures of ¢. 1000°C, and they point
out further that much larger mass fractionations
may be expected from equilibrium inorganic pro-
cesses at lower temperatures. These results, to-
gether with some previous studies [6,13,14], dem-
onstrate that Fe isotope composition cannot be
used uncritically as a unique biological signature
in search of ancient or extraterrestrial life as pre-
viously suggested. Moreover, metal-silicate frac-
tionation is a fundamental process during solar
nebular and planetary evolution. The systematic
difference in Fe isotope composition between ol-
ivine and metal phases in the analysed pallasites
shows that metal-silicate separation does cause
Fe isotope fractionation. Thus the Fe isotope
composition may in turn throw light on this im-
portant process during the early solar system evo-
lution.

3. Equilibrium fractionation in aqueous solutions

One straightforward approach to the study of
isotope fractionation between equilibrated species
in aqueous solutions is to use ion exchange chro-
matography. During a chromatographic process,

ions in solution partition themselves between the
stationary resin and the mobile aqueous phase.
According to plate theory [27-29], an ion ex-
change chromatographic column can be consid-
ered as a number of theoretical plates, where
each plate is the equivalent of a single chemical
step at equilibrium.

The approach of using chromatography to
study isotope fractionation per single separation
step (plate) at equilibrium was initially put on a
theoretical basis by Glueckauf [29], and was sub-
sequently employed to study chromatographic
fractionation of Ca and Fe isotopes [16,30]. In
this study, we used a strongly basic anion ex-
change resin (AG-MP1) to investigate the equilib-
rium fractionation of Cu isotopes in 6 M HCI
solutions. In such solution, Cu?t chloro-com-
plexes are present dominantly as CuCl3~ [31-
33]. According to the plate theory [27-29], equi-
librium mass fractionation of Cu isotopes between
their resin bound chloro-complex and the free
chloro-complex of CuCl3~ in 6 M HCI solutions
equals that produced per single theoretical plate
during chromatographic processes.

The chromatographic experiments were carried
out at room temperature (c. 20°C). The procedure
for Cu isotope mass spectrometry has been de-
scribed elsewhere [4], and the measured results
are expressed in terms of €3Cu units which are
deviations in 10* relative to the experimental
stock solution. As shown in Fig. 2A, large mass
fractionation of Cu isotopes is induced by an ion
exchange process, consistent with previous obser-
vations [2]. Following the classic treatment
[16,29,30], the enrichment factor of the heavier
Cu isotope per single plate is f=7.5x10"* (Fig.
2B). This implies that the heavier Cu isotope is
enriched in the resin bound CuCl3~ species by 7.5
€S Cu units per single step under the experimental
conditions.

These results demonstrate that detectable frac-
tionations of Cu isotopes can occur in low tem-
perature aqueous environments even between
equilibrated species where differences in bonding
strengths are very small. Furthermore, the above
results, together with a previous study [16], show
that large fractionation can be achieved for both
Cu and Fe isotopes by multiple-step processes
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Fig. 2. Equilibrium mass fractionation of Cu isotopes between aqueous species during ion exchange chromatography. (A) £°Cu
values for Cu eluted from an ion exchange column using anion resin AG-MP1. The overall isotope fractionation that occurred
during the chromatographic process is considered to result from multiple step equilibrium fractionation between the resin bound
CuCl;~ and the free CuCl}~ species. From an ideal Gaussian elution curve, the number of steps (i.e., the number of theoretical
plates), N, is obtained from the relation N = 5.54 X (Vg/W,,)* where VR is the volume to the curve peak and W, is the width
of the curve at half-height [27]. If the tailing effect is neglected, then N=12. (B) Cu isotope compositions in elution fractions, R,
vs. cumulative percentage of Cu eluted on a normal deviate (probability) scale. R = (®>Cu/®*Cu)saction/(®> Cu/*Cti)oral. The slope b
on such a plot reflects the extent of isotope separation during elution, and b=~ —f8+/N, where N is the number of theoretical
plates in the column, and f is the enrichment factor per single plate [29]. The line represents a best visual fit to the data.

even when the equilibrium fractionation per single
step is small.

4. Mass fractionation during redox-related
processes

Oxidation-reduction is a fundamental aspect of
the geochemistry and biochemistry of transition
metals such as Cu, Fe, Ni, Cr and Mo. The iso-
tope fractionation between olivine and metal
phases in pallasite samples described above is in
essence a redox-related process. More recently, it
has been shown that Fe isotope fractionation may

be induced by abiotic redox process in aqueous
environments [13]. Here Cu is taken as an exam-
ple to investigate transition metal isotope frac-
tionation during redox-related processes in low
temperature environments.

4.1. Experimental procedure

Experiments on Cu isotope fractionation dur-
ing redox-related processes were performed at
room temperature (c. 20°C), utilising the follow-
ing chemical reactions:

2Cu? + 417 =2Cul | + 1, (1)
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Table 2
Results of Cu-redox experiments at room temperature (c. 20°C)
Experiment no. Cu(NO3),/KI? TimeP 5Cu(Il) £ Cu(l) A% Cyd Acu(in—cu(n) ©
(ml/ml) (h)
Cu-redox-1 2.5/0.5 1.25 1.8 —38.7 40.5 1.00406
Cu-redox-2 2.5/0.5 1.75 1.8 —38.7 40.5 1.00406
Cu-redox-3 2.5/0.5 18 1.7 —37.8 39.5 1.00397
Cu-redox-4 2.5/0.5 18 1.4 —37.9 39.3 1.00394
Cu-redox-5 2.5/1.0 18 6.1 —35.0 41.1 1.00412
Cu-redox-6 2.5/0.3 18 0.6 —39.0 39.6 1.00397
Cu-redox-7 2.512.0 20 13.4 —27.4 40.8 1.00409
Cu-redox-8 2.5/1.0 20 5.6 —34.7 40.3 1.00405
Cu-redox-9 2.5/2.0 20 13.3 —27.6 40.9 1.00411
Cu-redox-10 2.5/1.5 20 8.4 —31.1 39.5 1.00397

The €5Cu results are relative to Cu stock solution.

@ Initial solutions are 0.05 M Cu(NOs); in 0.1 M HNOj; and 0.096 M KI in H,O.

b Time allowed to stand before centrifuging.

¢ Repeated measurements of Romil Cu solution versus NIST-976 Cu isotope reference material over a period of a few months

define an external precision of 0.5¢ at 2c level.
4 A% Cu= e Cu(Il)—&’ Cu().

¢ Isotope fractionation factor between Cu(II) and Cu(I). The experiment results define a mean ocy(ir—cua) = 1.00403 £0.00004 in

diluted HNO3; medium at c¢. 20°C.

The initial solutions used for the experiments were
0.05 M Cu(NOs), in 0.1 M HNO; and 0.096M
KI in H,O. These two solutions were mixed in
various proportions, and different amounts of
Cul precipitate relative to total Cu were pro-
duced. After standing for periods varying from
75 min to 20 h, the Cul precipitates were sepa-
rated from the residual Cu solutions by centrifug-
ing. The precipitates were then thoroughly washed
using purified H,O and the wash solutions were
collected and combined with their corresponding
Cu soluble fractions. The soluble Cu fractions
were then purified using procedures described in
Appendix A. The Cul precipitates were dissolved
in 6M HCI, and dried down three times to convert
the Cu to ClI- form. The ®*Cu/®*Cu ratio was
measured using a standard-sample bracketing
method [4]. Results are expressed as €°Cu values
relative to the Cu isotope composition of the ini-
tial Cu solution (Table 2). In that way, any iso-
tope deviation measured must result from the
chemical reaction expressed in Eq. 1.

4.2. Experimental results

The experimental results display some impor-
tant features. Firstly, they demonstrate that there

is significant mass fractionation between the Cul
and remaining solution, and the Cul precipitates
show light isotope enrichment relative to the ini-
tial isotope composition. Secondly, the isotope
compositions of both Cul and remaining soluble
species deviate from their initial solution as a
function of Cu(NO;),/KI ratio (Table 2 and Fig.
3A), paralleling the amount of Cu’>" remaining
after reaction. Thirdly, despite the fact that the
Cu(NO;3)»/KI molar ratio varies from 0.65 to
4.34, and the time allowed for the solution to
stand before centrifuging differs from 75 min to
20 h, the isotope fractionation between Cul and
the remaining soluble fractions remains constant
at c. 40 £€°Cu units (Table 2 and Fig. 3A).

4.3. Significance of the results

The chemical reaction expressed in Eq. 1 may
be considered a two-step process: reduction of
Cu?* to Cu't and subsequent formation of insolu-
ble Cul. In principle, both processes may induce
Cu isotope fractionation. However, given the sol-
ubility product of Cul Kcy=1.8x10"" [34],
[Cu™] in all the remaining soluble fractions is ex-
pected to be less than 107 M for the given ex-
perimental conditions (Table 2), which is more
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than four orders of magnitude lower than [Cu®*]
in the corresponding remaining solutions. Thus
the measured Cu isotope composition of the re-
maining solution is essentially the isotope compo-
sition of the pure Cu?* species in the solution,
and mass fractionation between the Cul precipi-
tate and the remaining Cu solution is essentially
induced by reduction of Cu** to Cu™. Therefore,
the above experimental results demonstrate that
the oxidation-reduction process is a very impor-
tant control of isotope fractionation of transition
metals with multiple valences.

The fact that isotope fractionation between the
Cu?* and Cu™ species remains constant despite
great variations in experimental conditions
strongly suggests that isotopic equilibrium was
achieved between those two species in each experi-
ment. Thus an isotope fractionation factor be-

Fig. 3. (A) Experimental results of Cu isotope fractionation
between Cut and Cu>* aqueous species at 20°C. All £€°Cu
values are expressed relative to the original Cu solution used
for the experiments. Note that the mass fractionation be-
tween Cu®" solution and Cul precipitates remains constant
at c. 40 £ units in ®Cu/Cu ratio over a large range of ex-
perimental conditions. (B) Modelling results of Raleigh frac-
tionation between Cu?* and Cu® based on a fractionation
factor between the two species o=1.00403 as defined by the
experimental results presented in panel A. Curve A is for
&Cu variation in the Cu®>" species remaining in solution.
Curve B shows the variation of £°Cu in the Cul phase pre-
cipitated in equilibrium with Cu’>* aqueous species from the
solution. Curve C shows the change of £&°Cu in the accumu-
lative Cul precipitate as a function of its accumulation. The
dashed line represents the isotope composition of the initial
solution. These results show three important points. Firstly,
the heavy isotope enrichment in the remaining Cu®* solution
relative to the initial solution can be much larger than the
equilibrium fractionation between Cu?* and Cu' species.
Secondly, relative to the initial solution, both Cu** and Cu™*
species can show heavy isotope enrichment. Thirdly, the
overall fractionation between Cu?* and Cu™ species can be
much larger than the equilibrium fractionation between the

two species.
-

tween the two Cu species at c. 20°C for the given
experimental conditions, cy(r)—cur) = 1.00403 £
0.00004, can be defined by the experiment results.

Using the fractionation factor obtained above,
the significance of the results in understanding
mass fractionation of transition metal isotopes
during redox-related processes in natural systems
may be discussed further on the basis of the Ray-
leigh fractionation model (Fig. 3B). According to
this model, it is assumed that Cul is in isotopic
equilibrium with Cu?* during its formation but
no further isotopic exchange occurs between the
two species thereafter. Curve A represents the iso-
tope compositional evolution of Cu?* species in
the remaining solution. It shows that the heavy
isotope in the remaining solution is enriched pro-
gressively as its amount decreases, and the enrich-
ment can be much larger than the equilibrium
fractionation between the two species. For exam-
ple, at the point where 1% Cu’* remains, the
heavy isotope is enriched by c. 190 £3Cu units
relative to the initial isotope composition. Curve
B shows the variation of isotope composition of
the Cul phase precipitated from the solution in
equilibrium with the Cu®>" aqueous species. At
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any given point, the isotope composition of Cul
precipitate is lighter than the Cu?* aqueous spe-
cies by c. 40 £Cu units. Furthermore, these mod-
elling results show that under Rayleigh fractiona-
tion it is possible for the heavy isotope to become
enriched in both the Cul precipitate and the re-
maining Cu?* aqueous species relative to the ini-
tial copper isotope composition. Curve C illus-
trates the isotope change of the Cul precipitate
as a function of its accumulation. Under this cir-
cumstance, fractionation between the Cu®™ re-
maining in the solution and the accumulative
Cul precipitate increases with progression of the
accumulation. The minimum mass fractionation
between the two phases is c. 40 €°Cu units.

5. Mass fractionation during biological processes

Transition metals such as Fe, Cu, Zn, Cr, Ni
and Mo are all reactive in biological systems [35—
37]. Thus variations of transition metal isotope
compositions may be important in tracing the in-
teraction between geosphere and biosphere, and
to trace the pathways of these elements into and
within biological systems. A prerequisite of these
applications is an adequate appreciation of possi-
ble mass fractionation processes of these isotopes
during steps of biological uptake. In this study, a
series of well-controlled culture growth experi-
ments have been undertaken to investigate partic-
ular stages of biologically induced mass fraction-
ation of Cu and Fe isotopes during uptake in
vivo. Therefore, instead of looking at whole cell
fractionation of isotopes as adopted in a previous
study [11], an analysis of fractionation in the up-
take into particular proteins which form kinetic
traps for elements has been made. In addition,
natural protein samples from some animals have
also been analysed.

5.1. The uptake of Cu into a cellular protein azurin

This has been studied using two approaches.
One was to examine Cu uptake in vitro from a
known source directly into the apoprotein of
azurin. The holoprotein was prepared by expres-
sion of the corresponding gene in a genetically

modified strain of Escherichia coli and isolating
and purifying the protein according to published
procedures [38,39]. The apoprotein was obtained
from the purified holoprotein by removing the
Cu. Details of the procedures have been described
elsewhere [39]. This apoprotein was then exposed
to Cu(NO3), aqueous solution of known isotope
composition, and uptake was recorded in the cop-
per azurin [38]. The other approach was an in
vivo biological experiment, where the intact Cu
protein azurin was synthesised directly inside cells
of a bacterium. This was achieved by using a well-
documented procedure by growing cells of Pseu-
domonas aeruginosa in a culture solution [40] with
known copper isotope composition. The Cu pro-
tein azurin was then extracted and purified [38].
The purified Cu proteins were then decomposed
by a series of treatments with concentrated
HCIOy, and the Cu was isolated by ion exchange
chromatography as described in Appendix A. All
samples and source material Cu(NO3), were then
transformed into chloride form before their anal-
ysis for Cu isotopes. Measured ®Cu/%*Cu ratios
are expressed in terms of £’Cu units relative to
reference material NIST 978.

Relative to the source material, the Cu isotope
composition of the azurin expressed in E. coli is
lighter by 15.3 €Cu units (Table 3). It should be
emphasised that the copper uptake in vitro into
the apoprotein of azurin is a kinetically controlled
one-step process. The significant fractionation in
Cu isotope compositions between this azurin and
the source material shows that during biological
processes not only the cell membranes can cause
transition metal isotope fractionation as deduced
from whole cell experiments [11], but that uptake
into proteins within a single cell could also cause
fractionation.

Relative to the source material, the Cu isotope
composition of the azurin expressed directly in
P. aeruginosa is lighter by 9.8 €Cu units (Table
3), 5.5 € units smaller than that induced by copper
uptake in vitro into the apoprotein of azurin. It
should be pointed out that in this in vivo biolog-
ical experiment, the copper uptake into the azurin
consists of at least two steps: the uptake of cop-
per from culture solution by the cell machinery,
and the insertion of copper into the azurin. The
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Table 3

Measurements of transition metal isotopes in biological samples

Sample £0Fe? &Fe? £5Cub £07n° £77n° £87n°
Ferredoxin-I expressed in Azotobacter vinelandii —6.8 -9.9

Culture solution after incubation 22 33

FeCl;, source material 2.1 3.0

Azurin expressed in E. coli —16.4

Azurin expressed in P. aeruginosa —10.9

Cu(NOs3),, source material —1.1

Yeast Cu-metallothionein —21.3

Yeast Cu-Zn-superoxide dismutase —16.0 10.8 16.3 21.0
CuSOy, source material —4.2

Bovine haemoglobin —26.8 —39.4

Horse haemoglobin —30.7 —44.9

Pig haemoglobin —335 —49.5

Octopus haemocyanin 6.2

2 Measured *"Fe/**Fe and >°Fe/**Fe ratios are expressed as &’Fe and £°Fe, which are deviations in parts per 10* from the Fe
isotope reference material IRMM-14. See footnote of Table 1 for data precision.
b Measured Cu/%3Cu ratio is expressed as €°Cu, which is deviation in parts per 10* from the Cu isotope reference material

NIST-976. See footnote of Table 2 for data precision.

¢ Measured %Zn/%*Zn, ©’Zn/**Zn and ®®Zn/**Zn ratios are expressed as £°Zn, £7Zn and £%Zn, which are deviations in parts
per 10* from an Aldrich standard solution. Repeated measurements of Romil Zn solution versus Aldrich Zn solution over a peri-
od of a few months give external precision of 0.5, 0.5 and 0.6¢ at 26 level for £°Zn, &7Zn and €%Zn, respectively.

smaller mass fractionation observed in the in vivo
experiment relative to the in vitro experiment may
be interpreted as resulting from the preferential
incorporation of lighter Cu isotope from this pro-
tein into subsequent proteins in the cell during the
in vivo experiment. The two Cu uptake experi-
ments together suggest that the transition metal
isotopes fractionate along the uptake pathways
within biological systems, i.e., stepwise fractiona-
tion.

5.2. The uptake of Cu proteins in yeast

Yeast cells were cultured in a solution [41] of
known Cu isotope composition. Two proteins,
Cu-metallothionein and Cu-Zn-superoxide dis-
mutase (SOD), were extracted and purified from
the cells [41]. Following decomposition and chem-
ical purification, the protein samples and their
source material CuSO,4 were measured for Cu iso-
topes [4]. SOD also contains zinc, and its zinc
isotope composition has also been analysed using
a standard sample bracketing approach similar to
Cu isotope measurement. The measured °Zn/
047n, 7Zn/%Zn and %Zn/**Zn ratios are ex-
pressed in terms of £°Zn, £7Zn and £%Zn, re-

spectively, which are deviations in parts per 10*
from a Romil Zn standard solution (Table 3).

The Cu isotope fractionation induced by these
two biological processes are similar in magnitude
to those produced during Cu uptake into azurin
(Table 3), and the proteins are isotopically lighter
relative to their source. However, the Cu isotope
composition in the Cu-metallothionein is lighter
than the Cu-Zn-SOD by c. 5 £°Cu units (Table
3). This difference in Cu isotope composition be-
tween two proteins from the same organism dem-
onstrates again that mass fractionation of Cu iso-
topes occurs stepwise along the biological path-
ways within a single cell. This, together with the
above two Cu uptake experiments, shows that the
potential exists in using transition metal isotopes
to trace the kinetic stepwise pathways of these
elements within biological systems.

There is no known sequential uptake relation-
ship between these two proteins. However, Cu in
metallothionein is present as Cut whereas Cu in
the SOD is present as both Cut and Cu?*. As
demonstrated in the last section, oxidation—reduc-
tion is an important controlling factor of Cu iso-
tope fractionation. It is interesting that the differ-
ence in Cu isotope composition between the Cu-
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metallothionein and the Cu-Zn-SOD is in the
same sense as that seen during Cu reduction
(Fig. 3A). It is worth pointing out that Cu was
presented as Cu’" in the culture solution. Thus
the reduction of Cu’* to Cu* must have taken
place within the yeast cell.

5.3. The uptake of Fe into a protein ferredoxin

The uptake of Fe from a culture solution of
known isotope composition into the proteins of
Azotobacter vinelandii, from which one protein
ferredoxin-I (AvFDI) was isolated and purified.
The cells were grown in a 200 L fermentor for
c. 18 h, and harvested in the mid log phase. De-
tails of the experiment procedures have been pub-
lished elsewhere [42,43]. Following decomposition
and chemical purification as described above, Fe
in the AvFDI, its Fe source FeCl;, and the culture
solution after A. vinelandii growth and removal
have all been analysed for isotope composition,
and the results are presented in Table 3. As for
the Cu uptake biological experiments, Fe isotope
composition in the AvFDI is lighter relative to its
source. The mass fractionation measured between
the protein and Fe source is13.2 &’Fe units.

5.4. Fe and Cu isotope compositions in natural
biological samples

In addition to the above in vivo and in vitro
biological experiments studying unicellular organ-
isms, some natural biological samples from multi-
ple-cellular organism were also analysed for Cu
and Fe isotopes. They are oxygen transporting
proteins from higher organisms, including bovine,
horse and pig haemoglobins and octopus hemo-
cyanin. The hemocyanin was extracted from the
blood of a Mediterranean Sea octopus, whereas
the haemoglobin samples were purchased from
Sigma®. As shown in Table 3, the Fe isotope
compositions of haemoglobin samples fall into
the range from —39.4 to —49.5 in &’Fe values
relative to the isotope standard material IRMM-
14. These are about four to five times lower than
the &’Fe value measured in the AvFDI, and are
the lowest £Fe values obtained so far for a wide
variety of terrestrial and extraterrestrial materials

[5,6,44]. Although the isotope compositions of the
direct Fe sources of these high organisms are un-
known, the Fe isotopes of their ultimate source
are not expected to differ greatly from those of
the standard reference material IRMM-14. This is
because the Fe isotope compositions of loess
(—1<&'Fe<5) [5] taken as representative of
the continental crust, and the bulk meteorite sam-
ples (—1 < &7Fe < 3) [5,6] taken as representative
of solar system are all very close to that of the
standard used here. The Fe isotope difference be-
tween the haemoglobin samples from animals and
the ferredoxin-I from the A. vinelandii is consis-
tent with the expectation of isotope evolution
along food chains.

Cu in octopus hemocyanin is derived from sea-
water. Thus its isotope composition may be re-
garded as a proxy of that of seawater. The Cu
isotope composition obtained from this protein
is heavier than that of the isotope standard mate-
rial NIST-976 (Table 3). As it has been demon-
strated for Cu and Fe isotopes above that organ-
isms incorporate lighter isotopes of transition
metals preferentially, the obtained result suggests
that the Cu isotope composition in the Mediter-
ranean seawater is likely to be heavier still.

6. Discussion and conclusions

This contribution amounts to a broadly-based
study of mass fractionation in transition metal
isotopes. It shows that Cu and Fe isotopes can
be fractionated by a variety of geochemical, cos-
mochemical, chemical and biological processes.
The results presented in this paper are expected
to be of general significance for other transition
metal isotopes, such as those of Zn, Ni, Cr, and
Mo, as they have similar masses and show many
similar chemical, geochemical and biochemical
properties.

It is demonstrated that mass fractionation of
transition metal isotopes occurs during a variety
of equilibrium processes in different environ-
ments. These include simple ion exchange equilib-
rium processes between mineral phases at high
temperatures and those between aqueous species
at low temperatures, redox-related equilibrium
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processes between mineral phases at high temper-
atures and those between inorganic species at low
temperatures. This study therefore provides a de-
cisive challenge as to the view that transition met-
al isotopes are too heavy to be fractionated sig-
nificantly by equilibrium processes [3,11], and
expands the scope of application of these new
isotope systems greatly.

Oxidation-reduction processes are of funda-
mental importance in geochemistry, cosmochem-
istry and biochemistry. The experimental results
on Cu isotopes presented in this study demon-
strate unequivocally that large mass fractionation
of transition metal isotopes can be produced by
such a redox process, at least in low temperature
environments. While the significance of these re-
sults should not be over-generalised, it is worthy
pointing out that the observed mass fractionation
of Fe isotopes between olivine and metal phases
in pallasites is also redox-related in nature. The
latter results show that such redox-related pro-
cesses do induce mass fractionation of transition
metal isotopes to a detectable level even at tem-
peratures high enough to produce melts. Further-
more, the difference in Cu isotope composition
between Cu-metallothionein and the Cu—Zn-
SOD of the same organism indicates that oxida-
tion-reduction taking place within biological sys-
tems is likely to play a considerable role in tran-
sition metal isotope fractionation during
biological processes. All together, these imply
that variations of isotope abundances of transi-
tion metals with multiple valence states have the
potential to throw light on some important redox-
related processes taking place in natural systems.

Geosphere-biosphere interaction is a subject of
great interest in both the Earth and biological
sciences. The roles played by organisms in miner-
alisation, weathering and climate change, and the
effects inserted by the availability of nutrition el-
ements on biological productivity have been in-
creasingly recognised [45-48]. A possibility for
the understanding of the interaction between geo-
sphere and biosphere lies in the use of natural
tracers to detect the processes and pathways in-
volved. Transition metals such as Fe, Cu, Zn, Cr,
Ni, and Mo are all biologically utilised [35-37].
These elements provide important linkages in nat-

ural processes between inorganic and biological
chemistry. Results obtained in this study show
that mass fractionation of transition metal iso-
topes can be induced to a considerable level by
biological processes, and that biological activities
take up light isotopes preferentially. Thus transi-
tion metal isotopes offer the potential to trace key
pathways of geosphere-biosphere interaction.

Understanding the pathways of transition met-
als within biological systems is of great impor-
tance in biological and medical sciences, as they
are biological nutrients. The experiments in this
study demonstrate that mass fractionation of
transition metal isotopes occurs stepwise along
the biological pathways. This suggests that it is
feasible to use these new isotope systems to trace
the kinetic stepwise pathways of nutrients such as
Fe, Cu and Zn within biological systems.
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Appendix A. Chemical separation and plasma
source mass spectrometry

Al. Chemical separation

All samples used in this study were chemically
purified by ion exchange chromatographic separa-
tion following complete digestion. Methods used
for sample digestion vary according to the differ-
ent nature of samples as described in the main
text. AG MP-1 resin of 100-200 mesh is used
for Cu, Fe and Zn separation, using an approach
similar to that described previously [2]. Before
loading, all samples were treated with H,O, and
dissolved in 6 M HCI.

For Cu separation, samples were loaded and
eluted with 6 M HCI. Although this resin may
induce large mass fractionation during the chro-
matography (Fig. 2 and [2]), replicates of both
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natural samples and standard solutions show that
the purification process causes no detectable Cu
isotope fraction as 100% recovery is achieved,
which is consistent with a previous study [2].

For Fe separation, samples were loaded and
first washed with 6 M HCI to remove ions other
than Fe and Zn, then 2 M HCI was used to strip
Fe. Isotope fractionation of up to ~40¢ in >'Fe/
34Fe ratio between the fractional collections dur-
ing Fe elution has been observed, similar to a
previous study [16]. However, 100% Fe yield is
achieved, and replicates of samples and standard
solution show no detectable fractionation induced
by the purification process (Table 4).

A2. Fe isotope mass spectrometry

The techniques reported here focus on high pre-
cision measurement of Fe/**Fe and ’Fe/**Fe
ratios only, as *Fe is very small (0.33 at%) and
the cones of the plasma source mass spectrometer
are made of Ni, which has ®Ni.

A2.1. Sample introduction and interfering signal
suppression

For Fe isotope measurement using plasma
source mass spectrometry, the potential problem
of matrix effects, and monatomic interferences,
such as **Cr on Fe, are reduced to a negligible
level by chemical purification. However, the mo-
lecular spectral inferences such as [ArN]" and
[ArO]" need to be dealt with through techniques
of mass spectrometry. This has been done by a
combination of three approaches:

Firstly, samples and standards are introduced
into the mass spectrometer in dilute (0.1 M)
HCl solutions through a modified CeTac
MCNG6000 desolvating nebuliser, which is oper-
ated without N, flow as described before [7].
This approach significantly reduces the supply of
both O and N to the Ar plasma.

Secondly, the spectral interference signals are
further suppressed by introducing sample and
standard solutions at increased Fe concentrations.
Of primary concern for the interfering signals are
their intensities relative to those of Fe isotopes.
Thus the spectrally interfering signals may be sup-
pressed relatively by increasing the Fe concentra-
tions of both samples and standards. This is
achieved by collecting *°Fe™ signal in a Faraday
equipped with a 10' Q resistor rather than the
10'" Q used for the rest. In this study, solutions of
c. 20 ppm Fe were used.

Thirdly, the effects of the molecular interfer-
ences on Fe isotopes are further minimised by
matching concentrations of Fe in standard and
sample solutions closely. The standard-sample
bracketing procedure has been used during this
study. By expressing the Fe isotope composition
of samples relative to that of a standard, much of
the bias in measurements resulting from molecu-
lar interferences cancel out, provided that the Fe
concentrations of standard and sample are
matched closely enough. The accuracy to which
the Fe concentrations must be matched depends
upon the intensities of spectrally interfering sig-
nals relative to those of Fe isotopes, and upon
the precision the instrument may achieve. In this
study, concentrations of Fe in standard and sam-
ple solutions were matched to within 20%.

Table 4

Replicates of Fe purification of meteorite samples and a standard solution

Experiment no.  Description £0Fe? &'Fe? Sample no. Description £°Feb £7Fe®
YG-Al Aldrich Fe 0.1 0.2 Mt180-2 Forest City (H5)° —0.6 —0.8
YG-A2 Aldrich Fe —0.1 0 Mt180-2a duplicate® —0.4 —0.6
YG-A3 Aldrich Fe —0.1 —0.1 Mtl-1 Pallasite Krasnojarsk® —0.9 —-1.3
YG-A4 Aldrich Fe 0.2 0.3 Mtl-la Duplicate® —1.1 —1.5

4 Relative to the original Aldrich Fe solution.
b Relative to IRMM-14 Fe isotope reference material.
¢ Data have been published previously [6].
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Fig. 4. Measurement of £°Fe and &’Fe values in Romil
‘sample’ Fe solutions with concentration ranging from 5 to
40 ppm, relative to Romil ‘standard’ Fe solution at 20 ppm.
The two dotted horizontal lines bracket the measurement re-
peatability at 2c level as defined in Fig. 6. The dotted verti-
cal line indicates the Fe concentration in the ‘standard’ Ro-
mil solution.

A2.2. Interference assessment

Although the molecular interfering signals are
suppressed greatly using the approaches described
above, the extents of the effect of these interfering
molecules on the measured Fe isotope composi-
tions of samples have been thoroughly investi-
gated.

Firstly, the intensities of molecular interfering
signals on Fe isotopes have been determined using
an Fe-free 0.1 M HCI solution, and are typically
c. 107, 2% 107 and <1077 A at 54, 56 and
57 amu, respectively. Under optimised conditions
observed signal intensities for *Fe*, °Fe* and
STFe* of a 20 ppm Fe solution are typically c.
5x1071,9x1071% and 2x 107" A, respectively.
Thus the contributions of interfering molecular
signals are c. 200, 20 and <1 ppm at the mea-
sured 3*Fet, °Fe* and YFe* signals, respectively.
The intensities of these interfering signals are con-
stant during the same run, but may vary slightly
with different instrumental set ups.

Secondly, the effects of the interfering molecu-
lar signals on the measured Fe isotope composi-
tions of samples have been examined by measur-
ing solutions of different Fe concentrations. Fig. 4
shows the results of a series of measurements of
£°Fe and &’Fe in Romil ‘sample’ solutions with

different Fe concentrations, relative to Romil
‘standard’ Fe solution at 20 ppm. The Romil
‘sample’ Fe solutions used vary from 5-40 ppm.
These results demonstrate that: (1) the true £°Fe
and &’Fe values can be obtained when the Fe
concentrations in both sample and standard solu-
tion are identical; (2) the extent to which the Fe
concentration of a sample may be varied relative
to that of the standard depends upon the relative
intensity of the interfering signal and the analyt-
ical precision. Also, from Fig. 4 it can be deduced
that the concentrations of Fe in sample and stan-
dard solutions may differ by * 30% with a negli-
gible introduction of error into the &’Fe value
relative to the measurement repeatability achieved
(see A2.4).

A2.3. Valence effects

The possibility that the oxidation state of Fe in
a sample or standard solution may affect the in-
strumental mass fractionation should be ad-
dressed, since observation shows that the mea-
surements of the isotope composition of the
same Fe solution in dilute HCI vary significantly
after standing for a period of months. This issue
has been investigated by measuring the Fe isotope
ratios of a series of solutions in 0.1 M HCI where
Fe’™ and Fe** coexist relative to those of the
corresponding Fe solutions where only Fe’*
presents, and the results are expressed as Ae¥Fe.
Presence of Fe?* in the mixed valence solutions is
verified by the characteristic red coloration that
followed the addition of 2,2’-bipyridine solution.
The measured isotope differences between the
mixed valence solutions and their corresponding
Fe* solutions, together with the coloration of the
mixed valence solutions, are shown in Fig. 5.
These results demonstrate that the valence state
of Fe in the final solutions has a significant effect
on instrumental isotope fractionation.

The problem of valence effects on instrumental
mass fractionation of Fe isotopes can be elimi-
nated by ensuring that all Fe in both sample
and standard solutions be in the same valence
state. This can be achieved by oxidising both the
standard and samples to Fe’* using H,O,, and
subsequent elimination of the excess H,O, by dry-
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Fig. 5. A plot showing the measured Fe isotope compositions
of mixed valence solutions relative to their corresponding so-
lutions where only Fe’* exists. The coloration of the mixed
valence solution when 2,2'-bipyridine is added are also plot-
ted. A deeper red colour implies more Fe?* in a solution.

ing the solutions down. Standards and samples
are redissolved in 0.1 M HCI prior to introduction
into the mass spectrometry. Observations also
show that in the 0.1 M HCI medium the reduction
of Fe** to Fe’™ causes no detectable effect on
instrumental mass fractionation over a period of
a week.

A2.4. Data acquisition

Signals of the four Fe isotopes are simulta-
neously collected. The correction of instrumental
mass discrimination is made relative to a standard
reference material using the standard-sample
bracketing technique. The results are expressed
as:

e¥Fe = [(*Fe/**Fe)sample/ (Y Fe/>*Fe)standara—1] X
10000

where X denotes 56 or 57.

Samples and standards were measured alterna-
tively. Runs of sample and standard were sepa-
rated by washes using 2 M HCI for 5 min and 0.1
M HCI for 2 min. Data were acquired in blocks of
10 ratios with 10-s integration times, and back-
ground measurements were taken for 20 s prior
to each data block.

To ascertain any contribution from Cr* to the
measured **Fe* signal, Cr is routinely monitored
at >Cr* for both samples and standards. In no
case has the contribution been found to be signifi-
cant.

A2.5. Repeatability and precision

The performance of the instrument for Fe iso-
tope analysis has been assessed by repeated mea-
surement of Romil Fe standard solutions against
Fe isotope reference material IRMM-14 using the
techniques described above. Results obtained over
a period of 20 months are presented in Fig. 6. The
average Fe isotope values obtained for Romil Fe
are £°Fe=1.840.4 (2 S.D.) and &'Fe=2.8%0.6
(2 S.D.). These results are indistinguishable from
the &'Fe value of 2.5%£0.8 (2 S.D.) for Romil Fe
obtained previously [7], where only the >’Fe/>*Fe
ratio was measured. The long-term repeatability
obtained in this study defines an external preci-
sion of 0.4 and 0.6 & units for *Fe/**Fe and *'Fe/
*Fe measurements, respectively, at 95% confi-
dence (20) level. As documented above, variations
in £€°Fe and &’Fe of natural samples after repli-
cated column processing are all within the preci-
sion reported here (Table 4).
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Fig. 6. Repeatability of °Fe/**Fe and *’Fe/**Fe measure-
ments. Romil Fe solution relative to IRMM-14 Fe isotope
reference standard. The average Fe isotope values obtained
for Romil over a period of 20 months are £°Fe=1.8+0.4
(2 S.D.) and £&’Fe=2.8£0.6 (2 S.D.). This long-term repeat-
ability is used to define an external precision of 0.4 & units
for *Fe/**Fe and 0.6 £ units for “Fe/**Fe measurements at
26 level.
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