U-Th/He age, but in areas of slow cooling, the effect
might be significant.
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A number of recent pioneering studies into the po-
tential of iron isotopes to be fractionated by natu-
ral processes have revealed a complex web of possi-
ble isotope fractionation mechanisms. For example,
processes involving microbially-mediated reduction of
mineral-bound Fe(III) to Fe(II) have been shown to re-
sult in fractionation of the 6 Fe/%4Fe ratio of from 0 to
2.5° /50, with the lighter isotopes being concentrated
in the Fe(II)-bearing aqueous or solid product. This
fractionation clearly results from disequilibrium reac-
tions, although it is as yet unclear whether the cause
is strong complexation of iron at the mineral surface
that limits back reaction or a true vital effect. More-
over, field and laboratory studies of abiotic iron oxida-
tion under disequilibrium conditions reveal a fractiona-
tion of as much as 2° /5, with the heavier iron isotopes
being concentrated in the Fe(III)-bearing product, re-
quiring equilibrium fractionation among the coexisting
aqueous Fe(II) species prior to oxidation. Furthermore,
theoretical considerations predict that under equilib-
rium conditions large iron isotope fractionations are
possible due to contrasts in ligand strength and atomic
bonding environment, and that aqueous Fe(III) com-
plexes will concentrate the heavier iron isotopes rel-
ative to Fe(II) complexes involving the same ligands.
These observations provide important insights into pos-
sible isotope fractionation mechanisms, yet beg a more
thorough examination of iron isotope fractionation in
diverse, relatively simple natural systems. Here we
present new iron isotope data that document fraction-
ations accompanying processes such as precipitation of
siderite from COg-charged springs, of schwertmannite
from acid-mine drainage and of ferrihydrite from spring
waters by a presumably microbial mechanism. Consid-
ered in light of previous studies the new data under-
score the importance of aqueous speciation in deter-
mining iron isotope fractionations observed in natural
and experimental systems.
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We have investigated biotic and abiotic stable iron
isotope fractionation pathways in experiments, the low-
T natural environment, and the human body. Fe sam-
ples were analysed using a Nu Plasma Multicollector
ICP-MS. All measured samples plot on the theoret-
ically predicted exponential fractionation line in the
Deltab57Fe versus Delta56Fe space, demonstrating ab-
sence of ArN or ArO interferences. An experimental
calibration of Fe isotope fractionation during abiotic
formation of iron (III) oxyhydroxide and iron(II) min-
erals from aqueous solution resulted in significant dif-
ferences: (a) During fast precipitation of FeOOH dur-
ing alkalization of a Fe(III)Cl3 solution at room tem-
perature the solid is only slightly enriched by about
0.1permil in 57Fe compared to the solution. (b) Slow
precipitation of akaganeite (beta-FeOOH) from aque-
ous Fe(III)Cl13 solution leads to a depletion of 57Fe
by about -2.2permil in the solid phase without a sig-
nificant influence of temperature. (c) Precipitation of
FeOOH during oxidation of aqueous Fe(II) solutions
by oxygen yields an enrichment of up to 4.8permil in
57Fe in the solid phase. (d) Iron(II) carbonate pre-
cipitation between 20 and 60C leads to an almost neg-
ligible depletion in 57Fe compared to aqueous ferrous
jons. Interpretation: Large enrichment of the heavy
isotope is observed where Fe is oxidised, whereas small
to interme-diate depletions of heavy Fe isotopes occur
upon forma-tion of Fe-minerals without change in re-
dox state. Addi-tionally, kinetic effects, the speciation
of the aqueous solution, or the effect of crystal struc-
tures may have to be considered. Biotic isotope frac-
tionation by microorganisms was investigated at two
field sites. In a Fe mine (Gonzen, Switzerland), Fe-
precipitating microbes (Gallionella ferrugina and Lep-
tohrix ochtraceae) have formed Fe(III)-oxyhydroxides
that are ca. 0.6permil heavier in Delta57Fe than the
Fe-rich parent solutions. At Cady Mts, California, fila-
mentous fabrics of goethite, thought to represent fossil
remnants of microbial mats, have been found as en-
crustations in chalcedony. Delta57Fe is 3 permil heav-
ier than the associated calcite (representing the Fe-rich
fluids). Therefore, the fractionations found in micro-
bial precipitates are not larger than those produced in
the abiotic experiments. In contrast, major Fe isotope
fractionations are produced by the human body: The
major iron compartments in the human body, blood,
liver, muscle tissues, and also hair, are all depleted by
as much as 6 permil in the 57Fe isotope relative to 54Fe
when compared to the average dietary intake. Since fe-
ces are similar to the average intake, we conclude that
a significant Fe isotope fractionation occurs at the ad-
sorptive stage in the intestine. In conclusion, with re-
spect to the hypothesis that Fe isotope effects might
serve as ”biosignatures” it appears that microbial and
abiotic reactions cause similar isotope effects which es-
sentially depend on redox reactions and the speciation
in the aqueous solution. On the other hand, higher or-
ganisms bear distinct Fe isotope signatures.
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Previous studies have shown that copper is fraction-
ated in the environment. However, the mechanisms for
isotope fractionation and the role of organic and inor-
ganic processes in the fractionation are not well under-
stood. Here we used the well controlled experiments
used by Phelps Dodge Corporation aimed at leaching
copper from their ore deposits to constrain the mecha-
nism of copper isotope fractionation in natural systems.

The isotope data were collected on a Micromass Iso-
probe. High temperature copper sulfides from ore de-
posits in Chile and Arizona yield delta 65Cu near 0
permil. The reproducibility of the data is better that
0.1 permil.

Controlled experiments consisting of large columns
of rocks were fed solutions containing bacteria such
as Thiobacillus ferroxidans and Leptospirrilium ferrox-
idan. Solutions fom the columns were sampled for sixty
days and analyzed for copper concentrations, oxidation
potential, ferrous/ferric ratios and pH. The results in-
dicate that the bacterially aided dissolution of copper
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fractionated copper. Preliminary experiments of cop-
per dissolution not using bacteria show no isotope frac-
tionation

The original rock in the experiment has a delta
65Cu of 2.1. The first solutions that were collected
from the columns had a delta 65Cu of 5.0 per mil.
The liquid changed its isotopic composition from 50
to 10 during the sixty days of sampling. The great-
est shift in the isotope ratios occurred the first 30 days
when the copper recovered was less than 40% and the
ferrous/ferric ratios were somewhat constant. At ap-
proximately 35 days after the start of the experiments,
the copper recovery increases the ferrousferric ratio de-
creased and the copper isotope ratio of the fluids re-
mained fairly constant.

The data suggest that the bacteria are required to
effectively fractionate copper isotopes in natural sys-
tems and that the mechanisms of bacterial aided cop-
per dissolution may include a direct dissolution of the
sulfides by the bacteria. Experiments underway with
enzimes without the bacteria may confirm this hypoth-
esis. The data obtained in these experiments will pro-
vide some constraints in the use of copper isotopes as
proxy for life in the rock record.
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Selenium contamination occurs in many areas of the
western USA as Se is flushed from soils into irrigation
wastewater. It is also elevated where fly ash from coal-
fired power plants is disposed of, and in a few other
settings. Predicting the long-term impacts of anthro-
pogenic Se inputs on various systems involves under-
standing the redox reactions that control Se mobility
and bioavailability. Detailed Se speciation studies have
provided insights into such processes, but are limited in
several ways. Se isotope measurements provide comple-
mentary information about redox reactions, and thus
can improve understanding of these critical processes.
Other heavy stable isotope systems have similar poten-
tial. Several challenges have arisen in the development
of Se isotopes, and all of these apply to other heavy sta-
ble isotope systems. Because of the geochemical com-
plexity of Se, several studies were needed to provide an
initial survey of laboratory data on Se isotope system-
atics. Other heavy elements have similarly complex ar-
rays of species and reactions, and detailed laboratory
studies are needed to reveal the associated fractiona-
tions. Microbially mediated and kinetically complex
reactions may have variable fractionations. Our mi-
crobial reduction experiments in the laboratory showed
a wide range of fractionation induced by reduction of
Se(VI) to Se(IV), from <1.0 to 5.0 per mil on 8076. On
the other hand, sediment slurries from three different
wetland settings yielded a narrow range of fractionation
(2.6 to 3.1 per mil) for this reaction. This is encourag-
ing, but further work will be needed to extend this to
a wider range of conditions. Once the isotopic system-
atics are understood, transport dynamics in the field
come into play. The effective fractionation that occurs
in surface water-sediment systems may be less than the
instantaneous fractionation induced by a reaction, be-
cause the sediment can be a “partially closed” system,
connected to the water column via diffusion. Detailed
studies of microcosms will be needed to address this
issue.
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Chemically similar to sulphur, Se occurs as +6, +4,
0 and -2 valences in a variety of organic compounds
and geological settings. This makes the study of Se
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stable isotope ratios a potential indicator of geologi-
cal and biological processes. Se isotopes were first de-
termined in the early 60’s (Krouse and Thode, 1962;
Rashid et al., 1978) using gas-source MS and recently
by N-TIMS (Herbel et al., 2000; Johnson et al., 1999)
using the double spike technique. The previous results
showed that the 82Se/76Se ratio vary by as much as
15° /50 and indicate that abiotic and bacterial reduc-
tion of soluble oxyanions is the dominant cause of Se
isotope fractionation.

Our isotopic analyses of Se were performed using a
continuous flow hydride generation system coupled to
a Micromass MC-ICP-MS after chemical purification.
The estimated external precision of the 82Se/76Se iso-
tope ratio is 0.25%/,, (20) for a quantity of Se per
analysis as low as 50 ng and the data are reported rela-
tive to our internal standards (MERCK elemental stan-
dard solution).

In this study we have used Se isotopes in conjunc-
tion with S isotopes to provide additional constraints
on the fractionation processes in seafloor hydrothermal
systems. Several fields were studied along the Mid At-
lantic Ridge and include the Lucky Strike field where
the setting is in a caldera system with abundant low-
permeability layers of cemented breccia which result
in fluid cooling and mixing below the hydrothermal
vents. Based on vent structures, mineral abundance,
and geochemistry, two types of hydrothermal deposits
were identified: (1) high-T vents with §54S between
1.5 and 4.5°/,0 and Se values up to 2000 ppm; (2)
low-T vents where pyrite and marcasite generally have
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lower 5348 values (down to -1.0°/,4) and low concen-
tration of Se (<50ppm). Se-depletion in low temper-
ature hydrothermal deposits is interpreted as a result
of subsurface precipitation of sulfides (scavenging Se
from the fluid) during the conductive cooling of the
hydrothermal fluid beneath the impermeable slabs. For
532Se the values range from meteoritic and magmatic
values (near -1.5%/,,) to values depleted in 32Se of
-5.5%/00. Se isotope values of sufides are correlated
with the Se content. As Se isotopic fractionation fac-
tor between the fluid and the precipitated sulfide is
likely to be very small under hydrothermal conditions
(as for S isotopes), we interpreted the Se isotope signa-
ture as a result of the leaching and mixing of a fraction-
ated Se source beneath hydrothermal chimneys with the
hydrothermal fluid. For one single vent (Bairo Alto)
we observed variations up to 42/, for S isotopes and
3°/00 for Se isotopes with a clear positive correlation
allowing the determination of two sources for S and
Se; there are (1) the ”"end-member” hydrothermal fluid
with meteoritic Se isotopic values (-1.5°/50) and typ-
ical hydrothermal values at 3 to 4°/,, for S isotopes
(due to sulfate reduction at depth) and, (2) fraction-
ated source hosted in slab environment with sulfur at
negative 6°%S values and Se likely derived from bac-
terial reduction of Se oxyanions. Fluid cooling and
mixing with seawater in the subsurface environment
may provide suitable conditions for microbial activity
which is recorded by Se isotopes. Furthermore, Se iso-
topes have been found to be an important tool to re-
interprete S isotope data suggesting that magmatic iso-
topic values of S isotopes does not necessarily imply a
magmatic origin of S.
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The 70s and the 80s saw the demonstration that
some anomalous isotope compositions in planetary ma-
terial are inherited from heterogeneities in the Solar
Nebula and that some others reflect spallation induced
by strong radiation events. In addition, a variety of
mass-independent fractionation processes were shown
to affect the isotopic composition of atmospheric O,
C, and S. In the mean time, the patterns of mass-
dependent fractionation of most elements, notably met-
als, remained largely ignored, presumably because the
state-of-the-art precision of existing analytical tech-
niques (mostly double-spike) was inadequate. The de-
bate largely focused on why no isotopic fractionation
could actually be observed, e.g., for K and Fe in plane-
tary objects, within the limits of the current analytical
uncertainties (0.1 to 1 ©/50). The advent of multiple-
collector ICP MS suddenly improved the precision on
isotopic measurements to a typical 40 ppm on elements
such as Cu, Zn, Fe, Mg, Mo, etc. The ongoing explo-
ration of the stable isotope geochemistry of metallic
elements is revealing that their natural isotopic vari-
ability is much more widespread and stronger than pre-
viously anticipated, typically 1 ©/,0 for Zn and Fe to
10 °/60 for Cu. The mechanisms of isotopic fraction-
ation that create this variability remain to be deter-
mined. The bulk of Zn and Fe in planetary material is
apparently derived from an isotopically homogeneous
The first data on meteorites reveal, however,
that the isotopic heterogeneities of Cu and Zn in plan-
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source.

etary objects correlate with 160 excess. Redox reac-
tions cannot be the deus-ex-machina of the isotope geo-
chemistry of metals: isotope fractionation in ores and
soils is far more ubiquitous and far stronger for Cu than
for Fe. Cu fractionation by ion exchange in solution is
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much stronger for chloride complexes than for free ions
in nitric solutions. Volatilization processes also need
to be better understood: the Zn isotope variability of
iron meteorites is nearly an order of magnitude larger
than that of the rest of planetary material altogether
regardless of its apparent volatile element depletion. A
careful investigation of the coordination and of molec-
ular symmetry in vapor, aqueous solutions, solids and
liquid metals is a pre-requisite to the understanding of
these newly discovered isotopic effects.
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Transition metal stable isotopes potentially have

many useful geochemical and biogeochemical applica-
tions. Because of the relatively small differences in
mass between isotopes it is thought that these elements
are not substantially fractionated by high temperature
terrestrial processes. However low temperature, and
in particular, biological processes may produce signifi-
cant fractionations. Recent advances in multicollector
ICP technology have overcome previous analytical dif-
ficulties and made the necessary high precision isotopic
measurements possible. Here we present data that il-
lustrate some technical aspects of transition metal iso-
tope geochemistry by multi-collector ICP-MS. In addi-
tion, we report data for Fe and preliminary data for
Zn isotopes in Archaean sulphide samples associated
with sulphate-reducing bacteria in microbial communi-
ties from the 2.7 Ga Belingwe belt, Zimbabwe.

We have employed the same chemical separation
procedures reported previouslyl, However, we have ob-
served fractionation artefacts associated with matrix
elements (mainly Ti and Fe) in the Zn fraction which
we have eradicated by the addition of a small column
to further purify the separated Zn. Instrument mass
bias has been corrected for Fe using standard brack-
eting and for Zn using Cu-doping. We have also found
that careful matching of Cu/Zn ratios in standards and
samples is necessary in order to avoid very systematic
mass-bias artefacts associated with the instrument. For
example, the 66Zn/642n ratio for standards and sam-
ples, mass-bias corrected using GSCu/63Cu, changes by
1.1 per mil as the Cu/Zn ratio changes from 1 to 0.1.
The change is only 0.3 per mil, however, as the Cu/Zn
ratio changes from 1 to 10. These changes are asso-
ciated with non-linear variations in the Cu signal and
are tentatively attributed to space-charge effects in the
ICP source/expansion area.

Multiple analyses (n=12, processed separately
through the chemistry) of USGS standard basalt BCR-
1, during two different analysis sessions, yield a re-
producibility of 0.04 per mil for 556 Fe. Analogous
to earlier findings2, this product of high-temperature
processes is minimally-fractionated (+0.12 per mil for
656Fe) relative to our IRMM14 Fe standard. Prelimi-
nary 5667Zn values for BCR-1 are also close to the Lyons
JMC standard!. In marked contrast, sulphides associ-
ated with microbial communities in the Belingwe belt
have the lightest Fe yet reported for terrestrial samples.
For §%6Fe the range is 1.2 to 2.8 per mil, with reference
to BCR-1. The silicate portion of two black shale sam-
ples, with very negative 613C of -30.4 per mil3, have
values of -2.5 and -1.6 per mil. Preliminary data for
Zn show consistently positive fractionations with the
two black shales having the highest §%6Zn, at +0.8 and
+1.0 per mil relative to BCR-1. These fractionations
are analogous to those recently obtained for sulphur
from the same material® and document ancient frac-
tionations of Fe and Zn by biological processes.

lc. Marechal, P. Telouk, F. Albarede, Chem. Geol.
156, 251-273 (2000). 2B.L. Beard, C.M. Johnson,
Geochimi. Cosmochim. Acta 63, 1653-1660 (1999).
3N.V. Grassineau et al. London B
268, 113-119 (2001).
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We are investigating mass-dependent fractionation
of Mo isotopes scavenged by Mn oxyhydroxides. Bar-
ling et al. (2001) hypothesized that this process ex-
plains the natural fractionation of Mo isotopes between
Fe-Mn oxide sediments on the one hand and seawater
and anoxic sediments on the other. To account for the
observations, the lighter Mo isotopes must be prefer-
entially scavenged, and the scavenging process must be
inefficient. Laboratory experiments have shown that
scavenging efficiency decreases with increasing pH (e.g.
Chan and Riley, 1968).

In our experiments we varied the concentrations of
Mo and Mn in solution (Mo = 0.1 - 8.3 ppm; Mn = 21
- 1740 ppm; Mn/Mo = 209), contact time between pre-
cipitate and solution (0 - 23 hours) and pH (2 - 9.4).
At pH 2 the efficiency of removal of Mo from solution
by Mn oxyhydroxides is >99.9% and is unaffected by
Mo and Mn concentrations or by contact time. We in-
fer that Mo scavenging occurs dominantly during initial
precipitation and that subsequent scavenging is of sec-
ondary importance. As expected from previous studies,
scavenging efficiency varied with pH, from >99.9% at
pH 2 to 78% at pH 9.4.

The isotopic composition of residual Mo in the fil-
tered solutions was measured for experiments at pH
4.3 (4.8% residual Mo in solution), pH 9 (12.9% Mo)
and pH 9.4 (22.4% Mo). In all cases, residual Mo was
heavy relative to the starting Mo solution, as hypoth-
esized. At pH 9, the magnitude of the experimentally
produced fractionation (§97/95Mo = 1.4°/4,) is close
to that seen in nature between Pacific Mn nodules and
Pacific seawater (pH 7.8; 697/95Mo = 1.9°9/,0). As-
suming a simple Rayleigh fractionation model, a for
these experiments varies from 1.00046 to 1.00015 with
decreasing pH. This suggests that at least two differ-
ent mechanisms are involved in the removal of Mo from
solution by Mn oxyhydroxides and that the relative im-
portance of these mechanisms varies with pH. Factors
that might vary with pH and thus favor one mechanism
over another include changes in Mo speciation and the
form of Mn oxyhydroxide precipitated.
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In the relatively new field of heavy stable isotope
geochemistry, molybdenum (Mo) is one of the very
promising elements. Molybdenum is a redox-sensitive
trace metal. Isotope fractionation during terrestrial
processes such as low-temperature redox transitions,
chemical weathering, changes in the composition of the
atmosphere, hydrothermal activity and sedimentary cy-
cling is likely. Molybdenum is also an essential element
for biological nitrogen fixation. Therefore, biogeochem-
ical Mo isotope fractionation is also probable. The
oceans represent an important terrestrial Mo reservoir.
Dissolved concentrations in seawater are relatively high
(0.01 ppm). The global ocean residence time is corre-
sponding high with 800 kyr. The aim of this study is
to characterise the principle present day oceanic Mo
reservoirs and their changes with time. Molybdenum
isotopic compositions were determined precisely using
a Nu instruments MC-ICP-MS. Instrumental and lab-
oratory mass fractionation is separated from natural
mass dependent fractionation by addition of a molybde-
num double spike prior to chemical separation (Siebert
et al., 2001). The external standard reproducibility
is at or below 0.1 per mil for the 98Mo/95Mo ratio
(2s.d.). We analysed ocean water samples from the At-
lantic (n=3, 0m-2400m depth), the Pacific and the In-
dian Ocean (deep water). These yield a homogeneous
Mo isotopic composition as would be expexted from the
long residence time of Mo in the oceans. Ocean water
has the heaviest Mo isotopic composition measured to
date (42.3 per mil on the 98Mo/95Mo ratio relative to
a Johnson Mattey ICP standard solution, lot 602332B).
In view of the homogeneous ocean water ratios, we pro-
pose the use of present day ocean water as an reference
standard (Mean Ocean Molybdenum: MOMO). Signif-
icantly lighter compositions from -2.7 to -3.1 per mil
on the 98Mo/95Mo ratio relative to MOMO were de-
termined for six Fe-Mn crust surface layers. Pelagic
clay (-2.7 per mil) and clastic sediments (-2.3 and -2
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per mil) show composition inbetween. A depth profile
through a 70Ma old Fe-Mn crust revealed steep gradi-
ents for Mo concentrations (300ppm to 400ppm within
2 Myr), precluding post-depositional homogenisation of
Mo. In contrast, the Mo isotopic compositions are uni-
form throughout the entire 70 Myr profile (-3.2 4 /- 0.1
per mil relative to 98Mo/95Mo MOMO). We conclude,
that a constant Mo isotopic composition must be as-
sumed for ocean water during the last 70 Myr.
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We have conducted an in-depth investigation of Tl
isotope variations for a comprehensive suite of hydroge-
netic ferromanganese crusts, diagenetic Fe-Mn nodules,
hydrothermal manganese deposits and seawater sam-
ples. The natural variability of Tl isotope compositions
in these samples exceeds the analytical reproducibility
(£0.05°/40) by more than a factor of 40.
Hydrogenetic Fe-Mn crusts have €205 of “+10
to +14, whereas seawater is characterized by values
as low as -8 (5205Tl represents the deviation of the
205Tl/203Tl ratio of a sample from the NIST SRM 997
Tl isotope standard in parts per 104). This ~ 2°/40
difference is thought to result from the isotopic frac-
tionation that accompanies the adsorption of Tl onto
ferromanganese particles. An equilibrium fractionation
factor of @ = 1.0021 is calculated for this process.
Ferromanganese nodules and hydrothermal man-
ganese deposits have variable Tl isotope compositions
that range between the values obtained for seawater
and hydrogenetic Fe-Mn crusts. The variability in
20577 in diagenetic nodules appears to be caused by
the adsorption of Tl from pore fluids, which act as
a closed-system reservoir with a TI isotope composi-
tion that is inferred to be similar to seawater. Nodules
with e 5Tl-values similar to seawater are found, if the
scavenging of Tl is nearly quantitative. Hydrothermal
manganese deposits display a positive correlation be-
tween 20577 and Mn/Fe. This trend is thought to
be due to the derivation of Tl from distinct hydrother-
mal sources. Deposits with low Mn/Fe and low ¢2957
are produced by the adsorption of Tl from fluids that
are sampled close to hydrothermal sources. Such flu-
ids have low Mn/Fe ratios and high temperatures, such
that only minor isotope fractionation occurs during ad-
sorption. Hydrothermal manganese deposits with high
Mn/Fe and high €205 are generated by scavenging
of T1 from colder, more distal hydrothermal fluids. At
such conditions, adsorption is associated with signifi-
cant isotope fractionation, and this produces deposits
with higher ¢205T-values coupled with high Mn/Fe.
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Our recent inductively coupled

plasma-source mass spectrometry (MC-ICPMS) stud-
ies of Mg and Fe isotope ratios in meteoritical materials
(Galy et al. 2000, Science 290, 1751; Zhu et al. 2001, Na-
ture 412, 311; Young et al. 2001, Geochim. Cosmochim.
Acta, in press) demonstrate the potential of these new
isotope systems. Taken together, the studies show that
rock-forming elements other than O were well mixed in
the early solar system, and that pressures during melt-
ing to form chondrules were higher than conventional
astrophysical estimates. These conclusions place severe
constraints on explanations for the elemental composi-
tions of rocky planets and asteroids.

Mass-dependent fractionation results in two dis-
tinct fractionation laws that manifest as distinct slopes
in three isotope space. The slopes of equilibrium
fractionation lines, or more correctly the exponent

multi-collection

in the agj = fractionation law where ag j

3.1
is the isotope fractionation factor for isotopes 2 and
1, is 8 = (1/my — 1/mg)/(1/m1 — 1/mg) for iso-
tope masses m1 < mg < mg. Kinetic fractiona-
tion lines produce shallower slopes approaching 8 =

In(myq/mg)/In(my/m3) where the values for m; can
be reduced masses or even molecular masses, depend-
ing upon the process. MC-ICPMS measurements can be
used to distinguish these two mass fractionation laws in
natural materials.

Highly precise measurements of 90Fe/%4Fe and
57Fe /54Fe in a diverse sampling of meteoritical ma-
terials show that Fe in all bodies of the solar system
came from a single reservoir. The data span limited
ranges in €"6Fe and ¢57Fe (16 and 23, respectively).
Despite the limited range, the precision of the data
(approx. =+0.6 €) is sufficient to distinguish between
equilibrium exchange and kinetically controlled mass
fractionation of Fe isotopes. The three-isotope slope
defined by the meteorite data is 0.678 £+ 0.004. The
slope predicted for equilibrium exchange of these Fe iso-
topes is 0.6786 while the slope for kinetic fractionation
is 0.6726. Good agreement between the measured slope
and the predicted equilibrium slope suggests that not
only was there a single Fe reservoir in the early solar
system, but that variability in Fe isotope ratios reflects
equilibration. In the case of chondrules, this may sug-
gest that an approach to exchange equilibrium between
vapor and liquid, requiring high vapor pressures of Fe,
was responsible for precluding Fe volatilization.

Measurements of 25Mg/24Mg and 26Mg/24Mg in
components of chondrites suggest a canonical 525Mg
(relative to SRM 980) of about 1.6 + 0.1 ©/5,. Whole
chondrules from the Allende CV3 meteorite show a lim-
ited range in §°°Mg with values from 1.6 to 2.6 /40
First results from a novel ultraviolet laser ablation MC-
ICPMS method for measuring Mg isotope ratios in situ
together with in-situ laser ablation oxygen isotope ratio

data show that the heterogeneity in §2°Mg is in part
a consequence of inheritance from refractory mineral
grains with high 2°Mg/24Mg and low A170O and not
volatilization. Therefore, the Mg isotope data, like the
Fe data, suggest that Allende chondrules grew at pres-
sures high enough to prevent loss of Mg by volatiliza-
tion at temperatures above the solidus.
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Cu and Zn isotopic variations are now identified
in extra-terrestrial samples, as has been the case for
terrestrial samples (1). The main parameters which
may cause these variations are : redox state, tempera-
ture, biological activity (Earth), and volatility (extra-
terrestrial samples). We report data for meteorites
from various groups and classes, including carbona-
ceous chondrites, ordinary and diffentiated chondrites
(iron meteorites, SNC and HED). All analyses have
been duplicated (from powder aliquot to final mea-
surement). Values are expressed as relative devia-
tions from NIST and JMC standards for 65Cu/63Cu
and 66Zn64Zn, respectively (deltas in permil). Care-
full chemistry and MC-ICP-MS measurements allow an
overall precision of +/-0.04 permil.

I- Carbonaceous Chondrites A very important fea-
ture is that each group seems to exhibit a specific iso-
topic signature : Cu gets isotopically lighter from CI to
CM to CO to CV, spanning an overall range of 1.5 per-
mil. Zn shows a reverse order, getting heavier from CI
to CM to CO. Zn in CV chondrites (whole rock) seems
more variable. This order is the same as that observed
for trace elements. Cu and Zn isotopic compositions are
generally correlated to trace element content from one
group to another, particularly those of similar volatil-
ity (e.g. Mn for Cu; Ge for Zn). Cu and Zn isotopic
signatures exhibit remarkable relationships with Oxy-
gen isotopes. Each group is well identified. Cu is lin-
early correlated with Oxygen, whereas Zn-O data dis-
play strong curvature : the difference in shape can be
related to the nearly constant Cu content in all groups,
and by the decreasing Zn content from CI to CO. Since
Oxygen variations (from CV to CI) are thought to re-
flect progressive interaction of liquid water with initial
solid (asteroid), Cu isotopic variations may also reflect
this progressive alteration process. It may be so for Zn
too, although its more volatile character might play a
role.

II-Allende Progressive leaching experiments have
been conducted on various powder aliquots : HF-HCI
cold(#1), HF-HCI hot(#2), HF-HNO3(#3) hot under
pressure. Results show clearly that different Zn (and
Cu) isotopic signatures (are preserved in early compo-
nents. We stress that these are NOT anomalies for Zn

three isotopic ratios (66, 67 and 68 vs. 64) agree
perfectly with a mass-dependent process. In particular
Zn gets systematically lighter from the “volatile” com-
pounds (#1) to the refractory ones (#3). The rough
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correlation between O and Zn isotopes in these com-
pounds could imply that Zinc, like Oxygen, experi-
enced interaction between gaseous and solid states (e.g.
spinels) at high temperatures.

ITI- Iron Meteorites Non magmatic irons do not
show much variation (less than 1 permil in range for
both elements). On the other hand, meteorites from
the TAB-IIICD group show not only large variations
(3.5 permil in Zn), but also a negative correlation be-
tween Cu and Zn isotopes : this could be interpreted as
a mixing between two endmembers, one of them being
strongly fractionated in Zn isotopes. Fractionation of
such extent (43.7 permil) could reflect either volatiliza-
tion during impact melting, or alteration on the parent
body.

Data available indicate that Cu and Zn isotopes are
potentially important tracers for studying : 1- early so-
lar nebula processes (e.g. high and low-T compounds
exhibit different isotopic signatures); 2- meteorite par-
ent body evolution (e.g. Cu and Zn isotopes corre-
late remarkably well with Oxygen isotopes in a well-
established order : CV-CO-CM-CI).

References (1)Marechal C., Telouk P. and Albarede
F. (1999) Chem. Geol., 156, 251-273.
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On 12 July a seismic swarm in the upper southern
flank of Etna, between La Montagnola and the sum-
mit craters, heralded the start of a new flank eruption.
The emplacement of a new feeder dyke, occurred while
the summit of the volcano was still the site of per-
sistent eruptive activity, was confirmed by a number
of data, spanning from seismicity, ground deformation,
petrology, volcanology, geomagnetism, gravity, tecton-
ics and gas geochemistry. The dike emplacement was
marked by the seismic swarm composed by more than
2500 events mostly concentrated in the few days pre-
ceding the opening of the eruptive fissures. Ground
deformation data from permanent GPS and tilt net-
works showed marked variations in concomitance with
the seismic swarm. The deformation pattern inferred
the dike penetration. Magnetic data revealed a sharp
and intense decrease in the total geomagnetic field on
the upper southern flank, and an increase on the up-
per northern flank. The Serra La Nave continuously-
running gravity station (southern slope of the volcano;
1740 m elevation) recorded a sudden gravity increase,
starting on 12 July. The result on the surface was
the opening of a 6-km-long field of fractures that in-
tersected the summit of the volcano from north (Valle
del Leone: 2600 m a.s.l.) to south (Rifugio Sapienza:
2100 m a.s.l.). Four eruptive fissures opened between
17 and 19 July on the south and north flanks of the
volcano, from the SE Cone down to 2600 m, producing
small lava flows. These formed the upper fissure sys-
tem. An additional vent opened on 18 July at 2100 m
elevation on the south flank producing a large lava flow
that spread south towards the village of Nicolosi and
traveled 6.5 km. Explosive activity, increased by the
intersection of the feeder dike with a shallow aquifer,
since 19 July gave rise to a new cone just north of Mon-
tagnola at 2550 m elevation. This new cone built up
as a result of alternating phreatomagmatic and mag-
matic explosive and effusive activity. The new cone
at 2550 m and the 2100 m vent formed the lower fis-
sure system. Petrology of tephra and lava flows, and
SO2/HCI ratios of magmatic gases measured by FTIR,
evidenced a marked chemical distinction between the
upper and lower fissure systems related to the two dis-
tinctive plumbing systems. The eruption ended on 9
August with a gradual reduction in the effusion rate
and a marked decrease of the SO2 flux from the four
summit craters.
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