
from other forms of reduced carbon (for 
example, soot) that have been observed at 
the K-T boundary (25). The S13C values 
are unusual but not impossible for kimber- 
lite or lamproite diamonds (24), but the 
C/N ratio of 114 is much greater than that 
seen for any deep-Earth or laboratory-syn- 
thesized diamonds (26). Indeed, the varia- 
tions in S13C, N abundance, and S15N 
indicate the presence of more than one C 
source and mechanism. Perhaps coinciden- 
tally, the S13C of the diamonds is close to 
the typical isotopic composition of macro- 
molecular or amorphous C from carbo- 
naceous chondrites (27). Although most 
larger shocked diamonds are hexagonal in 
structure, diamonds produced by the explo- 
sive detonation of TNT were also found to 
be cubic and to have morphologies, grain 
size, and high N contents (28) similar to 
those of the K-T diamonds. 
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A Hig h-Resolution Record of Holocene Climate 
Change in Speleothem Calcite from Cold Water 

Cave, Northeast lowa 

Jeffrey A. Dorale, Luis A. Gonzalez,* Mark K. Reagan, 
David A. Pickett, Michael T. Murrell, Richard G. Baker 

High-precision uranium-thorium mass spectrometric chronology and 180-I3C isotopic anal- 
ysis of speleothem calcite from Cold Water Cave in northeast lowa have been used to chart 
mid-Holocene climate change. Significant shifts in 6180 and 6I3C isotopic values coincide 
with well-documented Holocene vegetation changes. Temperature estimates based on 
180/160 ratios suggest that the climate warmed rapidly by about 3°C at 5900 years before 
present and then cooled by 4°C at 3600 years before present. Initiation of a gradual 
increase in 6I3C at 5900 years before present suggests that turnover of the forest soil 
biomass was slow and that equilibrium with prairie vegetation was not attained by 3600 
years before present. 

Midcontinental climatic records with dec- 
ade resolution have been difficult to obtain 
beyond the last two millennia. A geologic 
record that received much attention in the 
1970s is that preserved in the carbon and 
oxygen isotopic composition of speleothem 
(cave) calcite ( I ) .  Although this method 
has been used successfully to interpret cli- 
matic changes, the large sample sizes re- 
quired for analysis precluded the routine use 
of speleothems for high-resolution paleocli- 
matic studies. Improvements in mass spec- 
trometric techniques in the last decade now 
allow uranium series age-dating of subgram- 
sized carbonate samples with extremely 
small analytical errors (2-4). Because many 
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continental regions contain karsted lime- - 
stone terrains, the possibility of using spe- 
leothems for paleoclimatic reconstruction 
deserves renewed attention. In this study 
we analyze calcite from a stalagmite to 
demonstrate the feasibility of extracting a 
high-resolution climatic record from spele- 
othem calcite. 

Thirty S180 and S13C analyses (5) were 
obtained from stalagmite 1s from Cold Wa- 
ter Cave, northeastern Iowa (43" 28' N, 
91" 58' W) (Fig. 1). Conditions in Cold 
Water Cave are ideal for isotopic equilibri- 
um deposition of calcite (6). Stalagmite 1s 
was cored from the bottom up to within a 
centimeter of the top surface with a 2.5-cm- 
diameter coring apparatus (7). The core 
was split and thin sections of core material 
were inspected by standard polarizing light 
microscopy to evaluate the possibility that 
the calcite had recrvstallized. We extracted 
materials for stable isotopic, alpha, and 
mass spectrometric U-Th analysis (8) from 
the split and polished core using a carbide 
dental burr on a microscope-mounted drill 
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Fig. 1. Map of Iowa and surround- 
ing region showing the location of 
Cold Water Cave and sites of pre- 
vious palynological studies [Lake 
West Okoboji (26), Clear Lake 
(27), and Robert's Creek (28)]. 
Dashed line shows the maximum 
extent of late Wisconsin glacia- 
tion. 

assembly. The sampling resolution for 
U-Th analysis ranged from 40 to 10 layers 
(Table 1); growth banding is assumed to 
represent annual events, and resolution is 
better than 50 years for all samples. With 
the exception of those samples analyzed 
from a split of the U-Th samples, the 
samples for C and 0 isotope analysis ranged 
from a single layer to a maximum of nine 
layers (Table 2). 

The mass and alpha spectrometric ages 
agreed within errors (Table I), and all ages 
are in correct stratigraphic order. The data 
and the fresh appearance of the calcite 
suggest that significant postformational al- 
teration of stalagmite 1s did not occur. The 
six ages cover 135 mm of core and range 
from 7774 k 42 to 1147 k 7 years before 
present (YBP). The lack of evidence of 
depositional discontinuities suggests that 
growth was continuous through the life of 
the speleothem. Growth rates for the as- 
sumption that growth was uninterrupted 
between dated intervals range from 14 to 43 
mm per 1000 years. 

The S1'O values range from 23.60 to 
26.11 per mil, and S13C values range from 
-5.02 to -9.01 per mil (Table 2). The 
observed variability can be divided into 
three distinct stages (Fig. 2). Stage 1 extends 
from 7770 to 5900 YBP, during which time 
both S1'O and S13C values remained essen- 

tially constant. During stage 1, S1'O values 
averaged 24.76 per mil and 613C values 
averaged -8.58 per mil. Stage 2 is charac- 
terized by a significant excursion to higher 
S1'O and S13C values for the period between 
5900 and 3600 YBP. At the beginning of 
stage 2, S1'O values rose abruptly to an 
average value of 25.8 1 per mil. The increase 
in S13C values during stage 2 was gradual, 
reaching a maximum of -5.02 per mil at 
3600 YBP. During stage 3 (3600 to 1150 
YBP), both S180 and 613C returned to lower 
values. The S1'O values dropped abruptly to 
an average of 24.14 per mil, whereas S13C 
values steadily declined to a minimum of 
-7.96 per mil. The timing of the stage 
1-stage 2 transition is tightly constrained by 
coincidence with date MS-3, at 5890 k 42 
YBP. The timing of the stage 2-stage 3 
transition has been estimated by linear in- 
terpolation between dates MS-1 and MS-2 
to be at about 3600 k 200 YBP. 

The stable isotopic composition of cal- 
cite is determined by the isotopic composi- 
tion of its precipitating parent fluid and the 
conditions of formation (I). Vadose ground 
waters acquire high CO, concentrations in 
the soil atmosphere and dissolve carbonate 
bedrock en route to underlying caves. Be- 
cause the partial pressure of CO, in a cave 
is generally less than that of the soil atmo- 
sphere, calcite-saturated seepage waters en- 

tering a cave lose CO,, and calcite deposi- 
tion occurs. Isoto~ic eauilibrium is main- 
tained between calcite and parent fluids 
only when dissolved C 0 ,  is lost at a slow 
enough rate to maintain equilibrium be- 
tween HC03-, C03,-, and CO, (aque- 
ous) (9). These conditions exist in areas of 
caves removed from openings, where air 
circulation is minimal and both the high - 
relative humidity and partial pressure of 
CO, remain stable throughout the year (9). 
Conditions in Cold Water Cave are ideal 
for equilibrium deposition of calcite; aver- 
age depth is about 30 m, and there are no 
known natural entrances other than where 
the cave stream exits the 8-km-long cavern 
through a siphon at the base of a cliff. 

Equilibrium S1'O compositions in cal- 
cite s~eleothems (S1'OC) are determined by 
the 6180 of speleothem-forming waters 
(6180,) and the temperature of deposition 
(I). In temperate regions, the S1'O of deep 
vadose ground waters closely reflects the 
mean annual S1'O of meteoric precipitation 
(S180,) . (10, 11). Because of the short 
resideke time of water in the vadose zone, 
in the absence of metastable mineraloaies - 
in the overlying rocks, significant shifts in 
the S180 composition of water seeping into 
caves cannot be induced by rock-water 
interactions (1 1-14). Although the isoto- 
pic composition of individual precipitation 
events may vary considerably, annual aver- 
age S1'O, values remain quite constant 
from year to year (15) and at the continen- 
tal scale correlate positively with mean 
annual temperature (1 6, 17). 

Ambient temperatures in poorly venti- 
lated areas of deep caves (> 11 m) are 
generally quite stable, reflecting mean sur- 
face temperature over several years (18). 
The temperature dependence of oxygen 
isotopic fractionation between calcite and 
water is such that colder temperatures result 
in greater fractionation and heavier calcite 
S180 values relative to water S1'O, whereas 
warmer temperatures result in lesser frac- 
tionation (19). Thus, temperature affects 
speleothem 6l8OC compositions both by 
controlling the isotopic fractionation be- 

Table 1. Uranium and thorium mass spectrometric analytical results for correction is negligible for MS-5 and MS-6, within the range of analytical 
stalagmite 1s. Analytical errors are 2 u  of the mean. Errors of ages are error for MS-2, MS-3, and MS-4, and about 2% for MS-1. The decay 
based on this analytical precision. Corrections for detrital 230Th were constants used are 9.1952 x year-' for 230Th and 2.835 x 
calculated with data from the insoluble residue in sample MS-1 (8). The year-' for 234U. 

Distance Number 
u 234U1238U % 230Th/232Th 230Th/238U % 

230ThP34U age Initial 
Sam- from (corrected) (234U/238U) Alpha 

bottom sampled layers (ppm) (atomic) error (atomic) (activity) error (years BP) 
(activity) age 

(in mm) 
-- 

MS-I 146.0 40 1.082 1.098 X 0.28 1.218 X 0.02151 0.49 1147 f 07 2.01 1 
MS-2 94.5 14 1.422 1.059 x 1 0-4 0.38 5.263 X 1 0-4 0.0831 7 0.45 4742 f 31 1.948 4740 f 1860 
MS-3 70.5 12 1.001 1.061 X 0.46 4.241 X 0.1032 0.47 5890 + 42 1.956 
MS-4 56.5 14 0.919 1.071 x 0.28 7.662 x 0.1 11 1 0.46 6306 f 38 1.975 
MS-5 37.5 10 1.352 1.081 x 0.33 1.471 x 0.1279 0.45 7243 f 49 1.996 
MS-6 14.0 10 1.787 1.083 x 1 0-4 0.32 1.929 x 1 0-2 0.1 373 0.35 7774 f 42 2.001 8870 f 1 180 
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tween calcite and water and by influencing 
the isotopic composition of precipitation. 
Because the effects of temperature on 6l8OC 
and 6l8OP are opposite (that is, warmer 
temperatures lead to lower 6180, and high- 
er 6l8OP), the effect of temperature on 
speleothem ''0 fractionation is masked by 
the temperature effect on 6l8OP. 

The dissolved carbon species in cave 
waters are derived from soil CO, and the 
carbonate bedrock (20). In temperate cli- 
mates, soil C 0 2  is largely produced by the 
decomposition of organic matter and by 
plant root respiration (soil respiration), and 
the 613C composition of soil CO, is related 
to the type of vegetation occupying the 
land surface (21). Plants that utilize the 
Calvin, or C3, photosynthetic pathway 
have 613C compositions that average about 
-26 per mil, whereas plants utilizing the 
Hatch-Slack, or C4, pathway have 613C 
compositions that average -13 per mil 
(22). C3 plants, which include almost all 
trees and many grasses, are better adapted 

to cooler, moister growing seasons (23). 
Many C4 plants are grasses that have 
evolved to take advantage of hot, dry envi- 
ronmental conditions (23). The percentage 
of C, plants for a region is well correlated 
with' minimum temperatures during the 
growing season (24). 

Soil seepage waters acquire their initial 
613C signatures from soil C02 and are 
modified when carbonate bedrock [-3 per 
mil to +4 per mil (25)] is dissolved en route 
to underlying caves. Changes in the 613C 
compositions of cave seepage waters are 
controlled by changes in the 613C compo- 
sition of soil CO, or changes in the bedrock 
(that is, rock thickness and fluid pathways, 
or both). In the time scale of hundreds to 
thousands of years, major changes in the 
thickness of overlying carbonate bedrock 
and alteration of vadose fluid pathways are 
unlikely, and changes in cave seepage water 
613C compositions are most likely the result 
of changes in the soil atmosphere. 

In the western and central portions of 

Table 2. Stable isotope samples. The age of individual samples was determined by linear 
interpolation between dated intervals. The calculated temperature was obtained by iterative solu- 
tion to the combined calcite fractionation equation (32) and 6180p-temperature relation (16). The 
calculated 6l8OP was obtained with the use of Dansgaard's 6180p-temperature relation (16). 

Distance Number Calculated 

of layers 6l3CC Sq8Oc Interpolated Calculated 6180p 

bottom (PDB) (SMOW) age (YBP) t ("C) (SMOW) 
( i n  sampled 

Stage 3 (Age range, 1150 to 3600 YBP; averages, 6l8OC = 24.14, t = 7.2, 6l8OP = -8.6) 
146.0 40 -7.46 24.28 1 147* 7.5 -8.4 
138.5 8 -7.96 23.60 1671 6.0 -9.4 
133.0 8 -6.92 24.28 2054 7.5 -8.4 
126.0 9 -6.10 24.08 2943 7.1 -8.7 
115.5 6 -5.64 24.46 3276 7.9 -8.1 

Stage 2 (Age range, 3600 to 5900 YBP; averages, 6l8OC = 25.81, t = 10.8, 6l8OP = 
111.0 8 -5.02 25.73 3590 10.6 
103.5 4 -5.36 25.63 41 14 10.4 
98.5 4 -5.97 25.71 4463 10.6 
94.5 14 -6.30 25.52 4742* 10.2 
90.0 4 -6.48 26.1 1 4957 11.5 
85.0 3 -7.12 26.08 51 96 11.4 
79.0 6 -7.38 25.93 5483 11 . I  
76.5 6 -7.87 25.91 5603 11.0 
74.5 5 -7.63 25.65 5699 10.5 

Stage 1 (Age range, 5900 to 7770 YBP; averages, 6l8OC = 24.76, t = 8.6, Sq8OP = -7.7) 
70.5 12 -8.34 24.78 5890* 8.6 -7.6 
67.0 5 -8.87 24.51 5994 8.0 -8.0 
62.0 3 -8.88 24.74 61 43 8.5 -7.7 
59.5 4 -8.35 24.84 621 7 8.7 -7.5 
56.5 14 -8.55 24.84 6306* 8.7 -7.5 
53.5 7 -8.56 24.98 6454 9.0 -7.3 
48.5 3 -8.83 24.67 6701 8.4 -7.8 
45.0 2 -7.87 25.47 6873 10.1 -6.6 
41.5 1 -8.63 24.78 7046 8.6 -7.6 
37.5 10 -8.64 25.22 7243* 9.6 -7.0 
32.5 1 -8.23 24.85 7356 8.8 -7.5 
28.5 1 -8.81 24.56 7446 8.1 -7.9 
24.0 2 -8.30 24.48 7548 7.9 -8.1 
20.0 1 -9.01 24.20 7638 7.3 -8.5 
17.0 1 -8.60 24.73 7706 8.5 -7.7 
14.0 8 -8.87 24.51 7774* 7.2 -8.6 

*Dated interval. 
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Iowa, documented changes in vegetation for 
the last 11,000 years suggest that the climate 
was significantly drier and perhaps warmer 
between 8000 to 3000 RCYBP (radiocarbon 
years before present) (26, 27). In contrast, 
humid climate persisted in the eastern part 
of the state until 5500 RCYBP, requiring a 
sharp mid-Holocene climatic boundary be- 
tween central and eastern Iowa (27, 28). In 
particular, recent evidence from Robert's 
Creek (see Fig. I) ,  located 60 km southeast 
of Cold Water Cave, indicates the replace- 
ment of forest by prairie vegetation at about 
6200 YBP (29) and that those conditions 
prevailed until about 3200 YBP (30). The 
coincidence in timing of the observed vari- 
ations in stalagmite Is with the timing of 
vegetation change at Robert's Creek argues 
strongly for climate-induced change in sta- 
lagmite 1s isotopic composition. 

The most likely explanation of the stage 
2 increase in 6l8OC of stalagmite 1s is that 
6l8OP increased as the mean annual temper- 
ature increased. Although the exact 6180,- 
temperature.re1ation for northeastern Iowa is 
not known, other documented relations are 
available (1 0, 16, 1 7). The relation of Dans- 
gaard (1 6) yields values similar to those of 
present-day precipitation (3 1). 

If Dansgaard's (1 6) 6180-temperature re- 
lation has held for northeast Iowa for the 
last 8000 years, the temperature shifts re- 
quired to cause the observed 6l8OC change 
in stalagmite Is can be estimated (Table 2). 
The calcite-water oxygen isotopic fraction- 
ation relation (32) and the 6180p-tempera- 
ture relation (1 6) can be combined as 

(where t is in "C). 
Solving for temperature for the observed 

6180, results in good agreement between the 
calculated present-day 6180, (with present- 
day mean t of 7.3"C) of 24.18 per mil and 
the observed stage 3 6l8OC average of 24.14 
per mil (Table 2). Use of the observed stage 
1 average 6l8OC values to constrain temper- 
ature changes yields a mean annual temper- 
ature of about 8.6"C during that time. For 
stage 2, a mean annual temperature of about 
10.8"C is required to produce the average 
6l8OC value of 25.81 per mil. Thus, the 
mid-Holocene stage 2 isotopic excursion 
represents a warming of almost 3°C from 
stage 1 conditions, and the late-Holocene 
stage 3 period experienced a drop of almost 
4'C in mean annual temperature from stage 
2 conditions. 

Two alternative explanations for the data 
are less favorable. First, the observed in- 
crease of 6l8OC values can be explained by 
colder mean annual temperature with no 
change in 6l8OP. Temperatures calculated 



Fig. 2. Oxygen and carbon isoto- 
pic composition of stalagmite Is  
versus interpolated age. SMOW, 
standard mean ocean water; 
PDB, Pee Dee belemnite stan- 
dard. 
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for the assumption that S180, has remained 
constant for the last 8000 years suggest a 
mean annual temperature close to PC dur- 
ing stage 2, a drop in temperature of at 
least 7°C. The interpretation of a signifi- 
cantly colder period is not consistent with 
other paleoenvironmental studies for the 
region (33). Given that for modem precip- 
itation, colder temperatures are correlated 
with lower 6180 values, it seems unlikely 
that S180, wouldge unaffected by a climate- 
induced cooling. 

The second explanation attributes the 
increase in 6l8OC to an increase in the S180 
of the vapor source or a change in the vapor 
source. In the Midwest, three air masses 
dominate at present (34): (i) dry Pacific air; 
(ii) dry Arctic air; and (iii) moist Gulf of 
Mexico air, with precipitation derived al- 
most entirely from Gulf air. Because the 
l80 composition of the oceans has become 
lighter in the last 18,000 years ( 3 3 ,  it is 
unlikely that Gulf vapor became heavier. A 
change in the vapor source is unlikely be- 
cause the S180 composition of Pacific and 
Arctic air masses is extremely light com- 
pared to Gulf-derived precipitation (1 6). 

The prairie invasion throughout much of 
the Midwest generated a significant increase 
in the fraction of C4 vegetation and must 
have been accompanied by a corresponding 
enrichment of soil C02 and soil water S13C 
values. At Robert's Creek, the change from 
forest to prairie occurred at 6200 YBP and 
from prairie to savanna at 3200 YBP. For 
stalagmite Is, the stage 2 onset of a gradual 
S13C, excursion to higher values occurs at 
about 5900 YBP and begins to change back 
to lower values at about 3600 YBP. It seems 
likely that the increase in Sl3CC values dur- 
ing stage 2 is the result of an increased 
proportion of C4 plants that occupied the 
land surface over Cold Water Cave. 

The eradual shift in 613C_ values for - 
stalagmite 1s during both stage 2 and stage 3 
might suggest a continuous and gradual 
change in the proportion of C, to C4 vege- 
tation since 5900 YBP. However, the abrupt 
6180c shifts at the beginning of stages 2 and 
3 at 5900 and 3600 YBP provide strong 
evidence that the transitions in climate were 
rapid. The coincidence in timing of the 
abrupt shifts in S180c with the onset of 
gradual changes in 6l3CC also suggests that 
vegetation changes were rapid. The appar- 
ent absence of any lag time between the 
S180_ shift and the onset of the 613C_ 
change suggests that a change in the C4 
fraction of vegetation is incorporated into 
the soil atmosphere in less than a hundred 
years, and possibly within a few decades. 
Chumbley and others (28) have also suggest- 
ed that at Robert's Creek, the invasion of 
forest by prairie was rapid and probably 
complete within less than 100 years. 

The gradual, but large, change of S13C, 
versus the abrupt change of Sl8OC and 
vegetation can be accounted for by slow 
turnover rates of the soil organic matter, 
which have been estimated to be on the 
order of hundreds to thousands of years in 
deeper soil profiles (36, 37). Although the 
mid-Holocene vegetational successions 
above Cold Water Cave likely were rapid, 
turnover of the total soil biomass was slow. 
reflecting a replacement of C, plant biomass 
by C4 during stage 2 and the reverse during 
stage 3. The continuous change of S13C, 
during stage 2 implies that residual soil 
organic matter from stage 1 vegetation was 
still contributing to the total soil biomass at 
least until the end of stage 2, and likely into 
stage 3 as well, because no equilibrium 
condition had been achieved bv that time. 

The interpretation of a mid-Holocene 
warm and dry period in northeast Iowa is in 

strong agreement with most Midwest pa- 
leoenvironmental studies. Although the 
"prairie peninsula" was believed to have 
extended far into Indiana and Ohio during 
this time (38), the recent work at Robert's 
Creek indicates that prairie arrived in 
northeast Iowa at 6200 YBP, much later 
than previously thought (28). The progres- 
sive desiccation began before 11,000 YBP 
in South Dakota (39) and gradually extend- 
ed eastward, with the arrival of prairie at 
Lake West Okoboji in western Iowa (Fig. 1) 
at about 9900 YBP (26) and at Clear Lake 
in central Iowa (Fig. 1) at about 8800 YBP 
(27). Mesic forest species were replaced by 
more xeric types sometime after 6300 YBP 
in southern Wisconsin (40). 

This recent evidence led Baker and oth- 
ers (40) to conclude that a sharp climatic 
gradient must have existed between central 
and eastern Iowa during the early to mid- 
Holocene similar to the present-day sharp 
climatic boundary in northwestern Minne- 
sota that controls an abrupt ecotone, from 
prairie to savanna to deciduous forest to 
conifer hardwood forest, in a distance of 50 
km (41). Baker and others (40) suggest that 
the expansion of prairie during the early 
Holocene followed an eastward advance of 
increasingly frequent summer Pacific air. In 
northeastern Iowa (Robert's Creek), humid 
air from the Gulf of Mexico blocked the 
encroachment of Pacific air between 8800 
to 6200 YBP (stage 1). By 5400 YBP a 
decreasing frequency of Gulf air allowed the 
advance of dry Pacific air and the subse- 
quent inception of prairie (stage 2). By 
3000 YBP, a greater summer frequency of 
Arctic air led to the return of forest vege- 
tation in much of the Midwest (40) and the 
cooler temperatures of stage 3. 

The high-resolution chronology of stalag- 
mite 1s provides additional and more precise 
constraint on the timing of Holocene cli- 
mate evolution in the Midwest. The ad- 
vance of dry Pacific air reached Cold Water 
Cave at 5900 YBP. Given the errors on the 
radiocarbon ages and that each dated deposit 
at Robert's Creek represents a period of 200 
to 300 years (42), the timing of arrival of dry 
Pacific air at these two sites is essentially the 
same. Prairie reached Clear Lake, 125 km 
southwest of Cold Water Cave, about 3000 
years before reaching Cold Water Cave. 
Furthermore, the late Holocene advance of 
summer Arctic air that led to the termina- 
tion of prairie at Robert's Creek around 3200 
YBP may have reached Cold Water Cave 
200 to 400 years previously. 
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Direct Detection of C4H2 Photochemical Products: 
Possible Routes to Complex Hydrocarbons in 

Planetary Atmospheres 

Ralph E. Bandy, Chitra Lakshminarayan, Rex K. Frost, 
Timothy S. Zwier* 

The photochemistry of diacetylene (C,H,), the largest hydrocarbon to be unambiguously 
identified in planetary atmospheres, is of considerable importance to understanding the 
mechanisms by which complex molecules are formed in the solar system. In this work, the 
primary products of C4H,'s ultraviolet photochemistry were determined in a two-laser 
pump-probe scheme in which the products of C4H2 photoexcitation are detected by 
vacuum ultraviolet photoionization in a time-of-flight mass spectrometer. Three larger 
hydrocarbon primary products were observed with good yield in the C4H,* + C4H, reaction: 
C6H,, C,H2, and C,H3. Neither C6H, nor C,H3 is anticipated by current photochemical 
models of the atmospheres of Titan, Uranus, Neptune, Pluto, and Triton. The free hydrogen 
atoms that are released during the formation of the C,H3 and C,H, products also may 
partially offset the role of C4H, in catalyzing the recombination of free hydrogen atoms in 
the planetary atmospheres. 

Diacetylene (c,H,) plays a role in the 
stratospheres of several of the solar system's 
planets and moons analogous to that played 
by O3 in Earth's atmosphere. The absorp- 
tions of C4H2, like 03 ,  serve as an effective 
ultraviolet radiation shield for the lower 
atmosphere and planetary surface. Yet, like 
O,, C4H2 is photochemically reactive ( I )  
and is postulated as the primary source of 
yet larger hydrocarbons in these atmo- 
spheres (2-6). Despite the importance of 
C4H2, the products of C4H2 photochemis- 
try in the ultraviolet are not known. As a 

result, the current photochemical models of 
Titan (Z), Uranus (3), Neptune (4), Pluto 
(5), and Triton (6) postulate that C8H2 is 
the sole primary product of C4H2's self- 
reaction. This report presents results of a 
photochemical study of C4H2 in which the 
primary photochemical products of the 
C4H2* (excited state) + C4H2 reaction are 
unambiguously identified. Three primary 
products are observed with good yield: 
C6H2 (+ C2H2), C8H2 (+ H2, 2H), and 
C,H3 (+ H). Secondary products formed 
bv subseauent reaction of the ~rimarv   rod- 
ucts wit6 C4H2 are dominaped by 'C,,H, 

De~artment of Chemistrv. Purdue Universitv. West and C, ,H,. 
~ a i a ~ e t t e ,  IN 47907 ' ~ h r  kethods used to svnthesize and 
*To whom correspondence should be addressed handle C4H2 have been desciibed (7). The 
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