was removed from UCR-20GaGeS-TAEA in
the same experiment.

Ton exchange with NH,* followed by cal-
cination makes it possible to remove extra-
framework species at temperatures as low as
100°C. For NH, "-exchanged UCR-20GaGeS-
TAEA, a thermogravimetric analysis showed
that the weight loss of 17.2% occurred between
80° and 150°C, which is much less than the
temperature range needed for the direct calci-
nation of the as-synthesized amine-containing
sample (300° to 360°C). An x-ray powder dif-
fraction shows that the sample remains highly
crystalline after the calcination of the NH,"-
exchanged sample at 180°C under argon atmo-
sphere (fig. S2).

In addition to NH,*, these materials under-
go ion exchange with many mono- and divalent
metal cations. For example, upon exchange
with Cs™ ions, the percentages of C, H, and N
in UCR-20GaGeS-TAEA were dramatically re-
duced (20). Yet, like the original sample, the
exchanged sample remains highly crystalline.
The Cs™-exchanged UCR-20GaGeS-TAEA
exhibits the type I isotherm characteristic of a
microporous solid (Fig. 4). This sample has a
high Langmuir surface area of 807 m?/g and a
micropore volume of 0.23 ¢cm®/g, despite the
presence of much heavier elements (Cs, Ga, Ge,
and S), as compared to the elements present in
aluminosilicate zeolites. The median pore di-
ameter calculated with the Horvath-Kawazoe
method is 9.5 A, 14% larger than that for Mo-
lecular Sieve Type 13X (8.2 A) determined un-
der the same experimental conditions.

These sulfides are also strongly photolu-
minescent and can be excited with wave-
lengths from 360 to 420 nm. The emission
maximum occurs in the range from 460 to
508 nm (Fig. 5). For example, UCR-
20GaGeS-TAEA strongly luminesces at
480 nm when excited at 370 nm. The gen-
eral trend is that materials with heavier
elements are excited and luminesce at a
longer wavelength.
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Mass-Independent Sulfur of
Inclusions in Diamond and
Sulfur Recycling on Early Earth
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Populations of sulfide inclusions in diamonds from the Orapa kimberlite pipe
in the Kaapvaal-Zimbabwe craton, Botswana, preserve mass-independent sulfur
isotope fractionations. The data indicate that material was transferred from the
atmosphere to the mantle in the Archean. The data also imply that sulfur is not
well mixed in the diamond source regions, allowing for reconstruction of the
Archean sulfur cycle and possibly offering insight into the nature of mantle

convection through time.

An understanding of the nature of the source
materials for diamonds would provide impor-
tant insights into large-scale geophysical pro-
cesses. For example, elemental and isotopic
data have been used to argue that diamonds
and their inclusions are relics of subducted
crustal materials (/-9), but alternate explana-
tions such as mantle fractionation processes
or relict primordial heterogeneity are plausi-
ble (10-15). Here we report mass-indepen-
dently fractionated {anomalous A*S = 3338
— 1000 X [(1 + &S /1000)°°15 — 11} (16)
sulfur isotope compositions for syngenetic
sulfide inclusions in diamond from the Orapa
kimberlite pipe, Kaapvaal-Zimbabwe craton,
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Department of Geology, University of Maryland, Col-
lege Park, MD 20742, USA. ?Department of Earth and
Space Sciences, University of California, Los Angeles,
CA 90095, USA. 3Division of Earth Sciences, Gregory
Building, University of Glasgow, Glasgow, G12 8QQ,
UK. “Laboratoire de Géochimie des Isotopes Stables,
Université Paris VII, Institut de Physique du Globe de
Paris, 75252 Paris Cedex 05, France. *Department of
Chemistry and Biochemistry, University of California,
San Diego, La Jolla, CA 92093, USA.

Botswana. We also discuss the implications
of A®S as an almost perfect tracer of the
exchange between Earth’s geochemical res-
ervoirs because of its exclusive origin
through atmospheric photochemistry and its
preservation through subsequent mass-depen-
dent fractionation processes.

The Orapa kimberlite pipe is located with-
in the Magondi belt, a region of thick (150 to
225 km) crust along the western margin of
the Kaapvaal-Zimbabwe craton, which is
considered to be the surface manifestation of
the Proterozoic reactivation of the Kaapvaal-
Zimbabwe craton (I7-19). Diamonds from
Orapa are predominantly eclogite types and
have a wide range of 8'3C values [(-26 to -3
per mil (%o)], 3'°N values (=10 to +6%o),
nitrogen contents [(8 to 3450 parts per mil-
lion (ppm)], and nitrogen aggregation states
(a 0 to 95% degree of association) (/, 12, 20).
Silicate and sulfide inclusions from these di-
amonds have at least two distinct ages (1, 19):
an Archean population of 2.9 Ga and a Pro-
terozoic population of 1.0 billion years ago
(Ga) (1, 19). The sulfide inclusions also have
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a wide range of 3°*S (~11 to +9.5%o) that
may relate to recycling of sedimentary mate-
rials (2, 3, 11).

We extracted sulfide inclusions from 12
Orapa diamonds for sulfur isotope analysis.
These inclusions consist of finely exsolved mo-
nosulfide solid solution with micron-scale Ni-
rich and Cu-rich exsolution features. One of the
host diamonds (ORJF2) contained silicate in-
clusions of eclogite-type (e-type) gamets and
clinopyroxene. The other 11 diamonds con-
tained only sulfide inclusions. The sulfide in-
clusions (table S1) have low Ni contents and
also contain significant amounts of Cu and Co,
suggesting an e-type affinity (2/). Data for
Orapa sulfides are comparable but have a nar-
rower range than previous measurements (22).

The sulfur isotope compositions of 23 in-
dividual inclusions (45 spot analyses) were
measured by secondary ion mass spectrome-
try with the University of California, Los
Angeles Cameca IMS 1270 ion microprobe
(table S2). Multiple Faraday cup detectors
were used for simultaneous measurement of
328-, 338, and 3**S” ion beams (23). Two-
sigma uncertainties are *£0.12%o for single
A*3$ analyses and *1.4%o for 53*S spot anal-
yses. Our S values yield a smaller range
(~1.4 to 2.6%o) than has been previously ob-
served for Orapa sulfides (2, 3). The smaller
range for both the 83*S and the Ni content of
our data relative to that presented by prior
studies suggests that we have analyzed a
subset of the Orapa sulfide population. With
one possible exception (ORJF2G4), A*3S and
534S analyses of individual sulfide grains
from the same diamond are indistinguishable
from one another within our analytical uncer-
tainties. On the basis of homogeneous A*3S,
we grouped inclusions into populations that
are defined on the basis of the diamond in
which they are found (Fig. 1). The A*S
values of different inclusion populations ex-
tend from —0.11 to 0.61%o, with A*3S anom-
alies resolvable at the 20 level from A*3S =
0 in 4 of the 12 diamonds.

The lack of resolvable A33S variability
among inclusions from a single diamond sug-
gests that the source of sulfur for each popula-
tion of inclusions (i.e., from an individual dia-
mond) was well mixed and characteristic of the
immediate region in which the diamond
formed. The variations in A*3S among sulfide
grains from different diamonds imply that het-
erogeneity does exist, but at a scale larger than
that sampled by any single diamond. The
present data are insufficient to determine
whether A33S variability is coupled to other
chemical and isotopic heterogeneity (/, 12, 20).
C and N in diamonds and Ni in diamond sulfide
inclusions might have a different source than
sulfur and may be uncoupled.

Classical thermodynamic, kinetic, and dif-
fusion-controlled fractionation processes all
produce highly correlated relations between
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8°3S and 84S such that A*3S typically varies
by less than 0.01%o for every 1%o variation of
5%4S. Although minor variations of A33S can
be generated by different types of mass-de-
pendent fractionation processes (24-27),
these processes cannot account for the larger
magnitude of the observed anomalous A*3S
of sulfide inclusions and its lack of depen-
dence on variations for 8**S (Fig. 1). This
rules out the possibility that mass-dependent
fractionation processes in the mantle could
have caused the A33S anomalies.

We do not favor interpreting the anoma-
lous A33S values as primordial heterogene-
ities inherited from diverse sources during
accretion of Earth. Although nonzero A*3S
values have been observed in some rare com-
ponents of meteorites (28-32), sequential
acid extracts and bulk extracts of sulfide sul-
fur and sulfate sulfur from carbonaceous
chondrites, enstatite chondrites, ordinary
chondrites, iron meteorites, and ureilites have
indicated that A®*S is homogeneous and has a
range of values between —0.01 and +0.04%o
(28, 29, 33, 34).

Recently, large positive and negative A3S
values up to a few per mil have been observed

in Archean crustal and sedimentary rocks (/6).
The origin of these anomalous A33S values is
attributed to atmospheric photochemistry in-
volving sulfur dioxide in a primitive atmo-
sphere with reduced oxygen and ozone and
increased ultraviolet transparency (16, 393).
When the data for Archean A*3S are plotted
versus 8**S (Fig. 2), they define an area that
includes the observed data for sulfide inclusions
from Orapa diamonds. The A*3S signature ob-
served in some sulfide inclusions from Orapa
diamonds is consistent with the recycling of this
surface sulfur reservoir.

The preservation of anomalous sulfur in
these inclusions allows us to place constraints
on the coupling between Archean mantle,
crust, and atmosphere. The mean A*S of
peridotite xenoliths from Kilbourne Hole is
taken as an estimate for the mantle composi-
tion (0.03 = 0.04%o 20). Monte Carlo resa-
mpling of the mean A33S value for Archean
sulfide (/6) yields a A*3S of 0.51 = 0.30%o
for the average Archean crustal sulfide com-
position. The experimental determination of
the isotopic composition of elemental sulfur
produced by photolysis of sulfur dioxide with
193-nm radiation has A33S = 65 * 4% (35).

Fig. 1. Plot of A33S and 534S
of inclusion populations
from individual diamonds
from the Orapa kimberlite
pipe (red points). Two-sigma o4l
mean uncertainty estimates
for each inclusion popula-
tion are presented assuming
that they are given by

06}

,ngﬂ 0.2}

0.12%0 X n"2 and 1.4%o

X "2, respectively, where 9
n is the number of points

(o} &3

analyzed and 0.12 and
1.4%o are estimates of the
2ouncertainty made on the

-0.2

basis of long-term reproduc- 0.4 -
ibility of the working stan- -4 -2
dard (CAR 123). The shaded
region centered at A33S = 0

3%s

and extending from +0.12 to —0.12%o is assumed to represent the mass-dependent field. Four points are
distinguished from this field and are interpreted to be mass-independent. For reasons that are not known, the
3%4S values of different inclusions define a smaller range than observed previously (2, 3).

Fig. 2. Plot of A33S and 25
334S of inclusion popula-

tions from individual dia- =0k
monds from the Orapa
kimberlite pipe (red cir-
cles), with the same as-
pect ratio as Fig. 1 that
also includes data for Ar-
chean samples (blue tri-
angles) and data for sam- o0

0.5 f

ASSS

ples younger than 2.45
Ga (green diamonds) that 05 F
were reported in (76) and
(38) as well as additional 10}
mass-dependent data (ta-

ble S3). This plot allows 15

comparison of the sulfide -30 -20
inclusion data from Orapa

diamonds with data from possible sulfur sources.
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Because the A33S values of the anomalous
inclusions are directly comparable to those of
the average Archean crustal sulfide, our data
indicate that all of the sulfur in these inclu-
sions may represent recycled but undiluted
crustal sulfur. Material balance also dictates
that up to 1% of the sulfur in these inclusions
was processed through the Archean atmo-
sphere. This estimate is a lower limit because
we assumed that the maximum mass-inde-
pendent fractionation that was observed in
the photolysis experiments (35) is applicable
to the Archean atmosphere. Our detection
limits of £0.12%0 would also allow for up to
25% of the sulfur in the mass-dependent di-
amonds to derive from a surface sulfide res-
ervoir with a A33S of 0.51%o. The heteroge-
neous A*3S may reflect different proportions
of surface-derived sulfur, or it may reflect
variable A33S of the recycled component.

A conceptual model of the sulfur cycle in-
dicated by the data (Fig. 3) starts with a volca-
nic source releasing mass-dependent sulfur-
bearing gases into the atmosphere. Photolysis
of these gases produces a photochemical frac-
tionation of sulfur between elemental and oxi-
dized forms, each with a unique and anomalous
A*3S. The anomalous sulfur is transferred to
surface reservoirs through atmospheric deposi-
tion and the elemental sulfur species are
converted to sulfide (possibly by microbial ac-
tivity). After sedimentation, lithification, and
metamorphism, the anomalous sulfur is recy-

hv

REPORTS

cled into the mantle. Evidence for these con-
nections is only preserved, however, because
the sulfur was encased in diamond and ulti-
mately transported back to Earth’s surface.
Mass balance in the sulfur cycle requires an
equivalent flux of a 33S-depleted (A33S < 0)
component or a net decrease of A>*S in one or
more of the exospheric sulfur reservoirs, or
some combination of the two. The sign of the
anomalous A**S in our four diamonds is posi-
tive, like both the elemental sulfur produced by
193-nm photolysis and most of the measured
Archean sulfides (/6, 35), and unlike the sulfate
produced in the photolysis experiments and
observed in Archean samples (16, 35). If our
samples are representative, the coincidence of
positive A33S for sulfide inclusions and average
Archean sulfide suggests that the sulfur in the
inclusions is predominantly derived from a sed-
imentary sulfide component that was subducted
to the source regions of the Orapa diamonds.
Given that measurements of A33S from Arche-
an barites are uniformly negative (/6) and that
measurements of A33S from rocks with clear
oceanic association also carry this signature,
accumulation of *3*S in the Archean ocean
might be sufficient to close the 33S mass
balance.

Transfer of the negative A33S signature
from the oceanic sulfate reservoir, through sul-
fate reduction during basalt alteration and sub-
sequent subduction of the altered basalt, may
provide a mechanism, however, that satisfies

Atmospheric photochemistry
cycles

H,S, HS, S5Sg SO, SO,, SO, SO,

I
reduced species
(e.g., Sgaerosols)
RN (positive A®S)

v

 oceanicSO,  _
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(transfers
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mantle to crust)
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(SO, H,8)

oxidized species
(zero A®S)

(e.g., SO, aerosols)
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v

sedimentary pyrite formation from _=
S° (positive A7°S)

mass balance constraints. Although a subducted
33S-depleted basaltic component is not mandat-
ed by our observations, the recognition of po-
tential deep-mantle lithospheric graveyards (36,
37) leads to the possibility that these regions
contain the missing 33S-depleted component.
The presence of 33S-enriched mantle domains
with sedimentary affinities and 33S-depleted
mantle domains with oceanic affinities remains
to be tested. These sulfur isotope data constitute
a new type of isotope tracer that allows a re-
construction of the Archean sulfur cycle, and
they indicate an interconnected global geo-
chemical sulfur cycle extending from the atmo-
sphere to the mantle on ancient Earth.
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Calibration of Sulfate Levels in

the Archean Ocean
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The size of the marine sulfate reservoir has grown through Earth’s history,
reflecting the accumulation of oxygen into the atmosphere. Sulfur isotope
fractionation experiments on marine and freshwater sulfate reducers, to-
gether with the isotope record, imply that oceanic Archean sulfate con-
centrations were <200 uM, which is less than one-hundredth of present
marine sulfate levels and one-fifth of what was previously thought. Such low
sulfate concentrations were maintained by volcanic outgassing of SO, gas,
and severely suppressed sulfate reduction rates allowed for a carbon cycle

dominated by methanogenesis.

It is thought that the Archean Earth had low
atmospheric oxygen concentrations (/), low
oceanic sulfate concentrations (2), and ele-
vated atmospheric concentrations of meth-
ane, contributing to possible greenhouse
warming of Earth’s surface (3). The biogeo-
chemistries of these elements are linked, in
that low atmospheric oxygen levels suppress
the oxidative weathering of sulfides and the
delivery of sulfate to the oceans, contributing
to the low sulfate concentrations (2). Low
sulfate levels could have inhibited sulfate
reduction, enhancing methane production (2,
4).

This reconstruction depends on our ability
to extract reliable sulfate concentration infor-
mation from the isotope record of sulfide and
sulfate through time. The isotope record reveals
small fractionations of generally <10 per mil
(%o) between sulfates and sedimentary sulfides
before 2.5 to 2.7 billion years ago (Ga) (2). The
few available pure culture studies suggest that
fractionations become suppressed at a sulfate
concentration around 1 mM (5, 6). Current
models link reduced fractionations at low sul-
fate concentration to a limitation of sulfate ex-
change across the cell membrane (6). In this
case, most of the sulfate entering the cell be-
comes reduced, and even with substantial inter-
nal enzymatic fractionations, minimal net frac-
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of Environmental Sciences, Clark Hall, University of
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*To whom correspondence should be addressed.

tionation is expressed. Sulfate limitation also
reduces sulfate reduction rates, with half-satu-
ration constants (k) values for marine strains
of 70 and 200 pM (7, 8) and for freshwater
strains, 5 to 30 wM (7). If similar sulfate con-
centrations limit both fractionation and sulfate
reduction rate, then sulfate reducers should
maintain substantial fractionation at sulfate con-
centrations considerably less than 1 mM.

In continuous culture, we explored the
fractionations at millimolar and submillimo-
lar sulfate concentrations by Archaeoglobus
fulgidus grown on lactate at its optimal
growth for temperature of 80°C. 4. fulgidus is
an archaeon and was chosen to represent
possible early sulfate reducers from hydro-
thermal settings. We also examined natural

Fig. 1. Isotope fraction-
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populations of sulfate reducers from a coastal
marine sediment (natural sulfate concentra-
tion, 20 mM) and a freshwater lake sediment
(natural sulfate concentration, 300 pM).
Freshwater sulfate reducers are especially
adapted to low sulfate concentrations (9) and
could reflect the behavior of possible early
low sulfate—adapted organisms, whereas ma-
rine sulfate reducers are adapted to high sea-
water salinities. In the natural population ex-
periments, sediment was incubated at 17°C in
a rapidly recirculating flow-through plug re-
actor (10) with lactate (1 mM) as the organic
substrate (/7).

All three different microbial populations
produced high fractionations (/) of up to
32%o with 200 pM or greater sulfate (Fig. 1).
The average fractionation for sulfate between
200 and 1000 pM was 22.6 = 10.3%o, which
is similar to the average for pure bacterial
cultures (6) (18 * 10%o) and natural popula-
tions (6) (28 * 6%o) of sulfate reducers uti-
lizing 20 mM or greater sulfate. By contrast,
fractionations were consistently less than 6%o
(an average of 0.7 * 5.2%o) with sulfate
concentrations less than 50 WM. Thus, sulfate
substantially limited fractionation up to a
concentration somewhere between 50 pM
and around 200 pM. This is also the concen-
tration range where sulfate limits rates of
sulfate reduction (8, 9).

The isotopic composition of sedimentary
sulfides will, in addition to the bacterial frac-
tionation, depend on the extent to which sul-
fides form in a zone of sulfate depletion (6,

ation as a function of
sulfate concentration for
freshwater (diamonds)
and marine (squares)
natural populations of
sulfate reducers and for
the hyperthermophile A.
fulgidus (triangles). For
the freshwater and ma-
rine populations, honi-
zontal bars plot the
range of sulfate con-
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