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Isotopic links between atmospheric chemistry and
the deep sulphur cycle on Mars

Heather B. Franz"?, Sang-Tae Kim?®, James Farquhar? James M. D. Day*, Rita C. Economos®, Kevin D. McKeegan®,
Axel K. Schmitt®, Anthony J. Irving®, Joost Hoek? & James Dottin 1112

The geochemistry of Martian meteorites provides a wealth of informa-
tion about the solid planet and the surface and atmospheric processes
that occurred on Mars. The degree to which Martian magmas may
have assimilated crustal material, thus altering the geochemical signa-
tures acquired from their mantle sources, is unclear'. This issue fea-
tures prominently in efforts to understand whether the source of light
rare-earth elements in enriched shergottites lies in crustal material in-
corporated into melts” or in mixing between enriched and depleted
mantle reservoirs’. Sulphur isotope systematics offer insight into
some aspects of crustal assimilation. The presence of igneous sul-
phides in Martian meteorites with sulphur isotope signatures indi-
cative of mass-independent fractionation suggests the assimilation
of sulphur both during passage of magmas through the crust of Mars
and at sites of emplacement. Here we report isotopic analyses of 40
Martian meteorites that represent more than half of the distinct
known Martian meteorites, including 30 shergottites (28 plus 2 pairs,
where pairs are separate fragments of a single meteorite), 8 nakhlites
(5 plus 3 pairs), Allan Hills 84001 and Chassigny. Our data provide
strong evidence that assimilation of sulphur into Martian magmas
was a common occurrence throughout much of the planet’s history.
The signature of mass-independent fractionation observed also indi-
cates that the atmospheric imprint of photochemical processing pre-
served in Martian meteoritic sulphide and sulphate is distinct from
that observed in terrestrial analogues, suggesting fundamental differ-
ences between the dominant sulphur chemistry in the atmosphere of
Mars and that in the atmosphere of Earth®.

Sulphur isotope analyses were undertaken using sequential chemical
extraction from whole-rock meteorite samples followed by dual-inlet
isotope ratio mass spectrometry and in situ secondary ion mass spec-
trometry (SIMS). The abundance of sulphur extracted from each frac-
tion is reported in Supplementary Table 1 and illustrated in Extended
Data Fig. 1. Isotope data are reported in per mil using § and A notation
(Methods and Supplementary Table 2a) and were normalized to mea-
surements of Cafion Diablo Troilite (CDT). A subset of the data, identified
with anomalous sulphur isotopic signatures, is reported in Supplemen-
tary Table 2b. Anomalous sulphur isotope effects, which produce mass-
independent fractionation (MIF), are those in which isotope selection
depends on factors in addition to the classical (mass-dependent) selec-
tion rules associated with molecular vibrations, rotations and transla-
tions. These effects are typically characterized by significant deviations
of A*S, A**S or both, but we note that small variations in A**S and A*°S
may be produced by mixing or distillation processes involving large (tens
of per mil) mass-dependent variation in §**S (Supplementary Infor-
mation and Extended Data Fig. 3). The magnitude of A”*S and the ab-
sence of significant 3°*S variation in Martian meteorites rule out such
mixing and distillation and have led to the suggestion that the Martian
signatures reflect a mass-independent effect, attributed to ultraviolet
photochemistry>®. We discuss below how the MIF signatures observed

in this study provide insight into processes of assimilation of sulphur
into magma during transport (observed in shergottites), processes of assim-
ilation of sulphur salts or sulphur-bearing fluids at the time the flows
were emplaced (observed in nakhlites), and in some cases processes that
introduce MIF sulphur signatures through secondary alteration pro-
cesses on Mars.

The shergottites are igneous rocks that lack evidence of extensive
secondary mineralization’. We extracted acid-volatile sulphur (AVS, pre-
dominantly monosulphide) from shergottites representing each mineral-
ogical and trace element category identified in the literature. The isotopic
composition of the AVS fraction reveals uniformity among these sam-
ples (Fig. 1) and establishes a baseline for interpretation of Martian sulphur
isotopic data. The weighted mean of analyses yields —0.17 = 0.11%o for
8°15,0.009 * 0.001%o for A**S and 0.02 * 0.19% for A*°S (see Methods
for details; uncertainties represent 2s.e.m.). The data do not follow a
normal distribution and yield a standard deviation of 0.013% for A>>S,
which is ~1.5 times that predicted from analytical uncertainty alone.
The variability in A**S for the sample population suggests augmenta-
tion by sulphur with anomalous A**S that did not originate in the
mantle. However, the A*S of the mean is tightly constrained and close
to the value measured for CDT and bulk chondritic sulphur (average,
0.002 = 0.005%o (s.e.m.) * 0.025%o (s.d.); refs 8, 9). Data for groups of
enriched versus depleted shergottites and mafic versus ultramafic sher-
gottites are distributed about the mean, and the sulphur isotopic com-
position of Y980459, which is one of the most primitive shergottites and
is thus inferred to represent Martian mantle composition'’, notably lies
close to the mean. Although other processes may have influenced the
sulphur isotopic composition of shergottites, the mean value of 0.009%o
provides a reasonable measure of the juvenile A**S of Mars. This signal
is less **S-enriched than those observed in some achondrite groups and
minor components of chondrites that have been interpreted to reflect
heterogeneity in planetary precursor materials®'"'2, The variability in A**S
of Martian sulphur, chondritic sulphur® and terrestrial mantle sulphur'
isless than 0.01%o, implying that sulphur was well mixed in the most abun-
dant inner Solar System materials. The §**S values derived from our
shergottite AVS data are also homogeneous and yield a mean value within
error of the CDT value, suggesting efficient mixing in the Martian mantle
and little or no fractionation of sulphur isotopes during core formation.

Three shergottites have resolvable mass-independent AVS A**S com-
positions, shown with open symbols in Fig. 1a. These are NWA 2990,
NWA 5960 (paired with the former) and Los Angeles, with A*S values
0f 0.063 = 0.014%o, 0.093 = 0.008%0 and 0.054 = 0.008%o, respectively.
Because MIF sulphur signatures are not produced by magmatic pro-
cesses, these observations suggest that sulphur was fractionated by ultra-
violet photochemistry in the Martian atmosphere>®, deposited onto the
surface and ultimately assimilated into melts, where it was reduced and
incorporated into igneous sulphides. NWA 2990, NWA 5960 and Los
Angeles also exhibit trace element and radiogenic isotopic characteristics
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Figure 1 | Sulphur isotopic compositions of shergottite AVS. a, A’*S versus
3%4S; b, A*°S versus 8°*S. Yellow diamond, weighted mean composition; blue
triangle, Y980459; filled circles, samples included in the weighted mean; open
circles, samples not included in the weighted mean due to anomalous
signatures. Error bars, 2s.d.

that some workers have interpreted to indicate incorporation of crustal
material'*"'”. The coincidence of anomalous sulphide with other geo-
chemical characteristics, including evidence for crystallization under
relatively oxidizing conditions'*""7, suggests a link between anomalous sul-
phur in igneous minerals and assimilation of crustal material into the melts.
Chemical extractions of sulphide (AVS, chromium-reducible sulphur
or both) from Nakhla®® (A**S = —0.08 %), Allan Hills (ALH) 84001
(A*S = —0.072 = 0.008%o), and Miller Range (MIL) 03346 and three
of its pairs (A**S = —0.434 * 0.008%o to —0.538 * 0.008%o) reveal MIF
sulphur signatures (Fig. 2), suggesting that crustal material was assimi-
lated by their parent melts. SIMS analyses of Nakhla pyrrhotite yielded a
mean A**S value within error of chemical extraction analyses, and SIMS
analyses of MIL 03346 pyrrhotite yielded a mean A*>S value of —0.72 =
0.13%o (Supplementary Table 3), which is slightly more negative than is
observed in chemical extractions. Furthermore, analyses of A**S for indi-
vidual grains of MIL 03346 ranged from —0.30 % 0.13%o to —1.11 == 0.13%e,
representing a level of variation outside the range of analytical uncertainty,
which we interpret to reflect real differences in isotopic composition.
MIL 03346 is an unusual, fast-cooled nakhlite possessing skeletal iron
oxide grains and interspersed sulphide in the mesostasis'® (Fig. 3 and
Extended Data Figs 4-6), offering a rare perspective on the petrogenesis
of its anomalous pyrrhotite. The heterogeneous, non-zero A**S of pyr-
rhotite grains in MIL 03346 suggests a non-equilibrium process associated
with assimilation of sulphur salts during emplacement of the magmatic
flow from which this meteorite was derived. Assimilation may also be
reflected in the highly oxidized state of this meteorite, because reduction
of one mole of S(vI1) to S(11-) consumes eight moles of electrons and has
the potential to oxidize eight moles of Fe(11) to Fe(1ir). Assimilation of an
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Figure 2 | Sulphur isotopic compositions of nakhlites and ALH 84001.

a, A¥S versus 8°S; b, A*°S versus 5°*S. AVS, acid-volatile sulphur; CRS,
chromium-reducible sulphur; WSS, water-soluble sulphate; otherwise (no
suffix in key), acid-soluble sulphate. Error bars, 2 s.d. Results of previous
studies™® are shown for comparison. a also includes weighted mean values for
SIMS analyses of Nakhla, MIL 03346 and ALH 84001.

oxoanion salt such as sulphate, which would lead to iron loss from pyrox-
ene and formation of magnetite and sulphide, is consistent with both
the abundance of iron oxide (magnetite) in MIL 03346 and the variable
A**S observed in its sulphide minerals. We interpret the differences in
A>S observed in pyrrhotites of MIL 03346 and Nakhla to reflect local
differences in the proportion and sulphur isotopic composition of assim-
ilated sulphate.

ALH 84001 yielded two pyrite grains with A**S anomalies, one of which
was resolvable at the 2 s.d. level. The remaining grains showed mass-
dependent isotopic composition, producing a weighted mean A*S of
—0.17 £ 0.13%o. As described above, monosulphides of ALH 84001
possess a MIF signature, suggesting assimilation of crustal sulphur into
the parent magma. However, pyrite in ALH 84001 is of secondary origin'**.
Variations in 5°*S and A**S observed in pyrite grains by SIMS are con-
sistent with previous reports of sulphur isotopic variability in pyrite from
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Figure 3 | Reflected-light images of MIL 090030, paired with MIL 03346.
The images illustrate the association between pyrrhotite (bright yellow) and
skeletal magnetite (light grey) grains in the intercumulus matrix.

this meteorite***". There is no evidence that the analysed grains are in
brecciated or fragmented zones. Instead, we observed close association
of the sulphides with Cr-spinel and maskelynite, as reported in ref. 19.
These pyrites have sulphur-poor compositions (Supplementary Table
4), suggesting a possible origin in incomplete sulphurization of igneous
pyrrhotite by hydrothermal fluid bearing crustal-derived sulphur—a
second mechanism for imparting heterogeneous MIF sulphur isotopic
signatures to the meteorites.

Sulphate fractions of the meteorites (Fig. 2) reveal another facet of
the Martian sulphur cycle. Anomalous sulphate was detected in six
shergottites, Chassigny and all nakhlites analysed. Whereas replicate
analyses of NWA 5298 revealed positive A**S (0.146 = 0.008%o and
0.170 = 0.008%o) in sulphate but insufficient AV for accurate isotope
ratio measurements, the A>*S signals in sulphate from NWA 2990, NWA
5960 and Los Angeles are within analytical uncertainty of their respec-
tive sulphide A*>S values, suggesting a genetic link between sulphate
and sulphide fractions. This sulphate could reflect incomplete chem-
ical reduction of assimilated crustal sulphate within the magma or an
origin as a subsequent sulphide oxidation product. In contrast, sulphates
from two other shergottites (NWA 5718 and LAR 06319, with A*’S =
0.260 = 0.008%o0 and 0.057 = 0.008%y, respectively) and Chassigny (A**S =
0.033 = 0.008%o), which do not have sulphide with anomalous A*’S,
suggest that mass-independent sulphate with positive A**S was intro-
duced through post-crystallization aqueous alteration rather than dur-
ing the magmatic stage.

366 | NATURE | VOL 508 | 17 APRIL 2014

Similarly, the MIF signature in nakhlite sulphate suggests a combi-
nation of sulphate introduced through post-crystallization aqueous
alteration and sulphate assimilated by melts. Analyses of sulphate from
Nakhla yield A*Svalues as negative as —1.25 % 0.01%o (ref. 6). Sulphates
of MIL 03346 (and pairs), Y000593, NWA 6148 and NWA 998 have
sulphur isotopic characteristics consistent with Nakhla, with A**S ran-
ging from —0.038 = 0.030%o to —0.576 = 0.008%o and A*S near zero.
Correlating A**S with the relative positions of the nakhlites in a cumu-
late pile formed by gravitational settling of crystals within a magmatic
flow's22°25 shows that meteorites with the largest negative A**S mag-
nitudes (Nakhla, MIL 03346 and Y000593) derive from intermediate
depths and that the smallest values of A**S are seen in meteorites from
the greatest and shallowest depths (NWA 998 and NWA 6148). The
variations in sulphate A**S among the nakhlites imply differences in
composition of their alteration fluids.

Different scenarios have been proposed for nakhlite secondary alter-
ation, including alteration by a single event (see, for example, ref. 26) or
by multiple events (see, for example, ref. 27). Multiple events could
have introduced fluids characterized by different A**S values. Evidence
that the Lafayette meteorite experienced alterations unique among the
nakhlites, including positive A**S anomalies in its sulphate and pyrite®,
supports the case for multiple events. Although sulphur isotope hetero-
geneity may be simpler to explain by multiple alteration events, these
data do not uniquely support that scenario. Petrological models propos-
ing that the nakhlites were formed by multiple magmatic events instead
of a single lava flow (see, for example, refs 23, 28, 29) would assert differ-
ent constraints on the timing and mode of alteration (Supplementary
Information) and are also permitted by the sulphur isotope data.

The data presented here provide insight into the architecture of the
Martian sulphur cycle, suggesting the presence of a persistent process
that produced geographically distributed sulphur with anomalous A*S.
Geographical variations in sulphur isotopic composition are supported
by different ejection ages of groups of Martian meteorites, indicating
that a number of distinct impact events launched meteorites from vari-
ous locations on the Martian surface (see, for example, ref. 30). The
variation in A**S with an absence of significant anomalies in A*°S (Fig, 4)
implies MIF production by different pathways from those that operated
on the earl;r Earth and in Earth’s stratosphere today**'. Furthermore, the
positive A™S signal in shergottites, Chassigny and Lafayette contrasts
the negative A>’S observed in the other nakhlites and ALH 84001. This
variation in A**S could indicate a shift in composition of the Martian
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atmosphere or in the speciation of sulphur-bearing volcanic gases over
time, or it could reflect complementary sulphur products generated by a
single photochemical process, as suggested by the uniform array formed
by the isotopic signatures of these meteorites in the A**S—A*S space.

The prevalence of sulphur extracted as sulphate implies the predom-
inance of sulphate-formation pathways in the generation or preservation,
or both, of MIF sulphur on Mars. Evidence for the transfer of sulphate
with anomalous A*S to the regolith is present in meteorites with a
variety of protolith ages (ALH 84001, the nakhlites, Chassigny and six
shergottites), suggesting that production of mass-independent signatures
was sustained throughout much of Mars’ history. Assimilation of sulphate
with anomalous A**S by Martian melts also seems to have been a common
occurrence, as evidenced by isotopic anomalies in sulphide extracted from
ALH 84001, several nakhlites and three shergottites (NWA 2990, NWA
5960 and Los Angeles), as well as the small A>S variability in the popula-
tion of shergottites. These observations imply the cycling of sulphur between
the regolith and magma that erupted at, or near, the Martian surface.

Anomalous sulphur transferred from surface materials into Martian
igneous minerals provides a sensitive marker for crustal assimilative
processes, but the absence of a MIF signal in igneous sulphides does
not constitute evidence for the absence of assimilation. For example, the
composition of light rare-earth elements in early-trapped melt inclu-
sions in LAR 06319 is similar to that in whole rock, indicating that this
meteorite probably derived its enrichment properties from partial melt-
ing of an enriched and oxidized mantle reservoir, which did not involve
assimilation of crustal material*. Although this interpretation is in accord
with our evidence that MIF sulphur was added to LAR 06319 during
post-crystallization alteration, the sulphur isotope ratios cannot rule
out assimilation of crustal sulphur that did not bear a MIF signature.
Considered in conjunction with data for other isotopic systems and
trace element characteristics, sulphur isotope systematics present a pow-
erful tool for reconstructing the geological history of Mars.

METHODS SUMMARY

A sequential chemical extraction procedure was used to obtain sulphur isotope
ratios for different mineral phases in powdered whole-rock samples. Each sample
powder was pre-treated by sonicating in Milli-Q water to extract water-soluble sul-
phate, which was converted to barium sulphate and dried for later reduction. The
sample powder was then processed with a series of three acidic solutions to extract
different sulphur-bearing phases. In the first step, the sample was heated with 5N
HCI under flowing N, gas. AVS in the sample, presumed to consist primarily of
monosulphides, reacted with the HCI to produce H,S gas, which was collected in
an acidic capture solution containing AgNOs. In two subsequent steps, additional
reduction solutions were injected into the boiling flask for sequential extraction of
acid-soluble sulphate and chromium-reducible sulphur from the sample.

The H,S produced in each step of the extraction process reacted with AgNO; in
the capture solution to form Ag,S, which was rinsed with Milli-Q water anda 1 M
NH,4OH solution, and then dried. Samples of Ag,S were reacted with ~10-fold
stoichiometric excess of pure F, at ~250 °C. Product SFg was purified by both cryo-
genic and gas chromatographic techniques, and sulphur isotope abundances were
measured by monitoring mass/charge ratios m/z 127, 128, 129 and 131 (**SFs ™,
»SFs ", *SFs ™ and *°SFs ¥, respectively) with a ThermoFinnigan MAT 253 mass spec-
trometer. Uncertainties were estimated from repeated measurements of International
Atomic Energy Agency reference standards and CDT, and are generally less than
0.15%o, 0.008%o and 0.15%o (1 s.d.) for 84S, A>*S and &S, respectively. Data were
normalized to measurements of CDT.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Acid-based chemical extraction procedures. The most precise laboratory tech-
nique for measuring sulphur isotope ratios involves the conversion of all sulphur-
bearing phases to SFs, which removes the potential for isobaric interference during
mass spectrometric analysis*>*. This study was performed with a sequential chem-
ical extraction procedure on powdered whole rock that allowed the measurement
of sulphur isotope ratios for different mineral phases. Meteorite samples were re-
ceived either as rock chips or already powdered. Samples of shergottites, Y000593,
NWA 6148 and NWA 998 received as rock chips were disaggregated in a steel
mortar and then ground more finely with an agate mortar and pestle. Each pow-
dered sample was transferred to a 15-ml centrifuge tube along with 10 ml of Milli-Q
water. The tube was sonicated for 20 min to promote the dissolution of water-
soluble sulphate from the sample. The tube was then centrifuged to allow separa-
tion of the solution from the solid sample by pipette. This process was repeated to
yield a total of 20 ml of solution containing water-soluble sulphate, which was
transferred to a boiling flask. A few drops of 0.5 N HCl were added to the flask to
reduce the pH to ~3, followed by several drops of 1 M BaCl, solution to precipitate
any sulphate in the solution as BaSO,. The flask was then allowed to evaporate to
dryness before the sulphate was reduced by a procedure similar to that described
below for acid-soluble sulphate.

The powdered sample was transferred from the centrifuge tube to a double-
necked boiling flask with a silicone septum. The flask was assembled with a water-
cooled condenser, a bubbler filled with Milli-Q water, and a sulphide trap into a
distillation apparatus similar to that described in ref. 35. All ground-glass joints
were sealed with PTFE sleeves. The apparatus was assembled, checked for leaks
and then purged with nitrogen for atleast 10 min. For the first extraction step, 25 ml
of 5N HCl was injected into the boiling flask through the septum with a syringe.
The solution was then heated to ~60 °C. AVS in the sample, presumed to consist
primarily of monosulphides, reacted with the HCI to evolve H,S gas, which was
captured in an acidic AgNOj; solution. After completion of the AVS reduction
reaction (~3h), the sulphide trap with capture solution was replaced and 25 ml
of a reduction solution prepared from 12 N hydrochloric acid, 48% hydriodic acid
and 50% hypophosphorus acid (a “Thode solution™**’) were added to the boiling
flask. The solution was heated to ~85 °C. During the next 4.5 h, acid-soluble sul-
phate in the sample reacted to form H,S, which was captured in the manner
described above.

At this point, two slightly different techniques were used to extract the final sulphur-
bearing fraction. For all but the last three shergottites analysed (NWA 7032,
NWA 7042 and Tissint), on completion of the acid-soluble sulphur reduction,
the sulphide trap was again replaced with fresh AgNO; solution. An acidic Cr(11)
solution (15 ml) was injected into the boiling flask containing the AVS and Thode
solution, which had already been heated to ~85 °C. During the next ~3h, CRS
minerals were converted to H,S and captured in the AgNOj; solution. Pyrrhotite,
the most common monosulphide mineral in the Martian meteorites, is in general
readily extracted in the AVS fraction, but extractions of terrestrial pyrrhotite-rich
basalts® and nakhlites (this study) suggest that some sulphur-rich pyrrhotite com-
positions are unreactive to 5N HCl and instead contribute to the CRS fraction. The
CRS fraction also would include any disulphide minerals and elemental sulphur
present in the sample.

The sulphur isotope ratios for the shergottite CRS fractions obtained with the
above procedure showed an anomalous pattern of depletion in **S and enrichment
in *3S, prompting the concern that complex chemical reactions had occurred
between the Thode and CRS solutions to produce isotopically biased CRS results.
For this reason, the following modified procedure was used to extract the CRS fraction
from Chassigny, Y000593, NWA 6148, NWA 998, NWA 7032, NWA 7042 and
Tissint. On completion of the acid-soluble sulphate reduction, the boiling flask was
cooled and its contents were transferred to 30-ml centrifuge tubes. After separation
of the acid solution from the solid sample powder, the sample was rinsed with
Milli-Q water several times to clean it before being transferred back to the double-
necked boiling flask. The following day, the distillation apparatus was reassembled,
checked for leaks and again purged with nitrogen for 10 min. A fresh sulphide trap
with AgNOj; capture solution was installed. For the final reduction step, 15 ml of
the CRS solution and 15 ml of 5 N HCl was injected into the boiling flask, which
was then heated to ~85 °C, converting CRS in these samples to H,S and capturing
it in AgNOj; solution, as previously described.

The H,S evolved in each step of the extraction process reacted with the AgNO;
in the capture solution to form Ag,S, which was cleaned with Milli-Q water and
1 M NH,OH solution, and then dried. The Ag,S was converted to SF¢ by reaction
with 250 pmol of fluorine gas in a nickel reaction vessel at 250 °C for 8 h. The SFs
was subsequently condensed from the residual F, into a trap cooled with liquid
nitrogen. Excess F, was passivated by reaction with KBr salt. Replacement of the
liquid nitrogen coolant on the trap with ethanol slush at —115 °C allowed distil-
lation of the SF¢ from the trap into the liquid-nitrogen-cooled injection loop of a
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gas chromatograph. The SF¢ was purified using a 1/8-inch-diameter, 6-foot-long
Molecular Sieve 5A gas chromatograph column and then a 1/8-inch-diameter, 12-
foot-long Haysep-Q gas chromatograph column. Both columns were held at
50 °C, with a helium carrier gas flow rate of 20 ml min L. After its elution from
the gas chromatograph, the SFs was captured in spiral glass traps cooled with liquid
nitrogen, and then transferred to the bellows of a ThermoFinnigan MAT 253 dual-
inlet gas source mass spectrometer. The sulphur isotopic composition of the SF¢
was measured by monitoring SFs* ion beams at m/z of 127, 128, 129 and 131.

Sulphur isotope ratios are reported in standard & notation with respect to CDT,
where 58 = [(**$/*28)sampte/ *S/**S)ciyr — 11 X 1,000%0, A™S = (**S/*28)sampte/
(S/2S)cpr = ('S umpiel 'S/ )] ' and A™S = (*8/28) e S/ S)epr —
[(348/3zs)sample/(3 45/228)cpr] . Uncertainties, estimated from repeated analyses
of the sulphur isotopic ratios of IAEA reference materials, are generally less (in
magnitude) than 0.15%o, 0.008%o and 0.15%o (1s.d.) for 5%%S, A*S and A®°S,
respectively.

Several samples were excluded from calculations of the weighted mean for
shergottite AVS isotopic composition. As discussed in the main text, three sher-
gottites were found to possess MIF sulphur isotopic compositions in their AVS
fractions (NWA 2990, NWA 5960 and Los Angeles) and were excluded from
weighted mean calculations for 5**S, A**S and A*S, because they seem to carry
an anomalous sulphur-bearing component distinct from the primary shergottite
signature. In addition, only data for samples with SF¢ pressure =1 Torr were included
in the mean for A*®S. All samples that were excluded from A**S mean calculations are
indicated in Supplementary Tables 1 and 2a.

Samples of MIL 03346 and ALH 84001 were disaggregated in a steel mortar and
then ground more finely with an agate mortar and pestle. Each powdered sample
was transferred to a 15-ml centrifuge tube along with 10 ml of Milli-Q water. The
tube was sonicated for 30 min to promote the dissolution of water-soluble sulphate
from the sample. The tube was then centrifuged to allow separation of the solution
from the solid sample by pipette. This process was repeated to yield a total of 20 ml
of solution containing water-soluble sulphate, which was transferred to a boiling
flask before the sulphate was reduced by a procedure similar to that described
below for acid-soluble sulphate.

The powdered sample was transferred from the centrifuge tube to a double-
necked boiling flask with a silicone septum. The flask was assembled with a water-
cooled condenser, a bubbler filled with Milli-Q water, and a sulphide trap into a
distillation apparatus as described above. All ground-glass joints were sealed with
PTEE sleeves. The apparatus was assembled, checked for leaks and then purged
with nitrogen for 10 min. For the first extraction step, 20 ml (25 ml for ALH 84001)
of 5N HCI was injected into the boiling flask through the septum with a syringe.
The solution was then heated to ~60 °C to reduce AVS in the sample to H,S, which
was captured in an acidic AgNO; solution. After 3 h, the first sulphide trap and
bubbler were replaced with a new trap and bubbler containing fresh silver nitrate
solution and fresh Milli-Q water, respectively, and the reaction was continued for
30 min for MIL 03346 and ~4 h for ALH 84001. After the second sulphide trap and
the bubbler were removed and replaced with a new trap and a bubbler filled with
fresh Milli-Q water, 15 ml of acidic ~0.3 M Cr(11) solution was then injected into
the hot boiling flask (~60 °C) and the reaction was allowed to proceed for a total of
4 h for the extraction of CRS. After 3 h, the third sulphur trap and the bubbler were
removed and a new sulphur trap and a bubbler were used for the remaining 1 h of
the reduction. Again, after a new sulphur trap and a bubbler were introduced,
20 ml of Thode solution (see above) was injected into the hot boiling flask for the
reduction of acid-soluble sulphate. During the course of heating (~85 °C) and
purging with nitrogen (~40h), the sulphide trap and the bubbler were changed
seven times (five times for ALH 84001) for a new trap containing fresh silver
nitrate trapping solution and Milli-Q water, respectively.

The H,S evolved in each step of the extraction process reacted with the AgNO;
in the capture solution to form Ag,S, which was subsequently cleaned, dried and
fluorinated in the manner described in the preceding section for ultimate deter-
mination of sulphur isotope ratios.

Samples of MIL 090030, MIL 090032 and MIL 090136 were disaggregated in a
steel mortar and pestle. Each powdered sample was transferred to a 15-ml cent-
rifuge tube along with 10 ml of Milli-Q water. The tube was sonicated for 30 min to
promote the dissolution of water-soluble sulphate from the sample. The tube was
then centrifuged to allow separation of the solution from the solid sample by pipette.
This process was repeated to yield a total of 20 ml of solution containing water-
soluble sulphate, which was transferred to a boiling flask and allowed to evaporate
to dryness before the sulphate was reduced by a procedure similar to that described
below for acid-soluble sulphate.

The powdered sample was transferred from the centrifuge tube to a double-
necked boiling flask with a silicone septum. The flask was assembled with a water-
cooled condenser, a bubbler filled with Milli-Q water, and a sulphide trap into a
distillation apparatus as described above. All ground-glass joints were sealed with
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PTEE sleeves. The apparatus was assembled, checked for leaks and then purged
with nitrogen for 10 min. For the first extraction step, 20 ml of 5N HCl that had
been deoxygenated by purging with N, was injected into the boiling flask through
the septum with a syringe. The solution was then heated to ~60 °C to reduce AVS
in the sample to H,S, which was captured in an acidic AgNO; solution. After
completion of the reaction (~3h), the first sulphide trap and bubbler were
replaced with a new trap and bubbler containing fresh silver nitrate solution
and fresh Milli-Q water, respectively. An acidic ~0.3 M Cr(11) solution (15ml)
was passed through a 0.2-pm filter and then injected into the hot boiling flask
(~60°C). The reaction was allowed to proceed for 4 h for the extraction of CRS.

On completion of the CRS reduction step, several drops of 1 M BaCl, solution
were added to the flask to precipitate any sulphate in the solution as BaSO,. The
contents of the boiling flask were then centrifuged and the CRS solution was
decanted. The remaining solids were placed in a single-necked boiling flask with
20ml of Thode solution as described above. The flask was assembled in the
reduction apparatus with a third sulphur trap and bubbler containing fresh Milli-
Q water and silver nitrate solution, respectively. The apparatus was then purged
under nitrogen flow for 10 min and heated for reduction of acid-soluble sulphate,
by a procedure similar to that described in the preceding paragraphs.

The H,S evolved in each step of the extraction process reacted with the AgNO;

in the capture solution to form Ag,S, which was subsequently cleaned, dried and
fluorinated in the manner described in the preceding section for ultimate deter-
mination of sulphur isotope ratios.
Ion microprobe. Another technique for measuring multiple sulphur isotopes is
SIMS, also known as the ion microprobe. SIMS offers the best spatial resolution for
in situ analysis of individual mineral grains for measurements of §%%S, %S and
A®S. This method was used to examine sulphides in nakhlites and ALH 84001,
with the goal of determining whether the anomalous sulphur isotopic composition
obtained from chemical extraction of bulk rock material was also evident in indi-
vidual grains. Four polished thick sections of Antarctic meteorite MIL 03346 and
three polished thin sections of ALH 84001 were obtained from the Meteorite Work-
ing Group. Polished thin sections of Nakhla were obtained from the Smithsonian
National Museum of Natural History. The SIMS analyses described in this docu-
ment were performed at the University of California at Los Angeles, usinga Cameca
IMS 1270 high-resolution ion microprobe in multicollector mode. Polished met-
eorite samples first were mapped with reflected-light optical microscopy to locate
sulphide grains large enough (that is, ~20 um diameter) for SIMS analysis. Before
being loaded in the ion microprobe sample chamber, the sections were cleaned by
sonication in Milli-Q water and methanol, and then coated with a ~100 A layer of
gold or carbon to ensure conductivity across the sample surface. Ion microprobe
analyses in January 2012 used a 5-nA Cs™ primary ion beam at 20-keV impact
energy with 100-pm Kohler illumination, focused to a 25-30-pum spot. A mass-
resolving power of ~4,000 and energy filtering were used to minimize the con-
tributions from the **SH™ ion to the **S™ peak. Positive-charge build-up on the
sample was prevented by applying a normal-incidence electron flood gun. Before
each analysis, the surface was pre-sputtered for up to 150, and this was followed
by 30 cycles (60 cycles in some cases) of 10-s integrations. The resulting secondary
ions of *>S7, **S™ and **S™ were simultaneously collected using Faraday cups.
Measurements of Nakhla in January 2008 employed similar operating conditions
to those described above, but with mass resolution of ~6,000.

The precision achieved during SIMS analysis is highly dependent on mineral
grain and primary beam characteristics, which affect the number of sulphur ions
produced. Isotope ratios determined by SIMS also exhibit mass-dependent frac-
tionation, causing deviations from the true isotope ratios that can be predicted and
corrected in a systematic manner. The fractionation may be due to the ionization
process of sputtering or the transport of secondary ions to the detector, or both.
These biases are corrected by calibration with matrix-matched standards under
the same instrumental conditions. Note that isotopic fractionations due to matrix
effects are solely mass dependent and thus (to first order) do not affect A*S
measurements.

The reported uncertainty in measurements of sulphide grains in the meteorite

sections was taken as the greatest of the internal error, the standard error of
repeated analyses of mineral standards in the same sessions (that is, the ‘external
reproducibility’) and the standard error of multiple analyses of a given grain. Mea-
surements of MIL 03346, NWA 6148 and ALH 84001 in January 2012 achieved
average 1 s.d. precisions of +0.07%o for A*®S and +0.07%o for §>*S, based on repea-
tability of reference standards. The uncertainty in A>*S measurements of ALH 84001
was a little higher, +0.25%o, owing to smaller grain sizes. The average 1s.d. pre-
cisions for Nakhla analyses in January 2008 were +0.04%o for A**S and *0.15%o
for 8.
Electron microprobe. Petrographic and mineralogical characterizations were
performed in preparation for ion microprobe analysis. Petrographic analysis
and imaging of thin sections were performed using a petrographic microscope
equipped with a high-resolution digital camera. Major- and minor-element ana-
lyses of sulphide were obtained using a JEOL JXA-8900 SuperProbe (EPMA) with
a ZAF correction at the University of Maryland. Wavelength-dispersive spectro-
metry scans were performed with an accelerating potential of 15kV and dwell
times of 20 s for iron and sulphur and 30 s for the remaining elements. Natural and
synthetic standards were used for calibration and were measured periodically
within analytical sessions. Drift was within counting error throughout every ana-
lytical session. Analyses of MIL 03346 used a 20-nA beam current, and the beam
was focused to 2 pm. The detection limits (3 s.d. above background) are <0.01 wt%
for all elements listed. Analyses of the remaining meteorites were performed with a
beam current of 10 nA and a spot size of 1 pm. The precision of sulphur and iron
measurements based on repeated analyses of a pyrrhotite standard during these
sessions was approximately 0.2 wt% (1s.d.).

33.  Hulston, J. R. & Thode, H. G. Variations in the $33, $34 and $3¢ contents of
meteorites and their relation to chemical and nuclear effects. J. Geophys. Res. 70,
3475-3484 (1965).
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sensitive mass-independent sulfur isotope effects during SO2 photolysis:
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Extended Data Figure 1 | Sulphur concentrations for shergottites and Chassigny. Asterisks indicate samples for which not all fractions were recovered.
Uncertainty (1s.d.) is estimated as +2% of values.
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groups of Martian meteorites, with comparison to iron meteorite FeS, Chassigny. Includes data from other studies: Martian meteorites™, iron
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compound A. The dotted black line is the array of compositions formed for
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observed between sulphide and sulphate at 250 °C. This plot illustrates how
non-zero A**S can be produced by mixing and Rayleigh fractionation
involving fractionated endmembers. The scarcity of evidence for highly
fractionated 3**S in the data collected for Martian meteorites argues against
this process as an origin for the non-zero A>S in the nakhlites, and by
extension, the other Martian meteorites.
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Extended Data Figure 4 | Back-scattered electron (BSE) imageand Ca, Ti, P,  matrix. Sulphides are restricted to the intercumulus matrix and range in size
S, Fe, Cland K X-ray maps of MIL 03346, section 118. Note the fine filaments ~ from =20 pm to <1 um. Scale bars, 100 pm.
of phosphate-rich materials and pervasive high-K content of the intercumulus
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Extended Data Figure 6 | Back-scattered electron images of sulphides in the edges of matrix-exposed sulphides, as well as the presence of a sulphate
MIL 03346, section 6 (c) and MIL 03346, section 93 (a, b). Note the fractured ~ ‘plume’ in b, giving a smoky appearance to the enclosing matrix material. Scale
appearance of the sulphides and occurrence of Fe(OH) in the cracks and along ~ bars, 100 pm.
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