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exports and imports, they argue that 
Teotihuacan society was more complex 
than recent estimates have suggested. 
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from other contemporary centers in 
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makes it more similar to Tenochtitlan, 
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modern Mexico City over 500 years 
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alent comparative data from other parts 
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stand pre-Hispanic urbanization in the 
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ogy 21 (1), 36 (1968)]. But so far as is now 
known, none seems to have been so highly 
urbanized as Teotihuacan; that is, none seems 
to have combined great size, high population 
density, large populations, foreign enclaves, 
and thousands of craft specialists in a market- 
place and ritual center of immense, monu- 
mental proportions. Chan Chan, an immense 
urban center on the north coast of Peru, is 
now under intensive study by M. Moseley 
and others. From what is now known of it, 
Chan Chan, although of great size, also does 
not appear to have been so highly urbanized 
as Teotihuacan [see M. West, Amer. An- 
tiquity 35 (1), 74 (1970)]. 
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Fumarolic hydrogen sulfide, dis- 
charged in sulfurous hot-spring areas 
known as solfataras, oxidizes to form 
large quantities of sulfuric acid. Pre- 
vious studies suggest that bacteria may 
produce virtually all this sulfuric acid 
by catalyzing the oxidation of geo- 
thermal hydrogen sulfide. These studies 
dealt with the distribution of sulfur- 
oxidizing bacteria in solfataras (1) and 
the quantities of sulfuric acid produced 
in solfataras as compared with the 
quantities produced by bacteria in the 

laboratory (2). The relative importance 
of a biochemical versus an inorganic 
oxidation mechanism, however, has 
been difficult to determine. The success 
achieved with the use of sulfur iso- 
tope ratios to confirm bacterial pro- 
cesses of sulfate reduction led naturally 
to their use in studies of the oxidation 
of sulfides in nature (3, 4). Results thus 
far, however, have been only sugges- 
tive of biochemical involvement. 

Because the masses of the S32 and 
S34 nuclei are different, these isotopes 
react at different rates in chemical re- 
actions. If, during the formation of 
sulfur compounds, the reaction does 
not go to completion, the ratio of the 
isotopes in the products will be differ- 
ent from that in the remaining re- 
actants. It is this enrichment or deple- 
tion of one of the isotopes that can 
sometimes be used to infer the genesis 
of a sulfur compound. Oxidation-re- 
duction reactions in which organisms 
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participate usually show diagnostic 
shifts in the ratios of isotopes of the 
reacting elements (5). In order to see 
if the ratios of sulfur isotopes would 
show shifts that we could interpret as 
diagnostic of biochemical, as con- 
trasted with inorganic, oxidation, we 
collected samples of sulfide, sulfur, 
and sulfate from various hot-spring 
localities within Yellowstone National 
Park (6). 

Table 1 lists the results of our sulfur 
isotope analyses in terms of 8S34 values 
[difference (in parts per thousand) be- 
tween the S34/S32 ratio in the sample 
and that in the Cafion Diablo meteorite 
standard]. Table 1 shows that the 8S34 
values of hydrogen sulfide from locali- 
ties 1 through 5 range from + 0.7 to 
+ 2.6 per mil. This small range of 
8S34 values indicates a well-homoge- 
nized source and is in agreement with 
values generally considered to be those 
of deep-seated sulfur (7). Most of the 
hydrogen sulfide rising to the surface 
in these areas may come from either 
a body of degassing magma beneath 
the park or igneous rocks containing 
unfractionated sulfur. 

The hydrogen sulfide values from 
localities 6, 7, and 8, however, range 
from - 3.0 to - 5.5 8S34 per mil. A 
thick sequence of sedimentary rocks 
underlies locality 6, Mammoth Hot 
Springs (8). Sulfide minerals in sedi- 
mentary rocks usually show depletions 
of S34 because of the biologic reduc- 
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Sulfur Isotope Distribution in Solfataras, 
Yellowstone National Park 

Abstract. Sulfur isotope data on hydrogen sulfide, native sulfur, and sulfates 
from acid hot-spring areas at Yellowstone National Park suggest that hydrogen 
sulfide oxidizes to sulfur abiologically, whereas sulfur undergoes biological oxi- 
dation to sulfuric acid. An exception occurs at Mammoth Hot Springs where 
hydrogen sulfide apparently undergoes biochemical oxidation to sulfur. 
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tion processes involved in their genesis 
(9). For these reasons, the hydrogen 
sulfide at Mammoth Hot Springs (lo- 
cality 6) may be a mixture of magmatic 
hydrogen sulfide with hydrogen sul- 
fide baked out of underlying sedi- 
mentary rocks by high geothermal tem- 
peratures. Although no sediments crop 
out at localities 7 and 8, a similar ex- 
planation involving buried sedimentary 
rocks may be suggested to explain 
these low S34 values of the hydrogen 
sulfide as well. 

The laboratory experiments on sul- 
fur isotope fractionation by sulfur- 
oxidizing bacteria show 8S34 fractiona- 
tions of about - 6 per mil in sulfur 
formed from hydrogen sulfide and - 6 
per mil to as much as - 18 per mil 
in sulfate formed from hydrogen sul- 
fide (10, 11). But all the experiments 
show that bacterial oxidation of sulfur, 
rather than of hydrogen sulfide, to sul- 
fate results in either no fractionation 
or a slight positive fractionation of 
about + 2 per mil with respect to the 
sulfur (11). In contrast, equilibrium 
inorganic oxidation of hydrogen sulfide 
to sulfate should yield large positive 
fractionations (12). 

Native sulfur in all localities except 
Mammoth Hot Springs (and Pocket 
Basin, where we were unable to find 
sulfur) possesses sulfur isotope values 
ranging from - 1.7 to + 1.4 8S34 per 
mil with respect to the local hydrogen 
sulfide source. Other studies in geo- 
thermal areas show that inorganic oxi- 
dation of hydrogen sulfide to sulfur 
does not appreciably change the ratio 
of sulfur isotopes (3, p. 216; 13). The 
small variation exhibited by our samples 
probably reflects analytical errors, frac- 
tionation caused by partial oxidation 
of the sulfur, and variation of the sul- 
fur isotope ratio of the hydrogen sul- 
fide with time. The samples of sulfur 
and sulfate represent hydrogen sulfide 
emitted at some time in the past that 
may not correspond exactly in sulfur 
isotope ratio with the hydrogen sulfide 
we collected. Despite these small dif- 
ferences, we believe that all these sul- 
fur samples (a few of which come from 
> 90?C fumaroles) probably formed 
by purely inorganic oxidation of hydro- 
gen sulfide. 

The sulfur from Mammoth Hot 
Springs is clearly much lighter (--5.4 
per mil) than the local hydrogen sul- 
fide. The similarity of this fractiona- 
tion to that observed in laboratory mea- 
surements of the bacterial oxidation of 
hydrogen sulfide, and the distinct dif- 
ference from the positive fractiona- 
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Table 1. Distribution of sulfur isotopes in solfataras, Yellowstone National Park, Wyoming. 
Locations of numbered sampling sites are shown on Fig. 1 and described in reference (16). 
Delta values listed in columns 2 and 5 are differences (in parts per thousand) between the S34/S32 
ratio in the sample and that in the Cation Diablo meteorite. A positive value indicates more 
heavy sulfur (S83) and a negative value indicates more light sulfur (S32) in the sample than 
in the meteoritic standard. Columns 3 and 6 show the differences between the S34/S32 ratio 
in the sample and the sulfur isotope ratio in the local source of hydrogen sulfide. 

aS" SS34 aS 8S34 
with re- with re- 

Sample spect to th r- Sample spect to withre- 
descriptiCaon Cason to description Canon spec 

Diablo local H1S Diablo local H1S 
(%o \ (%c) ( %o) (%o) 7(o) 

Norris Junction (locality 1) Amphitheater Springs (locality 4) 
H2S +2.6 H2S +1.7 
S? (needles, fumarole) +3.2 +0.6 SO (fumarole) +0.7 -1.0 
SO (massive, fumarole) +1.1 -1.5 SO, (soil) +1.7 0.0 
SO4 (soil) +3.1 +0.5 SO, (stream) +2.6 +0.9 
SO4 (stream) +3.2 +0.6 

Norris Ranger Station (locality 2) Pocket Basin (locality 5 
]H2S +2.3 1H,S +1.8 

SO (surface soil) +0.6 -1.7 S04 (soil) +27 +0.9 
SO4 (soil) +2.8 +0.5 Mammoth Hot Springs (locality 6) 
SO4 (stream) +3.3 +1.0 H2S -3.0 

SO (fumarole) -- 8.4 --5.4 
Roaring Mountain (locality 3) S8 ( role) -6. -32 

H12S +0.7 
So (fumarole) +1.6 +0.9 (New Highland 
SO (surface soil) +1.1 +0.4 Terrace Sprng) +20.5 +23.5 
SO (soil, 1 foot deep) +1.7 +1.0 Washburn Hot Springs (locality 7) 
SO4 (surface soil) +1.5 +0.8 H2S -4.0 
SO4 (soil, 4 feet deep) +1.1 +0.4 FeS2 (Devil's Inkpot) -3.2 +0.8 
S04 (stream, S? (fumarole) -2.6 +1.4 

southern end) +2.1 +1.4 S04 (soil) -2.2 +1.8 
SO4 (Lemonade Lake) +2.0 +1.3 SO4 (stream) -0.1 +3.9 

nother end) +1.8 +1.1 Turbid Hot Springs (locality 8) northern end) +1.8 +1.1 11S + 5.5 HaS - 5.5 
SO (fumarole) -4.7 +0.8 
S04 (soil) -5.7 -0.2 

Fig. 1. Map of Yellowstone National Park, Wyoming, showing locations of numbered 
sampling sites [Table 1 and reference (16)]. 
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tions predicted for equilibrium inorgan- 
ic fractionations, suggests that the sul- 
fur at Mammoth Hot Springs is bio- 
genic. 

Mammoth Hot Springs (locality 6) 
is unique. The surrounding rocks are 
sedimentary rather than volcanic, and, 
in addition, the hot-spring deposits are 
travertine rather than siliceous sinter. 
Temperatures below 70?C at Mammoth 
contrast with temperatures of over 
90?C at the other localities. The rate 
of emission of hydrogen sulfide is very 
much slower at Mammoth. These con- 
ditions may favor the direct oxidation 
of hydrogen sulfide by bacteria. 

With the exception of the sulfate 
from New Highland Terrace Spring 
at locality 6, all our sulfate samples 
show sulfur isotope fractionations close 
to zero or slightly positive with re- 
spect to either hydrogen sulfide or sul- 
fur. These fractionations agree with 
those previously described laboratory 
values for biogenic sulfate derived 
from sulfur, not from hydrogen sulfide, 
and differ greatly from theoretical in- 
organic fractionations (12). The abun- 
dance of heavy sulfur in the water of 
New Highland Terrace Spring (8S34 = 

+ 20.5 per mil) comes from marine 
gypsiferous beds that underlie this part 
of the park (14). The area in which we 
find oxidizing hydrogen sulfide is well 
above the water table, and none of the 
deep sulfate contaminates the soil sul- 
fate. 

Roaring Mountain, a high-discharge 
hot spring at the north end of the 
park, contains 500 mg per liter of 
sulfate whose SS34 value approximates 
that in the nearby soil. This suggests 
that most of the sulfate in the hot 
spring derives from biogenic oxidation 
of sulfur on the surface of the ground 
and enters the hot spring by percola- 
tion of groundwater. The similarity in 
the 8S34 values of soil and stream sul- 
fate at the other localities supports this 
hypothesis. 

We cannot explain why the soil sul- 
fate at Mammoth is slightly heavier 
than the sulfur. The oxidation of hy- 
drogen sulfide to sulfur and sulfate by 
sulfur-oxidizing bacteria in the labora- 
tory (10, 11) yielded negative 8S34 

fractionations. Instead, we find a nega- 
tive fractionation of the sulfur, which 
agrees with a biologic origin, but a 
small positive fractionation of the sul- 
fate with respect to the sulfur. A pos- 
sible explanation is that a very dif- 
ferent ecology exists at Mammoth Hot 
Springs, where soil pH's buffered by 
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travertine are close to neutral, by com- 
parison with the other solfataras that 
are strongly acid. Therefore, the sulfur- 
oxidizing bacteria may be different. 
Other studies in pH-buffered, sulfur- 
oxidizing soils show the reasonableness 
of such an explanation for seemingly 
anomalous bacterial populations (see 
15). 

Our data imply that, at Yellowstone 
Park, most of the hydrogen sulfide 
oxidizes to sulfur abiologically, whereas 
sulfur oxidizes to sulfuric acid bio- 
logically. The reason for this is un- 
clear. Perhaps geothermal hydrogen 
sulfide is generally too hot for bacteria 
to oxidize directly, and instead it oxi- 
dizes to sulfur vapor which then pre- 
cipitates in the cooler parts of the 
soil. The data also indicate that, ex- 
cept at Mammoth, most of the sulfate 
in hot springs and streams draining 
the solfatara percolated down from a 
biochemical origin on the surface. 

Although the isotope ratios support 
a biochemical origin for the sulfuric 
acid, and differ greatly from the iso- 
tope ratios for an inorganic equilib- 
rium reaction (12), the possibility that 
an inorganically catalyzed nonequilib- 
rium reaction might produce identical 
isotope ratios cannot be excluded at 
this time. It seems unlikely, however, 
that a nonequilibrium reaction would 
produce the very uniform grouping of 
8S34 values in the different sulfur spe- 
cies over widely separated areas. 

ROBERT SCHOEN 
U.S. Geological Survey, 
Menlo Park, California 94025 

ROBERT 0. RYE 
U.S. Geological Survey, 
Denver, Colorado 80225 
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