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Fig. 7. Cascade stabilization in diphos- 
phino-substituted carbocations. .('-. 

D-

corresponding P-methyl phosphorus ylide 3 in 
near-quantitative yield (an ylide is a compound 
in which a positively charged atom from group 
15 or 16 is connected to a carbon atom carrying 
a negative charge) (Fig. 2). Further investiga- 
tion of 2' through analysis of the Laplacian of 
the electron density (20) and the electron local- 
ization function (21) reveals a strong "banana" 
P-P bond with large p character (the bond 
ellipticity is 0.45) in the plane of the ring and 
partial double-bond character (Wiberg bond in- 
dices = 1.2) for the P-C bonds (Fig. 5). 

The calculations found that the open planar 
form (C,, symmetry) of type l 'a, analogous to 
that of amidinium salts, is not a minimum on 
the potential energy surface. This illustrates the 
striking difference between phosphorus and ni- 
trogen chemistry (Fig. 6). However, pyramidal- 
ization at one of the phosphorus atoms leads to 
l'b, which is not only an energy minimum, but 
is also lower in energy by 24 Wmol than the 
cyclic form 2'. The experimental observation of 
2 can be explained by the presence of bulky 
diisopropylamino groups because the steric de- 
mand in the linear form is larger than in the 
cyclic system. 

Derivative 2 can be considered as resulting 
from a "cascade stabilization" of the electron- 
deficient carbocation center. As in the case of 
monophosphinocarbeniurn ions such as A, the 
first phosphorus atom gives electrons to the 
carbocationic center and becomes positively 
charged and, therefore, highly electrophilic 
(22). The second phosphorus atom then acts as 
a Lewis base toward the first (Fig. 7). 

This type of transformation of a cationic 
center into an anionic center is unllkely to be 
unique and should be of important synthetic 
utility. For example, preliminary calculations 
predict that the corresponding diphosphinoni- 
trenium ions should exist in the cyclic form, 
with a negatively charged nitrogen atom. The 
synthesis of 2, combined with the recent prep- 
aration of a tricyclic tetraphosphabenzene va- 
lence isomer (23) (calculated in the carbon se- 
ries to be 933 Wmol less stable than benzene), 
also suggests that the unique electronic proper- 
ties of heavier main-group elements will allow 
for the preparation of many new structural moi- 
eties that are difficult or impossible to access in 
the corresponding carbon and nitrogen series. 
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Mass-independent isotopic signatures for S33S, S34S, and S3% from sulfide and 
sulfate in  Precambrian rocks indicate that a change occurred in  the sulfur cycle 
between 2090 and 2450 million years ago (Ma). Before 2450 Ma, the cycle was 
influenced by gas-phase atmospheric reactions. These atmospheric reactions 
also played a role in  determining the oxidation state of sulfur, implying that 
atmospheric oxygen partial pressures were low and that the roles of oxidative 
weathering and of microbial oxidation and reduction of sulfur were minimal. 
Atmospheric fractionation processes should be considered i n  the use of sulfur 
isotopes t o  study the onset and consequences of microbial fractionation pro- 
cesses in  Earth's early history. 

The present-day sulfur cycle is strongly in- 
fluenced by anthropogenic emissions, biolog- 
ical processes, and oxidative weathering of 
continental sulfides (1-3). It has been debat- 
ed whether the sulfur cycle early in Earth's 
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history was significantly different from the 
preanthropogenic sulfur cycle (4-9). Here we 
report sulfur multiple-isotope measurements 
(of S33S, S34S, and S3%) of sulfide and sul- 
fate minerals from Precambrian sedimentary 
and metasedimentary rocks and use them to 
document that a profound change occurred in 
the sulfur cycle between 2090 and 2450 Ma. 

Thermodynamic, kinetic, and biological 
processes produce isotopic fractionations that 
depend on the relative mass differences be- 
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tween different isotopes of sulfur and oxy- 
gen. As a result, observed isotope variation 
can be related by 633S = 0.515 X 634S, 
636S = 1.90 X 634S, and F170 = 0.52 X 
6180 (10). The quantities A33S, A3%, and 
A170 (11) reflect the deviation of measured 
isotope compositions (633S, 834S, and fi3'jS, 
or 6170 and S180) from mass fractionation 
arrays with origins at 633S,,T = 0, 
634ScDT = 0, and 636ScD, = 0 for sulfur, 
and at 6170sM0w = 0 and 6180sM0w = 0 
for oxygen (CDT, Canyon Diablo Troilite; 
SMOW, standard mean ocean water). 

In addition, several isotopic fractionation 
processes are also known to produce mass- 
independent compositions (A33S # 0, A3% 
# 0, or A170 # 0) (12-14). These include 
fractionations that result from hyperfine in- 
teractions in solid and liquid phases and an 
increasing number of gas-phase reactions 
(13). The hyperfine effect derives from spin- 
orbit coupling in isotopes with odd-mass nu- 
clei and is therefore limited to isotovomers 
that contain these nuclei (such as 33S and 
I7O). Gas-phase mass-independent fraction- 
ations have been documented for a number of 
sulfur phases in laboratory experiments (SO,, 
H,S, CS,, and S,Fl,) (12, 15, 16), but the 
physical chemical origin of the effect is still 
uncertain. The mle of gas-phase mass-inde- 
pendent chemistry in determining the oxygen 
isotopic compositions of many atmospheric 
species is unequivocal (13), and these types 
of reactions may also play an important role 
in determining the sulfur isotope composi- 
tions of atmospheric species (15). 

To examine sulfur isotope variablility in 
early Earth, we extracted sulfur from sulfide 
and sulfate minerals in a variety of Precam- 
brian samples. Sulfur isotopic analyses fall 
into two groups defined on the basis of A33S 
values and geological age (Fig. 1; also see 
Web table 1 at www.sciencemag.org/feature/ 
data/1052160.shl). Samples younger than 
2090 Ma display a range of A33S values from 
-0.11 per mil (%o) to 0.02% and are consid- 

ered to be consistent with fractionation by 
mass-dependent processes. Sulfide and sul- 
fate samples older than 2090 Ma but younger 
than 2450 Ma exhibit a range of A33S varying 
between 0.02 and 0.34%0, and samples older 
than 2450 Ma exhibit a much larger range of 
A33S, varying between -1.29 and 2.04%0. 
This variation is consistent with large mass- 
independent compositions. The relation be- 
tween A33S and A3% (Fig. 2) and between 

and 634S for samples older than 3000 
Ma (Fig. 3) rules out the possibility that 
hyperfine interactions account for the obser- 
vations. The most likely explanation of ob- 
served A33S and A3% values for early Pro- 
terozoic and Archean sulfide and sulfate is, 
therefore, the presence of one or more gas- 
phase, mass-independent chemical reactions 
in the sulfur cycle. 

Photochemical reactions are thought to be 
important in the early Proterozoic and Arche- 
an atmosphere and may be relevant to the 
sulfur cvcle before 2090 Ma. Photochemical 
reactions have been suggested as the source 
of nonzero A33S values in martian samples 
(martian meteorites) (15). Our data indicate 
that a profound change occurred in the sulfur 
cycle between 2090 and 2450 Ma. This 
change might represent the onset of a process 
capable of homogenizing mass-independent- 
ly fractionated sulfur reservoirs or the sup- 
pression of one or more atmospheric reac- 
tions that had occurred before this interval. 

Two basic models have been suggested 
for Earth's early sulfur cycle. The first is that 
the Archean sulfur cycle did not differ signif- 
icantly from the preanthropogenic sulfur cy- 
cle (7-9) and that the dominant source of 
oceanic sulfate was oxidative weathering of 
continental sulfides and weathering of conti- 
nental sulfates. The second is that oxidative 
weathering did not play a significant role in 
the Archean sulfur cycle and that the princi- 
pal source of oceanic sulfate was photochem- 
ical oxidation of volcanogenic sulfur species 
in the Archean atmosphere (6). Our mass- 

Fig. 1. Plot of A33S val- 2.5 
ues versus sample age. 2.0 
Variable A33S values 
for samples with geo- 1.5 
logical ages greater 1 .O 
than the transition in- 
terval at 2090 to 2450 5 's 
Ma are interpreted as 0.0 
an indication of atmo- -0,5 
spheric influence of the 
sulfur cycle. Homoge- -1.0 
nous A 3s values for -1.5 
samples with geologi- 0 1000 2000 3000 4000 
cal ages less than 2090 Age Ma 
Ma are interpreted as 
an indication of a sulfur cycle dominated by oxidative weathering of continental sulfide and sulfate. The 
dark gray band at A33S - 0 represents the mean and 1 SD of data collected to date from younger sulfide 
and sulfate from 73 samples that include mantle xenoliths, marine barite, desert gypsum, evaporite, 
massive pyrite, channel deposits, ash deposits, and building surface deposits. Age data for these samples 
are compiled in (30). 

independent sulfur isotope data strongly sup- 
port a pre2090-Ma sulfur cycle that was 
influenced by atmospheric chemical reac- 
tions. All of our data for samples of barite and 
of barite plus chert that are older than 2090 Ma 
have negative A33S values. One analysis of 
Archean barite from the Sargur Group of Kar- 
nataka, India (1 7), also yielded a negative A33S 
value. Most of our data for samples of pelitic 
and psamrnitic rocks older than 2090 Ma have 
positive A33S values. These observations are 
consistent with the existence of two reservoirs: 
a water-soluble (oceanic?) sulfate reservoir 
with negative A33S values and an insoluble 
reservoir of reduced sulfur with positive A33S 
values. Oxidative weathering would have 
mixed these reservoirs by transferring sulfbr 
from reduced to oxidized reservoirs, producing 
sulfate with a positive (or juvenile) A33S signa- 
ture that would dilute (or even eliminate) the 
negative A33S signature of its global oceanic 
counterpart. We infer that the transition to a 
sulfur cycle more like the modem preanthropo- 
genic sulfur cycle occurred after 2090 Ma, 
when higher levels of atmospheric oxygen 
overwhelmed the atmospheric sources of oce- 
anic sulfate through oxidative and microbial 
weathering of continental sulfides. Further in- 
sight into the nature of this transition will be 
obtained once the atmospheric reaction (or re- 
actions) responsible for producing the effect are 
identified. 

It is also possible that the atmospheric 
chemistry responsible for producing the ob- 
served mass-independent sulfur isotopic com- 
positions before 2090 Ma may have stopped 
operating as a result of a change in atmospheric 
composition or actinic flux. Some have sug- 
gested that changes in the solar spectrum [ul- 

Fig. 2 Plot of A33S versus A3% for samples 
older than 2090 Ma. The correlation between 
A33S and A3'jS is interpreted as evidence of 
mass-independent isotopic fractionations orig- 
inating in gas-phase reactions rather than from 
hyperfine interactions, which would produce 
A33S but not A3%. Mass-dependent processes 
plot at the origin of this plot. Error bars repre- 
sent la anal tical uncertainties of 0.05 and 2' 0.3% for A3 S and A3%, respectively. 
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traviolet (UV) and visible wavelengths] result- 
ing from main sequence brightening (18) could 
have affected atmospheric chemistry in Earth's 
earliest atmosphere (19, 20). Although this 
change may account for our observations, 
changes in the abundance of absorbing species 
in the upper atmosphere exert a much stronger 
influence on lower atmospheric UV and on 
photochemistry (21). Higher surface UV result-
ing from a reduced ozone column depth in an 
atmosphere with low oxygen concentrations 
(22-24) may have played a role in determining 
atmospheric sulfur chemistry and in generating 
isotopically distinct sulfur reservoirs. Photoly- 
sis of SO,, for instance, results in production of 
SO, (25) that converts to H2S04 upon contact 

Fig. 3. Three isotope plots of (A) 636S versus 
634Sand (0)633Sversus 834Sfor samples older 
than 3000 Ma. The array formed on (A) follows 
the relation 636S = 2.1 7 ( ~ 0 . 1 )X 634S [calcu-
lated using York (37)] rather than the mass-
dependent relation 636S= 1.90 (20.01) X 634S 
(70). The data in (B) do not follow the tightly 
constrained mass-dependent relation 633S = 
0.515 (f0.005) X 634S(10) but scatter on the 
diagram. Barite and chert-plus-barite samples 
are plotted as triangles. All other samples are 
plotted as diamonds. These arrays are inconsis- 
tent with biological fractionation processes and 
are consistent wi th a sulfur cycle that is strong- 
ly influenced by atmospheric chemical reac-
tions and atmospheric oxidation reactions. 

with water. This photochemical oxidation se- 
quence has been shown to produce mass-inde- 
pendently fractionated sulfur (15). Whereas ox- 
ygen isotopic signatures of present-day prod- 
ucts of atmospheric oxidation of reduced sulfur- 
bearing gases have been shown to possess 
mass-independent oxygen isotopic composi- 
tions that are thought to be the result of oxida- 
tion by isotopically anomalous ozone and hy- 
drogen peroxide (26, 27), our oxygen isotope 
data for sulfate from barites from 3300 to 3400 
Ma are mass-dependent (A1'O = 0.01 ? 
0.06%0). The lack of a similar mass-indepen- 
dent signature in our Archean barites may be a 
hrther indication that the sulfur oxidation path- 
ways were different from that of the current 
atmosphere, possibly reflecting the exchange of 
sulfite (a product of SO, photooxidation) with 
water during the formation of sulfate. If this is 
the case, the buildup of atmospheric oxygen 
may have helped shut down the atmospheric 
chemical reactions that were responsible for 
generating isotopically anomalous sulfur-bear- 
ing reservoirs. An alternative explanation of the 
oxygen isotope data is that the original atmo- 
spheric oxygen isotopic signature has been lost 
because of exchange processes that occurred 
after sulfate formation. 

If ?i3,S fractionations reflect atmospheric 
fractionation processes, it is also possible that 
the same applies to 634S fractionations. Some 
workers have divided the sulfur isotope record 
into a period before 2750 Ma, when the range 
of 634S was less than about 10%0, and a period 
after 2750 Ma, when the range of 634S was 
greater than 10%0 (5, 28). These workers sug- 
gest that the change in magnitude for the range 
of observed 634S fractionations at 2750 Ma is 
evidence of the onset of microbial sulfate re- 
duction. Other workers have suggested that the 
smaller range of 634S before 2750 Ma also 
results from microbial sulfate reduction but at 
higher temperature conditions, possibly at low- 
er oceanic sulfate concentrations or in closed 
systems (7-9). On three isotope plots (Fig. 3), 
our data do not follow the mass-dependent ar- 
rays that would be formed by microbial sulfate 
reduction (for example, 633S - 0.515 X 634S 
and 636S = 1.90 X 634S), and they allow that 
the 634S record for samples older than 2750 Ma 
may be entlrely atmospheric in origin. Al- 
though our data do not rule out the possibility of 
microbial sulfate reduction, they imply that 
634S values cannot be used alone to argue for 
the operation of (or examine the consequences 
of) metabolic processes that fractionated sulfur 
isotopes before 2750 Ma. 

Similar sulfur isotope measurements can 
be used to resolve atmospheric inputs and to 
gain new insights into biogeochemical ele-
ment cycles. The recent observation of mass- 
independently fractionated sulfur in this 
study and in martian meteorites (15) and of 
mass-independently fractionated oxygen in 

terrestrial and martian sulfates (27, 29) opens 
up possibilities for identifying additional 
components of the sulfur cycle on Earth and 
on other bodies in the solar system. 

References and Notes 
1. A. Paytan, M. Kastner, D. Campbell, M. H. Thiernens, 

Science 282, 1459 (1 998). 
2. R. A. Berner and R. Raiswell, Ceochim. Cosmochim. 

Acta 47, 855 (1983). 
3. P. 	 Brimblecombe, C. Hammer, H. Rodhe, A. Rya-

boshapko, C. F. Boutron, in Evolution of the Global 
Biogeochemical Sulphur Cycle, P. Brimblecombe and 
A. Y. Lein, Eds. (Wiley, New York, 1989), pp. 77-121. 

4. E. M. Cameron, Nature 296, 145 (1982). 
5. 	 1. B. Lambert and T. H. Donelly, in Early Organic 

Evolution: Implications for Mineral and Energy Re- 
sources, M. G. Schidlowski, S. Golubic, M. M. Kimberly, 
D. M. McKirdy, P. A. Trudinger, Eds. (Springer-Verlag, 
New York, 1992). pp. 408-415. 

6. J. C. C. Walker and P. Brimblecornbe, Precambrian 
Res. 28, 205 (1985). 

7. H. Ohmoto, T. Kakegawa, D. R. Lowe, Science 	262, 
555 (1993). 

8. H. Ohrnoto and R. P. Felder, Nature 328, 244 (1987). 
9. T. Kakegawa and H. Ohrnoto, Precambrian Res. 	 96, 

209 (1999). 
10. 1. R. Hulston and H. G. Thode, J. Ceophys. Res. 	70, 

3475 (1965). 
11.Those 	 quantities are as follows: h33S = 

1000*[(1 + S33S/1000) - (1 + S34S/1000)0518-
11, A36S = 1000*[(1 + 636S/1000) - (1 + S34S/ 
~ o o o ) ~ . ~ ~- 11, and A l 7 O  = 1000*[(1 + S170/ 
1000) - (1 + 6180/1000)052- 11. Uncertainties 
for A33S, h3'S, and A170 are better than 20.05, 
0.3, and 0.05%0, respectively. 

12. P. Zmolek, X. P. Xu, T. Jackson, M. H. Thiemens, W. C. 
Trogler, J. Phys. Chem. 103, 2477 (1999). 

13. M. H. Thiemens, Science 283, 341 (1999). 
14. R. E. j. Weston, Chem. Rev. 99, 21 15 (1999). 
15. j. Farquhar, J. Savarino, M. H. Thiemens, T. L. Jackson, 

Nature 404, 50 (2000). 
16. 5. K. Bains-Sahota and M. H. Thiernens, J. Chem. Phys. 

90, 6099 (1989). 
17. T. C. Hoering, J. Ceol. Soc. India 34, 461 (1989). 
18. K. j. Zahnle and 1. C. G. Walker, Rev. Ceophys. Space 

Phys. 20, 280 (1982). 
19. 	V. M. Canuto, 1. S. Levine, T. R. Augustsson, C. L. 

Imhoff, M. 5. Giarnpapa, Nature 305, 281 (1983). 
20. C. Sagan and C. Chyba, Science 276, 1217 (1997). 
21. 1. F. Kasting, H. 	D. Holland, L. R. Kurnp, in The Pro- 

terozoic Biosphere: A Multidisciplinary Study, J. W. 
Schopf and C. Klein, Eds. (Cambridge Univ. Press, New 
York, 1992), pp. 159-163. 

22. J. F. Kasting, H. D. Holland, J. P. Pinto,]. Ceophys. Res. 
90, 10497 (1985). 

23. J. F. Kasting, Precambrian Res. 34, 205 (1987). 
24. , Origins Life Evol. Biosph. 20, 199 (1990). 
25. H. Okabe, Photochemistry of Small Molecules (Wiley, 

New York, 1978). 
26. C. W. Lee, j. Savarino, M. H. Thiemens, Am. Ceophys. 

Union 79, F91 (1998). 
27. H. Bao et al., Nature, in press. 
28. A. M. Coodwin, 1. Monster, H. G. Thode, Econ. Ceol. 

71, 870 (1976). 
29. J. Farquhar and M. H. Thiemens, J. Ceophys. Res. 105, 

11991 (2000). 
30. T. B. 	 Moore and 1. W. Schopf, in The Proterozoic 

Biosphere: A Multidisciplinary Study, J. W. Schopf and 
C. Klein, Eds. (Cambridge Univ. Press, New York, 
1992), pp. 605-694. 

31. D. York, Earth Planet. Sci. Lett. 5, 320 (1969). 
32. Supported by grants from NSF, NASA, and Calspace. 

Samples used in this study were supplied and/or 
collected by 1. W. Schopf, B. Runnegar, D. Lowe, H. 
Baadsgaard, and S. J. Mojzsis. The interpretations 
herein are our responsibility, but they have benefited 
from interesting conversations and questions from 
R. N. Clayton, K. Boering, T. Chacko, D. DePaolo, H. D. 
Holland, M. Hurnayun, J. Kasting, A. Knoll, 5. j. Mojz- 
sis, A. Payton, G. Retallack, and K. K. Turekian. We 
thank D. Canfield and J. Kasting for providing copies 
of in press and unpublished materials. 

12 May 2000; accepted 9 June 2000 

758 	 4 AUGUST 2000 VOL 289 SCIENCE www.sciencet 


