
and to some condylarths. The occur- 
rence of Hyracotherium cf. H. angusti- 
dens in the late Paleocene does little 
to delineate the relationships of the 
major groups (superfamilies) of peris- 
sodactyls. Contemporary representatives 
of these groups are needed before an 
accurate determination of early peris- 
sodactyl evolution can be made. 

After the first version of this paper 
was written and while we were with- 
holding it from publication, in the con- 
servative hope that more samples of 
Paleocene hyracotheres would be found 
in the Polecat Bench Formation, we 
learned that W. J. Morris had made an 
important discovery of the upper teeth 
of hyracotheres in rocks near Punta 
Prieta, Baja California, which he be- 
lieves to be of late Paleocene (or early 
Eocene) date (16). These specimens 
were recovered from strata above those 
yielding representatives of Esthonyx (a 
late Paleocene-early Eocene taxon else- 
where) and below bones of "barylam- 
dids," a family of pantodonts restricted 
in the United States to rocks of Paleo- 
cene age and occurring in Asia in Eo- 
cene sediments. Morris assigns the Baja 
assemblage to the late Paleocene on the 
basis of the structures of the equid 
molars and of the tillodont (Esthonyx) 
teeth. 

It is impossible at present to make 
close comparisons of the age of the 
Mexican Paleocene hyracotheres re- 
ported by Morris with that from Wyo- 
ming, but each such occurrence of a 
pre-Eocene equid not only helps vali- 
date the obvious fact that perissodactyls 
had a long evolutionary history before 
Wasatchian-Sparnacian time, but also 
increases hope that many more of the 
earlier eohippids will be found. 
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of any major meteorite group. 

On 30 June 1908, a meteorite flashed 
through the earth's atmosphere and ex- 
ploded above a forest in the basin of 
the Podkamennaya Tunguska River, 
Central Siberia (60055'N,101057'E), 
devastating an area 20 to 30 km in 
radius (1, 2). 

Soil samples collected from the dev- 
astated area yielded magnetic and sili- 
cate spherules. Statistical analysis of the 
distribution of the metallic spherules 
indicates that the areas of relative en- 
richment cannot be explained by back- 
ground variations, thus indicating that 
the magnetic and silicate spherules are 
associated with the explosion of the 
Tunguska meteorite (3). 

In some cases, the silicate spherules 
have metallic spherules attached to or 
included in them. Thus Soviet investi- 
gators believe that the siliceous and 
magnetic spherules were formed simul- 
taneously from parent material of a 
heterogeneous nature (4). 

After the discovery of microtektites 
associated with the Australasian tektite- 
strewn field (5), Glass and Heezen 
suggested (6) that the microtektites 
(and tektites) might have had an ori- 
gin similar to that of the Tunguska 
silicate spherules. Nine samples of these 
spherules (7) were obtained for exam- 
ination. 

All nine of the spherules are about 
80 to 100 jt in diameter. They are all 
spheroidal in shape, but a few are ir- 
regular with conical protrusions. The 
spherules are transparent and colorless. 
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In transmitted light most of them con- 
tain dark areas due to numerous small 
bubble cavities; two of the spherules 
contain no bubble cavities. 

Four of the silicate spherules were 
randomly selected for microprobe anal- 
ysis. The spherules were individually 
mounted in epoxy aluminum cylinders 
(inside diameter, 0.64 cm). They were 
ground to expose a section and polished 
with successively finer abrasives so as 
to produce a flat, smooth surface. The 
samples and standards were then vacu- 
um-coated with a thin layer of carbon. 
Each specimen was analyzed for nine 
oxides in the following groups of three: 
Fe-K-Na, Ca-Si-Al, and Mn-Ti-Mg (8). 
In addition, the spectrum was scanned 
from 1.1 to 9.9 A and peaks were ob- 
served only for those elements listed- 
above (Table 1). 

Based on calculations of standard 
deviations, the precision (at a 90 per- 
cent confidence level) for samples 111, 
112, and 747 is 1 to 4 percent of the 
amount present for SiO2, A120,, MgO, 
CaO, TiO2, and MnO. In sample 753 
the precision is 2 to 6 percent of the 
amount present. The precision for so- 
dium oxide and potassium oxide in 
sample 111 is about 30 percent of the 
amount present. In samples 112, 747, 
and 753 the precision for sodium oxide 
and potassium oxide is 6 to 9 percent 
of the amount present. The precision 
for iron is 4 to 5 percent of the amount 
present in samples 111 and 112, and 
20 percent of the amount present in 
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Silicate Spherules from Tunguska Impact Area: 
Electron Microprobe Analysis 

Abstract. The major oxide composition of four silicate spherules from the area 
of forest devastated by the explosion of the Tunguska meteorite has been deter- 
mined by electron microprobe analysis. In general, the spherules have composi- 
tions similar to that of igneous glass except for the low iron and the high calcium 
oxide content of the three spherules that have a low content of silicon dioxide. 
None of the spherules seem to have compositions similar to the silicate portion 

Silicate Spherules from Tunguska Impact Area: 
Electron Microprobe Analysis 

Abstract. The major oxide composition of four silicate spherules from the area 
of forest devastated by the explosion of the Tunguska meteorite has been deter- 
mined by electron microprobe analysis. In general, the spherules have composi- 
tions similar to that of igneous glass except for the low iron and the high calcium 
oxide content of the three spherules that have a low content of silicon dioxide. 
None of the spherules seem to have compositions similar to the silicate portion 



Table 1. Chemical composition of Tunguska spherules. Values in parentheses represent the number of determinations. 

Sample 111 Sample 112* Sample 747 Sample 753 
Oxide Range Average Range Average Range Average Range Average 

(%) (%)(%) (%)(%) (%)(%) (%) 

SiO2 47.2-50.6(12) 49.3 45.3-52.5(10) 50.4 44.0-46.2(10) 44.9 53.9-64.1(12) 60.0 
A1203 12.3-13.9(6) 12.9 12.4-13.6(5) 12.9 11.6-12.6(6) 12.2 15.8-20.2(6) 17.4 
FeOt 7.3-9.2(7) 8.4 1.3-1.5(6) 1.4 2.2-4.1(5) 2.8 2.0-4.8(6) 3.4 
MgO 5.8-6.8(12) 6.3 6.0-6.9(10) 6.5 7.9-8.7(10) 8.3 1.6-3.4(12) 2.4 
CaO 16.4-18.1(12) 17.3 22.3-26.8(10) 23.2 27.1-29.2(10) 28.0 3.2-10.0(12) 5.9 
Na2O 1.4-2.2(7) 1.7 0.8-1.4(6) 1.0 1.1-1.6(5) 1.4 1.3-1.7(6) 1.5 
K20 1.6-2.5(7) 1.9 2.3-2.6(6) 2.5 0.8-1.0(5) 0.9 7.5-9.4(6) 8.5 
TiO2 1.0-1.1(5) 1.0 0.3-0.4(5) 0.4 0.2(1) 0.2 0.4(1) 0.4 
MnO 0.44(5) 0.4 0.5-0.6(5) 0.5 0.5-0.6(5) 0.5 0.2-0.4(6) 0.3 

Total 99.2 98.8 99.2 99.8 
* The refractive index of this spherule is 1.582 to 1.594. (The refractive indices of two other spherules, not included in this table, were also determined. 
One had a refractive index of 1.608 ? .002 and the other had a range of refractive index from 1.551 to 1.585.) t Total iron as FeO. 

samples 747 and 753. By comparison 
with the standards, the silicate spher- 
ules are somewhat heterogeneous, es- 
pecially sample 753. Of the elements, 
K, Fe, and Na seem to be the most 
heterogeneous, and Mn, Mg, and Ca 
seem to be the most homogeneous, 
except in sample 753. Silicon is fairly 
homogeneous in all four samples and 
Al is somewhat heterogeneous. 

Three of the spherules (samples 111, 
112, and 747) are characterized by 
low silicon dioxide (45 to 50 percent) 
and high calcium oxide (17 to 28 per- 
cent) content (Table 1). Sample 753 
has a fairly high silicon dioxide con- 
tent ( 60 percent) and an anoma- 
lously high KO2 content (8.5 percent). 

Since the silicate spherules were 
found in an isolated region of Central 
Siberia, it is unlikely that they are in- 
dustrial contaminants (however, such a 

possibility cannot be entirely dismissed). 
They contain more silicon dioxide and 
iron and less calcium oxide than most 
iron slags from blast furnaces (9). No 
trace of any other common base metal 
was found during microprobe analysis 
which would indicate that the glass is 
slag from some other base metal, such 
as Cu, Zn, or Pb. Likewise, no trace 
of sulfur was found which would be 
indicative of slag from a sulfide ore. It 
is unlikely that the spherules are a 
common artificial glass, since most or- 
dinary synthetic glasses contain less 
aluminum oxide and more silicon di- 

Fig. 1. Relation of Tunguska spherules to 
microtektites and igneous glass. Data on 
Australasian microtektites from Cassidy 
et al. (18). Composition of igneous glasses 
is based on published analyses of over 
120 igneous glasses. Greater than 90 per- 
cent of the analyses fall within the range 
indicated. FeO represents total iron. 
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oxide and sodium oxide (10). We can- 
not, however, rule out the possibility 
that the spherules are fly ash produced 
from the burning of powdered coal, 
since spherules produced in this man- 
ner exhibit a wide range in composi- 
tion (11). 

A glass with high silicon dioxide 
content can be formed by the burning 
of straw or wood; it is unlikely that the 
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Tunguska spherules were produced in 
this manner, since such a glass would 
probably have a much lower aluminum 
oxide content (12). According to Baker 
and Gaskin (12), soil or rock can be 
fused by a forest fire. The composition 
of the resulting spherules would depend 
upon the composition of the rock. 

All four of the spherules (except 
sample 753) have a content of K20, 
MgO, and Na2O similar to that of 
igneous glasses (Fig. 1). Although not 
shown in Fig. 1, their A120, content 
is also similar to that of igneous glass. 
However, they differ from igneous 
glasses in their high calcium oxide and 
low iron content (Fig. 1). Furthermore, 
there has been no recent volcanism in 
Central Siberia and it is unlikely that 
spherules of this size could have been 
carried far by winds (13). On the 
other hand, their association with mag- 
netic spherules which have an iron- 
nickel ratio indicative of a cosmogenic 
origin (4) and their occurrence in the 
forest area devastated by the explosion 
of the Tunguska meteorite suggest that 
the silicate spherules are cosmic in ori- 
gin and that they are, in fact, a residue 
from the Tunguska meteorite (2). 
Since no traces of cratering or destruc- 
tion of the ground could be connected 
with the explosion of the Tunguska 
meteorite (2), it is unlikely that the 
silicate spherules are impactites. 

The silicate spherules are not similar 
to any major group of stony meteor- 
ites including carbonaceous chondrites. 
Spherule sample 753 is distinguished 
from stony meteorites by its high con- 
tent of silicon dioxide (60 percent) 
and aluminum oxide (~ 17 percent). 
The spherules low in silicon dioxide 
differ from most stony meteorites in 
their high content of A1205 (> 12 per- 
cent) and CaO (17 to 28 percent) and 
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low MgO (< 8.3 percent) content. I 
am aware of only one stony meteorite 
with a comparable content of A1203 
and CaO. This is the Angra dos Reis 
meteorite which fell near Rio de Ja- 
neiro, Brazil, in 1869 (14). 

Since the number of silicate spher- 
ules recovered from the Tunguska im- 
pact area is only a small fraction of the 
number of metallic spherules (15), the 
silicate spherules should probably be 
compared to the silicate portion of 
stony-irons or to the silicate inclusions 
in iron meteorites. However, the min- 
eralogy of the stony-irons suggests that 
they also contain more MgO and less 
CaO and Al203 than the Tunguska 
spherules. According to Mason, the 
composition of silicate inclusions in 
iron meteorites resembles that of the 
chondritic meteorites (16). Thus, the 
Tunguska spherules do not seem to re- 
semble silicate inclusions in iron mete- 
orites. 

A comparison with microtektites 
shows that only one of the spherules 
(sample 753) has a composition sim- 
ilar to that of the microtektites of Aus- 
tralasia or the Ivory Coast; this spherule 
has an anomalously high K20 content 
(Table 1, Fig. 1). 

The possibility that the silicate spher- 
ules are an industrial contaminant, such 
as fly ash, or are soil or rock fused by 
a forest fire cannot be completely dis- 
regarded. However, their association 
with magnetic spherules, whose pat- 
tern of distribution suggests that they 
were produced by the explosion of the 
Tunguska meteorite, suggests that the 
silicate spherules are also residue from 
the Tunguska meteorite. Some authors 
believe that the Tunguska event was the 
result of the explosion of a small comet 
in the atmosphere (2, 17). If this is 
true, then the data reported here may 
constitute the first analyses of the sili- 
ceous residue of a comet. 

BILLY P. GLASS* 
Planetology Branch, Goddard Space 
Flight Center, Greenbelt, Maryland 
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occurs by either a dissolution of the 
cement grains and precipitation of the 
hydration products, or by a surface 
chemical reaction on or in the cement 
grains. Despite controversy over the 
relative importance of these two modes 
of hydration (1), it is known from 
optical studies under dilute conditions 
that both reactions occur simultaneously 
(2, 3) on the inside and the outside 
of the cement grain. Taplin (2) formu- 
lated a model consisting of an inner 
and an outer product to derive equa- 
tions to represent the hydration of 
portland cement; however, until re- 
cently, no microscopic evidence has 
been found to support this model for 
cement pastes with a low ratio of water 
to cement. 

Investigations of hardened cement 
pastes confirm Taplin's model. The 
pseudomorphs of the original cement 
grains are preserved in the hardened 
cement pastes (Figs. 1 and 2) and there 
are differences in hydration products 
deposited within and between the origi- 
nal grain boundaries. 
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that appear to be responsible for the 

four principal compounds: tricalcium 
silicate (3 CaO * SiO2), ,B-dicalcium 
silicate, tricalcium aluminate, and a 
ferrite phase belonging to the 2 CaCO a 

Fe2O3-6 CaO * 2 A1203 Fe2O3 solid 
solution series. Small amounts of MgO, 
CaO, and alkali sulfates also occur in 
many cements. Portland cement is 
usually manufactured in a rotary kiln 
where the material coheres into small 
rounded lumps (cement clinker) which 
after cooling are ground to a fine 
powder. 

The reaction of portland cement 
with water is usually described as a 
hydration process, although it involves 
more than the formation of hydrates 
for each of the four starting com- 
pounds. The reaction of 3 CaO ? SiO2 
and water yields Ca(OH)2, which is 
easily detected by optical microscopy 
or x-ray diffraction, and a calcium sili- 
cate hydrate (sometimes called cement 
gel or tobermorite gel). The calcium 
silicate hydrate is isotropic; its x-ray 
powder pattern consists of three broad 
bands. In cement 3 CaO * SiO2 is large- 
ly hydrated in 28 days, and hydration ap- 
proaches completion in 1 year. The 
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Portland Cement: Pseudomorphs of Original Cement 

Grains Observed in Hardened Pastes 

Abstract. Scanning electron micrographs show that a hydration product forms 
inside the anhydrous cement grains and forms a pseudomorph of the original 
cement grain. The originally water-filled space between the grains is partially 
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