
the "high silica" glasses from Belgium and 
China are also similar (Table 1) (25). They 
differ, however, in that Al-, Fe-, and Ca- 
rich glasses similar to those from Belgium - - 
have not as yet been described from Qidong. 
The Qidong spherules are associated with a 
minor positive Ir anomaly (300 parts per 
trillion) and a negative shift in S13C (26) 
interpreted as an indicator of a decrease in 
biomass productivity due to local mass ex- 
tinctions at that time (25). Similar negative 
shifts in S13C have been recorded in several 
FIF sections worldwide (1 4). ~, 

The glassy spherules from Senzeilles are 
most likely the product of an extraterres- 
trial impact event that occurred during 
basal Famennian time. The presence of 
another spherule layer in the crepida zone 
in China (26) may indicate that perhaps 
two impact events occurred during early 
Famennian time, which may have been 
res~onsible for the worldwide biomass re- 
ductions and extinctions. Alternatively, 
the conodont correlations between China 
and Belgium might be subject to reinter- 
pretation and the possibility exists that 
the two spherule-producing events may be 
coeval. This question can only be resolved 
by obtaining precise radiometric ages on 
both spherule populations. 

Impact craters of Late Devonian age to 
be considered as possible sources of the 
Belgian spherules include the Siljan Ring 
in central Sweden, the largest impact 
structure in Europe (52 km in diameter), 
which has been 40Ar-39Ar dated at 368 a 
1.0 Ma (million years ago), corresponding 
with the biostratigraphic age of the Sen- 
zeilles microtektites (2 7). The crystalline 
rocks of the Baltic Shield contained in the 
Siljan Ring are consistent with the com- 
positions of the glass spherules, although 
the crater has been highly eroded. Anoth- 
er candidate impact site is Charlevoix 
Crater (46 km in diameter) at the south- 
ern edge of the Canadian Shield in Que- 
bec, Canada. This crater also has an age 
near the F/F boundary (27). Plate recon- 
struction of the location of Charlevoix for 
the Late Devonian would place it in close 
proximity to the Senzeilles section. The 
discovery of preserved glassy microtektites 
in the Senzeilles section strengthens the 
case for extraterrestrial impacts as the 
cause of worldwide benthic mass extinc- 
tions during the Late Devonian. 
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Oxygen Isotope Constraints on the Origin of Impact 
Glasses from the Cretaceous-Tertiary Boundary 

Joel D. Blum* and C. Page Chamberlain 
Laser-extraction oxygen isotope and major element analyses of individual glass spherules 
from Haitian Cretaceous-Tertiary boundary sediments demonstrate that the glasses fall on 
a mixing line between an isotopically heavy (Si80 = 14 per mil) high-calcium composition 
and an isotopically light (Si80 = 6 per mil) high-silicon composition. This trend can be 
explained by melting of heterogeneous source rocks during the impact of an asteroid (or 
comet) -65 million years ago. The data indicate that the glasses are a mixture of carbonate 
and silicate rocks and exclude derivation of the glasses either by volcanic processes or as 
mixtures of sulfate-rich evaporate and silicate rocks. 

Characterization of the com~osition of 
the rocks in the target area for the putative 
Cretaceous-Tertiary (K-T) boundary as- 
teroid (or comet) impact is central to the 
evaluation of proposed crater localities 
(1 -4) and to the potential climatic change 
induced by the outgassing of volatile-rich 
target materials (1, 4). In this report, we 
use oxygen isotope systematics of the im- 
pact-produced glass spherules (or tektites) 

Department of Earth Sciences, Dartmouth College, 
Hanover, New Hampshire 03755. 

*To whom correspondence should be addressed. 

in K-T boundarv sediments from Haiti to 
constrain the composition of the target 
rocks. Glass s~herules were se~arated for 
analysis (5) from the lower 10 cm of one of 
several smectite-rich s~herule beds that 
have been interpreted t; be of turbidite or 
gravity flow origin (6-1 0) and that occur 
within a fairly homogeneous sequence of 
calcareous rocks near the K-T boundary of 
the Beloc Formation in Haiti. These rocks 
contain both black and yellow glass spher- 
ules. Earlier studies of the Haitian K-T 
glasses have come to conflicting conclu- 
sions with regard to their origin. Some 
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workers have concluded that an impact 
mixing origin is most consistent with the 
variations in major and trace elements, 
and isotopic compositions (1, 2, 7, 8) ,  
whereas other workers have concluded 
that the glasses are volcanic in origin on 
the basis of major element compositions, 
the oxidation state of iron, and the appar- 
ent absence of lechatelierite (9-1 1). Fol- 
lowing a report (1) of two conventional 
oxygen isotope analyses for composite 
samples of high-SiO, (black) and high- 
CaO (yellow) glasses, we carried out a 
detailed study of the oxygen isotope and 
major element variability between indi- 
vidual glass spherules utilizing the recently 
developed laser-extraction oxygen isotope 
technique (12, 13) and electron micro- 
probe analyses. 

Major element analyses (14) of 52 glass 
spherules show that SiO, ranges from 46 
to 69% by weight as CaO ranges from 28 
to 4% (Table 1 and Fig. I ) ,  in general 
agreement with earlier results (1, 2, 
7-10). There is a compositional gap be- 
tween the black glasses and yellow glasses, 
and the average compositions of each 
group are close to two compositions of 
glass from another K-T section at Mim- 
bral, Mexico (1.5) (Fig. 1). Oxygen iso- 
tope ratios from individual pieces of the 
Haitian K-T glasses (1 6) range from S180 
of 6.0 to 10.5 per mil in the black glasses 
and from 13.3 to 14.5 per mil in the 
yellow glasses (Table 1); the estimated 
uncertainty is 20.2 per mil (17). The 
average values for the black (7.7 per mil) 
and yellow (13.6 per mil) glasses are con- 
sistent with two conventional oxygen iso- 
tope analyses (7.7 and 13.3 per mil, re- 
spectively) (1) (Fig. 2). The analyses of 
individual glass spherules show a linear 
relation between S180 and SiO, and CaO 
content (Fig. 2). The variation among 
only the black glasses (>59 SiO, by 
weight) is along the trend that includes 
both the black and yellow glasses (Fig. 2);  
thus, the same process is most likely re- 
sponsible for both trends. 

Our data effectively rule out a volcanic 
origin for the Haitian K-T glass spherules. 
Neither fractional crystallization nor vapor 
fractionation of a magma can produce shifts 
in whole rock S180 values of > 1 per mil 
even over the widest range of SiO, variabil- 
ity (30%) (1 8-20). Thus, neither of these 
processes could be responsible for the 4.6 
per mil decrease in S180 of the black glasses 
that accomuanies a 7% increase in SiO, 
content. Large-scale magmatic assimilation 
of carbonate could produce the observed 
chemical trends, but we do not consider it a 
viable process because (i) it would require 
assimilation of -20% carbonate by weight 
without any accompanying mineral crystal- 
lization (even at the nanometer scale) (2 1 ), 

Fig. 1. Plot of SiO, versus CaO l o o  
(weight percent) for K-T glasses 
(small circles) and averages for 9 o 
several devolatilized rock types 
(27, 32). Analyses of glass from 8 0  
the K-T section at Mimbral, Mexi- 
co (15), are labeled "Mimbral." 7 0  
Note that the variation between 
the glasses with 564% SiO, can 6 0  

be explained as a mixture be- CaO 
tween dacite (or graywacke) and 5 0  

platform carbonate (or limestone), 
but is inconsistent with a mixture 40  

between dacite (or graywacke) 
and sulfate-rich evaporite. 3 0  

and (ii) appropriate magmatic compositions 
(59% SiO,, 11% CaO, and a S180 value of 
10.5 per mil) have never been observed. 
The yellow glasses would require even larg- 
er shifts in S1'O of 8.5 per mil over an 18% 
range in SiO,. Such shifts would require 
either -45% assimilation of carbonate 
without accompanying crystallization or an 
unprecedented magmatic endmember with 
47% SiO,, 28% CaO, and a S180 value of 
14.5 per mil. 

The major and trace element (1, 2, 
7-10), and radiogenic isotope (1, 2, 22) 
compositions of the black glasses are con- 
sistent with a sedimentary rock with an 
average composition similar to an andesite 
or dacite (for example, graywacke) . We 
take the cluster of data with 64% SiO, as 
the nominal composition of the high-SiO, 
endmember, but the compositional varia- 
tion among the black glasses [(2, 7) Fig. 11 
probably indicates that the siliceous end- 
member had a variable SiO, content rang- 
ing from -64 to 69%. Devolatilized car- 
bonate (23) or sulfate-rich evaporite (24) 
rocks have been proposed as the source of 
CaO for the yellow glasses (1, 2, 7). Ex- 
trapolation of experimental fractionation 
data (25) to the high temperatures of im- 
pact melting indicate that no oxygen iso- 
tope fractionation would occur during de- 
volatilization, which is consistent with 
measurements of S180 values of CO, shock- 
devolatilized from CaC03 (26). To produce 
the average observed yellow glass composi- 
tion (46.8% SiO,, 27.0% CaO, and a S1'O 
value of 13.3 per mil) (I)  a mixture of 
34.4% by weight of average devolatilized 
platform carbonate (13.3% SiO,, 66.0% 
CaO, and a S180 value of 29 per mil) (27, 
28) with 65.6% black glass is required. This 
calculation takes into account the molar 
percentage of oxygen in each end member 
and yields a yellow glass composition 

6 8 10 12 14 
6180 

Fig. 2. Plot of S q 8 0  versus SiO, and CaO for K-T 
glasses. Open circles (SiO,) and squares 
(CaO) are the 28 samples reported in Table 1. 
Solid symbols are the two conventional Si80 
analyses and average SiO, and CaO measure- 
ments from Sigurdsson eta/. (1). Dark lines are 
linear regressions of analyses of both black and 
yellow glass. Light lines are linear regressions 
of black glasses only, to demonstrate that the 
variation within the glasses defines a similar 
trend whether or not the yellow glasses are 
included. 

(46.8% SiO,, 27.0% CaO,. and a si80 
value of 13.4 per mil) that coincides with 
the average of the yellow glasses analyzed. If 
we perform the same calculation but instead 
use an average composition for a devolatil- 
ized sulfate-rich evaporite (- 1% SiO,, 
-99% CaO, and a S1'O value of 14 per 
mil) (29, 30) as- the starting material, the 
resulting yellow glass with the proper CaO 
content (27.0%) would have a much lower 
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than observed 8180 value of 8.4 per mil and the variation in all major oxides is calculat- 
slightly higher SiO, content of 50.3%. The ed to be: Si02 (13.3%), TiO, (0.9%), 
composition of an idealized devolatilized A1203 (7.3%), FeO (3.7%), MnO (0. I%), 
carbonate end member that accounts for MgO (7.4%), CaO (66.3%), Na,O (0. I%), 

Fig. 3. Plot of Si80 versus SiO, for 
K-T glasses and averages for 
several devolatilized rock types. 
Average rock values for SiO, are 
from (27, 32) and for Si80 are 
from (18, 28, 30). The line with 
tick marks represents a calcula- 
tion of mixtures between average 
black glass (SiO, = 64%) and 
various weight percentages (in- 
cluding volatiles) of average plat- 
form carbonate. Note that the 
variation between the glasses can 
be explained as a mixture be- 
tween dacite (or graywacke 
mixed with meteoric or seawater) 
and platform carbonate (or lime- 
stone), but is inconsistent with a 
mixture between dacite (or gray- 
wacke) and sulfate-rich evaporite. 

Platform carbonate 

Table 1. Major element and oxygen isotope data for K-T boundary glasses and australasian Muong 
Nong-type tektites. All oxides are in weight percent; wt, weight 

Sample SiO, TiO, AI,O, Na,O K,O CaO MgO MnO FeO* wt CO, Si8O 
(mg) ( w o l )  (per mil) 

Black glass 
A l a  64.78 0.65 15.50 3.72 1.68 5.80 2.56 0.16 5.16 3.3 45.1 7.2 
A2b 61.29 0.69 15.28 3.84 1.55 8.59 3.09 0.18 5.50 2.6 39.7 7.7 
A3a 62.53 0.67 15.16 3.86 1.59 7.79 2.86 0.17 5.38 2.5 32.7 7.4 
A3b 64.53 0.64 15.41 4.00 1.72 5.85 2.55 0.19 5.11 5.1 69.1 7.4 
A4a 61.89 0.73 15.14 3.83 1.52 8.32 3.04 0.17 5.37 1.6 21.4 7.6 
A4b-1 61.13 0.72 15.10 3.89 1.48 8.88 3.16 0.19 5.44 2.1 25.5 8.3 
A4b-2 61.13 0.72 15.10 3.89 1.48 8.88 3.16 O:19 5.44 3.4 26.6 8.5 
A4b-3 61.13 0.72 15.10 3.89 1.48 8.88 3.16 0.19 5.44 3.0 21.1 8.7 
A5b 62.78 0.69 15.03 4.03 1.72 7.42 2.78 0.16 5.40 3.0 25.0 7.7 
B l a  61.74 0.69 15.51 3.43 1.41 8.20 3.07 0.16 5.80 6.7 96.6 8.8 
B2a 66.26 0.61 15.19 4.00 1.78 4.92 2.40 0.16 4.69 1.6 17.8 6.7 
B2b 65.48 0.66 15.31 3.72 1.67 5.60 2.51 0.14 4.91 3.4 22.2 6.2 
B3b 61.84 0.70 15.25 3.80 1.56 8.27 2.99 0.16 5.44 6.2 86.6 7.6 
C l b  61.93 0.69 15.35 3.89 1.68 7.86 2.99 0.17 5.45 4.0 35.8 8.6 
C2a 62.23 0.69 15.22 3.83 1.72 7.52 2.97 0.19 5.64 1.6 16.8 8.0 
C2b 64.44 0.64 15.59 3.72 1.65 5.87 2.61 0.19 5.30 4.4 65.5 6.6 
C4a 67.44 0.60 14.93 2.97 1.35 5.04 2.69 0.15 4.83 6.1 70.5 7.6 
C6a 60.82 0.74 15.31 4.05 1.61 8.42 3.12 0.19 5.73 2.1 8.9 9.0 
C6b 62.15 0.69 15.55 3.76 1.60 7.50 2.92 0.16 5.67 6.1 64.8 8.0 
D2a 62.63 0.70 14.96 3.88 1.58 7.81 2.92 0.15 5.38 3.1 20.0 7.8 
D2b 64.99 0.64 15.61 3.89 1.68 5.44 2.53 0.15 5.08 2.9 15.9 7.5 
D3a 64.58 0.61 15.57 3.81 1.70 5.83 2.64 0.16 5.10 3.1 12.7 7.3 
D4b 66.42 0.56 14.65 3.24 1.57 5.37 2.86 0.15 5.17 1.2 12.1 7.5 
D6a 65.92 0.63 15.45 3.63 1.70 5.08 2.62 0.15 4.82 3.2 20.7 6.0 
E l a  59.14 0.67 15.05 3.97 1.59 11.08 3.14 0.12 5.23 t t 10.5 
E2a 63.87 0.64 15.43 3.91 1.70 6.41 2.63 0.12 5.30 t t 7.6 
E4a 64.85 0.63 15.62 4.19 1.92 5.58 2.43 0.11 4.66 . t  t 7.2 

Yellow glass 
D4a 47.42 0.64 12.79 2.55 0.65 26.44 4.46 0.15 4.81 1.7 12.7 13.1 
D5b 49.18 0.67 13.26 2.40 0.70 23.98 4.58 0.19 5.04 1.3 11.5 13.3 
E3a 48.00 0.58 12.81 2.82 0.76 25.67 4.39 0.09 4.88 t t 14.5 

Muong Nong-type tektites 
8301-1 77.20 0.65 11.64 1.10 2.52 1.15 1.57 t 4.21 2.1 12.5 10.6 
8301-2 77.20 0.65 11.64 1.10 2.52 1.15 1.57 t 4.21 2.4 14.5 10.6 
8319-1 78.01 0.62 10.84 1.05 2.38 1.65 1.62 t 3.83 2.7 18.1 10.4 
8319-2 78.01 0.62 10.84 1.05 2.38 1.65 1.62 t 3.83 3.7 24.0 10.5 

*Total Fe is reported as FeO, tNot determined. Major oxides for Muong Nong-type tektites from (39). 

and K 2 0  (- 1.3%). This composition is 
within the observed range of platform car- 
bonate rocks (31) for all elements except 
Na20 and K,O, which are among the most 
volatile elements during vapor fraction- 
ation of silicate melts (32) and may have 
been partially devolatilized during impact. 
A 834S measurement of 13 2 4 per mil for 
the yellow glass (I) suggests that some 
oxidized sulfur (most likely in the form of 
gypsum or anhydrite) was present in the 
carbonate rocks. Melting experiments (I) 
indicate that sulfur was probably present in 
the target materials in excess of the maxi- 
mum sulfur content of 0.3% by weight 
observed in the yellow glass (1, 2, 33). 
However, our data show that the contribu- 
tion of sulfate-rich evaporite to the yellow 
glass was minor (< 10% by weight), which 
is at odds with the assumption of (4) that all 
of the Ca in the yellow glass was derived 
from evaporite rather than carbonate rocks. 
We suggest that a major atmospheric effect 
of the K-T impact was degassing of CO, 
from carbonate rocks, which could cause an 
enhanced greenhouse effect leading to glob- 
al warming for - lo4 to lo5 years (4, 34). 
Impact-derived dust and sulfate aerosol may 
have caused an antigreenhouse effect lead- 
ing to net global cooling during the first 
several years after impact (4). 

In the case of moldavite tektites. where 
a direct link has been made between the 
moldavites and the Miocene surficial sands 
from the Ries crater, the tektites have 8180 
values 4.5 per mil lower than values for the 
target material (35). This difference has 
been explained by the impact-induced ad- 
mixture of isotopically light meteoric water 
that was present in the pore spaces of the 
target sandstones (35). The australasian 
tektites (8180 values of 9 to 11 per mil) 
were derived from Jurassic sandstone and 
shale (36), which would be expected to 
have had original 8180 values of -14 per 
mil, yet the observed values are -4 per mil 
lower [(20); Table 11 perhaps also because 
of water incorporation. Thus, it is possible 
that the siliceous endmember for the K-T 
tektites was either a graywacke (8180 values 
of 9 to 15 per mil) that was mixed with 
meteoric or seawater during tektite forma- 
tion such that the 8180 value of the black 
glass was lowered to a value of -7.5 per mil 
(Fig. 3) or was a dacite in which the 8180 
value remained unchanged during impact. 

We have demonstrated that 8180 varies 
inversely with Si02 both within the black 
glasses and between the black and yellow 
glasses (Fig. 2). This trend can only be 
produced by mixing between carbonate and 
silicate rocks and is a likely result of the 
large impact that is hypothesized to have 
occurred at the K-T boundary (37). Studies 
of tektites from the moldavite (3.5) and 
australasian (36) strewn fields have led to 
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the common conclusion that the tektite 
ejection process selectively samples only 
the top -100 m of target material and, 
therefore, a thin veneer of carbonate over 
siliceous materials may be sufficient to pro- 
duce the observed trends of chemical vari- 
ation between the glasses. Proposed impact 
sites at both Manson, Iowa, and Chicxu- 
lub, Mexico, are in geologic terranes where 
appropriate mixtures of carbonate and sili- 
cate target materials are present ( 1 4 ) .  
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Scale and Structure in Natural Food Webs 

Karl Havens 
The degree to which widely accepted generalizations about food web structure apply to 
natural communities was determined through examination of 50 pelagic webs sampled 
consistently with even taxonomic resolution of all trophic levels. The fraction of species in 
various trophic categories showed no significant overall trends as the number of species 
varied from 10 to 74. In contrast, the number of links per species increased fourfold over 
the range of species number, suggesting that the link-species scaling law, defined on the 
basis of aggregated webs, does not reflect a real ecological trend. 

For over two decades, ecologists have tried 
to establish generalizations about the struc- 
ture of natural food webs. From trends in 
published webs, three scaling laws (1-3) 
have been proposed. The first, the species 
scaling law, proposes that the basal (au- 
tot~ophs and detritus), intermediate (prey- 
ing on others and themselves preyed upon), 
and top (having no predators) fractions of 
species do not vary with the total number of 
species (S) in the web. The second, the link 
scaling law, proposes that the fractions of 
top-intermediate, top-basal, intermediate- 
intermediate, and intermediate-basal links 
do not varv with S. The third. the link- 
species scaling law, proposes that the total 
number of links (L) is proportional to S and 
that linkage density (d = LIS) does not vary 
with S. 

These laws have been supported by stud- 
ies, each including up to 113 webs (1-5). 
They have also been criticized for lack of 
uniformity in data collection, linkage criteria, 
and species aggregation in the food webs used 
to develop and test the laws (6, 7). For 
example, some webs present "whales" as sev- 
eral distinct trophic groups, whereas others 
make whales a single group that feeds on 
plankton, macroinvertebrates, and seals. Ag- 
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gregation tends to be uneven across trophic 
levels; basal species are often lumped into 
categories such as "plankton" while top spe- 
cies are aggregated only slightly or not at all 
(8). To address this problem, Briand and 
Cohen developed scaling laws for webs where 
biological taxa were first aggregated into 
"trophic species," those having identical pred- 
ators and prey (1). Others have argued that 
this aggregation disguises trophically impor- 
tant interactions (6, 9), and it remains uncer- 
tain whether the scaling laws reflect trends in 
natural nonaggregated webs. Recently Mar- 
tinez (10) suggested that they do not, and 
Briand, Cohen, and others have proposed 
that link-species scaling in particular might be 
scale-dependent (2, 4, 11, 12). However, 
investigations have used either descriptions of 
webs from various sources that d8er in Sam- 
pling methods and completeness (13, 14) or a 
single, highly resolved web successively aggre- 
gated by computer algorithms (1 0). 

I have analyzed the scaling laws using a 
large group of nonaggregated natural webs 
sampled consistently and constructed from 
identical linkage criteria (15, 16). The 50 
webs represent the pelagic communities of 
small lakes and oonds in New York State 
sampled as part 'of the Adirondack Biota 
Project (17); Taxa at all trophic levels 
(fish, invertebrate predators, zooplankton, 
and phytoplankton) are resolved to genus 
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