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Biological Materia 
in Meteorites: A Reviel 

If found in terrestrial objects, some substances i 
meteorites would be regarded as indisputably biologica 

Harold C. Ur( 

The carbonaceous chondrites have 
occupied an interesting place in the 
study of meteorites for many years. 
Some 17 stones belonging to this gen- 
eral classification are known, and au- 
thorities agree on their classification, 
but perhaps another half-dozen stones 

might be of this type. They contain 
carbon in easily detectable amounts, 
and in some of them there is easily 
recognized carbonaceous material. They 
represent some 3 percent of the total 
observed falls, and though they are a 
minor fraction of the total their num- 
ber is far from negligible. 

The first stone of this class fell on 
15 March 1806 in Alais, France. This 
stone was sent to Berzelius, who in 
1834 examined it chemically (1). He 

appears to have been the first scientist 
of reputation to have remarked on the 

similarity of its carbonaceous com- 

pounds to terrestrial biological material, 
and he asked the questions, "Does this 
carbonaceous earthy material truly con- 
tain humus or a trace of other organic 
compounds?" "Does this possibly give 
a hint concerning the presence of or- 
ganic structures in other planetary 
bodies?" These questions have been 
asked repeatedly since then, but only 
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in very recent years ha 
developed to a point wh 
answer may be given. 

Wohler and H6rnes 
investigated another s 
which fell in Hungary, 
that the carbonaceous co 
found in this stone were 
origin. In 1864 a stone 
village of Orgueil, Franc 
were picked up immedia 
fall and were analyzed 
(3) and Cloez (4). The 
contained an ammonium 
ammonium chloride, whic 
ed to accumulate on th 
of the stone in the co 
Clo6z found organic matt 
to peat, lignite, and o 
found in soils. The total 
material amounted to 6. 
cording to these worker 
close to that reported b 
1956. 

Berthelot (6) examine( 
meteorite in 1868 and rep 
similar to hydrocarbons c 

CIH2n?+2. In fact, he c 
the compounds were sat 
carbons. It is interesting 
during the 19th century 
vestigating these meteo 
finding material similar 
which is found on earth 
ly described as decompos 
of biological material. 
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In 1953 Mueller (7) investigated the 
Cold Bokkeveld meteorite and report- 
ed that carbonaceous material contain- 
ing carbon, nitrogen, oxygen, hydro- 
gen, sulfur, and chlorine could be ex- 

l tracted from the stone. His observa- 
tion is somewhat different from that 

jY of the earlier investigators, for his de- 
scription of the material would hardly 
correspond to Berthelot's description of 

in hydrocarbons. Of course any extract is 
likely to consist of a mixture of com- 
pounds. 

During recent years careful studies 

~ey ~ have been made of the chemical com- 
position of the inorganic materials. 
Berzelius observed clay-like minerals, 
and his observation has been con- 
firmed by later workers. Pisani (8) 

ve techniques and Cloez (4) independently demon- 
.ere a definite strated the presence of soluble salts 

of ammonium, potassium, magnesium, 
(2) in 1859 and sodium, with sulfate and chlorine 
stone, Kaba, as the anions. Ammonia was not 
and believed found by Wiik (5). It probably has 

mpounds they escaped from the stone during the cen- 
of biological tury of storage, for ammonium salts 
fell near the would hydrolyze, the acid thus formed 

;e. The stones would react with the silicates, and the 
itely after the ammonia present would escape. 

by Daubree The Orgueil meteorite contains con- 
s fresh stone siderable amounts of water. Wiik re- 
salt, probably ported 19.89 percent, but earlier ob- 
ch was report- servers found somewhat less. It ap- 
e fused crust pears that these stones absorb water 
urse of time. from the atmosphere in variable 
er comparable amounts, though Boato (9) showed, 
rganic matter on the basis of the isotopic composi- 
carbonaceous tion of the water extracted, that the 

4 percent, ac- water removed at higher temperatures 
s, an amount is definitely different from water from 
y Wiik (5) in any terrestrial sources. It appears, 

therefore, that some of the water has 
d the Orgueil remained in these stones from the time 
)orted material of fall. The difference in isotopic com- 
>f the formula position is not so great that chemical 
oncluded that fractionation of the isotopes of hydro- 
turated hydro- gen may not account entirely for the 

to note that difference in the observed compositions. 
f chemists in- In 1924 Spielmann (10) suggested 
rites reported that the carbonaceous materials were 
: to material produced by the action of terrestrial 
and confident- water on indigenous metal carbide 
sition products minerals in the meteorites. But no one 

has ever found carbides in the car- 
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bonaceous chondrites, and the obser- 
vation that fatty acids, as well as other 

complicated compounds to be discussed 

later, are present in these meteorites 
shows definitely that the action of ter- 
restrial water cannot account for the 
carbonaceous materials. 

Minerals and Inorganic Chemicals 

More recently Nagy et al. (11) and 
DuFresne and Anders (12) and their 
co-workers have studied the mineral 

composition of meteorites and have 

reported the presence of ferrous mag- 
nesium carbonate, calcium magnesium 
carbonate, and magnesium sulfate. 

They have concluded that at least cer- 
tain of the meteorites they studied con- 
sist of original mineral mixtures which 
have been acted upon by water. 

The chemical composition of these 
objects varies considerably with re- 
spect particularly to the content of 
iron, water, sulfur, and carbon; in or- 
der to make a comparison with other 

objects in regard to the more abundant 
elements, analyses calculated with the 
sulfur, carbon, and water eliminated 
are listed in Table 1. The table gives 
the chemical analyses of the Orgueil 
and Mighei meteorites and the average 
for the high-iron group of chondrites. 
The analyses of Orgueil and Mighei 
are from the work of Wiik (5), who 

classified the carbonaceous chondrites 
into three groups: Type 1 containing 
15 to 20 percent water and no metal; 
Type 2, containing about 10 percent 
water and very small amounts of 
metal; and Type 3, containing con- 
siderable amounts of metal, very little 
water, and small amounts of carbon. 
This last group has been reclassified 
by Mason (13) as the olivine-pigeonite 
chondrites. Orgueil and Mighei are 

Types 1 and 2, respectively. It will be 
noted from Table 1 that the composi- 
tion of the carbonaceous chondrites 
with respect to substances other than 
sulfur, carbon, and water is very simi- 
lar to that of chondrites of the high- 
iron group as classified by Urey and 

Craig (14). It will be noted, however, 
that the ratio of iron to silicon is 

slightly higher for the chondritic me- 
teorites of Type 1 than for the high- 
iron chondrites as a group. 

Table 2 gives the percentages of to- 
tal sulfur, water, and carbonaceous 
material according to Wiik's analyses 
(5). There are substantial amounts of 
sulfur, as sulfur, sulfate, and sulfide, 
and of water and carbonaceous ma- 
terial in these objects. 

The salts observed are characteristic 
of those believed to have been present 
in the primitive oceans of the earth. 
In the absence of an oxidizing atmo- 
sphere we would expect to find such 
reduced substances as the ferrous ion, 

Fig. 1. Petrographic thin-section of the Orgueil meteorite. Such sections are prepared 
by the careful grinding of a meteorite fragment cemented to a glass microscope slide. 
This photomicrograph shows the fragmental (brecciated) texture of Orgueil (note 
granule at upper left corner) and a magnesium sulfate vein (in vertical position, just 
to the left of center). Such textural features are not present in unaltered igneous 
rocks. The mineral matrix, with the exception of opaque granules and the magnesium 
sulfate vein, consists of clays. The width of this section is 0.7 mm. 

158 

Table 1. Elementary compositions (atomic 
percentages with S, C, and Hl,O excluded) of 
two carbonaceous meteorites and the average 
composition of the H-group chondrites. The 
carbonaceous chondrites show close agree- 
ment (with the exception of metallic Fe and 
iron oxides and sulfides) with the noncarbo- 
naceous chondrites. 

Type 1 Type 2 Average 
Orgueil Mighei for H 

chondri-ites 

Fe (metal) 0.00 0.00 16.18 
Fe (oxide- 

sulfide) 27.34 26.18 10.05 
Ni 1.37 1.41 1.57 
Co 0.07 0.06 0.09 
Si 31.12 31.85 33.12 
Ti 0.09 0.09 0.09 
A1 2.68 2.90 3.60 
Mn 0.22 0.19 0.25 
Mg 32.48 33.19 31.68 
Ca 1.81 2.04 1.60 
Na 1.97 1.40 1.56 
K 0.12 0.07 0.19 
P 0.33 0.29 0.19 
Cr 0.40 0.33 0.33 

Total 100.00 100.00 100.00 

ammonium ion, sulfide, and sulfur, 
though probably, as time progressed, 
carbonaceous material was oxidized to 
carbonate and sulfide to sulfate. As 
has been pointed out elsewhere, hydro- 
gen peroxide would probably be pro- 
duced by ultraviolet light on such a 
primitive earth, and Lewis (15) has 
shown that hydrogen peroxide will 
produce both sulfur and sulfate from 
sulfide. Probably one of the first oxida- 
tion products of iron acted upon by 
water would be magnetic iron oxide, 
which is also observed in the Orgueil 
and Mighei meteorites. The minerals 
observed are indeed those that would 
be characteristic of a primitive ocean, 
but since in chemical composition 
these meteorites are so similar to others 
whose composition approximates the 
probable primitive abundances of the 
elements, it seems that no sorting by 
running water can have occurred. 

The mineral texture of the Orgueil 
meteorite is quite remarkable. Figure 1 
shows a mineral aggregate at the lower 

right-hand side and a vertical mag- 
nesium sulfate vein toward the middle 
of the picture. The other minerals are 
similar to clays. In Fig. 2 we see 
sore lath-like minerals. Their texture 

closely resembles what are called pyro- 
clastic sediments-that is, sediments 
of volcan;ic ash or something of the 
sort settling in water. This indicates 
that this material has had a history 
of low temperatures. In physical ap- 
pearance it is similar to terrestrial 
ash flows, although the Orgueil meteo- 
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rite has a completely different chemi- 
cal composition: terrestrial ash flows 
have an approximately granitic com- 

position and contain much more 
aluminum oxide, silicon oxide, and cal- 
cium oxide and less magnesium than 
the meteorite contains. There is gen- 
eral agreement that the carbonaceous 
chondrites did not originate on the sur- 
face of a planet such as the earth. 

Reports of Biological Material 

In 1961, Nagy, Meinschein, and 
Hennessy (16) presented results of 
their studies on carbonaceous chon- 
drites, and this paper and their sub- 

sequent work raised much controversy 
in regard to the character of the or- 

ganic material present in these objects. 
They found, on the basis of tests simi- 
lar to those which they had been using 
in petroleum chemistry, that the ma- 
terial in the Orgueil meteorite was very 
similar to biological material present 
in terrestrial fossils. Students of mete- 
orites, including myself, were immedi- 
ately certain that this could not be 
true, because of the indications, dis- 
cussed above, that no sorting such as 
is found in sedimentary rocks had oc- 
curred. It is difficult to believe that 
biological material could have evolved 
in the absence of water, and hence the 
inorganic constituents should have been 

subjected to the sorting effects ob- 
served as a result of the presence of 
water. 

In their first analysis, Nagy, Mein- 
schein, and Hennessy extracted organic 
material from the Orgueil meteorite 
and then subjected it to mass spectro- 
metric analysis of the type regularly 
used in studying biological material in 
soils, petroleum, and materials of this 
kind. They believed that they found 
the same pattern of molecular frag- 
ments, including fragments of aliphatic 
and aromatic carbon compounds, in 
the meteorite as they had observed in 
terrestrial fossil biological material. 

Subsequently, Claus and Nagy (17) 
observed small, rounded objects in this 
meteorite which they interpreted as fos- 
sil microorganisms and classified them 
into various groups. Some were of quite 
simple structure, while others were of 
a very complicated kind. Staplin (18), 
who is a micropaleontologist working 
on problems of petroleum deposits, 
also found objects which he inter- 
preted as fossils. There is some similar- 
ity between the groups of objects ob- 
served by these men. Anders and Fitch 
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(19) showed quite conclusively that 
some of the observed forms were indeed 
recent contaminants, namely, pollen 
grains. They found that some of the 
more complicated structures could be 

produced by the action of the staining 
reagents they had used. However, it 
seems certain today that the more 

simple forms that have been observed 
are indeed indigenous to the mete- 
orite, although of course they may be 
artifacts rather than fossils. 

Working with the Mighei meteorite, 
which is a Type 2 carbonaceous chon- 
drite, Timofejev (20) also extracted 
what he believed to be fossilized ob- 
jects similar to algae such as the dino- 
flagellates. Other micropaleontologists 
have also extracted what they regard 
as possible fossil forms. 

Figures 3 and 4 show reproduc- 
tions of various objects that have been 
found in the Orgueil and Mighei mete- 
orites. Many other examples have been 
published. Nagy et al. (21) have ex- 
tracted such objects, investigated them 
with the aid of an electron microprobe, 
and found that some are impregnated 
with limonite, probably, and contain 
small amounts of nickel, while others 
are impregnated with silicates. Using 
hydrochloric acid and hydrofluoric 
acid, they removed these mineral con- 
stituents and showed that at least in 
some cases there remained a body 
which could be seen under the micro- 

scope but which contained no elements 
heavier than magnesium; thus the ob- 

jects were probably composed of car- 

Table 2. The sulfur, water, and carbonaceous 
matter content (percentage by weight) of 
carbonaceous meteorites and of the H-group 
chondrites. Data from Wiik (5). 

Type I Type 2 Average 
Substance for H 

chondrites 

S 5.50 3.66 1.57 
H,O 19.89 12.86 0.37 
Carbonaceous 

matter 6.96 2.48 

bonaceous material. This indicated that 
carbonaceous material had been fos- 
silized by minerals much as terrestrial 
microfossils have been. An example of 
their pictures is reproduced in Fig. 5. 

To a chemist, morphological forms 
appear to be an unsatisfactory basis 
for identification of biological remains 
because so many artifacts of approxi- 
mately the size of microorganisms can 
be made, both from organic material 
and from inorganic material. However, 
since common contaminants, if pres- 
ent, should be recolgnized by specialists 
such as Staplin and Timofejev, it seems 
to me that we should take these studies 
as not of negligible importance in con- 
nection with this problem. 

Organic Chemical Studies 

Fatty acids. More recently, studies 
using modern methods of organic geo- 
chemistry have revealed the presence 
of some very interesting chemical sub- 

Fig. 2. Another petrographic thin-section of Orgueil. This one shows preferred orienta- 
tion of the opaque lath-like minerals. This textural pattern is probably the result of 
plastic flow of the clay matrix (not the result of the grinding of the thin-sections) on 
the parent body. Such localized flow structures are characteristic of pyroclastic sedi- 
ments (such as volcanic tuffs). Pyroclastic sediments are the agglomerated debris of 
broken up igneous rock bodies. 
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stances in these carbonaceous chon- 
drites. A valuable review of this sub- 
ject has been given by Briggs and 
Mamikunian (22). The Orgueil mete- 
orite, particularly, has been studied in 
this way (23). Figure 6 shows in- 
frared spectra of samples of carboxylic 
acids extracted from the Orgueil and 
Holbrook meteorites, a sedimentary 
rock, soil, granite, and of the solvent 
blank; Fig. 7 shows similar spectra 
of the esterified carboxylic acid deriva- 
tives of the same materials. The ma- 
terial used for these spectra was ex- 

tracted by benzene and methan 
tures and saponified with po 
hydroxide, then extracted with 
acidified with HCI, reextracte 
ether, dried in nitrogen gas, anc 
dissolved in carbon tetrachlor 
which the absorption spectrum 
served. 

It is evident that the extrac 
the Orgueil meteorite is very sir 
what is observed from soil a 
fatty acid standard and that tl 
terial is not present in the H 
meteorite, the solvent blank, 

4 
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12 

II 
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Fig. 3. Acid-insoluble residues of organized elements from the Mighei meteor 
mineral matter was removed with concentrated solutions of HNO:, and p( 
permanganate. The organic residues were separated by centrifugation. Magn 

-600. [After Timofejev (20)] 
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iol mix- granite sample. The absorption peaks 
tassium characteristic of the acids and esters 

water, are indicated in the figures. The marked 
.d with similarity between these curves is indeed 
I finally striking. The question immediately 
ide, in arises as to whether contamination of 
was ob- the Orgueil meteorite did not occur as a 

result of the growth of the biological or- 
:t from ganisms that supplied the material ob- 
nilar to served in the test. Of course the Orgueil 
ind the meteorite would have been biologically 
his ma- contaminated when it fell in France, but 
olbrook a museum shelf does not appear to be 
or the a particularly likely place for the 

growth of biological organisms, partic- 
ularly when the material contains solid 
magnesium sulfate, which in the pres- 
ence of a slight amount of absorbed 
moisture would give a concentrated so- 
lution of magnesium sulfate. Oro has 
informed me that his sample of the 
Orgueil meteorite is sterile and points 
out that this was reported by students 
of a century ago. Claus and Nagy 
(17), however, reported some evi- 
dence of contamination by viable or- 
ganisms in both the Orgueil and Hol- 
brook meteorites. 

|c ~ Figure 8 shows thin-layer chromato- 
grams of the Orgueil extract. The ma- 
terial was placed at the bottom of the 
plate and migrated upwards. The verti- 
cal columns 1 to 7 and 10 and 11 are 
saponifiable extracts from the Orgueil 
meteorite; columns 8 and 12 are pre- 
pared by the same procedure from pe- 
troleum naphthenic acids, and similar- 
ly columns 9 and 13 from an alga. 
Plate a was developed with normal 
hexane-ether (97:3), b with the same 
solvents (95:5), and c with a mixture 
of chloroform, methanol, and water 
(65:25:4). The adsorbent was a silica- 
gel layer, and the components were 
made visible by spraying with Rhoda- 
mine 6G and photographed under ul- 
traviolet light. Compound A is satu- 
rated hydrocarbons, B is elementary sul- 
fur, and C is the acidic compounds. 

9a These chromatograms show the ab- 
sence from Orgueil of certain bio- 
chemicals that are always present in 
terrestrial samples. In columns 12 and 
13 note the two light spots, which are 
absent from Orgueil. These spots cor- 
respond to esters and sterols and are 
present in the alga and petroleum- 
naphthenic-acid fractions but not in 

14 Orgueil. This study indicates that the 
simple supposition that an alga grew 
in the Orgueil rock on the museum 'ite. The 

tassium shelf is not correct, or that if such an o.tassium 
ification alga did grow, it is a different one 

from those investigated in this work. 
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Optical activity. Optical activity of 
organic compounds has not been ob- 
served in natural nonbiological sources 
or in artificial preparations, but it is 
characteristic of biological compounds. 
Only the most careful and intricate 
technical processes have succeeded in 
separating the two optical isomers from 
the racemic mixture. It is conceivable 
that in nature a saturated solution of 
an optical isomer could be seeded by 
a crystal of the isomer and hence the 
isomer would separate out to a slight 
extent, but the probability that this 
would occur in a given stone is negligi- 
ble. Thus optical activity can be re- 
garded as most convincing evidence 
for the presence of biological material. 

Figure 9 shows the results of mea- 
surements made by Nagy and his co- 
workers (23a) on the same extracts of 
the Orgueil material as used in the tests 
for the presence of carboxylic acids 
shown in Fig. 8. The extraction pro- 
cedure isolated lipids. The solutions 
are colored, and hence tests can be 
made only in 'the visible region. But 
these tests were carried out in three 
different laboratories and by differ- 
ent investigators. The Orgueil mete- 
orite is not similar in its optical ac- 
tivity to pollen grains, soil, or mu- 
seum dust samples that were treated 
in the same way. Also, the blanks, 
though they scatter somewhat, seem 
to be definitely different from the 
Orgueil meteorite. Colored solutions in 
some instruments give a fictitious rota- 
tion, and hence, in order to check on 
the possibility of error, Nagy et al. 
used a blank containing sulfur and or- 
ganic dye to imitate the color and 
opacity of the solutions being studied. 
The specific rotations in Orgueil extracts 
observed are in the neighborhood of 
-1?. This is a surprisingly large effect 
for a mixture of compounds, though 
recent unpublished work by Nagy on 
terrestrial materials shows activities of 
similar magnitude. 

Recently, Hayatsu (24), using a sub- 
stantially different method of extraction 
involving different solvents and the use 
of a colloidal copper column, found 
no optical activity. Attempts by Nagy 
and his co-workers to reproduce Hayat- 
su's work have failed. They have not 
been able to remove sulfur from the 
solutions by the methods that Hayatsu 
describes, and they have found optical 
activity in their extracts at points where 
he finds none. Interestingly enough, 
they are able to get two fractions 
which show opposite optical activity. 
14 JANUARY 1966 

Fig. 4. Petrographic thin-section of the Orgueil meteorite, showing an organized 
element embedded in the mineral matrix. 

The extractions were made in their 
laboratories at the University of Cali- 
fornia, San Diego, and the tests for 
optical activity were made by W. D. 
Rosenfeld at California Research Cor- 
poration, La Habra. Though the ef- 
fects are small, they nevertheless ap- 
pear to be definite. 

Table 3 briefly summarizes some of 
the results for a fraction, labeled A:. 
by Hayatsu, which was not passed 
through the collodial copper. A colored 
blank prepared by refluxing sulfur with 
benzene-methanol as described by Ha- 
yatsu gave no rotation, whereas Hayat- 
su reported rotation. It seems that 
some error is involved if inorganic 
preparations give optical rotation. This 
was not the case for the California 
sample. It may be that the difference 
in the results from the two laboratories 
is due to some difference in the sam- 
ples, that is, Hayatsu may have been 
using a sample which did not contain 
biological material, whereas Nagy and 

his co-workers were using samples that 
had been contaminated by biological 
material. It is my conclusion that opti- 
cal activity is present in some samples. 
Contamination due to the growth of 
organisms after the meteorite arrived 
on earth is a possible explanation, 
though, as remarked above, this does 
not seem probable. Such organisms 
could have left residues of the com- 
pounds they had synthesized or could 
have consumed one optical isomer 
from an indigenous racemic mixture. 
There is some evidence that this is 
not the case, but the subject must be 
pursued further in 'the future. 

Porphyrins. Hodgson and Baker (25) 
have published the results of a very 
detailed and careful study of the pos- 
sible existence of porphyrins in the 
Orgueil meteorite. The central chemi- 
cal structure of the porphyrins is a 
plane structure formed by four pyr- 
role rings linked together by four 
methine bridges (-CH-). Hemin, 

Fig. 5. An organized element from the Orgueil meteorite. The organized element was 
freed from mineral matter by being boiled in 6N HC1 for 1 hour. A photomicrograph of 
the particle is shown on the left and a drawing of it in the center. The lack of a back- 
scattered electron image (right) of this iacid-insoluble residue demonstrates that ele- 
ments heavier than Na were absent and suggests that the residue is composed of 
organic matter. [Reprinted from (21)] 
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which gives the red color to blood, is 
a porphyrin, and other biochemical 
compounds have this fundamental ring 
in their structure. On the other hand, 
chlorin is a name given to a group 
of compounds which differ from the 
porphyrins only in that two hydrogen 
atoms are added at one of the double 
bonds on one pyrrole ring. Chlorophyll 
has this central chlorin ring with 
characteristic side chains. The central 

ion in chlorophyll is magnesium. 
Chlorophyll has a very characteristic 
side chain, namely, one long alcohol 
group called phytol with 20 carbon 
atoms attached to a carboxylic group. 

Studies on the distribution of porphy- 
rins and chlorins in recent terrestrial 
deposits show that chlorins which have 
obviously been obtained from chloro- 
phyll and most of which contain mag- 
nesium are prominent constituents. As 

WAVENUMBERS IN CM-1 

3 4 5 6 7 8 9 10 II 

WAVELENGTH IN MICRONS 
Acids 

Fig. 6. Infrared spectra of the carboxylic acid fractions from: A, solvent blank-run; 
B, Holbrook, noncarbonaceous meteorite; C, granite; D, Orgueil, carbonaceous mete- 
orite; E, Cretaceous sedimentary rock (Navesink Formation); F, Recent soil; and G, 
behenic acid (docosanoic acid, C22) from Nutritional Biochemicals Corporation, 
Cleveland, Ohio. Note the carboxylic acid bands at 3.3, 3.7, 5.85, and 10.7 microns 
on curves D, E, F, and C. [Reprinted from (23)] 
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the sediments become older, vanadyl 
and nickel porphyrins appear, indicat- 
ing that the chlorins are oxidized by 
the removal of two hydrogen atoms 
and that the magnesium (Mg++) is 
replaced by vanadyl (VO+ +) and 
nickel (Ni++). The ancient sediments 
and petroleum deposits contain only 
these porphyrins, in which both vanadyl 
and nickel are prominent. 

The porphyrins have absorption 
bands, referred to as the Soret bands, 
in the neighborhood of 4000 ang- 
stroms. They also have much weaker 
absorption bands at longer wavelengths, 
as do the chlorins. The porphyrins are 
soluble in certain organic solvents and 
can be separated from the hydrocar- 
bons by solution techniques. The exact 
details of these processes are available 
in the literature of this subject and 
need not be repeated here. 

Hodgson and Baker studied samples 
of the Orgueil meteorite and of two 
ordinary meteorites, Bruderheim and 
Peace River. Two Orgueil samples, one 
of 9 grams and another of 7 grams, 
were used for this study, and two 
other samples consisting of solutions 
which had been subjected to saponifica- 
tion procedures were also investigated 
for porphyrins. It was found that ex- 
tracts from the ordinary chondrites, 
Bruderheim and Peace River, showed 
no absorption bands in the region ex- 
pected for porphyrins, that extracts 
from the 9-gram and 7-gram Orgueil 
samples showed a band at 412 microns 
which Hodgson and Baker interpret 
as being due to vanadyl porphyrin, 
whereas the two samples which had 
been treated by saponification tech- 
niques contained no vanadyl porphyrin 
at all. But it was subsequently shown 
that when treated by similar saponifica- 
tion processes, the Posidonia shale from 
Germany also was depleted in its 
vanadyl porphyrin. Thus the meteorite 
samples treated by the saponification 
technique before extraction with the 
organic solvents were probably deplet- 
ed in vanadyl porphyrin. 

It was the conclusion of Hodgson 
and Baker that "the Orgueil car- 
bonaceous chondrite exhibits many of 
the organic components of ancient ter- 
restrial rocks, and a detailed considera- 
tion of the environment of the Orgueil 
meteorite parent body by Nagy et al. 
led to the indication that the environ- 
ment was a low-temperature aqueous 
system with alkaline pH and slightly 
reducing redox potential. It is there- 
fore not surprising to find what pres- 
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ently appear to be indigenous porphy- 
rin pigments in the Orgueil stones sug- 
gesting a strong possibility of biogenic 
agencies in the origin of the organic 
matter of the meteorite." They found 
no evidence for nickel porphyrin, 
which is surprising in view of its ap- 
pearance in old sediments of the earth. 
Figure 10 shows the absorption curves 
which they obtained. The didymium 
peak is for calibration purposes only. 
It will be noted that the shale and 
the Orgueil meteorite give curves which 
are very similar. Figure 11 summarizes 
the features in the Orgueil extracts 
which led to the identification of van- 
adyl porphyrin. 

Nucleic acid bases. Calvin (26) re- 
ported a cytosine-like feature in his 
investigation of the Orgueil meteorite. 
Oro et al. (27) have suggested that 
this may be an impurity, and as of 
the present this disagreement has not 
been satisfactorily solved. Hayatsu re- 
ported the presence of adenine and 
guanine and possibly a uracil-type com- 
pound. It should be noted that uracil 
and cytosine are the pyrimidine bases 
and adenine and guanine are the purine 
bases of ribonucleic acid; the last three 
also occur in deoxyribonucleic acid. 
Hayatsu (24) also reported other com- 
pounds that apparently have no bio- 
logical significance and argues that for 
this reason these bases are abiotic in 
origin. However, many terrestrial de- 
posits of organic material confidently 
believed to be of biological origin also 
contain compounds that have no 
known biological significance. Hence 
the presence of such compounds does 
not disprove the biological origin of 
other compounds. 

Amino acids. Amino acids have been 
reported from the carbonaceous mete- 
orites by Kaplan et al. (28), Hamilton 
(29), and others. It appears certain 
that some of these are contaminations, 
possibly by present-day organisms 
growing in the solutions being investi- 
gated or from human hands. The 
amount of the amino acids is very 
small and at present it is not possible 
to argue for an indigenous origin for 
these compounds, but it is also not pos- 
sible to exclude the possibility of such 
an origin. It should be noted that 
amino acids may decompose in ter- 
restrial sediments more rapidly than 
the hydrocarbons, porphyrins, fatty 
acids, and other biological compounds 
of this kind. 

Free radicals. Duchesne, Depireux, 
and Litt (30), using electron-spin-res- 
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onance techniques, have investigated 
the carbonaceous material of the 
Mighei and Nagoya meteorites (both 
Type 2) and report concentrations of 
free radicals up to 1017 per gram of 
carbon. They conclude that such con- 
centrations are characteristic of bio- 
genic material. However, it is possible 
that nonbiogenic carbonaceous ma- 
terial subjected to the radiations to 

which these meteorites were exposed 
would imitate the free-radical concen- 
trations observed in terrestrial fossil 
carbonaceous material. 

Hydrocarbons. Oro et al. (27) 
identified hydrocarbons in a very con- 
siderable number of carbonaceous 
chondritic meteorites; they particularly 
noted the probable presence of pris- 
tane and phytane, two hydrocarbons 
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Fig. 7. Infrared spectra of the esterified carboxylic acid fractions from: A, solvent 
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bonaceous meteorite: E, Cretaceous sedimentary rock (Navesink Formation); F, Recent 
soil; and G, methyl ester of docosanoic acid, C_-, from Nutritional Biochemicals. 
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Fig. 8. Thin-layer chiomatograms of the Orgueil extract, the infiared spectra of which were shown in Fig. 7. The vertical 
columns (that is, applications) I to 7, 10, and 11 are from the same Orgueil extract, 8 and 12 are identically prepared extracts 
from petroleum naphthenic acids, and 9 and 13 from an alga. Component A in 01gueil is saturated hydrocarbons, B is elementary 
sulfur, and C is the acidic compounds. [Reprinted from (25)] 

generally believed to be degradation atoms in a straight chain with methyl 
products of the phytol side chain of groups on the 2nd, 6th, 10th, and 

chlorophyll, though the phytol as well 14th carbon atoms, and phytane has 
as pristane and phytane are found in one additional carbon atom in the 
other biological sources. Pristane is chain and the same methyl side groups. 
a hydrocarbon having 15 carbon The general patterns of hydrocarbons 

in meteorites resemble those present 
in ancient sediments, for example, the 
Gunflint chert and Soudan shale. The 
prominence both of straight-chain hy- 
drocarbons and of pristane and phy- 
tane shows that the hydrocarbons of 
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both carbonaceous and other chon- 
drites are of biological origin. Internal 
evidence shows that the observed pat- 
terns of hydrocarbons are not due to 
laboratory contaminations, for the Or- 
nans meteorite is evidently not similar 
to others, and in fact the patterns of 
the different meteorites differ from each 
other in small but definite details. 
Meinschein (31) and Frondel (32) 
have made similar experiments on the 
Holbrook meteorite and come to similar 
conclusions. They find that other mu- 
seum rocks do contain similar hydrocar- 
bons. Contamination, if that is what it 
is, is surprisingly more massive in the 
meteorites than in other rocky materials 
stored in museums, to judge from pres- 
ent information. Meinschein at present 
believes that these hydrocarbons in or- 
dinary chondrites are very similar to 
common contaminants possibly from 
petroleum products. Oro believes he has 
evidence that these hydrocarbons are 
due to contaminations by bacteria and 
other products of biological origin after 
arrival on the earth. 

Summary 

If the materials discussed here were 
of terrestrial origin, it would be firmly 
suggested that the materials were of 
biological origin and indigenous to the 
samples. This by all odds would be 
the most simple and direct interpreta- 
tion of the results. A contrary explana- 
tion would be that some organisms in- 
vaded these meteorites, which have 
fallen all over the earth during more 
than a century, and which have been 
stored on dry museum shelves, and 
that they grew vigorously for a short 
period and produced a record that in 
many ways duplicates what we find 
in very old terrestrial sediments, par- 
ticularly in that they appear to lack 
important compounds such as those 
found in more recent soils and sedi- 
ments of the earth-that is, chlorins 
-but contain compounds present in 
very old sediments-that is, porphyrins, 
fatty acids, hydrocarbons, and so on. 

Many lines of evidence, as briefly 
reviewed above, strongly suggest that 
biogenic material exists in these mete- 
orites and that it may be indigenous. 
Since we know that life has evolved 
on earth, the primary question, and 
by all odds the most important ques- 
tion, is decided for all samples of ter- 
restrial origin. Certainly sufficient evi- 
dence has been found to justify fur- 
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ther work on the subject of biological 
material in nmeteorites, and I am sure 
that such work will be carried out. 

Origin of Meteorites with Fossils 

Nagy, Meinschein, and Hennessy's 
paper in 1961 (16) aroused great op- 
position because of the chemical com- 
position of the meteorites. Those of us 
who had been working on meteorites 
for some years were certain that there 
could not be the residue of living 
things in them. Had the meteorites 
had the composition of sedimentary 
rocks on the earth, no great surprise 
would have been expressed. It would 
have been assumed that they came 
from some planet, probably in the 
asteroidal belt, which had been broken 
up some time in the past. The fact 
that the chemical composition of car- 
bonaceous chondrites with respect to 
the nonvolatile fraction of primary mat- 
ter, namely, the silicates and related 
compounds, is approximately that of 
the sun made it exceedingly difficult to 
understand how biological material 
could have originated in these objects. 

We are asking whether the carbona- 
ceous chondrites contain biological ma- 
terial closely related to terrestrial life; 
if so, such terrestrial life is of a type 
which, as we know it, exists only in 
water. Also, the evolution of the com- 
plicated and intricate processes of liv- 
ing things requires a source of free 

Table 3. Measurements of optical activity in 
Orgueil extracts prepared by the method of 
Hayatsu. Activity was measured at 546 m,. 
Measurements in column 2 were made by 
the California Research Corporation on sam- 
ples prepared at the University of California 
at San Diego and results were corrected for 
complete process blanks; error, ? 0.005?. 

Sample Hayatsu's San Diego 
Sampl~e result result 

Saponifiable -0.00 1 -0.025 
(An) 

Nonsaponifiable -0.001? +0.014? 
(A2) 

energy. Hence the surface of a planet 
which is large enough and has the 
proper temperature to retain liquid wa- 
ter, and which receives solar radia- 
tion, provides the only possible condi- 
tions for the evolution of life. If such 
a planet was partially covered with wa- 
ter, then oceans, rivers, and all the 
erosional processes found on the earth 
would be present. Sedimentary rocks 
should have been formed, and such 
sedimenftary material should be arriv- 
ing at the earth as meteorites. This is 
definitely not the case. No meteorite 
has ever been shown to be sedimen- 
tary. It should be noted that the falls 
of all the carbonaceous chondrites have 
been observed. If these fragile objects 
can be observed to fall and be re- 
covered, then any sedimentary mete- 
orites could also have been observed. 

The other possibility is that the 
planet was completely covered with 
water. In this case we would expect 

Examination of 410-412 mu pigment 
Extractability from carbonaceous rock - similar to porphyrins 

iments 
Chromatography on silica gel - similar to porphyrins 

iments 
Spectral shift of Soret band with solvent - similar to porphyrins 

iments 
Chemical reactions 

HBr-HOAc decompositions (limited --similar to porphyrins 
test) iments 

KOH and sulfur decomposition --similar to porphyrins 
iments 

in terrestrial sed- 

in terrestrial sed- 

in terrestrial sed. 

in terrestrial sed- 

in terrestrial sed. 

Origin of 410-412 mu pigment 
Contamination by dusts, soils and recent - unlikely, because of virtual absence of 

sediments chlorins 
Indigenous -- likely 

Probable identity and concentration of 410-412 my/ pigment 
Esterified vanadyl porphyrin --0.01 ppm 

Fig. 11. Evidence for the presence of porphyrins in the Orgueil meteorite. [Reprinted 
from (25)] 
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no sedimentary rocks, but also the bi- 

ological remains would be deposited 
only in thin layers at the bottoms of 
the oceans. The probability of secur- 
ing a sample of this material would 
be very small, whereas, as noted above, 
the carbonaceous chondrites make up 
approximately 3 percent of the total 
observed falls. Hence this assumption 
is improbable or impossible. 

There is left only the possibility that 
life evolved on one planetary object 
and was transferred to another plane- 
tary object of primitive composition. 
Of course the example of this in the 
solar system that immediately comes 
to mind is the earth, where we know 
life has evolved, and the nearby moon, 
which may have a composition con- 
sistent with that of the carbonaceous 
chondrites. It is an old suggestion that 
the meteorites have been coming from 
the moon, but the recent evidence, 
though not conclusive, is suggestive at 
least. 

If the moon escaped from the earth 
it is not at all impossible that it could 
have been temporarily contaminated 
with terrestrial water. If the moon was 

captured by the earth, the process may 
have been very complicated and vio- 
lent; such a capture hypothesis almost 

surely implies that many moon-like ob- 

jects were about and that they and 

fragments of them were accumulated 
into the earth, a hypothesis that I put 
forward some time ago. If indeed the 
surface of the moon carries a residue 
of the ancient oceans of the earth at 
about the time that life was evolving, 
the Apollo Program should bring back 

fascinating samples which will teach 
us much in regard to the early history 
of the solar system, and in particular 
with regard to the origin of life. The 

possibility that water has been present 
on the moon has been pointed out re- 

cently by a number of students of 
the subject (33). 

Some people are exceedingly skepti- 

cal with regard to the interpretation 
of life in meteorites, and probably the 
great importance of the subject justi- 
fies skepticism. On the other hand, 
one of the most fascinating results of 
all the planned exploration of the solar 

system would be the proof that life 

may exist somewhere else than on 
earth. It seems that we should be will- 

ing to consider the evidence for a 
residue of life in meteorites objective- 
ly, and that we should not draw final 

negative conclusions before all the evi- 
dence has been secured. It is not sur- 

prising that many investigators, includ- 

ing myself, are reluctant to accept these 
conclusions, for very considerable 
modifications of conventional hypo- 
theses regarding the origin of meteo- 
rites and the composition of the lunar 
surface are involved. However, if the 
residue of indigenous biological activi- 

ty in meteorites is indeed real, and if 
the meteorites do not come from the 
moon, other more complicated and pos- 
sibly more interesting histories for these 

objects must be devised. In the mean- 
time, until definite conclusions can be 
drawn, evidence should not be sup- 
pressed, and in fact people who obvi- 

ously hope that life has existed in 
these objects should be encouraged to 
secure definite, positive evidence if 

they are able to do so. 
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