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ABSTRACT

Recent developments in gas chromatography, combined gas 

chromatography-chemical ionization mass spectrometry and liquid 

chromatography coupled with new extraction procedures for isolating 

small quantities of amino acids in geological samples provide new 

opportunities to analyze and reevaluate the occurrence, abundance and 

degree of racemization of amino acids in Precambrian rocks„ The 3.8 

billion year old Isua rocks, Southwest Greenland, are the oldest 

known rocks on Earth. The rocks have been metamorphosed to the upper 

greenschist to lower amphibolite facies. One interior and four 

surface samples from the Isua banded iron formation were analyzed 

for amino acids and saturated hydrocarbons to evaluate how and when 

these compounds could be introduced into metamorphic rocks. The 

water extractable amino acids 'were not racemic and their D/L ratios 

were higher than those recovered by digesting the water extracted 

rock residues in 6N HC1. The uncommon amino acids, sarcosine, a- 

amino-n-butyric acid, g-amino-n-butyric acid/g-amino isobutyric acid 

and y-amino-n-butyric acid were detected in the Isua water extracts 

by combined gas chromatography-chemical ionization mass spectrometry. 

High performance liquid chromatography revealed the presence of ser, 

tyr and thr; amino acids reported to be relatively unstable in geo

logical environments. Three species of arctic lichens on the Isua 

rock surfaces were also analyzed for amino acids and hydrocarbons.

xi



Glu, asp and gly, the most abundant amino acids in the lichens, were 

also the most abundant amino acids in the Isua rock extracts „ Signif

icant quantities of amino acids diffused into an Isua sample of 1.2 

x 1CT6 md H2O permeability from aqueous solutions during eight weeks 

at 36°C. The Isua rock hydrocarbons lacked an odd carbon preferencee 

Pristane, considered to be a biological marker derived from the 

phytol chain of chlorophyll, was present in the Isua rock extracts. 

However, thermodynamic considerations preclude the possibility that 

either the hydrocarbons or amino acids present in the Isua rock 

samples are of great antiquity. D/L ratios and the cold climate, 

which retards racemization, suggest that the amino acids may be from 

modem to a few 10T s of thousands of years old. However, the 

apparent continuous influx of amino acids into these rock samples 

makes it impossible to establish accurate ages based solely upon 

the racemization method. As an ancillary study, two carbonaceous 

meteorites, Orgueil and Murchison, were examined for their amino 

acid contents employing sample preparation and analytical techniques 

designed to improve the resolution of amino acid enantiomers 

previously reported as present in these samples.



I

INTRODUCTION

The origin and early evolution of life have been investigated 

from an analytical standpoint and from a synthetic point of view; the 

former concerned with the detection of trace organic compounds and 

microfossils in Precambrian rocks, while the latter approach involves 

the laboratory synthesis of organic compounds within the constraints 

of what is known about early Precambrian environments. Both 

approaches to this fundamental problem have resulted in improving 

our appreciation of just how little is known about how life arose.

Sir Charles Darwin once wrote, "If we could conceive in some warm 

little pond, with all sorts of ammonia and phosphoric salts, light, 

heat', electricity, etc. present that a protein compound was chemi

cally formed ready to undergo still more complex changes" 

(Ponnamperuma, 1971). During the 1920s, A. I. Oparin (1924) and 

J. B. S. Haldane (1928) once again alluded to the possibility of 

life arising from a series of non-biological reactions. Haldane 

proposed that it may have been possible for photochemical reactions 

involving ultraviolet light to give rise to " . . .  a variety of 

compounds until primordial oceans became like a hot, dilute 

soup. . ." (Haldane, 1928). From these initial hypotheses has 

emerged the current theory that the synthesis of organic compounds 

that eventually,led to the evolution of life on Earth was the result 

of a series of terrestrial and perhaps extraterrestrial abiological 

reactions that occurred during the early history of our solar system.

1



Miller (1953) reported the first abiotic synthesis of amino 

acids from non-biological precursors under laboratory simulated 

primitive Earth conditions. Subsequent to this initial investigation, 

numerous similar experiments have been conducted that have resulted in 

the synthesis of a wide variety of biochemical type compounds e.g. 

amino acids, sugars, purines, pyrimidines, peptides, etc. .However, 

none of the laboratory experiments conducted to date have resulted in 

the synthesis of non-racemic organic compounds e.g. L-amino acids, 

that are characteristic of living systems; although some investigators 

have reported potential mechanisms for the preferential concentration 

and/or destruction of specific stereoisomers originally present as 

racemic mixtures (e.g. Harada, 1970; Bonner and Flores, 1975; Bonner,

- Van Dort and Yearian, 1975; Keszthelyi, 1976; Noyes, Bonner and Tomlin, 

1977).

In contrast to the synthetic approach, attempts have been made 

to analyze Precambrian rocks for organic compounds and/or microfossils 

to determine what, if any remnants of biological systems or pre- 

biological events may have been preserved in the rock record. The 

difficulties with this approach are two-fold: 1. Distinguishing

ancient, syngenetic Precambrian material from more recent contamina

tions. 2. Developing laboratory sample preparation and analytical 

procedures sensitive enough to detect small quantities or organic 

compounds ( £ nanomoles/gram) that may be present in these samples.

L. A. Nagy (1978) using microscopic techniques and electron 

microprobe measurements, has detected filamentous and cystous



microfossils morphologically similar to modern cyanophytes (blue- 

green algae) in a ~25300 m.y. old stromatolite from the Transvaal 

Sequence in South Africa. These fossils are currently the oldest9 

undisputed remnants of organisms that have been detected in 1 

Precambrian rocks. Chemical analyses of solvent insoluble polymer

like kerogen present in this stromatolite yielded two alkyl 

substituted cyclic ethers (2-n-propyl-3-methyltetrahydrofuran and 

2-n-propyltetrahydropyran) that may have been remnants of carbo

hydrates introduced into the stromatolite by the cyanophyte-like 

organisms previously described by Nagy, Zumberge and Nagy (1975). 

More recently, Sklarew and B. Nagy (1979) have conducted vacuum 

pyrolysis-mass spectrometric-gas chromatographic analyses on the 

solvent insoluble polymer-like kerogen extracted from the ~ 2,700 

m.y. old Rupemba-Belingwe Stromatolite from Zimbabwe (Rhodesia).

They have reported the presence of 2, 5 dimethylfuran, and have 

interpreted this finding as potential evidence for the presence of 

stable syngenetic carbohydrate degradation products.

Investigations of solvent soluble organic compounds in 

Precambrian rocks have resulted in the detection of small quantities 

of hydrocarbons and amino acids in many samples (e.g. Or o'", et al. , 

1965; Schopf, Kvenvolden and Barghoom, 1968; Abelson and Hare,

1969; Oro^ et al., 1971b). The origin(s) of these compounds are 

currently the subject of debate. The occurrence and relative 

abundance of hydrocarbons and amino acids in Precambrian rocks are



controlled by the permeability $ mineral composition and geologic 

history of the host rocks in addition to the primary sources of 

these organic compounds» i

Recent advances in gas chromatography (e.g. Nakaparksin,

1969; Gil-Av, 1975; Frank, Nicholson and Bayer, 1977; Alltech 

Associates, 1979) and in high performance liquid chromatography 

(e.g. Roth, 1971; Benson and Hare, 1975; Cronin and Hare, 1977; 

Mitchell, et al., 1978; Cronin, Pizzarello and Gandy, 1979; Hare 

and Gil-Av, 1979) have resulted in marked improvements in the 

detection and resolution of small quantities (<nanomoles/gram) of 

amino acid enantiomers. These analytical developments, coupled with 

new extraction procedures for isolating amino acids from geological 

samples (Pollock and Miyamoto, 1971; Cheng, Shufeldt and Stevenson, 

1975; Pollock, Cheng and Cronin, 1977; Pollock and Kvenvolden, 1978), 

provide new opportunities to analyze and reevaluate the occurrence, 

abundance and degree of racemization of amino acids in Precambrian 

rocks.

The ~ 3. 8 billion year old Isua supracrustal rocks are 

presently the oldest known rocks on Earth (Moorbath, O'Nions and 

Pankhurst, 1973). Ponnamperuma (1979) has recently reported the 

detection of hydrocarbons in Isua rock samples. Pflug and Jaeschke- 

Boyer (1979) have reported finding microfossils in the ~ 3.8 billion 

year old Isua rocks. These findings appear to be highly questionable 

considering the intensive metamorphic history of the Isua rocks.



In this present study, Isua banded iron stone rock samples 

were analyzed for their aliphatic hydrocarbon and amino acid contents 

to evaluate whether life had evolved ~3.8 billion years ago. For the 

sake of comparison, considerably younger (-<2.3 billion years old) - 

rock samples from the Transvaal Sequence of South Africa were also 

analyzed for their amino acid contents. In addition, a powdered rock 

sample from a Jurassic outcrop of the Nubian sandstone, Negev Desert, 

that had been penetrated by endolithic blue-green algae, was analyzed 

in an attempt to determine the relationship of amino acids present in 

the sandstone to the amino acids that could be extracted from algae 

cultured from the sandstone. As an ancillary study to these 

investigations, two carbonaceous chondrites, Orgueil and Murchison, 

representing the oldest rocks that have ever been dated ("4.6 billion 

years old) were reexamined for their amino acid contents employing 

sample preparation and analytical techniques designed to improve the 

resolution of D- and L-amino acids previously reported as present in 

_ these samples.



GEOLOGY

A variety of Precambrian rocks were analyzed for their amino 

acid and/or hydrocarbon contents. In addition, a sample of rock 

powder obtained from the surface crust of the Nubian sandstone, Negev 

Desert, was also analyzed for its amino acid content. The following 

is a brief geological description of the samples that were chosen for 

this investigation.

Isua Rocks

Thê  Isua supracrustal belt is located 150 km northeast of 

Godthaab, Southwest Greenland (Moorbath, 0!Nions and Pankhurst, 1973). 

The supracrustals are exposed in an arcuate belt 30 km long and up 

to 4 km wide (Allaart, 1976). The supracrustal belt is surrounded by 

granitic gneisses (Nagy, Zumberge and Nagy, 1975). Five major 

sequences comprise the Isua supracrustal belt: 1. quartzitic

sequence, 2.. amphibolitic sequence, 3. carbonate bearing siliceous 

schists, 4. garben amphibolite, 5. ultra-mafic rocks (Allaart, 1976). 

Horizons of banded iron stone (the banded iron formation) are found 

throughout the supracrustal belt in the quartzitic and amphibolitic 

sequences (Appel, 1978).

The mineralogical assemblages of the Isua supracrustal rocks 

indicates that they were originally of sedimentary origin, having 

been derived from weathering and erosion of sialic rocks (Nagy, 

Zumberge and Nagy, 1975). Bridgwater, Watson and Windley (1973)



have proposed that the Isua supracrustals may have been a shallow 

water shelf facies. James (1966) has suggested that the alternating 

bands of magnetite, quartz, grunerite (an Fe-rich amphibole) and Fe- 

chlorite that comprise some of the banded ironstones (Moorbath,

0TNions and Pankhurst, 1973) are indicative of chemically precipitated 

sediments.

Subsequent to deposition, the Isua supracrustal belt was 

metamorphosed. The rocks were heated to temperatures between 400° 

and 600°C and are considered to represent upper greenschist (Nagy, 

Zumberge and Nagy, 1975; Nagy, et al., 1977) to lower amphibolite 

(Appel, 1980) facies. A Pb-Pb isochron date of 3,760 + 70 m.y. has 

been determined for banded ironstone samples from the Isua supra

crustal belt (Moorbath, O'Nions and Pankhurst, 1973). This is the 

oldest date so far reported for terrestrial rocks. The Isua supra

crustal rocks also represent the oldest dated greenstone belt on 

Earth (Moorbath, OvNions and Pankhurst, 1975). Moorbath, O’Nions 

and Pankhurst (1973) have suggested that this date probably represents 

the time of metamorphism, indicating that the rocks may "in fact be 

somewhat older. The Isua supracrustal belt is surrounded by granitic 

gneisses that have provided a whole rock'Rb-Sr isochron date of 3,700 

+ 140 m.y. (Moorbath, et al. , 1972; Moorbath, O’Nions and Pankhurst, 

1973) and a Pb-Pb isochron date of 3,700 m.y. (Moorbath, O’Nions 

and Pankhurst, 1973). However, local discordant relationships 

between the Isua supracrustal belt and the surrounding gneisses 

indicate that the Isua belt is probably older (Michard-Vitrac, et al., 

1977; Moorbath, et al., 1977). .



Stable isotope analyses of reduced graphitic carbon and 

carbonate carbon isolated from the Isua metasediments have resulted 

in conflicting interpretations regarding the origin(s) of these 

materials. Oehler and Smith (1977)  reported that metasediments from 

the Isua iron formation containing trace amounts of reduced carbon 

(4 -56  ppm) had 61 (Pee Dee Belemnite = standard) values between 

- 2 1 . 4  and - 2 6 . 9 <?/oS?- Other Isua metasediments that contained higher 

abundances of reduced carbon (150-4  s800 ppm) had 61 tvalues that 

ranged from - 1 1 .3 to - 1 7 .4 % o  . Oehler and Smith (1977)  have suggested 

that the S13C values of the samples containing trace amounts of 

reduced carbon reflect a biological origin and indicate that post 

depositional contamination has probably occurred. The 813CpDg values 

of the samples containing higher amounts of reduced carbon (1 5 0 -  

4 ,8 0 0  ppm) reflect either metamorphic alteration of biogenic kerogen 

or a non-biological source (Oehler and Smith, 1 9 7 7 ) .  Carbonates 

isolated from the same samples had 613C^^ values of - 1 . 4  to - 7 .7 % 0 

(Oehler and Smith, 1 9 7 7 ) .  A massive carbonate with a Pb-Pb isochron 

age of 3 , 7 6 0  Hh 70 m.y. (Moorbath, O’Nions and Pankhurst, 1973)  had a 

813Cp£g value (carbonate carbon) of -4 .0'%o (Oehler and Smith, 1 9 7 7 ) .  

Oehler and Smith (1977)  have suggested that this carbonate was formed 

at a time when little or no biologically fractionated organic matter 

was entering the carbon system. In addition to carbon isotopic 

values, Oehler and Smith (1977)  have reported 8180g^^. (Standard Mean 

Ocean Water = standard) values of + 7 . 4  to + 1 7 . 0 %o for carbonates in
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these samples. This isotopic enrichment in 160 appears to be charac

teristic of older Archean carbonates (Schidlowski, Eichmann andvJunge5
1975)o

In a similar study of carbon isotope fractionation in Isua 

metasediments Perry and Ahmad (1977) reported that Isua rocks con

taining -2% graphite had (S13^ ^  values ranging from -9.3 to -16.0%o 

for the graphitic fraction. 613Cp^^ values for carbonate (predomi

nantly siderite) present in some of these rocks ranged from -4.8 to 

4-1.8%o . In samples that contained both siderite (FeCOg) and graph

ite, AFeCOs - graphite = ~6; a fractionation that is consistent with an 

inorganic equilibrium between siderite and graphite at 400° - 50Q°C 

(Perry and Ahmad, 1977). The following reaction has been proposed to 

account for the presence of graphite in the Isua metasediments:

6FeC0s = 2Fe30if 4-5C02 4-C (Perry and Ahmad, 1977). If the graphitic 

material present in the Isua metasediments were formed via this mech

anism, it would be difficult to account for life having evolved 3.8 1 

billion years ago.

Chang, Lennon and Vollmer (1977)  have reported (S13Cp^^ values 

for Isua rock samples of - 5 . 5  to - 1 0 .2 % o  for carbonate and - 1 7 %o ■ 

for kerogen. Some kerogen S13C values were as low as - 2 6 % 0 . These 

low values have been interpreted as being the result of post deposi- 

tional contamination (Chang, Lennon and Vollmer, 1 9 7 7 ) .

S13C analyses of carbonate horizons in the Isua supracrustal 

belt by Schidlowski, et al. (1979)  have resulted in a mean 613Cp^ 

value of - 2 . 5 % o  for carbonate.and a range of 613CpDB values ( -7%o to 

- 2 2 %c) for reduced carbon in these samples . Schidlowski, et al. (1979)
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have concluded that these isotbpic values were initially +0.'%o' for 

carbonate a-n.d.~25%0' for reduced carbon, indicating biological 

activity. The metamorphic episode resulted in the alteration of the 

Isua S^C values from these initial values.

Sulfur isotope studies conducted by Monster, et al. (1979) on 

sulfides extracted from 27 samples from different facies of the Isua 

banded iron formation and from stratabound sulfides present in Isua 

layered amphibolites all resulted in S34S values close to 0.%a_i.e. the 

Canyon Diablo iron meteorite 634S value. In contrast, Goodwin,

Monster and Thode (1976) have reported S3i*S values of -20.%J.tp 

for the 2,750 m.y. old sedimentary iron formations of the superior 

province of the Canadian Shield. These values appear to be consistent 

with :isotopic: fractionation attributed to sulfate reducing bacteria 

(Goodwin, Monster and Thode, 1976). Monster, et al. (1979) have 

concluded that there appears to be no evidence for sulfate reducing 

bacteria in the ~3,800 m.y. old Isua rocks.

In this present study, five rocks from the Isua banded iron 

formation were analyzed and/or used in laboratory simulation 

experiments to help determine: 1. whether amino acids and hydro

carbons could be detected in these early Archaean samples and 2. 

how these compounds, if present, came to be incorporated into these 

rocks. Isua sample 155782 (-50 grams) was provided by Dr. Stephen 

Moorbath, Oxford University. Isua samples 3015, 3016, 3022, and 

3028 (each rock weighed -50 grams) were provided by Dr. Manfred 

Schidlowski, Max-Plank-Institut fifr Chemie, Mainz. The following is 

a brief description of these samples.
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Isua 155782 is an interior section of a banded ironstone rock, 

part of which was used by Mo orb a th. O’Nions and Pankhurst (1973) to 

determine the Pb-Pb isochron age (3,760 + 70 m.y. ) of the Isua 

supracrustal belt. Isua 155782 is a fine-grained rock that contains 

bands of magnetite and grunerite, in addition to Fe-chlorite, quartz 

and calcite (Moorbath, O’Nions and Pankhurst, 1973). Quartz grains 

present in a thin section of 155782 exhibited undulating extinction, 

indicating that the rock had been subjected to pressure. Micro- 

styolites were present in parts of the thin section and appeared to 

be filled with opaque reduced carbonaceous matter and/or magnetite.

The presence of some microstyolites indicates that the rock has been 

partially fractured.

Isua 3015 is a fine-grained metaquartzite rock that contains 

quartz foliations/laminations. Slight weathering fissures could be 

seen on the rock’s surface. In thin section, Isua 3015 consisted 

predominately of quartz, with subordinate amounts of limonite, 

hematite, amphiboles and clay minerals. The rock appeared to be 

slightly weathered in places, as evidenced by the presence of small 

microfissures that contained limonite.

Isua 3016 is a fine-grained rock that contains bands of 

magnetite and quartz foliations/laminations. The surface of Isua 

3016 was severely weathered, as evidenced by numerous cracks and 

fissures, many of which contained limonite. A cross section of Isua 

3016 revealed additional cracks and numerous weathering pockets 

partially filled with limonite. Thin sections of Isua 3016 contained
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large secondary quartz grainss veins of limonite, clay mineralss 

amphiboless and in some areas mica- Large cracks in the 3016 thin 

sections appeared to be filled with carbonaceous organic matter 

(kerogen?) and/or limonite- X-ray diffraction analysis of a powdered 

Isua 3016 sample resulted in the detection of quartz 5 magnetite, 

calcite, mica (muscovite?) and chlorite (possibly H2O expanded 

montmorillonite) . Amphiboles were not searched for.

Isua 3028 is a slightly darker fine-grained rock that in 

cross section contained distinct bands of magnetite- The surface 

of the rock was covered with limonite. Numerous cracks and fissures 

were present on the rock surface and on a freshly cut cross section. 

Weathered pockets partially filled with limonite were also detected 

on the cross section. No thin sections were made of Isua 3028. The 

entire rock (-50 grams) was saved for organic analyses.

Isua 3022 was a fine-grained rock consisting of alternating 

bands of magnetite and quartz foliations/laminations. While the 

surface of the rock was covered with limonite, a cross section cut 

perpendicular to the surface failed to reveal any major cracks or 

weathered pockets. A thin section of Isua 3022 revealed the. presence 

of quartz (possibly some chert), magnetite, graphite, amphiboles, and 

subordinate amounts of limonite and clay minerals. One area of the 

thin section was extremely weathered. Fine-grained quartz and/or 

limonite filled a series of weathering channels in this region. The 

quartz and amphiboles present in Isua 3022 both showed undulating 

extinction.
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Portions of Isua rocks 3015 and 3016 were analyzed for 

porosity and permeability by Core Laboratories, Inc. , Dallas, Texas. 

The porosity, air and water permeabilities for Isua rock 3015 and 

for Isua rock 3016 are listed in Table 1.

Transvaal Rocks

Two rock samples from the Transvaal Sequence of South Africa 

were analyzed for their amino acid contents. The samples were 

obtained from a core drilled by the Anglo American Corporation of 

South Africa. Shaft MAI was located approximately 10 km northeast 

of the town of Welkom in The Orange Free State, South Africa. The 

Transvaal Sequence is comprised of three groups. These groups are, 

in order of increasing age, the Pretoria Group, the Dolomite or 

Olifants River Group, and the Wolkberg Group (Button, 1971; 1973a; 

1973b; Nagy, 1978). Age determinations for the Transvaal Sequence 

are based upon radiometric dates of the igneous rocks directly above 

and below the sequence. A Rb-Sr date of 1,954 + 30 m.y. has been 

reported for the Bushveld Igneous Complex that overlies the Pretoria 

Group (Nicolaysen, 1962; Allsopp, et al., 1969). A U-Pb isotope date 

of 2,300 +100 m.y. has been determined for the Ventersdorp lava that 

directly underlies the Wolkberg group of the Transvaal Sequence 

(Van Niekerk and Burger, 1964).

One of the core samples obtained for this investigation 

(MAI-927) came from a depth of 927 meters, near the base of the 

Dolomite Group. The Malmani Dolomite, consisting of dolomite and 

chert, is the principal formation of the lower portion of the
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TABLE 1. Isua Sample Porosity and Permeability Values,

Sample Porosity Permeability (air) Permeability (water)

Isua 3015 2.3% 0.01 mda 0.0000012 md

Isua 3016 2.2% 0.46 md 0.129 md

a. md = millidarcies
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Dolomite Group (Toens, 1966; Eriksson9 Truswell and Buttons 1976)»

Thin sections of MAI-927 revealed the sample to be a fine-grained 

carbonaceous chert that contains small amounts of secondary calcite 

and clay minerals. MAJL-927 contained many micro cracks and numerous 

microstyolites, the majority of which have been filled with black, 

carbonaceous material.

The second core sample obtained for this study (MAI-944) came 

from a depth of 944 meters and was part of the Black Reef Quartzite, 

which lay between the bottom of the Dolomite Group and the top of the 

Wolkberg Group (Button, 1971; 1973a, 1973b). In thin section, sample 

MAI-944 was also found to be a carbonaceous chert. Subordinate 

amounts of clay minerals and _ secondary™ quartz veins were present in 

MAI-944. Some of the quartz grains exhibited undulating extinction. 

MAI-944 contained many microcracks and numerous microstyolites, the 

majority of which have been filled with black, carbonaceous material. 

Both MAI-927 and MAI-944 have been extensively permeated by secondary 

solutions.

Nubian Sandstone

A Nubian sandstone sample from Makhtesh Ramon (at Nahal 

Ramon) South Negev Desert was analyzed for its amino acid content.

The rock powder sample (2.1 grams) was provided by Dr. E. I.

Friedmann, Florida State University. The powder represents the 

upper crust of a 36 cm? rock surface of Jurassic age. Endolithic 

blue-green algae and bacteria have been detected in this Nubian 

sandstone sample (Friedmann, 1979). Blue-green algae cultured by
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Friedmann from cells isolated from the Nubian sandstone sample were 

also analyzed for their amino acid contents.

Carbonaceous Meteorites 

Numerous theories have been proposed for the origin of
Icarbonaceous meteorites. Nagy (1975) has extensively reviewed the 

plausibility of the various theories. Carbonaceous meteorites are, 

at present, considered to be remnants of asteroids (Anders, 1964,

1971; Chang, 1977). However, some investigators e.g. Cook (1070) 

have proposed that Cl carbonaceous meteorites e.g. Orgueil, originated 

in the nuclei of large comets. In an attempt to date carbonaceous 

meteorites, radiometric techniques have been employed to determine 

the time of the last melting event on the meteorite parent body (ies). 

An age of ~4,500 to 4,700 m.y. has been reported for this event 

(Nagy, 1975). Marshall (1962) has reported an age of 4,600 m.y. for 

carbonaceous meteorites based on the Pb-Pb isochron technique.

The extent of cosmic ray exposure has been used to calculate 

the residence times of carbonaceous meteorites in space as small 

objects subsequent to the break up of the parent body(ies) (Anders, 

1964; Nagy, 1975). Cosmic rays consist of protons with average 

energies of 1 GeV (Wasson, 1974). The mean absorption depth of a 

proton and the secondary particles it produces is '~1 meter. Primary 

and secondary particles of cosmic rays undergo spallation-type 

nuclear interactions with meteorites to produce various nuclides 

(Wasson, 1974). These nuclides can be used to determine the time a
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meteorite has spent in space subsequent to the breakup of its parent 

body (Wasson, 1974)• Factors that limit the reliability of cosmic 

ray exposure ages have been discussed by Anders (1964). Cosmic ray 

exposure, ages for carbonaceous meteorites are relatively short (1.4 

to 6 m.y.) compared to other chondrites (2 to 60 m.y.) and to iron 

meteorites (100 m.y. to 2,000 m.y.) (Nagy, 1975).

Meteorite infall might have provided a portion of the 

primitive Earth’s atmophilic and organogenic elements (Chang, 1977). 

Investigations of the synthesis of organic compounds and the sub

sequent origin of life on Earth would be incomplete without 

continuous evaluations of the composition, of organic compounds in 

carbonaceous meteorites. Recent advances in analytical techniques 

were employed in this present study to clarify the occurrence, 

abundance and degree of racemization of amino acids in the Orgueil 

and Murchison meteorites.

The Orgueil meteorite fell near the towns of Orgueil, Nohic 

and Campsas in France on May 14, 1864 (Nagy, 1975). The sample used 

for amino acid analysis consisted of two fragments (5.6 grams) of 

Orgueil stone No. 9422 from the Musee National dv Historie Naturelle, 

Paris dated May 26, T964. One of the fragments was partially covered 

with a fusion crust.

Zahringer (1962) reported a cosmic ray exposure age, based 

on 21Ne, of 3.6 m.y. for the Orgueil meteorite. Mazor, Heymann and 

Anders (1970) have reported an average 21Ne cosmic ray exposure age 

of 4.5 m.y. for the Orgueil meteorite.
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The Orgueil meteorite is3 based on the chemical-petrological1 

classification of Van Schmus and Wood (1967)9 a type Cl carbonaceous 

chondrite. The Orgueil stones contain ~5 to 7% carbon (Baker9 1971), 

the majority of which consists of a complex mixture of solvent 

insoluble, polymeric kerogen-like material (Bandurski and Nagy,

1976). The fragments analyzed consisted of a dark fine-grained 

matrix with no chondrules. Numerous studies of the mineralogy, 

petrology and elemental ,ab.und'anc_e5; of; the Orgueil stones have been 

conducted '(Mason, 1971b; Nagy, 1975, and references therein). The 

following weight abundances have been repocrlsd. by Bostrom and 

Fredriksson (1966) for the principal mineral constituents of the 

Orgueil meteorite: chlorite, 62.6%; magnetite, 6.0%; magnesium

sulfate, 6.7%; gypsum, 2.9%; carbonates (breunnerite), 2.8%; 

limonite, 0.5%; troilite, 4.6%. The remaining 13.9% consisted of 

carbonaceous matter, sulfur and minor mineral constituents.

The Murchison meteorite fell in Victoria, Australia on 

September 28, 1969 at 11:00 a.m. (Nagy, 1975). A single stone 

(50.7 grams) with more than 85% of its surface covered #ith an intact 

fusion crust was selected for this investigation. The sample was 

provided by Dr. E. Olsen, Field Museum of Natural History, Chicago, 

Illinois.

The Murchison meteorite is a type C2 carbonaceous chondrite 

(Fuchs, Jensen and Olsen, 1970). The Murchison stones reportedly 

contain ~2% carbon (Robert, Becker and Epstein, 1980) the majority 

of which consists of a solvent insoluble condensed aromatic "polymer"
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(Hayatsus et al., 1977). The stone chosen for analysis had a dark 

fine-grained matrix that contained an'abundance of small (<0.3 mm) 

white inclusions. Fuchs, Jensen and Olsen (1970) have reported that 

the Murchison matrix consists primarily of Fe-rich septechlorite. 

Olivine, pyroxenes, and subordinate amounts of calcite, kamacite, 

spinel, troilite, pentlandite, gypsum, schreibersite, magnetite, 

sulfates and silicate glasses were also reported as present in the 

Murchison matrix. The white inclusions consisted primarily of 

euhedral forsterite (Fuchs, Jensen and Olsen, 1970).

A relatively short cosmic ray exposure age has been reported 

for the Murchison meteorite. Bogard, et al. (1971) have calculated 

the cosmic ray exposure age of the Murchison meteorite (based on 

21Ne, 22Na/22Ne) to be only 1 million years.



EXPERIMENTAL

Derivatization of Amino Acid Standards 

The ubiquitous nature of amino acids requires that extreme 

care be taken during their analysis» To avoid any possible laboratory 

contamination, all glassware employed in the following experiments 

was cleaned in hot concentrated H2SO4 /HNO3 (85/15, v/v) . All of the 

solvents were redistilled from reagent or spectral grade reagents.

The water was triple glass distilled. Hydrochloric acid was double 

distilled (Wolman and Miller, 1971) and diluted with triple distilled 

water when necessary. All procedural steps requiring nitrogen gas 

employed electronic grade nitrogen that had been passed through a  

molecular sieve purifier. Complete procedure blanks were frequently 

run to ensure that the above mentioned precautions were adequate.

Approximately 1.0 mg quantities of standard amino acids were 

derivatized for gas chromatographic analysis employing the. following 

standard procedure (Gil-Av, Charles and Fisher, 1965; Pollock, Oyama 

and Johnson, 1965; Engel, Zumberge and Nagy, 1977):

1. The amino acids were esterified with 0.3 ml anhydrous 2-4N,

(1)-2-butanol/HCl (MCB, Norwood, Ohio) for three hours at 

100°C.

2. The excess butanol was evaporated under N2:-

3. The resultant amino acid esters were acylated with 2.0 ml 

dichloromethane (CH2CI2) and 0.2 ml pentafluoropropionic

20
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anhydride (PFP) (Pierce Chemical Company9 Rockford $ Illinois) 

for 2 hours at room temperature,

4, The samples were evaporated to dryness under nitrogen,

5. The N-PFP-(+)-2-butyl esters of the amino acids were 

redissolved in CH2CI2.

The amino acid diastereomeric derivatives were analyzed using 

a Perkin Elmer F-ll gas chromatograph coupled' to an Infotronics CRS 

208 digital integrator. Optimal resolution of the amino acid .. 

diastereomers was obtained using a Carbowax 20M 200 ft. x 0.02 in. 

i.d. W.C.O.T. nickel capillary column and a Carbowax 20M 150 ft. 

x 0.02 in. i.d. S,.C.0.T. stainless steel capillary column. The 

carrier gas for both columns was helium. The amino acid standards 

were derivatized with (1 )-2-butanol to establish retention times and 

to maximize resolution of the resultant diastereomers. (+)-2-butanol

(Norse Laboratories9 Santa Barbara, California) was used to derivatize 

unknown samples to resolve the D-D and L-D amino acid diastereomers 

and obtain.D/L ratios. (+)-2-butanol was suitable for the deriva- 

tization of all of the amino acid standards because the D-D and L-L 

diastereomers had identical retention times as did the D-L and L-D 

diastereomers (Gil-Av, Charles and Fisher, 1965; Pollock and Oyama, 

1966; Pollock, 1975).

A single gas chromatographic analysis of a standard mixture of 

amino acids using Carbowax columns takes from 2 to 2.5 hours. To 

facilitate the evaluation of certain amino acid extraction techniques 

that will be described below, an alternate procedure was developed
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that was based on the modification of an analytical technique of 

Poole and Verzele (1978) and Scientific Glass Engineering, Ince 

(1979)a Substitution of heptafluorobutyric anhydride (HFBA) (Pierce 

Chemical Company, Rockford, Illinois) for PEP and anhydrous 2-4N 

isobutyl alcohol/HCl (Mallinkrodt, St. Louis, Missouri) for (+)-2- 

butanol used in the previous procedure resulted in the synthesis. of 

N-HERA-isobuty 1 amino acid esters. A standard mixture of N-HFBA- 

isobutyl amino acid esters eluted within 1 hour on an OS-138 50 ft. 

x 0.01 in. i.d. S.C.O.T. stainless steel capillary column. Helium 

was the carrier gas.

The N-HFBA-isobutyl esters of amino acids contain only the 

asymmetric center(s) present in the original amino acid portions of 

the derivatives. While individual amino acid HEBA-ispbutyl esters 

do not resolve as separate D and- L peaks on the OS-138 column, the 

technique affords a faster method of analysis when testing the 

recovery potential of procedures for isolating amino acids from rocks 

and sediments.

In addition to gas chromatographic analyses, the N-PFP-(+)- 

2-butyl amino acid esters were resolved and identified using a . . 

Finnigan 9500 gas chromatograph coupled to a Finnigan 3300 mass 

spectrometer (quadrupole) equipped with a 6110 series data system.

The high molecular weights of the amino acid derivatives investigated 

(from M. W. 277 to 405) made it preferable to use gas chromatography-r 

chemical ionization mass spectrometry (CI-MS) rather than gas 

chromatography-electron impact mass spectrometry (El-MS).
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Munson and Field (1966) introduced CI-MS as a useful 

alternative to El-MS for the structural determination and subsequent 

identification of organic compounds. CI-MS involves the introduction 

of a reaction gas, usually methane, into the ionization chamber ' 

(source) of a mass spectrometer at a pressure of 1 torr (Munson and

Field, 1966). The primary ions of methane, the major fragments being
+ +  4- +CH4 and CH3 , react rapidly to. produce CH5 and C2H 5 , which comprise

+-90% of the secondary ions generated (Munson and Field, 1966). C3H 5

is produced in smaller quantities (Munson and Field, 1966; Arsenault,

1972). The stable ions (CHs+ and .CaHs"*") generated from methane

react with the small quantities of organic compounds introduced into

the ionization chamber to produce a spectrum of characteristic ions

for each compound.

Unlike EI-MS, the principal ions generated by CI-MS are of
+ +higher molecular weight. CH5 and C2H5 add a proton to the N-PFP- 

(+)-2-butyl amino acid esters. The resulting M+l, i.e. the charac

teristic quasiparent ion (Munson and Field, 1966), was detected in 

the amino acid derivatives. The parent peak is small, if present at

all, in the EI-MS spectra of the amino acid derivatives. The amino
+acid derivatives react with the C2H5 ion to form characteristic 

M+29 adducts. In some cases, M+41 (C3H5+) adducts were detected.

The M+29 and M+41 adducts have been reported as common occurrences in 

oxygen and nitrogen containing organic compounds (Munson and Field, 

1966). The reaction occurs at the nitrogen heteroatom and to a lesser



extents at the oxygen atoms present in the N-PFP-(+)-2- butyl 

amino acid esters.

The GC-CI-MS technique employed in this study used methane 

as the GC carrier gas, thus eliminating the need for a splitter and 

a molecular separator (Arsenault, Dolhun and Biemann, 1970). The 

methane gas served as both carrier gas (Wagaman and Smith, 1971) 

and reactant gas for chemical ionization. The chromatographic 

column employed was a Carbowax 20M 150 ft. x 0.02 in. i.d. S.C.O.T. 

stainless steel .column. The column program consisted of an initial 

isothermal period of 20 minutes at 90°C; then 90° to 150°C at 2°C/ 

minute. The run was finished isothermal at 150°C. The GC inlet 

temperature was 150°C. The carrier gas flow rate was 8.5 ml/ 

minute. The MS methane ionization chamber temperature was 150°C.

The emission current was 1 milliamp. One hundred-fifty eV was 

used to generate the methane ions."

Ball Mill Study

The preparation of a rock, sample for extraction of organic 

compounds requires that the sample be pulverized. First, however, 

the surface of the rock must be removed by drilling to remove recent 

contaminations. Following this step, the sample is crushed to pebble 

size fragments and subsequently ground to a fine powder with a ball 

mill or mortar and pestle. While ball milling, a common procedure, 

generally produces a finer powder than grinding with a mortar and 

pestle, a certain amount of heat is generated during ball milling.
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The following experiment was conducted to test whether the heat 

generated during ball milling was sufficient to cause amino acid 

racemization.

Twenty-five and six-tenths grams of acid cleaned and 

optically pure quartz crystal fragments (obtained from Wards 

Scientific Company; collected at Hot Springs, Arkansas) were placed 

in an acid clean porcelain ball mill along with three porcelain 

milling balls and 2.2 mg L-valine (Sigma Company, St. Louis, Missouri) 

and 2.0 mg L-alanine (NBC, Cleveland, Ohio). During elevated tempera

ture kinetic experiments and in amino acid analyses of sediments and 

fossils alanine has been found to racemize relatively rapidly 

(Dungworth, 1976) while valine racemizes at a comparatively slow rate 

(Dungworth, 1976). This mixture of quartz and amino acids was ball 

milled for 50 hours. In a similar experiment crushed quartz (2415 g) 

was placed in a porcelain ball mill with 3 milling balls, 2.0 mg 

L-valine and 2.6 mg L-alanine. The mixture was subsequently milled 

for 25 hours.

To compare the ball mill procedure with the mortar and 

pestle method of sample preparation, a third experiment was conducted 

in which 10.0 grams of crushed quartz were combined with 0.90 mg L- 

alanine and 1.50 mg L-valine. The mixture was ground to a% powder 

in 20 minutes using a mortar and pestle.

The various ground quartz-amino acid mixtures were sonicated 

for 30 minutes in 50 ml 0.06N HC1 to extract the amino acids from 

the quartz powder. The HC1 solutions were separated from the quartz



26
powder by passing them, through glass frittSo The filtrates were 

evaporated to dryness9 redissolved in 5 ml 0.06N HC1* and centrifuged 

to remove any remaining colloidal silica. This procedure was 

repeated for a second time. The quartz free filtrates were placed 

on columns containing Bio Rad AG 50-X89 50-100 mesh cation exchange 

resin (Bio Rad Laboratories) Richmond9 California). These columns 

contained 12.5 ml of resin (bed volume) that had been prewashed 

consecutively with 2.ON NaOH9 H209 1.5N HC19 6.ON HC1 and H20o 

Twenty-five ml of triple distilled H20 containing 50yl of a dilute 

phenolphthalein solution in methanol were then passed through the 

columns. The amino acids were subsequently eluted with 30 ml 1.ON 

NH^OH. After evaporating the eluates to dryness9 anhydrous 2-4N 

(+)-2-octanol/HCl (Norse Chemical Company9 Santa Barbara9 California) 

was added to the residues and the reaction mixtures were heated at 

the meniscus level in an oil bath at 100°C for 3 hours. (Octandl 

derivatives are useful for analyzing simple systems because they 

elute more rapidly than butanol derivatives from Carbowax columns). 

During esterification it was important that the vials not be capped 

too tightly. Tight capping of the vials can cause slight amounts 

of racemization (Pollock) 1975). Next9 the excess octanol was 

evaporated under N2 and then 2.0 ml CH2CI2 and 0.2 ml trifluoracetic 

anhydride (Pierce Chemical Company9 Rockford9 Illinois)*were added 

to each residue. The samples were heated for 5 to 10 minutes at 

100°C9 evaporated to dryness9 and redissolved in CH2CI2. The 

resultant N-trifluoroacetyl-(+)-2-octyl amino acid esters were
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separated on Carbowax 20M 200 ft. x 0.02 in. i.d. W.C.O.T. nickel 

capillary columns. The D/L ratios of the amino acids were determined 

by an infotronics CRS-208 digital integrator coupled to the Perkin- 

Elmer Model F-ll gas chromato graph.

A small percentage of amino acid racemization in the ground 

quartz samples might be attributed to slight impurities in the L- 

amino acid standards and in the (+)-2-octanol used to make the amino 

acid diastereomers. To determine the extent of racemization that 

could possibly be attributed to the derivatization procedure9 1.0 

mg L-alanine and 0.9 mg L-valine were esterified with 2e4N(+)-2- 

octanol/HCl. Subsequent to esterification the sample was split 

and evaporated in two separate vials. Two ml CH2CI2 and 0.2 ml 

TEA were added to each vial. One vial was heated at 100°C for 

5 minutes. The other vial was heated at 100°C for 12 minutes.

This was done to test whether slight differences in heating times 

during acylation or impurities in the octanol could effect D/L 

amino acid ratios.. The. two samples were analyzed.:;for their D/L 

alanine and valine ratios in a manner identical to that previously 

described for the ground quartz samples.

. In an additional experiment 9 126.2 mg of ball milled quartz 

were placed, in a .vacuum oven with K0H9 silica gel and MgSOi* at 

67 °C for 4 hours to determine if the ground quartz had absorbed any 

water. A duplicate experiment was conducted during which 249.8 mg of 

ball milled quartz were heated for 5 hours under identical conditions. 

The samples were allowed to cool in a desiccator prior to weighing.
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The Isua Rocks: Amino Acid Analysis

Water Extraction

Amino acids were first extracted from Isua rocks 30169 30225 

3028 and 155782 by water refluxing (Kvenvolden, Peterson and Pollock* 

1972)» The surface was drilled off each rock using a Dremel Moto 

Drill equipped with emery drill bits that had been sonicated three 

times in triple distilled water and oven dried. Any pockets of 

weathered (oxidized) material exposed by initial surface removal 

were drilled out. The rocks were next rinsed .with triple distilled 

water to remove drilling dust. The rock samples were then allowed 

to air dry under foil for 30 minutes. The rocks were next indi

vidually wrapped in 15 to 20 layers of heavy duty aluminum foil and 

broken into small fragments with a hammer that had also been wrapped 

in foil* The rocks were subsequently ground to fine powders with 

porcelain mortars and pestles. The samples were ball milled for 

2 to 5 hours in a porcelain ball mill to produce slightly finer 

powders.

A portion of each powdered sample (3016 = 21.4 grams; 3022 = 

21.6 grams; 155782 = 21.9 grams; 3028 = 44.6 grams) was placed in a 

1 liter round bottom flask. The following procedure was used for all 

four .samples. Two"hundred-fifty ml of triple distilled water and 5 

acid "clean porcelain boiling chips were added to the flask. The 

flask was attached to a condenser cooled by refrigerated antifreeze 

and was refluxed for 8 hours. A procedure blank consisting of 250 ml 

of triple distilled water and 5 acid clean boiling chips was placed
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in an identical round bottom flask and was refluxed for 8 hours.

After"refluxing the blank was run through a glass fritt» An 

additional 100 ml of triple distilled water were run through the 

fritt. Nexts the refluxed sample was run through the same fritt 

into a different receiving flask. An additional 100 ml of triple 

distilled water were run through the fritt to ensure complete amino 

acid recovery. The sample residue was removed from the fritt and 

air dried under aluminum foil for 48 hours. The water blank was 

subsequently evaporated to dryness on a Buchi rotary evaporator 

which previously had 1 liter of deionized water and 100 ml of triple 

distilled water passed through it to remove contaminations. The 

filtrate was next evaporated to dryness on the rotary evaporator.

Ten ml of double distilled 6N HC1 were added to the sample 

and blank. The blank was transferred to a pyrex test tube. An 

additional 2 ml of- 6N HC1 were added to the flask that contained 

the blank and this was also transferred to the pyrex test tube.

The sample, was transferred.to a pyrex test tube in an identical 

manner. Both tubes were sealed under a stream of electronic grade 

nitrogen. The sample and blank were hydrolyzed for 24 hours at 100°C 

in an oil bath. .Next the sample and blank were transferred to round 

bottom flasks. The tubes were rinsed with 10 ml of double distilled 

6N HC1 arid the washes were added to the respective flasks. The 

blank and sample were evaporated on a rotary evaporator that had been 

been pre-cleaned in a manner identical to that previously described.
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Four ml of double distilled 0.06N HC1 were added to the sample 

and to the blank. The blank was subjected to the desalting procedure 

on a cation exchange column using conditions identical to those 

previously described in the ball mill study. The column was reacti

vated and then the sample was desalted. The blank and sample eluates 

(13 ml) were evaporated to dryness under nitrogen using a warm water 

jacket (~50°C). The dry residues were redissolved in 0.3 ml 2-4N 

(+)-2-butanol/HCl and were esterified for 3 hours at 100°C. The 5 ml 

glass vials used for esterification were placed in an oil bath at the 

meniscus level so they would reflux. As previously mentioned 9 it was 

important that the teflon screw caps were not too, tight during 

esterification. Subsequent to esterification the sample and blank
\

were evaporated under nitrogen. The sample and blank were redis

solved in 2 ml CH2CI2 and 0.2 ml PFP. After 2 hours at room

temperature acylation was complete (Pollock, 1975). Finally the

sample and blank were evaporated into 0.3 ml reactivials. Small 

quantities of CH2C12 (10-50]il) were added to the derivatives.

One pi aliquots were injected (splitless injection) onto a 

Perkin-Elmer F-ll gas chromatograph; equipped with a Carbowax 20M 

200. ft. x 0.02 in. i.d. W.C.O.T. nickel capillary column. The gas 

chromatograph was., coupled to an infotronics CRS 208 digital inte

grator and a Varian 2000 chart recorder. The carrier gas (helium) 

flow rate was 11.5 ml/minute. The inlet temperature was 155°C.

The column program was 20 minutes isothermal at 80°C; then 80°C to

160°C at 1QC/minute. The run was finished isothermal at 160°C. At
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least three gas chromato graphic determinations were run for each 

sample and the corresponding blanks• Amino acid D/L ratios were 

determined from the peak areas provided by the digital integrator. 

Amino acid identifications were based on retention times and co

injection with amino acid standards.

A portion of the Isua 3016 water extract and blank were 

analyzed by Dr. P. E. Hare, Carnegie Institution of Washington, 

Washington, District of Columbia.to help confirm the amino acid 

identifications and D/L ratios by gas chromatography using capillary 

columns coated with an optically active stationary phase. Also, an 

automated amino acid analyzer was used to determine the amino acids 

present in the water extract of Isua 3016. Isua sample 3028 was, 

in addition to gas chromatographic analysis, injected onto a 

Finnigan GC-MS system to confirm the amino acid identifications by 

mas S' spectrometry. The gas chromatography-chemical ionization mass 

spectrometry technique employed was identical to that previously 

described for the analysis of the amino acid standards.

Hydrochloric Acid Extraction

To ascertain whether a percentage of amino acids were too 

tightly bound to any carbonaceous and/or inorganic Isua rock 

substances to be removed by water refluxing, portions of the water 

refluxed rock powders were extracted with 6N HC1. After air drying, 

the water extracted Isua samples were reground with porcelain mortars 

and pestles. Approximately 10 grams of Isua 3016, 3022, 3028 and 

155782 were placed in separate 125 ml pyrex Erlenmeyer flasks.
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Forty ml of double distilled 6N HC1 were added to each flask. The 

flasks were sealed under a stream of nitrogen and subsequently heated 

for 24 hours at 100°C in an oil bath.

After heatings each sample was run through a glass fritt;

The flasks in which the samples were heated were rinsed with 25 ml 

of 6N HC1 which were also run through the respective fritts. An 

additional 25 ml of 6N HC1 were run through each fritt. The filtrates 

and the rinses were combined and evaporated to dryness on a rotary 

evaporator. Six ml of double distilled 0.06N HC1 were added to each 

residue. In addition to colloidal silicas a large quantitiey of 

iron$ calcium and magnesium chloride salts were generated during acid 

hydrolysis. Only :a fraction (-20%) of each sample that was dissolved 

in 0.06N HC1 was desalted on a cation exchange column because of the 

excessive amount of inorganic salts.

The cation exchange procedure for the HG1 extracts differed 

only slightly from that used for the water extracts. A larger 

cation.exchange, column (~19 ml of resin) was. used. This required 

proportional increases in the amounts of water (50 ml) and NH4OH 

(50 ml) that had to be run through the columns subsequent to 

placing the samples on the resin beds. The eluates were collected, 

evaporated, and derivatized for gas chromatograph analysis employing 

the same procedure previously described for the water extracts.

Figure 1 summarizes the procedures used to extract amino acids from 

the Isua rocks.
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Procedure For The Analysis Of 

Amino Acids in Precambrian Rocks

Drill surface off rock.

Rinse rock with triple distilled water.

Break rock into small fragments.

Grind to fine powder with mortar and pestle.

Ballmill sample for 5 hours (optional).

Reflux powder for 8 hours in triple distilled water. 

Run sample through acid clean fritt.

Water Extract

Evaporate filtrate.

24 hr. 6N HC1 hydrolysis, 
(under nitrogen)

Cation exchange.

(4-)-2-butanol esterification

PEP acylation.

G.G./G.C.-M.S.

HC1 Extract

Air dry the rock residue.

24 hr. 6N HC1 hydrolysis, 
(under nitrogen)

Run through acid clean fritt.

Anion and/or cation exchange.

(+)-2-butanol esterification.

PEP acylation.

G.C./G.C.-M.S.

Figure 1. Summary of the Procedure Employed for the Analysis of 
Amino Acids in Precambrian Rocks.

Procedure blanks were run for all samples.



Spiking Experiment

During the 6N HCl extraction of the Isua samples the possi

bility arose that the release of ferric iron may have oxidized the 

amino acids because these Isua rocks contained an abundance of 

magnetite (FeO «Fe20 3). To help determine this potential effect 

during the HCl extraction procedure, 8.1 grams of Isua 155782 

(water refluxed) were mixed with small quantities of L-norvaline 

(1.7 mg) and L-norleucine (1.9 mg). Norvaline and norleucine were 

not detected in the H20 or HCl extracts of Isua 155782. The 

mixture was placed in an Erlenmeyer flask along with 40 ml of 

double distilled 6N HCl.;* The flask was sealed under nitrogen and 

heated for 24 hours at 100°C. Subsequent to hydrolysis, the amino 

acids were isolated from this sample and derivatized for gas chroma^ 

tographic analysis using the same procedure previously described for 

the acid extraction of amino acids from the Isua rocks.

Lichen Analyses

Dr. Tom Nash, Department of Botany, Arizona State University 

identified 3 species of lichens growing on the surface of Isua 3016. 

Eight species of lichens were identified growing on Isua 3028. The 

lichen identifications are listed in Table 2. Considering the high 

porosity and permeability determined for Isua 3016 (Table 1) the 

Isua samples may have, to varying degrees, become contaminated with 

amino acids from the lichens. To evaluate this possibility, 3 

species of lichens were analyzed for their amino acid content.
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TABLE 2. Lichens on the Isua Samples.

Rock Lichens

Isua 3028 Sporastatia testudinea (Arch.) Mass. dark brown,
crustose.

Rhizocarpon norvegicum Ras. yellow areoles with black
apothecia.

Candelariella sp. gold areoles - sterile.

Lecanora cf. polytropa (Ehrh.) Rabenh. flesh colored
apothecia.

Pseudophebe minuscula (Nyl. ex Arn.) Brodo 4- D. Hawksw.
large, brown, foliose.

Pseudophebe pubeocens (L.) Choisy, small brown foliose.

Xanthoria cf. elegans (Link) Th. Fr. orange.

Aspilicia sp. white.

-Isua 3016 Rhizocarpon sp. (geographicum group) yellow areoles,
sterile.

Aspicilia sp. gray crust.

Dermatocarpon sp. brown crust with perithecia.



Rhizocarpon sp» (2.7 mg) 9 D erma t o carp on sp. (~0.1 mg) and 

Pseudophebe minuscula (8.4 mg) were removed from the rocks and were 

placed in pyrex tubes. Ten ml of double distilled 6N HC1 were added 

to each tube and the tubes were sealed under nitrogen. The samples 

were subsequently hydrolyzed for 24 hours at 100°C in an oil bath.

It has been reported that prior to acid hydrolysis, a percentage 

of non-bound amino acids and peptides can be extracted from plant 

material with dilute HC1 (Engel, Zumberge and Nagy, 1977; Zumberge, 

Engel and Nagy, 1980). To determine if this free fraction could be 

isolated from lichens, Pseudophebe minuscula, the most abundant 

lichen specimen available (8.4 mg), was sonicated at room tempera

ture for 30 minutes with 1.5N HC1 to remove any non-bound amino 

acids and peptides that may have been present. This free fraction 

was hydrolyzed separately.

The 3 lichen hydrolyzates and the free fraction hydrolyzate 

of Pseudophebe minuscula were filtered through glass fritts and 

evaporated to dryness on. a rotary evaporator. The residues were

subsequently cation exchanged, esterified with 2-4N (+)-'2-butanol/
\

HC1, acylated with PEP and analyzed for amino acid abundances and 

D/L ratios in a manner identical to the procedure for the analysis 

of the Isua rock water extracts.

Diffusion Effects

Small pieces of Isua rocks 3015 and 3016 were placed in amino 

acid solutions to determine the extent to which diffusion could intro 

duce amino acids into the interiors of these rocks. Rocks 3015 and



37
3016 were chosen for this study because of their different perme

abilities . Rock 3016 had a porosity of 2.2% and a water permeability 

of 1.29 x 10”" millidarcies while rock 3015 had a porosity of 2.3% 

and a water permeability of 1.2 x 10*^6 millidarcies.

Portions of Isua rocks 3015 (4.83 g) and 3016 (3.27 g) had 

their surfaces removed by drilling. The samples were next washed 

with triple distilled water and allowed to dry. The samples were 

then placed in separate flasks containing 40 ml of triple distilled 

water. An additional flask (standard) contained 20 ml of triple 

distilled water. The amino acids added to the respective flasks 

are listed in Table 3. D-amino acids, were chosen because of their 

low concentrations in the Isua rocks investigated. The flasks were 

next sealed under a continuous stream of electronic grade nitrogen 

and placed in an oven at 36°C for 1,321 hours.

After 1,321 hours of heating the containers were opened and 

0.5 ml of each heated solution were placed in a glass vial, evaporated 

to dryness and subsequently derivatized for gas chromatographic 

analysis by synthesizing the N-PFP-(+)-2-butyl amino acid esters.

The samples were rinsed three times with triple distilled 

water and air dried under foil. .% The surfaces were drilled off the 

samples and they were next ground to fine powders using a mortar 

and pestle. The resultant powders were placed in round bottom flasks.

S eventy-f ive _ ml of. triple distilled water were added to each flask.

The samples were refluxed for 8 hours. The water extracts were 

prepared for amino acid analysis in a manner identical
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TABLE 3. Amino Acids Used in the Diffusion Experiments

Isua 3015 Isua 3016 Standard

4.1 mg D-ala CM<r mg D-ala 2.1 mg D-ala

4.1 mg D-asp 4.3 mg D-asp 2.1 mg D-asp

4.0 mg D-leu 4.0 mg D-leu 2.1 mg D-leu

4.0 mg D-val 4.1 mg D-val 2.0 mg D-val
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to the procedure previously described for the water extract analyses 

of the Isua rocks. To determine whether the water reflux had 

removed all amino acids that may have diffused into the rocks, the 

water refluxed 3016 powder was subsequently extracted by the 6N HC1 

extraction procedure described above.

Isua Rocks: Hydrocarbon Analyses

Prior to 6N HC1 extraction, Isua rocks 3016 arid 3028 were 

analyzed for saturated hydrocarbons. The air dried, previously water 

extracted rock powders were placed in Erlenmeyer flasks. One hundred 

twenty-five ml of CHC13/CH30H (87/13, v/v) were added to each flask 

and the mixtures were sonicated for 45 minutes at room temperature.

The mixtures were passed through glass fritts and the filtrates were 

evaporated to dryness under nitrogen. The rock residues were washed 

with 100 ml of CH30H and 300 ml of triple distilled water prior to 

air, drying and '6N HC1 extraction. Two 100 ml quantities of CHC13 / 

CH30H (87/13, v/v) were placed in flasks and evaporated to dryness 

under nitrogen. These solvent residues served as procedure blanks 

for the hydrocarbon analyses. The rock filtrate residues and the 

blanks were redissolved in 5 ml of distilled spectral hexane. The 

solutions were sonicated for 5 minutes at room temperature and con

centrated to 1 ml under nitrogen.

Following the procedure of Bandurski and Nagy (1975) two 

15 cm x 11 mm i.d. glass columns were packed with 9.5 ml (bed 

volume) of alumina (Woelm neutral. Waters Associates, Framingham, 

Massachusetts). The columns were washed with distilled spectral
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grade hexane until the eluants were transparent to U.V. The blanks 

which were U.V. transparent9 were placed on the columns and their 

eluants9 along with an additional 40 ml of hexane, were collected 

and concentrated to 1 ml under nitrogen. Next the Isua samples were 

placed on the alumina columns and their eluants, along with an 

additional 40 ml of hexane, were collected and concentrated to 1 ml 

under nitrogen. The samples and blanks were next transferred to 

reactivials and concentrated to 25pl.

The samples and their respective blanks were analyzed by gas 

chromatography and combined gas chromatograptiy-mass spectrometry 

(electron impact). The instruments used for the hydrocarbon analyses 

were a Perkin-Elmer F-ll gas chromatography. a~ Perkin-.Elmer 226 gas 

chromatograph coupled to a Hitachi RMU-6E single focusing (magnetic 

sector) mass spectrometer and.a Finnigan GC-MS (quadrupole) system.

The column employed for the hydrocarbon analyses was an Apiezon L 

50 ft. x 0.02 in. i.d. W.C.O.T. stainless steel column. The GC 

program was .80°C isothermal for 6 minutes, then 80°C to 210°C at .

2°C/minute. The carrier gas (helium) flow rate was 3.5'ml/minute.

The inlet temperature was 195°C. All analyses were conducted in 

the splitless injection mode.

Arctic Lichen: Hydrocarbon Analyses

A sample of Pseudophebe minuscula (1.5 mg) was removed from 

the surface of Isua rock 3028. The lichen was sonicated in 20 ml of 

CHCI3/CH3OH (87/13, v/v) for 45 minutes at room temperature. The 

lichen was crushed with a glass rod during sonication. The sample



was passed through a glass fritt and the filtrate was evaporated to 

dryness under nitrogen. The residue was redissolved in 1 ml of 

hexane. Fifty ml of CHCI3/CH3OH were evaporated to dryness and 

used as a procedure blank. One ml hexane was added to the blank.

The blank and sample were chromatographed on an alumina column 

and analyzed for saturated hydrocarbons following the procedure 

described above for the hydrocarbon analyses of the Isua rocks.

Transvaal Amino Acid Analyses

Water Extraction

Sections were cut from Transvaal core MAI at two depths;

927 m. and 944 m. A diamond saw cooled with water was used to cut 

the samples. The surfaces were ground off the core sections and the 

sections were broken into small fragments using the same sample 

preparation procedure described for the Isua rocks. Next, the 

Transvaal samples were ground to fine powders using procelain 

mortars and pestles. Samples MAI-927 (33.7 g) and MAI-944 (28.6 g) 

were water refluxed. The procedure for water refluxing and subse

quent analysis of the water extractable amino acids was identical 

to that employed for the analysis of the Isua rocks. Blanks con

sisting of 250 ml of refluxed tripled distilled water were prepared 

for the Transvaal samples using the procedure described above for 

the Isua rock analyses.



Acid Extraction

The water refluxed Transvaal rock powders were air dried 

under aluminum foil. Next9 the samples were reground using ; 

porcelain mortars and pestles. Portions of the water refluxed 

powders (MAI-927 = 10.3 g9 MAI-944 = 14.0 g) were subsequently 

hydrolyzed with 6N HOT. The resultant HC1 extracts were analyzed 

for amino acid abundances and D/L ratios using the same procedure

described above for the Isua rock analyses.
\

Drill Rod Lubricant

The surface of the Transvaal core may have been contaminated 

with amino acids derived from the grease that was used to lubricate 

the drilling rods. To evaluate this possibility9 a sample of drill 

rod lubricant used in the Klerksdorp area of South Africa was 

analyzed for its amino acid content. A 467.7 mg sample of the

lubricant was placed in a pyrex test tube along with 10 ml of

double distilled 6N HC1. The tube was sealed under a stream of ' 

electronic grade nitrogen and heated in an oil bath at 100°C for 

24 hours. During heating9 the acid became slightly discolored.

The majority of the grease, as expected9 liquified and formed an 

immiscible layer above the acid.

After heating, the acid was removed from the tube with a

disposable pipette and was evaporated to dryness on a rotary 

evaporator. The residue was redissolved in 4 ml of 0.06N HC1, 

cation exchanged, derivatized and analyzed for amino acid abundances
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and D/L ratios using the same procedure employed for the analysis 

of the Transvaal rock water extracts.

Analysis of Amino Acids in the Nubian Sandstone

A sample of rock powder (2.1 g) scraped from' the upper crust 

of the Nubian sandstone in the Negev Desert was analyzed for its 

amino acid content. The sample (N6904-sediment) was provided by 

Dr. E. I. Friedmann@ Florida State University. The powder was 

placed in a pyrex tube. Twelve ml of 6N HC1 were added to the tube.

A minor amount of carbonate cement present in the sample was allowed 

to dissolve prior to sealing the tube under a stream of nitrogen.

The tube was heated in an oil bath for 24 hours at 100°C. Next, 

the sample was passed through a glass fritt. The heating tube was 

rinsed with 10 ml of 6N HC1 and the wash was passed through the fritt 

containing the sample. The filtrate was evaporated to dryness on a 

rotary evaporator. The residue was redissolved in 4 ml of 0.06N HC1, 

desalted on a cation exchange column, derivatized, and subsequently 

analyzed for amino acid abudances and D/L ratios using the same 

procedure employed for the analysis of the acid extracts of the Isua 

rock samples.

Under harsh environmental conditions (both hot and cold) 

blue-green algae and bacteria can survive a few millimeters below _ 

the surface of sedimentary rocks (Friedmann, 1978). A 0.32 mg 

sample of blue-green algae (N6904-Algae) cultured from cells 

extracted from the above analyzed Nubian sandstone was provided by



Dr. E. I. Friedmann. The culture medium did not contain amino acids 

The algae was analyzed for its amino acid content using the same 

procedure described above for the analysis of amino acids in lichens 

This analysis was conducted to determine if any relationship existed 

between the amino acids detected in the Nubian sandstone and the 

amino acids present in the algae cultured from cells extracted from 

the same sandstone.

Three additional algal cultures (N6904, N6904-J, N6904-N) 

were grown from the same Nubian sandstone sample by using slightly 

modified culturing techniques. Each of the new cultures was grown 

twice (Set 1 and Set 2). /The samples were alive just prior to 

analysis and the organism (or organisms, including bacteria that 

accompany the algae) were believed to be identical in all three 

cultures (Friedmann, 1979). Samples N6904-Set-1 (8.6 mg), N6904- 

Set-2 (11.6 mg), N6904-J-Set-1 (10.0 mg), N6904-J-Set-2 (11.8 mg), 

N6904-N-Set-1 (10.5 mg) and N6904-N-Set-2 (11.1 mg) were analyzed 

for their respective amino acid contents using the same procedure 

described above for the analysis of the initial algal culture 

(N6904-Algae) from the Nubian sandstone.

The Orgueil Meteorite: Amino Acid Analysis

Water Extraction

Two fragments of an Orgueil meteorite stone (5.6 grams) were 

analyzed for their amino acid content. One of the pieces was 

partially covered with, a fusion crust. The surfaces were drilled
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off and the fragments were ground (together) to a fine powder with 

a porcelain mortar and pestle. The powder was placed in a round 

bottom flask containing 200 ml of triple distilled water and 5 acid 

cleaned porcelain boiling chips. A procedure blank consisting of 

200 ml of triple distilled water and 5 acid cleaned porcelain boiling 

chips was placed in a separate flask. The sample and blank were 

refluxed for 8 hours. The remainder of the procedure employed for 

the analysis of amino acids in the water extract of the Orgueil 

meteorite and its corresponding blank was identical to the procedure 

previously described for the analysis of the Isua rock water extracts.

Acid Extraction

Subsequent to water refluxing9 the Orgueil powder residue was 

air dried under aluminum foil. Next5 the sample was reground with a 

porcelain mortar and pestle. The entire sample (4.4 grams) was 

placed in an Erlenmeyer flask containing 40 ml of 6N HC1. The flask 

was sealed under nitrogen and heated in an oil bath for 24 hours at 

100*0. After heating, the sample was passed through a glass fritt. 

Forty ml of 6N HC1 that were used to rinse the flask were also 

passed through the fritt. The filtrate was evaporated to dryness 

on a rotary evaporator. The residue was redissolved in 6 ml of 

0.06N HC1. The final volume of the solution was 10 ml. Two ml 

of the redissolved Orgueil extract were cation exchanged, derivatized, 

and analyzed for amino acid content in a manner identical to the 

preparation of the acid extracts of the Isua rocks.



46
An alternative desalting procedure using an anion exchange 

column prior to the cation exchange step was tried in an attempt 

to purify a larger quantity of the Orgueil acid extract (5 ml) for 

amino acid analysis. This desalting procedure is similar to ones 

that have been developed for the analysis of amino acids in soils 

and marine sediments (Pollock and Miyamoto9 1971; Cheng, Shufeldt and 

Stevenson, 1975; Pollock, Cheng and Cronin, 1977; Pollock and 

Kvenvolden, 1978). First, an acid clean 30 cm x 11 mm i.d.

Nalgene (teflon) chromatography column was fitted with two support 

discs cut from a Chemware fine teflon filter membrane (Chemplast,

Inc., Wayne, New Jersey) . The -.column was packed with 16 ml (bed 

volume) of Bio Rad AG1-X8 200-400 mesh anion exchange resin in the 

chloride form (Bio Rad Laboratories, Richmond, California). The 

column was cycled (cleaned) numerous times with 50 ml 4N HCl,

30 ml H 20, 50 ml 4N NaOH and 50 Ml H20. Column cleaning was 

conducted for at least 5 days in advance of column activation. 

Extensive resin cleaning was. necessary to minimize column bleed 

during sample desalting (Pollock, 1979).

After cleaning, the column was activated (converted to the 

fluoride form) with 50 ml of 5N HF followed by 25 ml of 0.5N HF.

The flow rate was 0.5 ml/minute. To test the recovery potential 

of the anion exchange column, a standard mixture of amino acids 

was evaporated to dryness in a polypropylene tube, redissolved in 

1 ml of 0.5N HF, and placed on the anion exchange column. The 

eluant of the first ml containing the,amino acid mixture, and the
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eluant from an additional 25 ml of 0.5N HF that were run through 

the column5 were collected in a polypropylene flask and evaporated' 

under nitrogen. Prior to running the standard mixture of amino 

acids, a procedure blank consisting of 1 ml of 0.5N HF followed by 

25 ml of 0.5N HF were run through the column basically to ensure 

that the HF did not contain any amino acid contaminations. The 

eluant was evaporated under nitrogen. The column was reactivated 

before the amino acid mixture was anion exchanged.

.One ml of 6N HC1 was added to the standard mixture and 

blank residues to remove HF (Pollock, Cheng and Cronin, 1977). The 

mixture and blank were evaporated to dryness, esterified ŵ ith 2-4N 

isobutyl alchol/HCl, acylated with HFBA and analyzed by gas 

chromatography using an OS-138 50 ft. x 0.01 in. i.d. S.C.O.T. 

stainless steel capillary column. A description of the synthesis 

and analysis of HFBA-isobutyl-amino acid esters was provided above.

The Orgueil acid extract was prepared for anion exchange 

chromatography using the following procedure. Five ml of the Orgueil 

residue that were dissolved in 0.06N HC1 were evaporated to dryness 

in a polypropylene tube. Seven ml of 5N HF were added to the tube.

The solution was allowed to stand at room temperature for 1 hour.

HF treatment converted chloride salts to fluoride salts and 

precipitated large quantities of magnesium and minor amounts of 

calcium present in the Orgueil sample (Mason, 1971a,.1971b). HF 

treatment also reduced significantly the levels of potassium, 

sodium and aluminum present in the Orgueil sample (Mason, 1971b).
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Next, the solution was passed through a polypropylene Buchner 

funnel that was fitted with 1 sheet of Schleicher and Schueil No.

589 high quality grade analytical filter paper. Prior to filtering 

the sample, the filter paper was rinsed with 50 ml of 0.5N HF and 

the filtrate was discarded. After placing the sample on the Buchner 

funnel, an additional 10 ml of 0.5N HF were passed through the funnel 

and collected in the same flask as the sample filtrate. The filtrate 

was evaporated to dryness under nitrogen using a warm water jacket 

(50°C).

The resultant residue was redissolved in 1 ml of 0.5N HF and 

anion exchanged using the same procedure described above for the 

amino acid standard mixture. The anion exchange technique removed 

90 to 95% of the iron and aluminum present in the sample (Pollock,

Cheng and Cronin, 1977). The sample eluant was evaporated to dryness 

and redissolved in 1 ml of 6N HC1 to remove HF. Next, the solution 

was evaporated to dryness, redissolved in 4 ml of 0.06 N HC1, cation 

exchanged, derivatized to N-PFP-(+)-2-butyl amino acid esters and 

analyzed by gas chromatography using the same procedure described 

above for the preparation and analysis of the Isua rock acid extracts.

The Murchison Meteorite: Amino Acid Analysis

Water Extraction

A Murchison meteorite stone weighing 50.7 grams was analyzed 

for its amino acid content. Over 85% of the stone's surface was 

covered with an intact fusion crust. The entire surface of the stone
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(~2 grams) was removed 9 and the stone was subsequently broken into 

small fragments using the same procedure described above for the 

preparation of the Isua rock samples. Four interior fragments (~10 

grams) were saved for future use. The remaining interior fragments 

were ground to a fine powder using an acid clean porcelain mortar 

and pestle. The resultant powder (39.0 grams) and a procedure 

blank were water refluxed and prepared for amino acid analysis using 

the same procedure described above for the analysis of the Isua rock 

water extracts. In addition to gas chromatography;, the derivatized 

Murchison water extract was (like Isua sample 3028), analyzed for 

amino acids using combined gas chromatography-chemical ionization 

mass spectrometry.

Acid Extraction

The water refluxed Murchison powder was air dried under 

tightly wrapped aluminum foil. The sample was reground with a 

mortar and pestle. Next, 11.7 grams of the water extracted Murchison 

powder were placed in an Erlenmeyer flask that contained 40 ml of 

6N HClo The remaining powder was saved for future studies. The 

flask was sealed under nitrogen and heated in an oil bath for 24 

hours at 100°C. After acid hydrolysis, the Murchison extract was 

passed through a glass fritt. Forty ml of 6N HC1 were used to 

rinse the sample flask. This wash was also passed through the fritt. 

The filtrate was evaporated to dryness on a rotary evaporator. The 

resultant residue was dissolved in 10 ml of 0.06N HC1. The volume



of the dissolved residue was 20 ml. Five ml of this solution were 

centrifuged to remove a small amount of insoluble salts. Next9 the 

solution was evaporated to dryness in a polypropylene tube. Seven 

ml of 5N HF were added to the sample. After standing at room 

temperature for 1 hour, the sample was passed through a sterile 

Nalgene disposable filter that had been prewashed with 50 ml of 0.5N 

HF. Ten ml of 0.5N HF were passed through the filter and were 

collected in the same flask as the sample filtrate. The filtrate 

was evaporated to dryness and redissolved in 1 ml of 0.5N HF. The 

sample was subsequently anion exchanged, cation exchanged, deriva- 

tized to N-PFP-(+)~2-butyl: amino acid esters and analyzed for amino 

acid abundances and D/L ratios using the same procedure employed for 

the analysis of the Orgueil acid extract.

Hydroxy Amino Acid Analyses

Cronin, Pizzarello and Moore (1979) have stressed that there 

are a number of common biological amino acids e.g. ser, lys, his, arg 

phe, tyr, met, cys that are absent or below detection limits in 

carbonaceous meteorites. While exceptions to this rule may exist, 

the presence of these amino acids in a meteorite sample may indicate 

that a certain amount of terrestrial contamination has occurred. The 

N-PFP, 0-PFP-(+)-2-butyl esters-of hydroxy amino acid standards e.g. 

ser, tyr, decompose on the Carbowax 20M column (Pollock and Kawauchi, 

1968). Therefore, standard hydroxy amino acids (ser, tyr) were 

modified for analysis on Carbowax columns according to the procedures 

of Pollock and Kawauchi (1968) and Pollock, Cheng and Cronin (1977)



by replacing the pentafluoropropionyl group on the side chain 

hydroxyl oxygens of ser and tyr with an acetyl group.

First3 the derivatives were evaporated to dryness and 

redissolved in 0.25 ml CH2Cl2o Five hundredths ml methanol and 

5pi pyridine were added to each sample. The sample vials were 

sealed with teflon caps and kept at room temperature for 30 minutes. 

The samples were next chilled in an ice bath while being evaporated 

under nitrogen. One ml CH2Cl2 was added to each sample and the 

samples were capped and then cooled to 0°C while being stirred with 

8.0 mm x 1.5 mm teflon coated magnetic stirring bars. Next3 the 

sample caps were removed and 0.05 ml pyridine were added while 

stirring. Cotton plugs were placed on the tops of the vials. Five 

hundredths ml CH3C0C1 (Aldrich Chemical Company9 Milwaukee3 

Wisconsin) were added to the samples over 1 to 2 minutes. The 

samples were subsequently capped and allowed to stand at room 

temperature for 30 minutes. The samples were next evaporated to 

dryness under nitrogen. One ml anhydrous ether was added to each 

sample. The samples were then centrifuged to remove pyridine 

hydrochloride precipitates from solutions. The salts were extracted 

and centrifuged three times with additional 1.0 ml aliquots of ether. 

The ether extracts were combined and evaporated under Nz. The 

resultant residues were redissolved in CH2CI2 and analyzed by gas 

chromatography for D/L amino acid ratios in a manner identical to the 

analyses of the previously synthesized N-PFP-(+)-2-butyl ester amino 

acid standards.
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A portion of the derivatized Murchison water extract was also 

modified using the same procedure to determine if ser and/or tyr 

were present in this sample.



RESULTS

Derivatization of Amino Acid Standards 

A gas chromatogram of a standard mixture of N-PFP-(+)-2-butyl 

amino acid esters is shown in Figure 2. Amino acid abbreviations are 

listed in Table 4. The majority of neutral and acidic amino acid 

diastereomers could be resolved using the Carbowax 20M 200 ft. x 0.02 

in. i.d. W.C.O.T. nickel column. N-PFP, 0-PFP-(+)-2-butyl esters of 

amino acids containing hydroxyl substituents e.g. serine, undergo 

on-column decomposition on the Carbowax column (Pollock and Kawauchi, 

1968). D ,1-3-amino butyric acid could not be resolved on this column. 

Also, L-asp and y-aba (y- amino butyric acid) co-eluted. Attempts at 

resolving L-asp and y-aba by varying column parameters e.g. He flow, 

temperature program, were not successful. . It was noticed, however, 

that when y-aba is present in significant amounts, D-asp and L-asp- 

y-aba do not resolve as well as D-asp and L-asp alone. Additional, 

analyses of amino acid standards determined that D-cx-aba (a-amino • 

butyric acid) and L-cx-aba co-elute with D-ile and L-ile, respectively. 

Also, a-aiba (a-amino isobutyric acid) co-elutes with D-val, and 

L-3-aiba (3-amino isobutyric acid) co-elutes with D,L-3-aba on this 

column. Sar (sarcosine, i.e. N-methyl glycine) co-elutes with L- 

nval (norvaline) on this column.

In an attempt to determine the relative abundances of amino
cacids with identical retention times and to confirm the identity
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Figure 2. 
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Gas Chromatogram of Standard D and L Amino Acid Derivatives. 

A Carbowax- 20M 200 ft. x 0.02 in. i.d. W.C.O.T. nickel capillary column was 
used. The He flow was 11.5 ml/minute. The oven program was 80°C isothermal 
for 20 minutes, then 80°C to 160°C at l°C/minute. The program was finished 
isothermal at 160°C. The inlet temperature was 150°C. 
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TABLE 4. Amino Acid Abbreviations.

Abbreviation Amino Acid

ala alanine
£-ala g-alanine
alloile alloisoleucine
a-aba d-amino butyric acid
3~aba 3-amino butyric acid
y-aba y-amino butyric acid
a3M2ab 2-amino -2, 3, dimethyl butyric acid
aeb 2-amino-2-ethyl butyric acid
a-aiba a-aminoisobutyric acid
3-aiba 3-aminoisobutyric acid
arg arginine
asn asparagine
asp aspartic acid
cys cysteine
glu glutamic acid
gin glutamine
gly glycine
his histidine
ile isoleucine
ival isovaline
leu leucine
lys . lysine
met methionine
mnv 2 -me thylno rva line
nleu norleucine
nval norvaline
orn ornithine
phe phenylalanine
pro proline
pie pseudoleucine
sar sarcosine
ser serine
thr threonine
tryp tryptophan
tyr tyrosine
val valine
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of other amino acids present in some samples, combined gas chroma- 

tography-chemical ionization mass spectrometry was employed. Figure 

3 is a total ion trace for a standard mixture of N-PFP-(+)-2-butyl 

amino acid esters resolved on a Carbowax 20M 150 ft, x 0.02 in, i.d. 

S.C.O.T. stainless steel column. While dead volume between the 

capillary column exit and the ionization chamber reduced the 

resolution of the amino acid diastereomers, peak identity could be 

continuously monitored by chemical ionization mass spectrometry.

During investigations of the recovery potential of procedural 

steps for the extraction of amino acids from rocks it was not always 

necessary to synthesize amino acid diastereomers ,for analysis on 

Carbowax columns. The time involved (> 2 hrs) for a single chroma

tographic analysis on a Carbowax nickel column made it desirable to 

implement an alternative analytical procedure. The synthesis of 

N-HFBA-isobutyl amino acid esters and their subsequent "elution on 

an OS-138 50 ft. x 0.01 in. i.d. S.C.O.T. stainless steel column 

provided a method of determining the presence and abundance of 

amino acids in a sample in less than half the time required for, 

analysis on a Carbowax column. The chromatogram of a standard mixture 

o f  N-HFBA-isobutyl amino acid esters is shown in Figure 4.

Ball Mill Study

A comparison of gas chromatograms resulting from the analysis 

of 1-valine and L-alanine ground with quartz in a ball mill for 50 

hours versus the analysis of 1-valine and l-alanine ground with 

quartz using a mortar and pestle is shown in Figure 5. As can be



Figure 3. Total Ion Trace of a Standard Mixture of D and L Amino Acid Derivatives. 

A Carbowax-20M 150 ft. x 0.02 in. i.d. S.C.O.T. stainless steel capillary column 
was used. The carrier gas (methane) flow rate was -8.5 ml/minute. The oven 
program was 90°C isothermal for 20 minutes; then 90°C to 150°C at 2°C/minute. 
The program was finished isothermal at 150°C. The inlet temperature was 150°C. 
The ionization chamber temperature and pressure were 150°C and 1.0 torr, respec
tively. The emission current was 1.0 mil~iamp. 150 eV was used to generate the 
methane ions. 
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Figure 3. Total Ion Trace of a Standard Mixture of D and L Amino Acid Derivatives.



Figure 4. Gas Chromatogram of Standard Amino Acid Derivatives. 

An OS-138 50 ft. x 0.01 in. i.d. S.C.O.T. stainless steel capillary column was used. 
He flow rate was 3.5 ml/minute. The oven program was 80°C isothermal for 15 minutes) 
then 80°C to 180°C at 2°C/minute. The program was finished isothermal at 180°C. The 
inlet temperature was 200°C. 
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Figure 5. Gas Chromatograms of Valine and Alanine Ground with Quartz 
in a Ball Mill (Top) and in a Mortar and Pestle (Bottom). 

A Carbowax-20M 200 ft. x 0.02 in. i.d. W.C.O.T. nickel 
capillary column was used. The He flow was 11.5 ml/ 
minute. The oven program was ll0°C to 160°C at 2°C/ 
minute. The program was finished isothermal at 160°C. 
The inlet temperature was 155°C. 
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seen in these chromatograms«, the synthesis of N-TFA-(+)-2-octyl esters 

resulted in excellent resolution of the diastereomers of valine and 

alanines thus allowing precise determinations of these relatively 

low D/L ratios.

The D/L ratios for alanine and valine extracted from the 

ground quartz mixtures are listed in Table 5. As was noted in the 

experimental section, these derivatives were not acylated for exactly 

the same lengths of time (5 to 10 minutes). It is evident from the 

D/L ratios listed for alanine and valine standards in Table 5 that 

racemization is not enhanced when acylation time is extended from 

5 to 12 minutes. These standard D/L ratios were identical to those 

obtained from previous experiments when alanine and valine were 

acylated for 2 hours at room temperature. It is possible to acylate 

amino acids with TEA- for a few minutes at 100°C and save 2 hours 

sample preparation time without affecting D/L amino acid ratios.

The D/L ratios for alanine and valine extracted from quartz 

ground by mortar and pestle were identical to the values obtained 

for the alanine and valine standards. However, prolonged ball 

milling of the samples caused an increase in racemization. While 

increased ball milling time increased racemization, it apparently 

did not increase racemization at a uniform rate. Assuming first order 

reversible kinetics for the racemization reactions, the rate constants 

for valine racemization. after 25 hours and .50 hours of ball milling 

were 1.72 x 10 3 hr1and 1.00 x 10 3 hr 1 , respectively. For alanine 

the rate constants resulting from 25 and 50 hours of ball milling were
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TABLE 5. Ball Mill Study: Amino Acid D/L Ratios.3

Sample D/L Val D/L Ala

L-val, L-ala standard (5 min. acylation) 0.004 0.003

L-val, L-ala standard (12 min. acylation) 0.002 0.002

Ground quartz (mortar and pestle) 0.002 0.002

Ground quartz (ball mill, 25 hrs.) 0.045 0.060

Ground quartz (ball mill, 50 hrs.) 0.052 0.072

a. Each D/L ratio represents an average of at least three 
gas chromatographic determinations„ The standard error 
for each ratio was <0 .002.
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calculated to be 2.32 x 10 3hr 1 and 1.40 x 10"3hr”15 respectively.

This apparent decrease in the rate of racemization with increased ball 

milling may in part be an artifact attributed to heating and cooling 

during milling. Owing to experimental constraints with the mill, 

neither the 25 nor 50 hour ball mill runs were conducted for 25 or 50 

continuous hours. An alternative explanation may be that the milling 

balls were coated by a thick and soft layer of very fine-grained quartz 

(possibly containing some water with different bonding energies) which 

muted., the- impacts and thereby reduced excessive impact temperatures 

at sharp grain boundaries.

Thus, ball milling can cause racemization when amino acids are 

ground with quartz. Additional milling time can be expected to 

increase the extent of racemization over time. While the amino acids 

in a rock being milled would be temporarily protected until a signifi

cant portion of the sample was powdered, it is conceivable that a 

small amount of racemization could occur during sample preparations 

that employ a ball mill. When possible, depending on the hardness 

of the rock to be analyzed, mortar and pestle grinding is a preferable 

method of sample preparation. Mortar and pestle grinding, while 

producing a powder coarser than a ball mill* allows accurate D/L 

ratios to be determined for samples in which small amounts of amino 

acid racemization are suspected.

Negligible weight loss .occurred when ball milled quartz was 

heated in the vacuum oven. Both heated quartz samples experienced an 

average weight loss of 0..03.9% (sample heated 4 hrs = 0.043%; sample

' . \
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heated 5 hrs = 0.035%) of their original respective weights. Signi

ficant amounts of water9 if present9 could not be driven off by the 

heating procedure employed. Based on the crystal chemistry of quartz9 

heating this colloidal quartz powder in the high vacuum of a mass 

spectrometer would be expected to show a higher abundance of water.

The Isua Rocks: Amino Acid Analysis

Water Extraction Versus Acid Extraction

Amino acids were successfully isolated from the Isua rocks 

using the water extraction procedure. The 6N HC1 extraction technique 

resulted in the recovery of additional quantities of amino acids from 

all four Isua samples. Figures 6 9 7 9 8 and 9 show gas chromatograms 

of the water extract, 6N HC1 extract and procedure blank for Isua 

rocks 3016, 3022, 155782 and 3028, respectively. The Carbowax 20M 

nickel column afforded excellent resolution of the'Isua amino acid 

diastereomeric derivatives.

The amino acids that contained asymmetric centers were only 

slightly racemized. Table 6 lists the amino acid D/L ratios for the 

water and acid extracts of the Isua rocks. Each D/L ratio is, 

whenever possible, based on an average of at least three gas chroma

tographic determinations. Gin (glutamine) and asn (asparagine), if 

present in the Isua samples, would have been completely converted to 

glutamic acid and aspartic acid during the acid hydrolysis step of 

the work up procedure (Williams and Smith, 1978). All D/L ratios 

and concentrations reported for glu and asp in the Isua samples and 

other samples may have included contributions from gin and asn.
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TABLE 6 . Isua Samples: Amino Acid D/L RaJtios.a

Sample Extraction Glu Phe Asp Pro Leu Ala H e Val

3016 H20 0.269 b 0.177 0.192 0.115 0.220 0.053 0.073

3016 HC1 0.158 b 0.127 0.066 0.023 0.088 b c

3022 h2o. 0.141 b 0.162 0.181 0.061 0.108° b b

3022 HC1 0.076b b 0.124 0.054 c c b b

3028 H2Q 0.186 0.064 0.150 0.127 0.094 0.206 0.028 0.068

3028 HC1 c c 0.194° 0.045 0.140° 0.174 b c

155782 h 2o 0.087b b 0.178 0.229 • b 0.340 b b

155782 HC1 b b b b b b b b

a. Average Instrumental Error for D/L Ratios = 0.011.

b. D peak and/or L peak too small to determine D/L ratio. Where a value is reported, 
it is based on only one gas chromatographic'determination.

c. Interference of D peak and/or L peak.
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Slight racemization during acid hydrolysis and a small amount 

of C-)-2-butanol impurity in the 99.99% pure (+)-2-butanol used for 

esterification contributed slightly to the D/L ratios reported in 

Table 6 . The D/L ratio for Isua 3016-H20 leu (0.023) was identical 

to the D/L ratio obtained when pure L-leu was hydrolyzed for 24 hours 

in 6N HG1 and subsequently esterified with (-f)-2-butanol. Other 

L-amino acid standards did not vary from the D/L ratio of the L-leu 

standard (0.022) by more or less than 0.01. Isoleucine contains two 

asymmetric centers. The D/L ratios reported for ile are for the 

epimerization reaction i.e. D-alloisoleucine/L-isoleucine. Acid 

hydrolysis and subsequent derivatization of standard L-ile resulted 

in the production of a small amount of D-ile (D/L <0.02) but no 

D-alloile. It has been shown that the high activation energy required 

for inversion at the (3-carbon atom of L-ile prevents the formation of 

L-alloile and D-ile in laboratory simulation experiments as well as 

in geological samples (Hare, 1969; Dungworth, 1976). The D-ile 

formed during acid hydrolysis and esterification of the L-ile stand

ard can be attributed entirely to .(-) -2-butanol impurity during 

esterification.

The D/L ratios of the water extractable amino acids were 

higher than the D/L ratios determined for the amino acids extracted 

with 6N HC1. The apparent exceptions were asp and leu extracted from 

Isua 3028. However, gas chromatographic peak interference probably 

accounted for the higher D/L ratios in these Isua 3028 HC1 extracts. 

During the preparation of the 6n HC1 extracts, only a portion of the



70
extracts could be ion exchanged because of the high concentrations 

of salts produced by this procedure. The D-amino acid concentrations 

were too low to determine D/L ratios for the 155782 HC1 extract.

It is possible that the amino aaids extracted with 6N HC1 

were more tightly bound to or complexed with the carbonaceous matter 

and/or inorganic mineral matrices of the Isua rocks than the water 

extractable amino acids. Small amounts of clay minerals were 

observed in the Isua rock thin sections. Chlorite and possibly 

montmorillonite were detected during x-ray diffraction of Isua 3016. 

Akiyama (1978) has reported that the epimerization of ile held in 

between unit cell layers of Na-montmorillonite is retarded. It is 

possible that an, analogous phenomenon has occurred in the Isua 

rocks.

Table 7 lists the abundances (nanomoles/gram) of the amino 

acids present in the water and acid extracts of the Isua rocks. Amino 

acid concentrations were calculated by comparing integrated sample 

peak areas with peak areas of standard amino acids of known concen

trations. The concentrations of D,L amino acid enantiomeric pairs 

are reported as total (D+L) values.• All amino acid concentrations 

reported in this study were.determined using the same procedure.

The experimental error for this procedure was +20%. For example the 

error range of glu in the Isua 3016 water extract was 5.62 +1.12 

nanomoles/gram. With the exception of 'ala, all of the amino acids 

were present in higher concentrations in the HC1 extract of Isua 

3016 than in the corresponding H20 extract. Gly, glu and asp



TABLE 7. Isua Amino Acid Concentrations,a

Sample Extract Glu Phe Asp Pro g-ala Leu . lie Gly Val Ala

3016 .h2.o 5.62 0.33 4.15 1.70 0.82 1.24 0.81 7.92 1.30 2.75

3016 HC1 13.16 1.33 8.02 5.35 1.10 3.61 1.21 12.65 1.11 1.61

3022 H20 1.75 . trace 2.53 0.52 0.18 0.20 0.14 2.18 0.15 0.30

3022 HC1 2.74 0.29 2.36 1.71 0.17 0.49 0.27 3.65 0.41 1.33

155782 H20 0.23 0.01 0.14 0.14 0.03 0.03 0.02 0.59 0.03 0.08

155782 HC1 0.21 0.19 0.13 0.35 0.12 0.13 trace 2.21 trace 0.22

3028 h2o 11.76 0.55 12.78 4.20 1.12 2.31 1.64 16.19 3.53 8.15

3028 HC1 b b 0.90 1.18 0.24 0.80 0.33 2.59 0.49 1.41

a. Concentrations = nanomoles/gram a

b. Interference of gas chromatographic peaks did not permit calculation of these 
concentrations.
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were the most abundant amino acids detected in the H2O and HC1

extracts of Isua 3016„ With the exceptions of asp and g-ala, the

acid extractable amino acids present in Isua 3022 were slightly 

higher in concentration than the water extractable amino acids,

Gly5 gin and asp were the most abundant amino acids detected in 

both the H20 and HC1 extracts of Isua 3022.

The amino acids present in the HC1 extract of Isua 155782 

were of similar or slightly higher concentration than the amino acids 

present in the corresponding H2O extract. Gly, gin, pro and asp 

were the most abundant amino acids detected in the HC1 extract of

155782. Isua 3028 had a significantly higher concentration of amino

acids in its water extract than in its HC1 extract. Once again, gly, 

asp and glu were the most abundant amino acids detected in the water 

extract. Gly, ala and pro were the most abundant amino acids 

detected in the Isua 3028 HC1 extract. Peak interference made it 

impossible to calculate the abundance of glu. in the HC1 extract of 

Isua 3028. However, as seen in the gas chromatogram of the HC1 

extract of 3028 (Figure 9) gin was probably present in a relatively 

high abundance in this extract.

L-me thi on ine - (met) was detected in the water extracts of 

Isua 3028 and 3016. The N-PFP-(+)-2-butyl ester of met is unstable 

(Pollock and Oyama, 1966) and rapidly decomposes subsequent to 

synthesis. It was, therefore, not possible to calculate accurate 

concentrations of met in Isua 3028 and 3016. Methionine, initially 

present in the Isua 3028 H20 extract, had completely decomposed prior 

to analyses employing GC-CIMS.
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Gas Chromatography-Chemical Ionization Mass Spectrometry

The N-PFP-(+)-2-butyl e s t e r s  o f  the amino acids present in 

the water extract of Isua 3028 were analyzed by gas chromatography- 

chemical ionization mass spectrometry. A total ion trace for Isua 

3028 is shown in Figure 10. A comparison of the mass spectra of 

3-ala in the amino acid standard mixture with g-ala in the Isua 3028 

watei? extract is shown in Figure 11. Minimal fragmentation occurred 

below m/e 200. Very good agreement was found between the relative 

intensities of the fragment ions in the standard and unknown. As 

previously mentioned, M+l and an adduct compound (M4-29) are common 

occurrences in CI-MS. M/e 292 (M+l) and m/e 320 (M+29) are clearly 

present in the g-ala spectra shown in Figure 11.. All of the amino 

acids identified in the total ion trace and gas chromatogram of the 

Isua 3028.H2O extract were confirmed, in addition to coinjection 

and retention time, by matching their mass spectra with those of 

amino acid standards.

In addition to the common biological amino acids found in 

the Isua samples, chemical ionization mass spectrometry confirmed 

the presence of small quantities of a-aba, g-aba/S-alba, y-aba and 

sar in the Isua 3028 water extract. The locations of these amino 

acids are shown on the total ion trace in Figure 10 and on the gas 

chromatograms of Isua 3028 in Figure 9. y-Aba co-eluted with L-asp.

A small quantitiy of D,L-a-aba co-eluted with D,L-ile.

The presence of small amounts (<10%) of y-aba and L-cc-aba 

made the d /l ratios reported for asp and ile in the Isua 3028 water
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extract (Table 6) slightly lower than they actually were. To correct 

for these inconsistencies, single ion scans were monitored for asp and 

ile. Ions were chosen that were not common to Y-aba (for asp) and 

a-aba (for ile). Unfortunately, D-asp and L-asp and D-ile and L-ile 

were not resolved well enough during the analysis to determine D/L 

ratios.

However, the single ion technique was employed successfully 

to determine D/L ratios for ala, leu and phe in Isua 3028. Single 

ion traces for three ions common to ala (m/e 216, 218 and 292) but 

not common to adjacent amino acids e.g. ile and d-aba, are shown in 

Figure 12. D/L ratios for each ion trace were determined from 

relative ion peak heights. The average D/L ratio for ala based on 

the three ion traces is shown in Table 8. D/L ratios determined 

from ion current peak heights for phe and leu are also listed in 

Table 8. D/L ratios previously determined from the integration of 

gas chromatographic peak areas are listed for comparison. Relatively 

good agreement existed between the two methods for determining D/L 

ratios.

Isua 3016: A Comparative Study

In addition to the gas chromatographic analyses of the Isua 

3016 water- extract and blank shown in Figure 6 , 10% portions of the 

acid hydrolyzed water.extract and blank were analyzed by an 

alternative gas chromatographic procedure. Amino acid D/L ratios 

were determined by synthesizing N-TFA-isopropyl esters. A glass 

capillary column coated with an optically active stationary phase



Figure 12. Single Ion Traces for Alanine in the Water Extract of 
Isua 3028. 

The scan numbers correspond to the scan numbers for the 
total ion trace in Figure 10. A = m/e 216, D/L ala = 
0.20; B = m/e 218, D/L ala = 0.21; C = m/e 292, D/L 
ala = 0.16. 
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Figure 12. Single Ion Traces for Alanine in the Water Extract of 

Isua 3028.



TABLE 8 . Isua 3028 Water Extract: Amino Acid D/L Ratios.
78

Amino Acid Ion Current Peak Heights G. C. Integrations

Phenylalanine 0.11 ± 0.01 0.064 ± 0.004

Leucine 0.08 ± 0.00 0.094 ± 0.005

Alanine 0.19 ± 0.03 0.206 ± 0.003
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was employed for the gas chromatographic separation of the D sL-amino 

acid enantiomers. No amino acids were detected in the Isua 3016 

blank, A comparison of the amino acid D/L ratios determined by the 

analysis of N-TFA-isopropyl esters versus N-PFP-(+)-2-butyl esters is 

shown in Table 9. The D/L ratios determined by synthesizing N-PFP- 

(+)-2-butyl esters were s with the exception of val and asp 5 slightly 

higher than the N-TFA-isopropyl ester values. These inconsistencies 

can be partially attributed to (1) slight differences in the resolving 

capacities of the two techniques for the various amino acids and (2) 

the slight enhancement in D/L ratios of the N-PFP-(+)-2-butyl esters 

attributed to a small amount of (-)-2-butanol impurity, ■- In addition 

to the amino acids previously reported for Isua 3016 ser and lys were 

resolved on the optically active stationary phase.

A portion of the Isua 3016 water extract was analyzed on an 

automated amino acid analyzer designed by Dr. P. E. Hare. In addition 

to the amino acids previously reported, thr, tyr, his and arg were 

detected in the. Isua 3016 water extract. The analyzer results are 

shown in Table 10. Proline could not be resolved on the amino acid 

analyzer. The relative abundances of the amino acids determined by 

the analyzer technique are in good agreement with the 3016 amino acid 

abundances determined by gas chromatography (Table 7).

Spiking Experiment

The acid extraction technique resulted in a high recovery of 

norvaline (nval) and norleucine (nleu) in spite of the abundance of 

Fe+3 ions in the sample. Approximately 71% of L-nval and ~ 74% of
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TABLE 9» Isua 3016 Extract: Amino Acid D/L Ratios•

Amino Acid N-TFA-isopropyl esters3- N-PFP-(4-)-2-butyl esters^

Aspartic acid 0.20 0.177

Glutamic acid 0.20 0.269

Serine 0.15 c

Phenylalanine - 0.074 d

Leucine 0.06 0.115

Lysine 0.07 c

Alanine 0.17 0.220

Valine 0.05 0.073

Proline c 0.192

Isoleucine d 0.053

a. G. C. column = W. C. 0 T. glass capillary column coated
with L-val. + -butylamide coupled to copolymer of
(CB3)2~siloxane and carboxy alkyl methyl siloxane.

b. G. Ge column = Carbowax 20M 200 ft. x 0.02 in. i. d. W. C. 0. T. 
nickel capillary column.

c. The amino acid could not be resolved on the column employed.

d. The D peak was too low to determine an amino acid D/L ratio.
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TABLE 10. Isua 3016 Water Extract Amino Acid
Concentrations Determined on an Amino 
Acid Analyzer.

Amino Acid Parts Per Thousand

Aspartic acid

Threonine

Serine

Glutamic acid

Glycine

Alanine

Valine

Isoleucine

Leucine

Tyrosine

Histidine

Arginine

Lysine

Phenylalanine 

g-alanine

144

51

76

160

205

158

54

24

37

3.4

trace

14

18

5

22
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L-nleu were recovered subsequent to the 6N HC1 hydrolysis of these 

amino acids in the presence of 8.1 grams of Isua 155782„ The D/L 

ratios of L-nval and L-nleu were 0.022 and 0.028? respectively. The 

D/L ratios were not above the low levels of racemization caused during 

acid hydrolysis and esterification of L-amino acid standards.

Lichen Analyses

Gas chromatograms of the amino acids detected in Rhizocarpon 

sp. and Dermatocarpon sp. are shown in Figure 13. The amino acids 

present in the lichens were, as anticipated, almost entirely of the 

L configuration. The D/L ratios for the lichens are listed in Table 

11. Two sets of D/L ratios are listed for Pseudophebe minuscula.

The free fraction consists of amino acids and/or peptides extracted 

from the sample with dilute hydrochloric acid (1.5N). The free 

fraction was hydrolyzed with 6N HC1 prior to ion exchange and deriva- 

tization. The bound fraction consisted of those amino acids recovered 

during 6N HC1 hydrolysis of the residual lichen that had been extrac-. 

ted with 1.5N HC1. The low D-amino acid concentrations in the free 

fraction of Pseudophebe minuscula permitted D/L ratios to be calcu

lated for only two amino acids, glu and pro. Proline was slightly 

more racemized in the free fraction (0.035) than in the bound fraction 

(0.023). The glu D/L ratios were about the same in both fractions 

(free fraction = 0.025; bound fraction = 0.028).

Figure 14 compares a gas chromatogram of the amino acids 

extracted from Pseudophebe minuscula with the water extract of Isua 

3016. A notable correlation existed between the types of amino acids
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Figure 13. Gas Chromatograms of Determatocarpon sp. (Top) and Rhizocarpon sp.(Bottom). 

Column conditions are the same as in Figure 2.



TABLE 11. Amino Acid D/L Ratios in Lichens.a

Lichens.Species Glu Phe Asp Pro Leu Ala Val

Rhizocarpon sp. 0.034 0.023 0.059 0.052 0.032 0.022 0.027

Dermatocarpon sp. 0.033 0.024 0.050 0.035 0.027 0.029 0.027

Pseudophebe minuscula 

Free Fraction 0.025 b b 0.035 b b b

Bound Fraction 0.028 b 0.048 0.023 0.029 0.026 0.017

a. Instrumental error: < ± 0.01.

b. D-peak below detection.limits.

0 0
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Figure 14. Gas Chromatograms of the Isua 3016 Water Extract (Top) and of Pseudophebe 

minuscula (Bottom).

Column conditions are the same as in Figure 2.
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present in the lichen and in the rock. Table 12 lists the amino 

acid abundances in the lichens. The amino acids present in the 

lichens were more abundant than those present in the water extracts 

of the Isua rocks by 3̂ to >10 orders of magnitude. The three most 

abundant amino acids detected in the lichens were glu, asp and gly.

Glu, asp and gly were also the most abundant amino acids detected in 

the water extracts of Isua rocks 30169 3022, 3028 and 155782.

Diffusion Effects

A comparison between the gas chromatogram of the water extract 

of Isua rock 3016 and the gas chromatogram of the water extract of the 

small piece of Isua 3016 that was kept in a solution of D-amino acids 

for 1,321 hours at 36°C is shown in Figure 15. D-amino acids were 

able to diffuse into the 3016 sample. D-asp, an acidic amino acid, 

was an order of magnitude more abundant in the Isua 3016 rock 

sample than D-leu, D-ala and D-valD-asp also preferentially 

diffused into Isua 3015 by an order of magnitude more than the other 

D-amino acids. The original 3015 sample was only half the size of

3016. The majority of 3015 was used for porosity and permeability

studies. There was not enough 3015 left to attempt a water

extraction prior to the diffusion experiment.

Table 13 lists the amounts of D-amino acids that diffused 

into Isua 3015 and 3016 and, for comparison, the abundance of D- 

amiho acids in Isua rock 3016 prior to diffusion. Isua rock 3016 

had a much higher water permeability than Isua 3015 (Table 1). It



TABLE 12. Amino Acid Concentrations in Lichens.3

Amino Acid Rhizocarpon sp Dermatocarpon sp. P. minuscula 
Free Fraction

P. minuscula 
Bound Fraction

glu 0.90 24.20 0.07 '0.24

phe 0.34 4.10 <0.003 0.08

asp 0.84 17.60 0.03 0.23

pro 0.41 13.70 0.01 0.16

g-ala 0.01 0.20 <0.001 trace

leu 0.35 7.70 <0.004 0.18

ile 0.20 3.50 <0.002 0.09

giy 0.72 16.20 0.01 0.31

val 0.28 6.70 <0.002 0.12

ala 0.40 10.10 <0.005 0.16

a. Concentration = nanomoles/mg x 10&'

b. Contains some inorganic rock debris together with the lichen.

00*̂i
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Figure 15. Gas Chromatograms of the Water Extract of Isua 3016 (Top) 
and the Water Extract of Isua 3016 After Diffusion 
(Bottom).

Column conditions are the same as in Figure 2.



TABLE 13♦ Isua Diffusion Experiment.

Amino % Diffused 
into 3016

% Diffused 
into 3015

o a, b Cone.
After Diffusion: 

3016

Cone, a , k 
After Diffusion: 

3015

Conc.a
Before Diffusion: 
3016 (H2O Extract)

D-ala 2.88 x 10"2 2.34 x 10~4 4.14
_2

2.23 x 10 3.43 x 10
-1 -2 1. -1 -1D-asp 1.98 x 10 1.00 x 10 1.96 x 10 6.40 x 10 4.35 x 10

D-leu 3.72 x 10™2 _48.13 x 10 3.47
_25.13 x 10 _28.61 x 10

D-val 1.44 x 10 -44.35 x 10 1.54
_2

3.07 x 10 5.99 x 10-2

a. Concentration = nanomoles/gram.

b. The % D-amino acids that diffused into the rocks and the D--amino acid concentrations
after diffusion are minimum values. They do not take into account the percentage of amino
acids lost when the surfaces were drilled off the samples.

00vo



was 5 therefore9 not surprising that a larger quantity of D-amino 

acids entered into 3016«

Subsequent to water extraction9 Isua 3016 was extracted 

with 6N HC1 to see if any residual D-amino acids remained in the 

sample. No D-amino acids were detected in the HC1 extract above 

the levels reported for the HC1 extract of Isua rock 3016 prior to 

diffusion. This is interesting regarding the possible origins of 

amino acidsN in the acid extracts of the Isua rocks.

Isua Rock Hydrocarbon Analyses 

n-Alkane hydrocarbons ranging from n-C16 to n-C2i were 

detected in Isua 3016 and in Isua 3028. Hydrocarbon identifications 

were based on retention time9 coinjection and comparison of mass 

spectra with mass spectra of hydrocarbon standards. Figure 16 shows 

the excellent correlation between mass spectra of a pristane standard 

and the mass spectra of pristane in Isua 3016. In addition to

detecting pristane in Isua 3016 and 3028 s there is a strong

possibility that the shoulder that elutes just prior to n-C18.in 

xboth samples is phytane.

Gas chromatograms of the hydrocarbons present in Isua 3016 

and 3028 are shown in Figures 17 and 189 respectively. Odd carbon 

preference9 characteristic of certain hydrocarbon distributions in 

certain modern-sediments (Meinschei^ 1969) and most living organisms

(Clark, 1966; Meinschein, 1969) was not detected in 3016 or in 3028.

n-Cie was the most abundant straight chain aliphatic hydrocarbon in
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Figure 17. Gas Chromatograms of the Solvent Blank and the Hydrocarbons in Isua 3016.

An Apiezon-L 50 ft. x 0.2 in. i.d. W.C.O.T. stainless steel column was used. The He flow 
was 3.5 ml/minute. The oven program was 80°C isothermal for 5 minutes; then 80°C to 210°C 
at 2°C/minute. The program was finished isothermal at 210°C. The inlet temperature was 
200°C.
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Column conditions are the same as in Figure 17.
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Isua 3028 while n-Cis an<3 a~Clg were of similar abundance in lusa 

3016. The hydrocarbon envelopes were similar to those found by Hahn 

(1979) in other banded iron formation samples collected in the 

vicinity of Isua 3016 and 3028.

Arctic Lichen: Hydrocarbon Analysis

Pseudophebe minuscula was extracted for hydrocarbons. The 

abundance of n-alkanes in the sample was very low. The small sample 

size of J?. minus cula available for hydrocarbon analysis (1.5 mg) 

compared to Isua 3016 (21.4 grams) and Isua 3028 (44.6;grams) made it 

impossible to make any comparisons between the lichen and the rock 

samples.

Transvaal Amino Acid Analyses 

D/L ratios for amino acids detected in the water and acid 

extracts of MAI-927 and MAI-944 are listed in Table 14. The amino 

acids were generally more racemized in the water extracts of the 

rocks than in their respective acid extracts. However 9 noticeable 

exceptions existed. Proline and valine were more racemized in the 

acid extract of MAI-944 than in the MAI-944 water extract.

The water extractable amino acids did not exhibit a uniform 

increase or decrease in racemization with depth. The D/L ratios of 

asp and ala increased with depth. The D/L ratios of pro 9 leu and 

val decreased with depth. The D/L ratios for glu were the same 

(0.040) in the water, extracts of both samples. In the acid extracts 

of both samples, an increase in racemization with depth was observed



TABLE 14. Transvaal Cores Amino Acid D/L Ratios.3

Core Depth Extract Glu Phe Asp Pro Leu Ala Val Ileb

MAI 927m H20 0.040 d 0.193 0.134° . 0.165
(0.088)
0.821

(0.174)
0.468 d

MAI 92.7m HC1 0.057° d
(0.009)
0.126

(0.009)
0.027 0.029

(0.008)
0.372°

(0.018)
0.099 d

MAI 944m h 2o
(0.002)
0.040 d

(0.016)
0.859° 0.100° 0.096 0.878°

(0.001)
0.252

(0.012)
0.607

MAI 944m HC1 d d d 0.149° 0.062 e
(0.097)
0.656 0.283

a. The low amino acid concentrations in these samples made it impossible to obtain three gas 
chromatographic determinations for each D/L ratio reported. When more than one D/L ratio 
could be determined, the standard error for the values is shown in parenthesis.

b. The D/L isoleucine ratio = alloisoleucine/isoleucine.

c. One (or more) D/L ratios determined by weighing the peaks. '

d. D peak and/or L peak too small to determine D/L ratio.

e. Interference of D peak and/or L peak.

VOVl
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for the three amino acids (pro, leu, val) for which D/L ratios could 

be calculated„

Table 15 lists the amino acid abundances in^^he^walter^and 

acid extracts of the two Transvaal core sampTesT^ Gly, asp and glu 

were the most abundant amino acids in the water extracts of both 

samples. With the exception of asp in Transvaal MAlr--944, the 

amino acid concentrations were—higher in the acid extracts of both 

samples than in the water extracts« With the exceptions of glu 

and pro, the abundances of amino acids in the water extracts-of the 

Transvaal samples decreased with depth» All of the amino acid 

abundances in the acid extracts of the Transvaal samples decreased 

dramatically with increasing depth.

Dril1 Rod Lubricant

The concentrations and D/L ratios of the amino acids detected 

in the drill rod lubricant used during the drilling of the Transvaal 

cores are listed in Table 16. The most abundant amino acids_in——

the lubricant were gly, glu, leu and-pro. _ PeaK̂ int'exf-ex̂ ence—mad.e_. 

it impossible to calculate the concentration of asp in this sample. 

Phe was present in considerably higher concentration in t^he^lubri- 

cantthan—in the Transvaal rocks.

The driD^rbdT^Tuh^icant amino acid D/L ratios ranged from 

0.090 for pro to 0.316 for ile. Gl^^and-^,^ D/L ratios were higher 

in the lubricant than in either the water or at^d^extracts of the 

Transvaal core samples. The other amino acids in the lubricant had



TABLE 15. Transvaal Cores Amino Acid Concentrations.a

Core Depth Extract Glu Phe Asp Pro Gly 6-ala Leu Ala lie Val

MAI 927m h2o .5.50 b - 4.80 0.70 17.00 1.20 0.34 4.80 0.62 1.80

MAI 927m HC1 208.00 b 64.70 157.00 385.00 4.19 68.50 87.00 33.60 61.00

MAI 944m h2o 7.28 0.07 4.33 0.73 6.43 0.53 0.23 1.36 0.42 0.72

MAI 944m HC1 7.54 b 2.43 8.86 26.70 0.66 2.91 3.81 4.17 6.98

a. Concentration = nanomoles/gram x 10

b. The amino acid is not present in the sample.



98
TABLE 16. Drill Rod Lubricant Amino Acid D/L

Ratios and Concentrations (nanomoles/ 
gram).

Amino Acid D/L Eatioa Concentration

glutamic acid 0.204 13.77

phenylalanine 0.138 6.56

aspartic acid b b

proline 0.090 10.61

glycine c 21.43

g-alanine c 0.96

leucine 0.213 12.32

alanine 0.179 6.47

isoleucine^ 0.316 6.34

valine 0.117 6.48

a. Amino acid D/L ratios are an average of at least 
three gas chromatographic determinations. 
Experimental error for each D/L ratio is <0.02.

b.- Aspartic acid D/L ratio and concentration could 
not be calculated because of peak interference.

c. Not applicable.

d. The isoleucine D/L ratio represents an epimerization 
reaction, i.e. alioisoleucine/isoleucine.
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D/L ratios similar to or lower than their corresponding values in the 

extracts of the Transvaal cores.

The Detection of Amino Acids in the Nubian Sandstone

D/L ratios calculated for amino acids present in the Nubian 

sandstone and in algae cultured from the sandstone are listed in 

Table 17„ Only glu (0.194) and ala (0.161) showed significant 

amounts of racemization in the Nubian sandstone. Algal culture- 

N6904, the first culture from this sandstone9 had corresponding high 

values for glu (0.142) and ala (0.100). All amino acid D/L ratios 

reported for the additional three sets of algae that were cultured 

from the Nubian sandstone were low. The average values of glu (0.073) 

and ala (0.063) were only slightly higher than the other amino acids 

present in the samples. The average D/L ratio for asp (0.050) fell 

in between the asp D/L ratios reported for the sediment (0.064) and 

the first algal sample (N6904) cultured from the sediment (0.048).

The amino acid concentrations for the Nubian sandstone and 

the algal cultures are shown in Table 18. With the exception of 

&-ala, all amino acid concentrations were higher in the algae than 

in the sandstone. g-Ala was present in a higher concentration in 

algae N6904 than in the sandstone. However9 g-ala was absent in 

the other 3 sets of algal cultures. Table 19 lists the relative 

abundances of the amino acids in the sandstone and in the algal 

cultures. With the exception of slight variations in N6904-N-Sets 

1+2 9 N6904-N-Sets 1+2 5 N6904-J-Sets 1+2 and N6904-Sets 1+2 had the 

same relative abundances. The relative abundance of amino acids



TABLE 17. Algae Amino Acid D/L Ratios.

Sample Glu . Phe Asp Pro Leu Ala Val

N6904-Alj*ae' 0.142
+0.004

0.018 • 
+0.004

. 0.048 
+0.002

0.036
+0.003

0.025
+0.004

0.100
+0.003

0.010
b

N6904-Sediment 0.194
+0.002

a 0.064
+0.001

0.030 
+0.001

0.026
+0.001

0.161
+0.003

0.021
+0.002

N6904-Set-1 0.073
+0.011

a 0.065
+0.014

0.042
+0.012

0.033
+0.001

0.057
+0.001

0.039
+0.008

N6904-Set-2 0.071
+0.008

a 0.048 
+0.004

0.028
+0.002

0.033
+0.005

0.053 
+0.008

0.027
+0.011

N6904-J-Set-1 0.072 
+0.005

a 0.046 . 
+0.001

0.034
+0.001

0.034
+0.001

0.061
+0.001

0.032
+0.021

N6904-J-Set-2 0.073
+0.006

a . 0.051 
+0.006

0.036
+0.017

0.031
+0.001

0.060
+0.001

0.027
+0.012

N6904-N-Set-1 0.072
+0.007

a 0.048
+0.001

0.023 
+0.002

0.034
+0.001

0.072
+0.008

0.022
+0.006

N6904-N—Set-2 0.076 . 
+0.004

a 0.044 
. +0.003

0.030
+0.013

0.031
+0.002

0.072
+0.002

0.026
+0.006

a. Concentration of D-Phe too low to determine D/L ratio.

b. Not enough data, available to determine standard error. 100



TABLE 18o Algae Amino Acid Concentrations„a

Sample Glu Phe Asp Pro g-ala Leu lie Gly Val Ala

N6904-Algae 20.7 5.0 29.1 10.0 0.2 12.2 7.5 19.0 7.7 10.4

N6904-Sediment 0.13 0.02 0.11 0.06 0.07 0.07 0.05 0.20 0.08 0.19

N6904-Set-1 54.3 10.6 54.0 32.4 b 32.6 21.6 75.7 33.1 57.8

N6904-Set-2 23.8 4.3 22.0 14.7 b 15.6 11.6 36.6 17.3 28.9

N6 904—J—Set—1 21.2 3.5 18.8 12.8 b 14.1 8.5 33.5 14.2 30.1

N6904-J-Set-2 19.5 . 3.4 18.9 11.3 b 12.0 • 7.1 29.2 12.0 24.8

N6904-N-Set-1 20.8 3.6 21.8 16.2 b 19.0 13.6 47.3 22.4 41.9

N6904—N—Set—2 13.8 2.3 13.6 9.9 b 9.6 6.6 24.1 10.5 20.4

1
a. Concentration = nanomoles/mg x 10 . 

bo (3-Ala is not present in this sample.

101



TABLE 19. Algae Relative Amino Acid Abundances.

Sample Amino Acid Abundances

N6904-Algae Asp>Glu>Gly>Leu>Ala>Pro>Val>Ile>Phe>3-ala

N6904-Sediment Gly>Ala>Glu>Asp>Val> 3-ala>Leu>Pro>Ile>Phe

N6904-Set-1 Gly>Ala>Glu>Asp>Val>Leu>Pro>Ile>Phe

N6904—Set—2 Gly>Ala>Glu>Asp>Val>Leu>Pro>Ile>Phe

N6904—J—Set—1 Gly>AlSi>Glu>Asp>Val>Leu>Pro>Ile>Phe

N6904-J-Set-2 Gly>Ala>Glu>Asp>Val-Leu>Pro>Ile>Phe

N6904-N-Set-1 Gly>Ala>Val>Asp>Glu>Leu>Pro>Ile>Phe

N6904-N-Set-2 Gly>Ala>Glu>Asp>Val>Pro>Leu>Ile>Phe
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in the Nubian sandstone agreed well with the relative abundances in ;; 

the three sets of algal cultures, However9 the relative abundance of 

amino acids present.in the first algal culture (N6904) differed 

significantly from the sandstone and the other three sets of algal 

cultures•

Carbonaceous Meteorites: Amino Acid Analyses

Gas chromatograms of the amino acids present in the water 

extracts and acid extracts of the Orgueil and Murchison meteorites 

are shown in Figures 19 and 20, respectively. Gas chromatograms of 

the respective meteorite procedure blanks are also shown in Figures 

19 and 20„ The amino acid D/L ratios for the water and acid extracts 

of Orgueil and Murchison are listed in Table 20. With the exception 

of ala in the water extract of the Orgueil meteorite, none of the 

resolvable amino acids that contained asymmetric centers are racemic. 

While gin, pro and ala were more highly racemized in the water 

extract of Orgueil than in the Orgueil acid.extract, asp and leu were 

more highly racemized in the Orgueil acid extract. All of the amino 

acid D/L ratios for the Murchison water extract were higher than 

those calculated for the acid extract of Murchison. »

The initial identifications of amino acids in the gas 

chromatograms of Murchison and Orgueil were based on retention times 

and on coinjection of the samples with amino acid standards. As . 

previously mentioned, a few amino acids were found to have identical 

retention times. To determine whether or not some of the amino acid 

peaks were indeed mixtures, the Murchison water extract was analyzed



Figure 19. Gas Chromatograms of the Procedure Blank, Water and Acid Extracts of 
the Orgueil Meteorite. 

Column conditions are the same as in Figure 2. 



ORGUEIL METEORITE 
H20 EXTRACT 

L- oop •r-aba' 

{3-olo 

O,L-,8-obo 

PROCEDURE BLANK l 
~---------MINUTES 

• 
f-------- ISOTHERMAL 160• -------------1 "() Ill 

Figure 19. 

ORGUEIL METEORITE 
HCI EXTRACT 

0-otp 

TEJM>ERATURE- "C 

.B-olo 
D-olo 

L-olo L- 1~ • L-a -obo 

Gas Chr~matograms of the Prpcedure Blank, Water and Acid Extracts 
of the Orgueil Meteorite. 



Figure 20. 

MURCHISON METEORITE 
H20 EXTRACT 

Qly 

a- ofbo + 0 - ..a( 

------------------------~~~~~~~~~~~K------------------~A~--------------------------------------------------
IAINUTEs 

MURCHISON METEORITE 
HCI EXTRACT 

L- osp + y-obo 

1:1" 

10 

,,., 
TEIAPERATURE- "C 

L-olo 

Gas Chromatograms of the Procedure Blank, Water and Acid Extracts of the Murchison Meteorite. 

Coltnnn conditions are the same as in Figure 2. 1--' 
0 
ln 



TABLE 20. Meteorite Amino Acid D/L Ratios.

Meteorite Extract Glu Asp Pro Leu Ala

Orgueil H20
(0.114)
0.342

(0.009)a
0.175

(0.073)
0.263d

(0.081)
0.243d

(0.138)
1.046

Orgueil HC1 0.020b
(0.006)
0.272 • c

(0.022)
0.344

(0.079)
0.687

Murchison h 2o
(0.044)
0.322

(0.005)
0.202

(0.065) 
0.342

(0.021) 
0.166

(0.062)
0.682

Murchison HC1
(0.013)
0.176

(0.004) • 
0.126

(0.017)
0.105

(0.002)
0.029

(0.010)
0.307

a. The standard errors for the D/L ratios are shown in parenthesis.

b. The low D-glu concentration resulted in the determination of only one D/L ratio.

c. The D peak was too small to determine a D/L ratio.

d. One or more D/L ratios determined by weighing the peaks.
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by gas chromatography-chemical ionization mass spectrometry» A 

total ion trace of the Murchison meteorite water extract is shown in 

Figure 21. All of the amino acids identified in the gas chromatogram 

and total ion trace of the Murchison water extract were confirmed by 

comparing the mass spectra of the sample with mass spectra of amino 

acid standards. Figure 22 shows the excellent correlation of a 

standard mass spectrum of glutamic acid with the mass spectra of D- 

glu and L-glu in the Murchison water extract.

During the GC-CIMS analysis of the Murchison sample 5 the 

following amino acids co-eluted from the Carbowax 2DM column; L-asp 

and y-aba; D-val and a-aiba; D 5L-ile and D sL-a-aba. Attempts were 

made to determine more accurate D/L ratios for these amino acids by 

monitoring selected ions that were common to the individual amino 

acids in the overlap regions. This technique was described above in 

greater detail for the analysis of the water extract of Isua 3028.

Figure 23 shows single ion traces for m/e 2183 244 and 264 that were 

common to valine and were not present in a-aiba. While the D and 

L-val peaks did not resolve well enough to calculate D/L ratios9 it. 

is apparent that val was not racemic in the Murchison water extract, 

lie and a-aba were present in concentrations that were too low to 

permit accurate D/L ratios to be determined by specific ion currents.

The analysis of three specific ions common to asp but not 

present in y-aba resulted in the calculation of a D/L ratio for asp.

In addition to asp, specific ion currents were employed to calculate 

D/L ratios for ala, pro and glu. Figure 24 shows the ion currents
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Figure 21. Total Ion Trace of the Murchison Meteorite Water Extract
Column conditions and mass spectrometer conditions are the same as in Figure 3, except 
that the column program rate was lowered to 1°C/minute.
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Figure 22. Mass Spectra of Glutamic Acid Standard (Top) and of D- 
Glutamic Acid (Middle) and L-Glutamic Acid (Bottom) in the 
Water Extract of the Murchison Meteorite.



Figure 23. Single Ion Traces for Valine in the Water Extract of the 
Murchison Meteorite. 

The scan numbers correspond to the scan numbers for the 
total ion trace in Figure 21. A = m/e 244; B = m/e 264; 
C = m/e 218. 
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Figure 23. Single Ion Traces for Valine in the Water Extract of the 
Murchison Meteorite.



Figure 24. Single Ion Traces for Alanine in the Water Extract of the 
Murchison Meteorite. 

The scan numbers correspond to the scan numbers for the 
total ion trace in Figure 21. A = m/e 218, D/L ala = 
0.60; B = m/e 216, D/L ala = 0.63; C = m/e 320, D/L 
ala = 0.58. 
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Figure 24. Single Ion Traces for Alanine in the Water Extract of the 

Murchison Meteorite.
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that were run for ala. Table 21 compares the original D/L ratios of 

ala5 pro3 asp and glu determined from integrated gas chromatographic 

peak areas with those calculated from ion current peak heights. 

Excellent agreement was found between the two methods for ala, pro 

and glu. As expected5 the ion current D/L ratio for asp was higher 

since the y-aba interference present in the original gas chromato- . 

gram had been eliminated.

The concentrations of amino acids present in the water and 

acid extracts of the Murchison and Orgueil meteorites are listed in 

Table 22. With the exception of leu and glu in the Orgueil meteorites 

all of the amino acids in the water extracts of Orgueil and Murchison 

were present in higher concentrations than in the acid extracts. Gly 

and 8-ala were the most abundant amino acids detected in Orgueil; 

g-ala being the most abundant amino acid in the water extract and gly 

being the most abundant amino acid in the acid extract.

Forty-two percent of the total Murchison water extract 

consisted of cx-aiba. The following, in order of decreasing abundance, 

were the most abundant amino acids present in the Murchison water 

extract: a-aiba > > gly > glu > ala > pro > g-ala. Phe could not be

confirmed to be present in Murchison by GC-CIMS. If it were present 

(an extremely small peak eluted in the vicinity of L-phe) its con

centration must have been extremely low. Gly was the most abundant 

amino acid in the acid extract of Murchison, followed by glu > ala> 

asp > pro.
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TABLE 21 * Murchison Water Extract Amino Acid D/L Ratios

Amino Acid Ion Current Peak Heights G. C. Integrations

Alanine 0.60 + 0.03a 0.682 + 0.062

Proline 0.30 + 0.02 0.342 + 0.065

Aspartic acid 0.30 + 0.04 0.202 + 0.005

Glutamic acid 0.30 + 0.02 0.322 + 0.044

a* Standard error.



TABLE 22. Meteorite Amino Acid Concentrations (nanomoles/gram) .3

Meteorite Extract Glu Phe Asp y-aba Pro Gly 8-ala 6-aba Leu Sar i .la ileb/ 
.. a-aba

Val a-aiba

Murchison h2o 18.15 0.35f 8.48 6.28 13.45 45.79 13.07 5.22 1.91 4.69 u .34 5.98 8.59 107.84

Murchison HC1 6.80 0.15f 4.02° 3.22c 3.35 14.12 1.25 0.96 0.88 0.57 L1.84 0.89 1.09c 1.82°

Orgueil H2O 1.71 - e 6.89 d 1.98 26.56 34.32 6.43 0.32 0.59 4.825
r

0 .68d
ile

1.79 d

Orgueil HC1 2.52 " e 3.48 d 0.89 15.43 5.85 1.17 0.62 0.45 "Ii.59 0.41d 0.56 d

114

ile

a. When possible, gas chromatographic peak overlap and/or interference were corrected using amino acid D/L.ratios determined from specific ion currents and by 
weighing peaks. - . jf

b. D, L-ile and D, L-a-aba co-eluted and could not be resolved by specific ion currents. Their abundances are reported for; the Murchison extracts as an 
average contribution of the two.

c. Concentrations estimated from the relative abundances determined for the Mur chi s on water extract.
' ' |

d. A percentage of the abundances reported for asp, ile and val in the Orgueil extracts may have been contributed by y-aba/ a-aba and a-aiba, respectively. 
The Finnigan G. C.-MS system was not available to determine the presence or absence of these amino acids at the time the Orgueil samples were analyzed.

e. Phe not detected in the Orgueil extracts.

f. The presence of phe could not be established in Murchison. A small gas chromato graphic peak appeared where phe elutes, 
confirmed by GC-CIMS,

but this peak could not be
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Hydroxy Amino Acid Analyses

The substitution of an acetyl group for PFP on the hydroxy 

oxygen of ser resulted in baseline resolution of D and L-ser standards 

on the Carbowax 20M column. D,L-tyr standards eluted as a single peak 

a few minutes before D-ser. In an additional experiment3 L-ser and 

L-tyr were added to a standard mixture of L-amino acids. The mixture 

was esterified with (+)-2~butanol9 acylated with PFP and subsequently 

modified to replace O-PFP functionalities with O-acetyl. This pro

cedure for replacing O-PFP with O-acetyl on the hydroxy amino acids 

did not interfere with or alter the D/L ratios of the other amino 

acids in the reaction mixture.

Gas chromatographic analysis of the Murchison meteorite water 

extract subsequent to the replacement of O-PFP with O-acetyl on any 

hydroxy amino acids that might have been present did not result in 

the detection of any additional peaks with the retention "times of 

ser or tyr. These two amino acids, if present, were in extremely 

low abundance, below.the detection, limits of the analytical techniques 

employed.
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DISCUSSION AND CONCLUSIONS

The Detection of Organic Compounds on the Early Earth

When attempting to understand the origin of organic compounds 

and the evolution of life on Earth9 the following questions must be 

addressed. (1) When were environmental conditions on Earth appro

priate for the synthesis- of organic compounds? (2) What are the 

several mechanisms for organic synthesis known that conform to the 

constraints of the proposed earliest Precambrian environment(s)?

(3) Can the earliest Precambrian organic compounds be detected in 

rocks and, if so, can abiological compounds be differentiated from 

remnants of early biological systems? (4) Are any Precambrian rocks, 

with respect to water soluble organic compounds e.g. amino acids, 

’closed systemsT that are protected from the introduction of organic 

compounds at a later time? (5) If Precambrian rocks are ’open 

systems’, is it possible to .distinguish remnant syngenetic compounds 

from those entering the rocks at a later date? Put another way, if 

Precambrian rocks are open systems, is. there any reason to expect or 

mechanism to prevent syngenetic soluble organic material from leaving 

the rocks at the same time that more recent compounds are being 

introduced? Possible answers to the above questions will be addressed 

with regard to the present investigation of amino acids and hydro

carbons in the -3.8 billion year old Isua rocks and the -2.3 billion ' 

year old Transvaal core samples.
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At least a thin, solid crust is proposed to have been present 

on Earth ~4 billion, years ago. (Chang, 1977). . Prior to ~3.8 billion 

years ago (Moorbath, OfNions and Pankhurst, 1973) aqueous systems and 

sedimentary cycles were common to Earth as evidence by the deposition 

of the Isua rocks (Nagy and Nagy, 1976). The atmosphere of the 

Earth at this time was initially thought to consist predominantly of 

H 20, CHz, and NH3 (Urey, 1952) .

The abiological synthesis of amino acids e.g. glycine from 

H 20, CHĵ  and NH3 requires a Gibbs free energy of formation of +52.2 

kcal/mole (Miller and Orgel, 1974). The major sources of energy for 

the synthesis of amino acids on the young Earth were, in order of 

decreasing abundance, ultraviolet light, electric discharges, shock 

waves, radioactivity and thermal energy (volcanoes) (Miller and Urey, 

1959; Ponnamperuma, et al., 1969; Bar-Nun, et al., 1970; Miller and 

Orgel, 1974). Numerous laboratory simulation experiments have .» 

resulted in the successful synthesis of amino acids employing the 

above, listed energy .sources and varying proportions of HaO, CHi*,

NH3, Na, HaS, HCN and CaHe; all possible components of a primitive 

reducing atmosphere. Miller (1953; 1957) and Miller and Urey (1959) 

were the first to. employ spark discharge to synthesize amino acids 

from varying proportions of H20, CH4, NH3 and N2. Oro (1963), 

Ponnamperuma and Flores (1966), Ponnamperuma and Woeller (1967),

Sanchez, Ferris and Orgel (1966) and others have subsequently 

duplicated the earlier Miller experiments with similar success.

Sagan and Khare (1971) and Khare and Sagan (1971) succeeded in
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substituting ultraviolet light for the synthesis of amino acids. 

Shockwaves (Bar-Nun* et al.5 1970; Bar-Nun9 1975; Barak and Bar-Nun,

1975)9 ionizing radiation (Sweeney, Toste and Ponnamperuma, 1976), 

thermal energy (Oro and Kamat, 1961; Harada and Fox, 1964; Mukhin,

1976; Ivanov and Slavcheva, 1977) and, a series of novel syntheses 

involving HCN polymerization in aqueous solutions at room temperatures 

(Ferris, et al., 1973; Matthews, 1975) have all resulted in the pro

duction of amino acids from starting, materials present in the ....

primitive reducing atmosphere.

A variety of experiments have been designed to simulate the 

synthesis of peptides on the early Earth. Ionizing radiation (Dose 

and Ponnamperuma, 1967), U.V. light (Ponnamperuma, 1971), thermal 

energy (Fox, 1964; Harada and Fox, 1964; Fox, 1969; Snyder and Fox,

1975; Ivanov and Slavcheva, 1977; Fox, 1977) clay catalysis (Paecht- 

Horowitz, 1973; 1976; Otroshchenko and Vasilyeva, 1977; Lahav, White 

and Chang, 1978) and the use of aqueous condensing agents that may 

have been present in the oceans of the primitive Earth (Lohrmann and 

Orgel, 1968; Chang, Flores and Ponnamperuma, 1969; Chada*, Molton and 

Ponnamperuma, 1975; Mizutani, et al., 1975; Hulshof and Ponnamperuma,

1976) have all, with varying degrees of success been reported to 

result in the production of peptides.

The above mentioned abiological syntheses produce amino acids 

that differ from biologically synthesized amino acids in two ways.

First, all abiological, syntheses (to date) have resulted in racemic 

mixtures of amino acids. Biological systems, with the exception of
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some microorganisms e.g. bacterial*cell walls (Meister* 1965; Shimada* 

et al. 5 1979) 9. consist of L-amino acids. Second, abiotic syntheses 

produce, in addition to common biological amino acids, a wide variety 

of amino acids not abundant in living organisms and not present in 

proteins e.g. ex-, g- and y-aba, a- and g-aiba, N-alkyl (methyl, 

ethyl) amino acids, nval, nleu, alloile, isovaline (Kvenvolden,

1973; Miller, 1974).

The mechanisms for the abiological synthesis of amino acids ... 

on Earth that were outlined above all require the presence of a 

reducing atmosphere. Rubey (1951), Holland (1962), and more recently 

Abel son (1-966) have proposed that the atmosphere of the primitive 

Earth resulted from the outgassing of volcanoes and consisted 

primarily of HzO, CO, C02 and N2. Several recent models e.g. Walker 

(1976b) of the early evolution of the Earth and its atmosphere 

indicate that the Earth's primitive reducing atmosphere was lost 

early on, at about the time of formation of the Earth's crust. The 

principal components of the Earth's.atmosphere ~4_billion years ago 

were probably H20, C02 and N2. Traces of H2, CO and/or CH^ may have 

been present (Chang, 1977).

It should be noted in this context that spark discharge of 

mixtures of COz, N2 and H2O has not resulted in amino acid synthesis 

(Chang, 1977). This was not surprising considering the constraints 

for amino acid synthesis from C02 , H20 and N2 noted by Gabel (1977). 

Gabel has proposed that the photochemical reaction of trace amounts 

of CO in a predominantly N2 atmosphere would lead to the production
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of carbon suboxide9 C3O2 (Gabel5 1977). C3O2 is extremely reactive 

and9 in the presence of water is completely converted to malonic acid 

(Gabel3 1977). Given adequate energy sources, carbonate and formate 

ions 3 perhaps the most abundant compounds in the primitive oceans9 

can react to form a variety of carboxylic acids (Gabel, 1977). 

Interpreting the results of discharge experiments conducted by 

Harada and Iwasaki (1974), Gabel (1977) has further proposed that 

glow discharge of Nz in the primitive atmosphere may have given rise 

to electronically excited N or Nz, which in turn could react with 

carboxylic acids in the hydrosphere to form amino acids. The C3O2 

mechanism is, however, the subject of debate.

The paucity of acceptable mechanisms to account for the 

synthesis of large quantities of organic compounds in an atmosphere 

o-f predominantly H^O, C02 and N2 has led some scientists to speculate 

that organic constituents were introduced onto the early Earth by 

meteorites and comets (Orb, 1961; Chang, 1977).

The Origin of Amino Acids and Aliphatic Hydrocarbons 
in the Isua Rocks

With the exception of extraordinary cases of sample preser

vation where fossil shell material has remained dry for virtually its 

entire diagenetic history (Weiner, Hood and Lowenstam, 1975), all 

amino acids in fossil shell, bone and in ancient sediments and rocks 

have undergone various degrees of racemization (or epimerization) 

after 100,000 to 500,000 years (Williams and Smith, 1978). Environ

mental conditions being constant, different amino acids racemize at
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different rates„ The position of an amino acid in a peptide chains 

the structure of the amino acid and the nature of adjacent amino *, .

acids influence racemization and hydrolysis reactions. Free and 

peptide-bound amino acid racemization rates and peptide hydrolysis 

rates are controlled by several contributing factors including 

inductives resonance and steric effects3 as well as intramolecular 

solvation and intramolecular base action (Kriausakul and Mitterer 9 

1978;. Smiths Williams and Wonnacotts 1978; Engel, et al., 1979;

Smith and Silva De Sol, 1980).

Kvenvolden, et al, (1973) have reported D/L ratios for a 

variety of amino acids obtained from the hydrolysis of foraminifera 

extracted from a Caribbean core. Bottom water temperature for the 

region in which the core was drilled was ~4°C. At a depth of 90 cm 

(~40-,000 B.P.) , D/L ratios for amino acids extracted from 

foraminifera ranged from 0.09 and 0.10 for ile and val to 0.30 and 

0.32 for asp and ser. Ala, leu, pro, phe and glu had intermediate 

D/L values„

Depending upon moisture content, temperature, pH, etc., all 

’syngeneticV amino acids in an ancient fossil, sediment or rock 

should be substantially to completely racemized (or epimerized) 

after 1 to 10 million years (Abelson and Hare, 1969; Kvenvolden,

1973; Dungworth, 1976). In preserving environments that experience 

moderate temperatures and moisture contents, significant amounts of 

racemization of asp, ala and glu are common after 10,000 to 100,000 

years. Engel, Zumberge and Nagy (1977) and Engel, et al. (1978)
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have found varying amounts of aspartic acid racemization in plant 

material ranging in age from -1,500 years to 11,000 years B*P.

Small amounts of aspartic acid racemization have even been reported 

to occur in human tooth enamel protein and in the human lens prior 

to death (Helfman and Bada, 1975; Masters, Bada and Zigler, 1978).

The amino acids detected in the water and acid extracts of 

the -3.8 billion year old Isua metasedimentary rocks were not racemic. 

D/L ratios for val, phe and ile in the water extracts of the Isua 

rocks were slightly higher than or equal to background racemization 

resulting from acid hydrolysis and esterification. The predominance 

of slightly to moderately racemized (all D/L ratios < 0.50) amino 

acids common to proteins in the Isua rocks indicates a biological 

source for these compounds rather than an abiotic mechanism for their 

origin. The D/L ratios also indicate that the amino acids in the 

Isua rocks range in age from modern to more than 10,000 years old.

It may be beneficial to elaborate oh this point. Since the 

amino acids in the Isua rocks are of biological origin, the question 

arises, were they syngenetic, indicating that life had evolved -3.8 

billion years ago, or have they been introduced into the rocks at a 

later time? Subsequent to deposition, the Isua rocks first underwent 

a metamorphic episode that lasted from 200 to 400 million years 

(Nagy, 1980). The rocks were exposed to temperatures of at least 

400 to 600°C (Nagy, Zumberge and Nagy, 1975; Nagy, et al., 1977;

Appel, 1980). Subsequent metamorphic events are likely to have 

occurred. A second metamorphic event may have occurred in the Isua
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region ~ 2.6 billion years ago (Moorbath9 1975; Nagy9 1980)• Vallentyne 

(1964) has shown that amino acids heated in aqueous solution between 

216° and 280°C rapidly decompose. Moisture must have been present at 

least at the advent of metamorphism. Helium pyrolysis of amino acids 

peptides and proteins at 500°C for 15 seconds resulted in complete 

decomposition to a series of nitriles and straight chain saturated 

and unsaturated hydrocarbons (Simmonds9 Shulman and Stembridge, 1969). 

If amino acids cannot survive pyrolysis at 500°C for 15 seconds it 

stands to reason that they could not survive a 400 to 600°C meta- 

morphic episode for 200 to 400 million years.

The amino acids detected in the water and acid extracts of 

the Isua rocks most likely represent a series of contaminations over 

the past few thousand to few hundred thousand years. It can be 

argued that the introduction of modern amino acids into these rocks 

has altered the D/L ratios of amino acid contaminations which may 

have been as old as perhaps late Pleistocene in age. The D/L ratios 

of all amino acids present in the Isua water extracts were slightly 

(lie, phe, val) to substantially (glu9 asp9 pro9 leu9 ala) higher 

than the amino acid D/L ratios of the lichens growing on the rocks. 

However 9 the results of the permeability and diffusion studies 

indicate that free amino acids can rapidly diffuse into Isua rocks of 

high (3016 = 1.29 x 10""1 md) and low (3015 = 1.2 x 10 6 md) permeabili- - 

ties. Lichens can live for upwards of 100 years (Nash9 1979). Prior 

to and subsequent to death9 a portion of the organic matter secreted 

and contained by the lichens as well as by blue-green algae living on
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the rocks must have been introduced by diffusion into the Isua rocks. 

The high L-amino acid concentrations introduced by modern lichens may 

have lowered the D/L ratios of amino acids introduced into.the.Isua 

rocks by organisms (e.g. lichens9 etc.) previously living on the rock 

surfaces, GTu, asp and gly, the most abundant amino acids in the 

three lichen species analyzed were also the most abundant amino acids 

in the water and hydrochloric acid extracts of the Isua rocks.

The amino acid contamination of Precambrian rocks by lichens 

has been previously reported. Schopf, Kvenvolden and Barghoorn (1968) 

initially reported the presence of indigenous i.e. syngenetic amino 

acids in the "1.9 billion yeat old Gunflint chert collected on the 

shore line of Lake Superior. In a subsequent study Abelson and Hare 

(1969) demonstrated that amino acids derived from modern lichens 

growing on the surface of the Gunflint chert could completely 

contaminate the chert over a period of a few thousand years.

Amino acid analyzer analyses of a portion of the Isua 3016 

water extract resulted in the detection of ser9 thr (threonine) and 

tyr; three amino acids known to be relatively unstable in geological 

environments and in simulated elevated temperature experiments (Hare, 

1976;. Williams and Smith, 1978). Dungworth, et al. (1977) and 

Schroeder and Bada (1977; 1978) have shown that the abundances of 

ser, thr and tyr decrease with depth in sediments ranging in age from 

recent to late and .middle -Pleistocene. The sediments were taken 

from cores drilled in Lake Ontario (Dungworth, et al., 1977;

Schroeder and Bada, 1978) and in the Caribbean (Schroeder and Bada,
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1977) o Abelson and Hare (1969) detected ser and thr in the ~1.9 

billion.year old Qunflint chert. Exposure of a sample of the Gunflint 

chert to 165°C for three days resulted in marked degradation of ser 

and thr (Abelson and Hare, 1969). The presence of ser, thr and tyr, 

which are generally considered to be unstable, in the Isua 3016 sample 

is further evidence that the majority of the amino acids detected in 

the Isua rocks have not experienced a residence time of much more 

than a few thousand to a few tens of thousands of years.

Combined gas chromatography-chemical ionization mass 

spectrometry was employed to analyze the water extract of Isua 3028.

In addition to confirming the identities of the common protein amino 

acids and g-ala, all previously identified by gas chromatographic 

techniques, a number of uncommon amino acids were detected in the 

water extract of Isua 3028. Small quantities of a-aba, g-aba/g-aiba, 

y-aba and sarcosine (sar) were confirmed as present in Isua 3028 by 

comparison of their mass spectra with mass spectra of standards run 

on the same- instrument. It is interesting that a-aba, g-aba/g-aiba, 

Y-aba and sar are common products of abiological syntheses conducted 

in the laboratory (Miller, 1974). However, a-aba, y-aba and sar 

have also been reported in a variety of plant and animal tissues 

(Meister, 1965). In carbonate fossils theronine has been found to 

decompose via dehydration reactions to a-aba (Bada and Shou, 1977; 

Schfoeder, 1977). Schroeder and Bada (1977) have reported that 

while thr decreases in abundance with depth in a Caribbean core, the 

abundance of a-aba increases. Povoledo and Vallentyne (1964) have
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reported that during elevated temperature experiments glutamic acid 

decarboxylates9 forming pyrrolidone as a final product. Upon acid 

hydrolysis pyrrolidone yields Y-aba. This may be another possible 

explanation for the occurrence of Y-aba in- Isua 3028. In support 

of the evolution of y-aba from other amino acids, Dungworth, et al. 

(1977) have noted a gradual increase in y-aba with increasing depth 

in a late Pleistocene - recent Lake Ontario sediment core. Schroeder 

and Bada (1976) have reported a similar increase in y-aba in a 

Caribbean core. Schroeder and Bada have proposed that the increase 

in y-aba with depth may reflect microbial consumption of the protein 

amino acids in the sediments.

As shown above, a variety of plausible alternatives to 

abiotic synthesis exist for the introduction of uncommon biological 

amino acids into the Isua rocks. Meister (1965) has reported that 

of 170 amino acids known to occur in biological systems, 140 are 

non-protein amino acids. In addition to L-amino acids, a number of 

biological systems have been, found __to contain varying quantities of 

D-protein and non-protein amino acids e.g. D-tryp (tryptophan),

D-asp, D-glu, D-ala, D-ser (Meister, 1965; Shlmada, et al., 1979).

Even D-alloile (present in Isua 3016.*and 3028), sometimes thought to 

be indicative of the racemization of L-ile over hundreds of thousands 

of years (Hare, 1969; Hare and Mitterer, 1969), has been detected in 

living systems (Meister, 1965). D-ala, D-glu, and D-asp have been 

identified as significant components of bacterial cell walls and have 

also been identified in microbial metabolites (Meister, 1965;
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Kvenvolden, Peterson and Pollock9 1972; Kvenvolden, 1973; Dungworth9 

et al» 9 1977; Pollock and Kvenvolden, 1978). Bada and Shou (1977) 

have reported that serine in carbonate fossils decomposes to alanine 

via dehydration.

-The decomposition of amino acids in geological samples e.g. 

serine into other amino acids with asymmetric centers, the presence 

of L-amino acids and to a lesser extent D-amino acids in living 

systems proximal to geological samples may all, to some degree, 

contribute to the amino acid D/L ratios reported for a rock or 

sediment. In addition, Schroeder and Bada (1978) have suggested 

the possibility of D-amino acids being transported from older 

samples by glacial water and ice and subsequently contaminating 

samples in other locations.

. _ -The amino acids .extracted from the Isua rocks with 6N HC1 

appear to have been more tightly bound to the organic and/or 

inorganic matrices of the rocks than the water extractable aminoi
acids. In. Isua samples 3016, 3022 and 155782 greater quantities 

of amino acids were recovered by acid extraction than by water 

refluxing. The opposite was true for Isua 3028. However, the acid 

extractable amino acids had significantly lower D/L ratios than the 

amino acids extracted with water in all four, Isua samples.

As previously stated, x-ray diffraction of the Isua 3016 

sample -and inspection of thin sections of Isua 3015, 3016, 3022 and 

155782. indicated that in addition to quartz, amphiboles and magnetite, 

small quantities of layer lattice silicates (mica, chlorite and/or



montmorillonite) and traces of calcite (Isua 3016) were detected in 

the Isua samples„ Isua 3028 was not examined for mineral content.

The reason for this was that the entire sample of Isua 3028 had to be 

processed to ensure sufficient recovery of amino acids and hydro- .'', 

carbons for analysis by G.C. and G.C.-CIMS. Carter (1978) and Carter 

and Mitterer (1978) have recently reported that organic matter 

(humic acids and fulvic acids) containing amino acids preferentially 

adsorbs to calcite and quartz. While aspartic acid rich organic 

matter was found to adsorb preferentially to calcites quartz exhibited 

a preferential adsorption for organic matter depleted in asp, but 

rich,in thr, set, glu, gly, ala, val, ile, leu, lys and arg (Carter,

1978). Thompson and Tsunashina (1973) have reported that below pH =

3, clay minerals adsorb tyrosine by cation exchange. Above pH = 3, 

clay, minerals effect the degradation of tyrosine, with the L-isomer 

decomposing more rapidly. The preferential adsorption of L-amino 

acids by clays has been reported (Jackson, 1971; 1979; Bondy and 

Harrington, 1979)., Mechanisms for the preferential adsorption of 

L-amino acids by clays are as yet uncertain. There are no chiral 

centers in clay minerals that might facilitate this type of selective 

binding (Wellner, 1979). While quartz cyrstals, the major mineral 

constituent of the Isua rocks, are known to occur as enantiomorphic 

mixtures (right handed and left handed), few experiments have been 

conducted- to determine whether quartz crystals exhibit preferential 

adsorption of free D and/or L amino acids (Harada, 1970).
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Hedges (1975) has conducted an investigation of the associa- 

tion of valine with kaolinite and montmorillonite in aqueous solutions, 

Kaolinite was chosen because of its smaller surface area and lower 

ion exchange capacity relative to montmorillonite. Hedges reported 

that the percentage of valine removed from solution by the clays was 

not directly related to cation exchange capacity or surface area.

While stating that it is possible that other clay minerals such as 

illite and chlorite may have a higher affinity for organic material 

than kaolinite and montmorillonite5 Hedges has proposed that the 

observed association of clays with complex organic matter containing 

bound amino acids in sediments may result from their co-deposition in 

marine environments (Hedges9 1975).

In addition to studies concerning the adsorption of amino

acids by clays, conflicting reports have been published concerning

the effects of clay minerals on amino acid racemization rates.

Kroepelin (1968) and Frenkel and Heller-Kallai (1977) have found

that when L-amino acids are mixed with montmorillonite, wetted with

H2O5 dried, and subsequently heated in pyrex tubes under inert

atmospheres, montmorillonite enhanced isoleucine epimerization rates.

Contrary to these findings, Akiyama (1978) has reported that when

L-ile and Na-mon t mo r i 11 on it e were mixed in water at low pH, allowing
+ 'L-ile to substitute for Na via cation exchange in clay interlayer 

sites, then dried, and subsequently heated, the epimerization of ile 

held in the clay interlayers was retarded. When L-ile was heated in 

aqueous suspension with Hia-montmorillonite, there was no difference
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between epimerization rates of ile that exchanged with Na+ in clay 

interlayer sites and ile that remained in the aqueous medium, though 

both epimerization rates were slower than those reported for the 

epimerization of aqueous ile in the absence of montmorillonite 

(Akiyama, 1978).

Abelson and Hare (1971) and Hare and Hoering (1977) have 

reported an affinity of kerogen and humic material to amino acids.

- Hare and Hoering- have reported that amino acids extracted from humic 

material in fossil Miocene shells were less racemized than amino 

acids obtained from the total shell material.

- The fbound7 - amino acids isolated from the Isua, rocks by acid 

extraction were less racemized than the respective 7 free7 amino acids 

removed by water refluxing. One may speculate that the higher D/L 

ratios in .the water extract may have resulted from some kind of 

inhibition of racemization of the bound amino acid fraction and/or 

the introduction of the free and bound amino acid fractions into the 

- - rocks at different times and possibly from different sources. The 

applications of the above mentioned models for preferential binding 

and racemization of amino acids to the findings reported for the

Isua rocks is as yet uncertain.

Hydrocarbons in the Isua Rocks

Fatty acids rarely occur in their free state in cells and 

tissues of living organisms. They are, however, common components of 

a variety of lipids (Lehninger, 1970). In higher plants and animals

nearly all fatty acids are composed of an even number of carbon atoms
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in straight chains 14 to 22 carbon atoms long. In higher plants and 

animals (Lehninger5 1970) as well as in lower plants e.g. blue-green 

algae (Fogg, et al.3 1973) fatty acids consisting of 16 carbon atoms 

and 18 carbon atoms predominate.

Straight chain aliphatic hydrocarbons are common constituents 

of fresh water and marine sediments, as well as in sedimentary rocks

(Smith, 1954; Stevens, Bray and Evans, 1956; Modzeleski, MacLeod and
/

Nagy, 1968; Meinschein, 1969). Straight chain aliphatic hydrocarbons 

are thought to be produced in geological systems via the decarboxyla

tion of biologically derived fatty acids. Thermal reactions and 

bacterial action are two proposed mechanisms for hydrocarbon pro-;;'. ... 

duction in the geosphere (Henderson, et al., 1968). Decarboxylation 

of biologically derived fatty acids results in the production of 

hydrocarbons of predominantly odd carbon chain lengths. In addition 

to the reduction of fatty acids to hydrocarbons in geological environ

ments, numerous investigators have reported the presence of small 

quantities of straight and branched chain alkanes in plant tissues 

(e.g. Nagy, Modzeleski and Scott, 1969; Gelpi, et al., 1970). On 

rare occasions, hydrocarbons with even numbered carbon chains have 

been detected in organisms (Oro, et al., 1965). For example, Gelpi, 

et al. (1970) have reported that n-hexadecane (ti~C16) accounted for 

20% of the hydrocarbons present in the blue-green algae, Spirulina 

platensis.
/

Odd carbon number straight chain alkanes in modern sediments 

are interpreted as resulting from the decomposition of biological
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phytane, are considered to be biological markers that are derived 

from the phytol chain of chlorophyll (Nagy, 1975). Over prolonged 

time, additional thermal decomposition of hydrocarbons tends to 

result in the elimination of the odd carbon predominance in sediments

and rocks (Henderson, et al., 1968).

The aliphatic hydrocarbons detected in Isua rock samples

3016 and 3028 ranged from ii~C16 to n~C21, with a maximum at n-C18

and n.-C19. Pristane, considered to be a biological marker, was 

present in Isua 3016 and 3028. No odd carbon number preference was 

found for the Isua hydrocarbon- extracts, indicating that the hydro

carbons were of considerable antiquity (i.e. millions of years) or 

were introduced more recently from organisms that lack an odd carbon 

preference. It is also conceivable that they could have been 

derived from older materials brought into contact with the Isua 

rocks by glacial action, or contaminated by humans with petroleum 

products. Analysis of hydrocarbons in the lichen Pseudophebe 

minuscula, gave an indication of a lack of odd carbon preference. 

However, the small lichen sample size available for analysis made 

it impossible to recover a hydrocarbon fraction large enough to 

confirm this finding. >

Hydrocarbons detected in a chert from/the 1.9 billion year 

old Gunflint iron formation had a distribution similar to the 

straight chain saturated hydrocarbons found in the Isua samples 

(Ord, et al., 1965). Pristane and phytane were both identified in
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the Gunflint sample. In addition to the lack of an odd carbon 

-preference, an n-alkane maxima was present at n-C18-n-C19. Unlike 

Isua, a second maxima was reported for the Gunflint hydrocarbon 

distribution at n-C22• The bimodal distribution of aliphatic hydro

carbons in the Gunflint chert- was interpreted as evidence for two 

different biological sources for the Gunflint hydrocarbons (Orb, 

et al., 1965).

Thermodynamic calculations- render it highly unlikely that the . 

Isua alkanes are syngenetic i.e. ~3.8 billion years old. Abelson 

(1959) has calculated that the activation energy required to break 

carbon-carbon single bonds in aliphatic straight chain hydrocarbons 

would be ~58,000 cal/mole, indicating high stability at ambient 

temperatures. However, elevated temperature experiments reported 

by Abelson (1959) have shown that at 400°C and 600°C, the temperature 

range of the first Isua met amorphic episode, straight chain aliphatic 

hydrocarbons would decompose in ~5 days and in 10 seconds, respec- • 

lively. Henderson, et al. (1968) have reported that when n-octacosane 

(n-C2a) was heated at 375°C for 150 hours, only 15% of the material 

recovered was identified as lower molecular weight alkanes and 

alkenes. When n-octacosane was heated in the presence of bentonite 

for 60 hours at 375°C, 98% of the alkane was destroyed, being 

completely converted to a black, insoluble carbonaceous material. 

Similar results were reported when small quantities of water were 

added to the bentonite-n-alkane mixture. In yet another experiment, 

Henderson, et al. (1968) heated a powdered sample of the Green
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River shale9 an Eocene lacustrine sediment, at 375°C for 150 hours„ 

Heating resulted in complete destruction of the alkane fraction 

previously detected in the shale» Evidently layer lattice silicates

e.g. clays and micas and perhaps other minerals present in rocks and 

-sediments- can-catalyze the decomposition, of alkanes at elevated 

temperatures. Miller (1979) has calculated that AG for the decomposi

tion of pristane (C19H4 0--- >19C + 20Ha) at 427°C would, be -212.68

kcal/mole. Thus, the metamorphic history of the Isua rocks precludes 

the possibility that any syngenetic saturated hydrocarbons if present, 

could have survived until recent times. The AG for the decomposition 

of benzene -at 500°C is -56.2 kcal/mole indicating that even aromatic 

hydrocarbons may hot have survived the Isua metamorphic episode (s) .

Amino Acids in the Transvaal Core 

The amino acids in the Transvaal rock samples were present in 

higher total (note not relative) concentrations in the hydrochloric 

acid extracts than in the water extracts. This was particularly true 

for MAI-927, where amino acid abundances in the water and acid

fractions differed by XL to >10 orders of magnitude. Apparently a

high percentage of amino acids were in some way comp lex ed to the

water and acid insoluble carbonaceous matter in the rocks or to the

chert and clays that comprised the .majority, of the inorganic fraction 

of the Transvaal samples. With the exceptions of glu, phe and pro, 

amino acid abundances in the Transvaal water extracts decrease with 

depth. Amino acid abundances in the acid extracts.of the samples 

decrease with depth by an order of magnitude. One may speculate that
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this decrease might be partially explained by an increase in amino 

acid decomposition over time. Some of the quartz in Mal-944 had an 

undulating extinction, therefore, a more likely explanation might be 

that MAI-944 had been exposed to higher pressures, i.e. metamorphism, 

than the other sample. This could, perhaps, explain the significant 

decrease in amino acid abundance with depth. This, of course, assumes 

that the MAI-927 and MAI-944 initially had similar amino acid concen

trations. The most likely explanation is that the original amino 

acid compositions were different.

The relative abundances of amino acids in the Transvaal 

samples and in the drill rod lubricant grease are listed in Table 23. 

Peak interference made it impossible to calculate aspartic acid 

abundance in the drill rod lubricant. The relative abundances of 

amino acids in the Transvaal water extracts were similar. The princi

pal differences were the relatively higher abundances of pro and the 

detection of a small quantity of phe in MAI-944. The acid extracts 

also had similar relative abundances, the exceptions being the higher 

relative abundances of val and ile in MAI-944The drill rod lubri

cant contained relatively higher abundances of leu and phe than the 

rock samples. Had the lubricant contributed significant quantities 

of amino acids to the rocks, phe and leu would have been present in 

higher abundances in the acid and water extracts.

The amino acid D/L ratios reported for the Transvaal rocks 

in Table 14 encompass a broad range of values. While D-glu was 

barely detectable in the Transvaal water and acid extracts, the D/L



TABLE 23. Transvaal Sample Amino. Acid Relative Abundances.

Sample Amino Acid Abundances

MAl-927-H20 gly>glu>asp«ala>val>S-ala>pro>ile>leu

MAI-944-H20 glu>gly>asp>ala>pro>val>B-ala>ile>leu>phe

MA1-927-HC1 gly>glu>pro>ala>leu>asp>val>ile>B-ala

MA1-944-HC1 gly>pro>glu>val>ile>ala>leu>asp>B-ala

Drill Rod Lubricant3 gly>glu>leu>pro>phe>val«ala>ile>B-ala

a. Peak interference made it impossible to calculate asp. abundance in the 
drill rod lubricant.

136
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ratio for glu in the drill rod lubricant.was 0.204. It is not likely 

that glu was introduced into the rocks from the lubricant. Ala was 

highly racemized in the water extracts of MAI-927. (0.821) and MAI-944 

(0.878) . The D/L ratio for ala in the drill rod lubricant was only 

0.179. lie was: -significantly epimerized in the water extract (0.607) 

and acid extract (0.283) of MAI-944 and in the drill rod lubricant 

(0.316). D-alloile could not be detected in the MAI-927fextracts.

Petrographic thin sections of MAI-927 and MAI-944 revealed a 

great many microcracks and microstyolites, many of which had been 

filled with carbonaceous material and, to a lesser extent, calcite.

The rocks mus,t have been permeated by secondary solutions. Even 

though the Transvaal rocks are -2.3 billion years old, none of the 

amino acids in,the water and acid extracts were completely racemized. 

.While- contamination, of the rocks by the drill rod lubricant may have 

been minor, it is apparent that the Transvaal rocks were open systems 

that have, at various and presumably recent times, been permeated by 

solutions containing amino acids from a variety of sources. This 

explanation accounts for the wide range of D/L ratios reported in 

Table 14.

While a small percentage of amino acids in the Transvaal . 

samples may have been extremely old, perhaps even syngenetic, it is 

impossible to isolate this fraction from amino acids subsequently 

introduced into the samples. Kvenvolden, Peterson and Pollock (1969) 

and Oro, et al. (1971b) isolated amino acids from -3.1 billion year 

old cherts located in the Fig Tree Series of the Swaziland system.



Transvaal9 South Africa, The amino acids detected in both investiga

tions were predominantly L; these authors suggested that these rocks 

had been subjected to contamination subsequent to their deposition. 

The Transvaal rocks and the Isua rocks were open systems 

. _ during part of their .geological^ histories and have been permeated by 

solutions containing amino acids. It is also conceivable that 

quantities of older, soluble organic compounds have been inter- 

... mittently leached from these rocks. It is. at present not possible 

to determine residence times for amino acids introduced during the 

various episodes of contamination experienced by Precambrian rocks.

If stable C, N isotope analytical techniques could be developed for 

the analysis of nanomole quantities of. individual amino acids, such 

information might eventually help elucidate the differences and/or 

similarities in the origins of-water and acid extractable amino acids 

in Precambrian rocks.

Amino Acids in the Nubian Sandstone 

The amino acids extracted from the Nubian sandstone sediment 

were similar in relative abundance to those extracted from the algal 

cultures. Glutamic acid and alanine D/L ratios reported for the 

sediment (Table 17) were significantly higher than those reported for 

the algal cultures, with the exception of the N6904 culture. The 

remaining amino acid D/L ratios were similar for the sediment and the 

algal cultures.

N6904-algae, the first sample cultured from the sandstone, 

resulted in the production of a relatively small (0.32 mg) amount of
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algal material. The D/L ratios for glutamic acid and alanine in the 

N6904-algae«, while not as high as the sediment ratios, were markedly 

higher than those reported for the subsequent algal cultures. It is 

possible that glu and ala in the initial dormant cells isolated from 

---the sandstone had partially racemized over time. Subsequent algal 

cultures produced such large quantities of living material .(~1.0 .

grams) that the initial presence of high glu and ala D/L ratios was 

masked. Alternatively, the high D/L ratios for glu and ala in the , 

sandstone and first algal culture may be attributed to bacterial 

contamination. Bacteria were observed in the Nubian Sediment 

(Friedmann, 1979). - High quantities of D-glu and D-ala have been 

reported in bacterial cell walls (Meister, 1965). Subsequent algal 

cultures apparently resulted in higher production of live algae that 

may have partially masked this bacterial contribution.

6-Alanine was present in the Nubian sandstone. A small 

quantity of 6-ala was detected in the first algal culture (N6904- 

algae) but not in subsequent cultures. 6-alanine may have been 

introduced into the sediment from bacteria or from other unknown 

biological material that came in contact with the sandstone.

A good correlation exists between amino acids detected in the 

Nubian sandstone and in algae cultured from cells isolated from the 

sandstone. It should be noted in this context that McCoy and Miller 

(1979) have reported- similarities in amino acids extracted from various 

nodose tufa samples that were interbedded with Quaternary lacustrine * 

sediments in Searles Lake, Southeastern California, may indicate that
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the amino acids were derived from similar types of algae» Correla

tions of this nature are helpful in understanding how amino acids 

may be incorporated into rocks and sediments from modern biological 

sources.

The Detection of Amino Acids in Carbonaceous Meteorites

Five possibilities have been considered in various combina

tions .when attempting to explain the origin of amino acids in the 

Orgueil and Murchison meteorites. (1) Extraterrestrial abiotic 

synthesis. (2) Terrestrial contamination. (3) Laboratory contamina

tion. (4) Synthesis during sample extraction. (5) Extraterrestrial 

biological synthesis.

Numerous laboratory experiments have been conducted in an 

attempt to elucidate extraterrestrial mechanisms for the abiolbgical 

synthesis of amino acids. Two theories have emerged for the explana

tion of extraterrestrial abiological organic synthesis. (1) Amino

acids.present in carbonaceous meteorites were synthesized on pre

viously existing small parent bodies via free radical reactions 

involving H20 9 CHi,. s N2 and traces of NH3 9 initiated by high energy 

spark discharges (Urey and Lewis, 1966). (2) Amino acids detected in

carbonaceous meteorites were produced via a modified Fischer-Tropsch 

mechanism in the primitive solar nebula prior to accretion- of the 

parent body(ies) (Studier5 Hayatsu and Anders, 1965; Hayatsu, Studier. 

and Anders, 1971; Anders, Hayatsu and Studier9 1973). In Fischer- 

Tropsch synthesis amino acids were synthesized from CO, H2 and NH3
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in the presence of a metal or silicate catalyst (Yoshino 9 Hayatsu 

and Anderss 1971). While both theories have been criticized regarding 

the extent to which they reflect what is known about the physical and 

chemical properties of the early solar nebula (e.g. Lemmon» 1970; 

Gabel.,. .1977)-5 laboratory simulation experiments, employing either 

model have resulted in the synthesis of varying quantities of all of 

the amino acids that have been detected in carbonaceous meteorites 

(Hayatsu, Studier and Anders9 1970; Wolman, Haverland and Miller,

1972; Anders, Hayatsu and Studier, 1973; Miller, 1974).

While some scientists may disagree as to whether Fischer- 

Tropsch syntheses or Miller-Urey type syntheses beat explain the 

origin of amino acids in carbonaceous meteprites, the abiotic origin 

of indigenous amino acids in carbonaceous meteorites is, at present, 

the accepted concept (Nagy, 1975). The aforementioned laboratory 

syntheses of amino acids have resulted, without exception, in the 

production of racemic mixtures (Anders, Hayatsu and Studier, 1973; 

Miller, 1974; Nagy, 1975). It is not surprising that one of the 

prerequisites for determining whether amino acids detected in 

carbonaceous meteorites are extraterrestrial or the result of 

terrestrial contamination is whether the amino acids are racemic. 

Non-racemic amino acids, in carbonaceous meteorites have been 

attributed to terrestrial contamination (e.g. Lawless, et al., 1972; 

Nagy, 1975) . .. Recent. technological advances employed in the present 

study have resulted in improved resolution of D- and L-amino acid 

enantiomers in geological samples. As reported, above, amino acids
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detected in the Orgueil and Murchison meteorites were partially 

racemized, but they were not racemic, These findings5 as will be. 

discussed presently5 may not be completely explained in terms of 

terrestrial contamination.

The Orgueil meteorite -fell- in and near the towns, of Orgueil, 

Nohic and Campsas, France at 8.00 p.m. on May 14, 1864 (Nagy, 1975). 

Ninety-nine years later Kaplan, Degens and Reuter (1963), using paper 

chromatography, became the first scientists to report the presence 

of amino acids in the Orgueil meteorite. Subsequent investigations 

by Anders, et al. (1964), Hamilton in 1964 (in Nagy, 1975) and 

VaTlentyne (1965) confirmed-the presence of a series of common 

protein amino acids in the Orgueil meteorite. In addition, Kaplan, 

Degens and Reuter (1963), Hamilton (in Nagy, 1975) and Anders, et al. 

(1964) detected two uncommon .non-protein* amino acids in the Orgueil 

meteorite; ornithine (orn) and g-alanine. Some of the results of 

these initial investigations were contested by subsequent reports 

that the amino acids detected in the Orgueil stones were present in 

similar abundances in human fingerprints (Hamilton, 1965; Oro and 

Skewes, 1965; Hare, 1969; Rash, et al., 1972). Serine, glycine and 

alanine, the most common amino acids in fingerprints (Hamilton, 1965; 

OrcT and Skewes, 1965), were the most abundant amino acids detected 

in the Orgueil stones by Kaplan, Degens and Reuter (1963), Anders, 

et al. (1964) and Valientyne- (-1965). While Hamilton (in Nagy, 1975) 

reported high quantities of ser and gly in the Orgueil meteorite, he.
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found 3-alanine to be the most abundant amino acid in Orgueile 

3-Alanine has not been detected in_human f ingerprints (Hayes 9 1967)

In addition to not considering the possibility of surface 

contamination, Kaplan, Degens and Reuter (1963) used undistilled 

acids and -solvents- and single distilled water during their analysis 

of the Orgueil meteorite. The subsequent detection of amino acids in 

undistilled solvents and HC1, and in single distilled water added 

further doubt to the initial findings of amino acids in Orgueil 

(Hare, 1965; Sidle, 1967; Rash, et al., 1972; Hamilton and Myoda,

1974). Additional confusion resulted when Anders, et al. (1964) 

reported that one of their Orgeuil stones was purposefully contami

nated as a hoax shortly after the meteorite fall.

Subsequent to these early studies, the Orgueil stones were 

-reexamined for their:amino acid; contents .and D/L ratios using new 

analytical techniques. Extreme precautions were taken to avoid 

laboratory contaminations. The surfaces of the Orgueil stones were 

- removed-. - All solvents, and acids-were redistilled and water was triple, 

glass distilled. Procedure blanks were run to determine background 

levels of contamination (e.g. Lawless, et al., 1972). Oro, et al. 

(1971b) analyzed an Orgueil stone that had .previously been extracted 

with organic solvents. Then their Orgueil powder was water refluxed. 

The water extract was hydrolyzed with 6N HC1. Amino acids isolated 

from the water: extract were converted to N-TFA-isopropyl esters and 

subsequently resolved by gas chromatography using a capillary column
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coated with an optically active stationary phase (N-TFA-L-valyl-L- 

valine cyclohexyl ester), Lawlesss et al. (1972) water refluxed a 

powdered Orgueil stone. The water extract was evaporated to dryness 

and hydrolyzed with 6N HC1. The amino acids recovered from the 

hydrolyzed water extract were converted to N-TFA-(+)-2-butyl esters 

and were analyzed by combined gas chromatography-mass spectrometry.

The capillary column employed was coated with UCON 75-H-909000 

(Lawlesss et al., 1972).

Table 24 lists the amino acids detected in the Orgueil 

meteorite by Oro, et al. (1971b) and Lawless, et al. (1972). Amino 

acids detected in the water extract of Orgueil in this present 

study are listed for comparison. Amino acid D/L ratios that were 

reported are also listed in Table 24. Oro, et al. (1971b) and 

Lawless, et al. (1972) did not report amino acid abundances. Amino 

acid abundances for the present Orgueil analyses are shown in Table 

22.
It is difficult to make direct comparisons between the three 

studies. Slightly different extraction procedures, different 

analytical techniques and different Orgueil stones selected for 

analysis certainly contribute to the diverse findings listed in 

Table 24. While Lawless, et al (1972) were able to confirm the 

identities of amino acids in Orgueil using combined GC-MS, the 

Finnigan GC-CIMS sys_t.em,. employed for amino acid identifications in 

the present study was not available at the time of the Orgueil 

analyses. The amino acids detected in the Orgueil extracts in the
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TABLE 24* Orgueil Meteorite Amino Acids »

Amino Acid Lawless, et al. 
(1972) H2O Extract

Oro et al. (1971b) 
H2O Extract

Present Study 
H2O Extract

ala +(0.087)a +b(0.290) +(1.046)
g-ala + — +
Arg - _C —
Asp + + +(0.175)
Glu - - +(0.342)
Gly + - +
His — - -
lie - +
Leu - + +(0.243)
Lys - - -
Met - - -
Orn - - -
Phe - - -
Pro + + +(0.263)
Ser - - -
Thr - + -
Tyr - - -
Val + + +
a-aiba -f - +
Sar + - +
g-aiba +(1.0) - +
g-aba + -
y-aba +' • -
a-aba +

a. Amino acid D/L ratios are shown in parentheses,

b. + = Amino acid present.

c. - = Amino acid was not present, not detected by the
analytical procedure employed or was not reported.

d. + = Amino acid may have been present.
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present study were confirmed by coinjection of amino acid standards 

with the samples and by retention times of standards confirmed by 

G C-CIM S.

There are a number of significant findings in all three 

studies that indicate that at least a portion of the amino acids 

detected in the Orgueil stones may hot have been the result of 

terrestrial contamination during impact and/or subsequent sample 

collection. Lawless* et al. (1S72). and the author detected a number 

of uncommon biological amino acids in Orgueil (Table 24). The • : 

presence of high quantities of g-ala (present study) and lesser 

amounts of-a-aiba, g-aiba, g-aba* a-aba, y-̂ aba and sar (present 

study and/or Lawless* et al.* 1972) indicate that at least some amino 

acids in Orgueil may have been indigenous. The above listed amino 

acids are not present in fingerprints and have not * with the exception 

of g-ala, been reported as common constituents in modern soils ' . 

(Pollock* Miyamoto and Oyama* 1970; Orb* et al.* 1971b).

Cronin* Pizzarello and Moore (1979) have made- the following 

recommendation to help distinguish between indigenous and contaminant 

amino acids in carbonaceous meteorites.

In distinguishing between indigenous and contaminant 
amino acids * it is useful to look for this distinctive 
composition as well as for the presence or absence of 
certain species that are of common biological occurrence* 
but which are either absent in carbonaceous meteorites or 
present in such small amounts as to have escaped detection: 
lysine * histidine 9- arginine * phenylalanine* tyrosine * 
methionine* and cysteine. The hydroxy amino acids threonine 
and serine should perhaps be included in this category* 
although it is possible that the small amounts measured in 
some C2 chondrites are indigenous. In any case* large 
amounts of serine strongly suggest contamination * , ' V- V'.:;'
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particularly by handlings because of the prominence of 
serine among the ’finger’ amino acids.

Lawless9 et al. (1972) and O r o s et al. (1971b) did not report 

any of the ’contaminant’ amino acids in their Orgueil samples. Of 

the amino acids suggested by Cronin, Pizzarello and Moore (1979) as 

being indicative of terrestrial contamination, the ones that could 

be detected in the present study, met and phe, were absent in the 

water and acid extracts of Orgueil. A limited available sample 

made it impossible to synthesize the O-acetyl derivatives required 

to resolve ser and tyr on the Carbowax columns employed in the 

present study.

The D/L ratios reported for the water and acid extractable 

amino acids in the present investigation of the Orgueil meteorite 

were (with the exception of glu in the acid extract) all well above 

the D/L amino acid ratios reported for modern soils (Pollock,

Miyamoto and Oyama, 1970; Oro, et al., 1971b). The D/L ratio of 

glu that had been extracted from Orgueil with acid was 0.020, 

significantly lower than the D/L ratios reported by .Pollock,

Miyamoto and Oyama (1970) for glu in modern soils. The glu D/L 

ratios reported by Pollock, Miyamoto and Oyama (1970) for four 

soils were all above 0.130.

Oro, et al. (1971b) reported a D/L ratio of 0.290 for ala 

extracted from Orgueil. During their analysis of a-modern soil 

obtained 5 to 7 cm beneath the surface of a grassy area in Memorial 

Park, Houston, Texas, they determined a D/L ratio of 0.094 for
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alanine (Oro, et al., 1971b) «. This value was well below the D/L ratio 

determined by Oro9 et al. for alanine in the Orgueil meteorite. It 

was9 however5 consistent with the D/L ratio reported by Lawless9 et 

al. (1972) for ala (0.087) in their Orgueil water extract. In addi-r 

tion to ala3 Lawless9 et al. (1972) reported that g-amino isobutyric 

acid was racemic in Orgueil. They also reported that while D-pro and 

D-asp were higher than values that could be attributed to contamina

tion, they were far from racemic.

Conventional wisdom states that indigenous amino acids in 

carbonaceous chondrites are abiological and are, therefore, racemic. 

Oro, et.al. (1971b) concluded that the- presence of non-racemic amino 

acids in the Orgueil meteorite indicates that the stone was contami

nated. Lawless, et al. (1972) concluded that the Orgueil meteorite 

may have been partially contaminated. It is possible that these 

interpretations were, in part, the result of the same investigators 

having performed the meteorite analyses that had previously conducted 

laboratory abiotic syntheses of amino acids (e.g. Oro, 1963; 1965; 

Lawless and Boynton, 1973). If one reviews the data provided above, 

there is, at present, limited compelling evidence that the Orgueil 

stones were massively contaminated. The Orgueil stones are composed 

of a matrix that is dominated by layer lattice silicates and the 

water soluble salt, magnesium sulfate (Anders, 1963; Nagy, Meinschein 

and Hennessy, 1963; Bostrom and Fredriksson, 1966). Had the stones 

been subjected to moisture subsequent to impact, they would have 

disintegrated prior to collection. The Orgueil stones were collected 

a few hours after they fell. ...
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With the exception of alanine in the water extract of this 

present study9 the amino acids in the Orgueil meteorite are partially 

racemized s but they are not racemic. If laboratory contamination and 

contamination during impact are, at, best 9 minor sources for amino _ 

acids in Orgueil9 where did the amino acids come from? There are at 

least three possibilities e (1) An as yet unknown extraterrestrial 

abiological.mechanism(s) that results in the preferential synthesis 

of L-amino acids or the preferential destruction of D-amino acids„

(2) An extraterrestrial biological mechanism, (3) The synthesis of 

amino acids from precursors present in the meteorites during water 

and/or acid extraction via a mechanism that preferentially favors 

the synthesis of L-enantiomers. Finally 9 if amino acids present in 

the Orgueil meteorite-were initially of the L configuration) should 

they have been completely racemized by the time the stones reached 

the Earth9 or were the inorganic/organic matrices of the stones 

and/or conditions in space not conducive,for racemization at rates 

common for amino acids in geological samples on Earth? '

The Orgueil meteorite fell over one hundred years ago. The 

-antiquity of the stones has and will continue to render their organic 

analyses suspect, The Murchision meteorite fell in Australia in 1969. 

The stones were collected a few days after the fall. In view of the 

skepticism and--con-troversy-that, clouds the Orgueil meteorite analyses, 

the aforementioned questions as to the origin of amino acids in



150
Orgueil may be best addressed by first examining the results obtained 

for the Murchison meteorite»

The amino acid fractions of the Murchison meteorite stones are 

considered to be the Tprototypical7 examples of extraterrestrial 

abiotic synthesis. In addition to seven to eight common protein 

amino acids detected in the stones (glu, asp, pro, gly, ala, leu, 

val, lie?), 16 uncommon non-protein amino acids have been detected 

in the Murchison.meteorite (Kvenvolden, et al., 1970; Cronin and 

Moore, 1971; Kvenvolden, Lawless and Ponnamperuma, 1971; Oro, et al., 

1971a; Lawless, 1973; Cronin, Pizzarello and Moore, 1979). Of these 

16 uncommon amino-aeids reported in the Murchison stones, at least 

four (isovaline, pseudoleucine, 2-amino-2-ethylbutric acid, 2-amino- 

2 , 3-dimethyl butyric acid) and perhaps three other (norvaline, 

norleucine, 2-methylnorvaline) amino acids have yet to be detected in 

terrestrial biological systems (Meister, 1965; Cronin, Pizzarello 

and Moore, 1979). Although Kvenvolden, et al. (1970) and Cronin 

(1976a; 1976b) and Cronin and Moore (1974) have reported traces of 

serine in different Murchison stones, serine has hot been reported 

in other Murchison stones by other investigators (Cronin and Moore, 

1971; Kvenvolden, Lawless and Ponnamperuma, 1971; Oro, et al.,

1971a; Lawless, 1973; Cronin, Pizzarello and Moore, 1979)/ Also, 

serine was not detected in the water extract of the Murchison 

meteorite in the present study. In addition to. serine, none of the 

other 7 common contaminant amino acids7 e.g. tyr, met, phe, his and 

lys, listed by CroninPizzarello and Moore (1979) have been found
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during the present investigation of the Murchison meteorite or in 

any previous investigations.

In the present study9 the four most abundant amino acids in 

the acid hydrolyzed water extract of the Murchison meteorite were 

a—aib-a, g-ly9 glu and ala. Cronin.5 Pizzarello and Moore (1979) have 

reported the same finding. Some differences in actual amino acid 

abundances reported in this study and in the investigation of Cronins 

Pizzarello and Moore (1979) may in part be attributed to differences 

in extraction techniques5 different analytical procedures, the anal-: 

ysis of different stones and experimental error. While Cronin, 

Pizzarello and Moore, (1979) extracted the Murchison sample with water 

at 110°C for 24 hours in an evacuated pyrex vial and subsequently 

resolved the amino acids on an amino acid analyzer, the present study 

refluxed the Murchison sample in water for 8 hours at 100°C at 

atmospheric pressure and subsequently analyzed the N-PFP, O-acetyl- 

(+)-2-butyl esters by GC and combined GC-CIMS. However, a number 

of the amino acids were reported to be present in similar abundances 

in a number of studies. For example, Cronin, Pizzarello and Moore 

(1979) reported a-aiba, g-ala and glu to be present at concen

trations of 100.2, 15.-2 and 23.5 nmoles/gram, respectively. Water 

extractable a-aiba, g-ala and glu were detected in the present study 

at similar concentrations, i.e. 107.8, 13.1 and 18.2 nmoles/gram, 

respectively. Furthermore, Kvenvolden, et al. (1970) reported glu 

and pro to be present in the Murchison meteorite at concentrations of 

20.4 and 8.7 nmoles/gram, respectively. Cronin and Moore (1971)
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reported the abundances of these same amino acids to be 21.1 and 

11.3 nmoles/gram9 respectively. In the present studys the concen

tration of pro in the water extract was 13.5 nmoles/gram and9 as 

was noted previouslys glu was 18.2 nmoles/gram.

The amino acids detected in the water extract of the 

Murchison meteorite (Table 22) were confirmed by coinjection of amino 

acid standards, retention times and combined GC-CIMS. There was not 

enough sample to confirm the identifications of the hydrochloric acid 

extracted amino acids in the Murchison sample by GC-CIMS. Their 

identifications were based on the coinjection of amino acid standards 

and/or retention times of standards confirmed by GC-CIMS. As shown 

in Table 22, gly, glu and ala were the major amino acids liberated 

with 6N HC1 from the Murchison water extracted solid residue» 

Kvenvoiden, et al. (1970) had previously extracted amino acids from 

the water refluxed insoluble residue of the Murchison meteorite 

with 6N HC1. They reported the amino acids to be four times less 

abundant in the acid extract than in the water extract and conse-i/' *: * v 

quently did not attempt to identify the amino acids in this fraction. 

The analysis of the acid extractable amino acids in the Murchison 

meteorite reported in the present study represents the first attempt 

at identifying and resolving D- and L-amino acids in this fraction.

As was noted above, a control (spiking) experiment has shown that the 

HC1 extraction used in the present study recovered most of the amino 

acids not previously extracted by water and did not degrade or 

racemize the amino acids.
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Kvenvoldens et ale (1970) synthesized N-TFA- (4*) -2-butyl 

esters to determine amino acid D/L ratios for the hydrolyzed water 

extract of the Murchison meteorite. The amino acids that were 

resolved and their respective D/L ratios were as follows: ala =

1.000;. g-lu - 0.318; val = 0.667 - 0.887; pro = 0.667 - 0.754 

(Kvenvolden9 et al.5 1970), which they attributed to experimental 

error. In a subsequent study, Kvenvolden, Lawless.and Ponnamperuma 

(1971) showed D- and L-gas chromatographic peaks for asp, 'd-aba,

3-aiba, .nval. and pipecolic acid. D/L ratios were not reported.

Oro, et al. (1971a) reported ala and pro to be completely racemic 

in the acid hydrolyzed water extract of the Murchison meteorite.

They did not report D/L ratios for the other amino acids. Lawless 

(1973) has shown D- and L-gas chromatographic peaks for val, a*-aba, 

ala, nvalv B-alba, pipecolic. acid, pro, asp apd glu in the hydrolyzed 

water extract of the Murchison meteorite. Lawless did not report D/L 

ratios for these amino acids.

Pollock, et al. (1975) were able.to resolve.D- and L- 

isovaline (ival) that was detected in the hydrolyzed water extract 

of the Murchison meteorite. This was accomplished by synthesizing 

N-TFA-(+)-2-pentyl esters and resolving the resultant isovaline 

diastereomers on a 150 ft. x 0.02 in. stainless steel capillary 

column coated with Dexsil 400. Isovaline was reported to be racemic. 

Since ival does not have an a -hydrogen attached to its asymmetric 

center, it cannot be racemized via the common mechanisms for racemi- 

» zation known to occur in geological systems on Earth.



With the exceptions of ival (Pollock, et al„.9 1975) 9 ala 

(Kvenvolden9 et al. 9 1970; Oro, e„t al9 1971a) and pro (Oro9 et al. 9 

1971a)9 no other amino acids have been reported to be completely 

racemic in the Murchison meteorite. Regarding the high D/L ratios 

reported by Kvenvolden* et al.̂  (1970) for ala9 glu9 val and pro9 

could there be a possibility that these amino acids were partially 

racemized during esterification? Kvenvolden, Lawless and Ponnamperuma 

(1971) used (+)-2-butanol -that was only 96% pure, and had been acidi

fied to 8N with HC1. They esterified their samples at 110°C for 3.... ~ 

hours.L Esterification of pure L-amino acids at 100 to 102°C with 

(+)-2-butanol (99.99% pure)- thatvhas been acidified to 2 to 4N with 

HC1 (as was done in this present study) causes minimal racemization. 

However9 acidification of (+)-2-butanol to 8N and subsequent esteri- 

fication above 102 to 103°C has been reported to result in partial 

racemization of L-amino acid standards'(Pollock, 1975). Because of 

the potential significance of racemic vs. non-racemic amino acids in 

carbonaceous meteorites, this experimental procedure (Kvenvolden, 

Lawless and Ponnamperuma, 1971) needs to be reconfirmed;

Bonner, et al. (1979) have recently reported that brief 

exposure of both D— and L-isovaline to ionizing radiation from a 

3,000 Ci 6 °Co y-ray source resulted in partial racemization of the 

undestroyed amino acid residues. The extent to which amino acids 

in-carbonaceous meteorites were altered by radioracemization is 

uncertain. The effect of meteorite mineral matrices on this potential 

mechanism is at present, unknown. However, the experiments of Bonner,
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et ,al» (1979) suggest that while some amino acids detected in carbona

ceous meteorites appear to be racemic, there may be no way of telling 

if they were initially racemic or were racemized subsequent to their 

synthesiso

In a relatively recent evaluation of chemical evolution.

Gabel (1977) commented on the present capabilities of resolving 

enantiomers in carbonaceous meteorites. He stated that "...within 

the capabilities of the analytical scheme, the asymmetric compounds 

that were extracted were present as racemic mixtures" (Gabel, 1977). 

Recent advances in sample preparation and analytical techniques 

employed in the present- study have resulted in improved gas chroma

tograms. The D/L ratios for glu, asp, pro, leu and a.la in the 

Murchison water and acid extracts obtained in the present study are 

- listed in Tables 20 and 21. None of the amino acids in the extracts 

were completely racemized. However, ala, as had previously been 

reported by other investigators (Kvenvolden, et al., 1970; Oro, et 

al., 1971a) was the most highly racemized amino acid in the Murchison 

water extract (0.682). Without exception, the amino acids extracted 

from the meteorite residue with 6N HC1 were less racemized than their 

counterparts in the water extract.

Robert, Becker and Epstein (1980) recently reported that the 

step-wise pyrolysis of an HF-treated sample of the Murchison meteorite 

resulted in the release of water in a bimodal distribution. The low 

temperature peak extended to 400°C and had a range compatible

with terrestrial values (~-407oo - TH50%^o). Water/released .above
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400°C appeared to be a residual meteoritic component with a SD value 

of ‘v+800o/<jo. However s the amino acids present in the Murchison 

extracts appear to be indigenous. Had the stone been contaminated 

prior to and upon impact s or during subsequent handling, sers phe, 

tyr and met, four amino acids that are ubiquitous in living systems, 

should have been introduced into the meteorite.along with the other 

amino acids. The low abundances of leu and ile also argue against 

terrestrial contamination. The presence of non-racemic amino acids 

in the Murchison stone does not necessarily argue against abiological 

synthesis. Their presence may only indicate that the few abiological 

synthetic mechanisms that have been performed in the laboratory to 

date do not completely explain the nature of the amino acids detected 

in Murchison.‘

Based upon what is known about temperatures in the asteroid 

belt and about the probability of the Murchison meteorite approaching 

within 0.4 to 0.5 a.u. of the sun (perihelion) during its relatively 

short cosmic ray era, Schroeder and Bada (1976) have estimated that it 

would be highly unlikely that the amino acids in the Murchison 

meteorite would be completely racemized had they initially been 

present in the L or D form. It has been proposed that amino acids 

may have been racemized by brief exposure to temperatures in excess 

of 200°C during their entry into the atmosphere. However, it is 

widely known that only the surface layers (fusion crust) of 

meteorites are heated during atmospheric entry. The meteorites are 

rapidly ablated as they fall to Earth (Nagy, 1975). Laboratory
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heating experiments conducted by Cronin and Moore (1974) have demon

strated that if the interiors of the Murchison stones were ever heated 

in excess of 120°C for short periods of time, the majority of amino 

acids present in the stones would have been destroyed. If some of 

the Murchison amino acids were initially present in the L-configura- 

tion, the D/L ratios reported for Murchison in Table 20 would appear 

to confirm the estimates of Schroeder and Bada (1976). The Murchison 

amino acids are partially racemized, but they are not racemic.

The mineral matrix of the Murchison meteorite is composed 

primarily of iron-rich septechlorite, a layer lattice silicate 

(Fuchs9 Jensen and Olsen, 1970). The insoluble polymeric organic 

matter present in the Murchison stones has a bridged aromatic 

structure with functional groups e.g. COOK, OH, CO, attached to the 

polymer (Hayatsu, et al., 1977). It is possible that a portion of 

the amino acids present in the Murchison stones became complexed to 

the organic, polymeric and/or inorganic matrices of the stones. 

Interactions - of this nature, as previously discussed with respect to 

the Isua rocks, may account for the lower D/L ratios reported for 

the Murchison acid extract than for the Murchison water extract.

The amino acids in the Murchison meteorite are partially 

racemized. The L-enantiomer predominates in all of the asymmetric 

pairs successfully resolved during this investigation. It is, 

however, possible that all of the amino acids in the Murchison 

meteorite were initially racemic and that a percentage of the D- 

enantiomers were preferentially destroyed.
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Vaster9 Ulbricht and Krauch (1959) proposed that longitudi- 1 

hally-polarized-electrons might provide a mechanism for the abiotic 

origin of optically active organic compounds, Employing this 

hypothesis5. Bonner and others (Bonner and Flores* 1975; Bonner*

Van Dort and Yearian* 1975;s Keszthelyi* 1976; Noyes* Bonner and 

Tomlin* 1977) have reported that longitudinally polarized electrons 

having an antiparallel left handed spin characteristic of electrons 

resulting from natural beta radioactive decay* preferentially 

destroy D-leucine compared to L-leucine, Longitudinally polarized 

electrons possessing a parallel* right handed spin (which does not 

occur in nature) were -found to preferentially degrade L-leucine 

(Bonner* Van Dort and Yearian* 1975). It is possible that 14C 

present in amino acids may have provided the source of electrons 

having an antiparallel ..left .handed spin that eventually led to a 

preferential degradation of D-amino acids (Noyes* Bonner and Tomlin* 

1977). This polarized electron theory has not* however* gone 

uncontested (Walker* 1976a; Hodge, et al.* 1979).

It is uncertain whether the amino acids present" in carbona

ceous meteorites were synthesized before, during or after the 

formation of the parent body(ies). It is possible that the amino 

acids were synthesized at a variety of times by more than one 

mechanism. If the organic compounds were synthesized during a 

single event * it is unlikely that enough 14C would have been incor

porated into the compounds to provide the beta-emissions required to
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destroy the quantities of D-amino acids necessary to result in the 

D/L ratios detected for the Murchison meteorite»

Amino acids present in the Murchision meteorite may have been 

partially racemized during the water extraction steps employed in the 

aforementioned investigations. To. test this possibility, Pereira, et 

al. (1975) used a quadrupole mass spectrometer to measure the extent 

of proton exchange of water extractable amino acids in the Murchison 

meteorite with deuterium uoxide. (D2O) during water refluxing. They 

also ran this experiment with standard L-amino acids added to the 

meteorite sample. In a related experiment, Pereira, et al. (1975) 

mixed deuterated. amino acids with meteorite material and monitored the 

loss of isotopic label during H2O refluxing. During refluxing with 

D20, multiple H-D exchange occurred, and was not limited to the a- 

hydrogen of the amino acids. During the refluxing of deuterated amino 

acids with H20 valine and proline were the only amino acids that did 

not exhibit deuterium loss. This lack of exchange may have been the 

result of selective catalytic activity resulting from steric or 

inductive'effects (Pereira, et al., 1975). With the exception of 

aspartic acid, deuterium exchange did not occur when standard amino 

acids were refluxed with D20 in the absence of meteorite material. It 

has been suggested that the Murchison meteorite contains components 

that have a catalytic effect responsible for the D-H exchange during 

refluxing (Pereira, et al.* 1975). The percent deuterium uptake by 

standard L-amino acids mixed with the Murchison sample and refluxed 

for 20 hours at 100°C is shown in Table 25.
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TABLE 25c Amino Acid Deuterium Exchange»a

Amino Acid % Deuterium After Reflux

val 2.0

ala 10.0

ile 2.0

leu 4.0

pro 4.0

asp 4.0 '

glu 14.0

Be From Pereira, et al. (1975),-
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In a similar investigation5 Lawless and Peterson (1975) 

have reported that when a powdered Murchison meteorite sample was 

refluxed in DzO, a percentage of the amino acids extracted from the 

sample underwent deuterium exchange. While deuterium exchange does 

not occur entirely at the a-hydrogen (Lawless and Peterson, 1975; 

Pereira, et al., 1975), it is possible that some exchange at the 

chiral center results in a slight amount of racemization during 

refluxing. This may be of particular importance with respect to 

ala and glu, both of which, as seen in Table 25, underwent extensive 

deuterium exchange. These studies show that partial but not complete 

racemization may occur during water refd.uxi.-ng, ---- ; -

There have been a number of studies concerning the possibility 

of amino acids being synthesized from precursors during the acid 

hydrolysis of meteorite water extracts. Aqueous solutions of HCN 

(0.1 to loOM) that were allowed to stand at room temperature for 

30 days resulted in the formation of a polymer (Ferris, et al., 1973). 

Acid - hydrolysis of this polymer yielded asp, thr, ser, glu, gly, ala, 

val, ile, leu, lys and his. Subsequent investigations of HCN poly

merization reactions by Matthews (1975) and Matthews, et al. (1977) 

have led these investigators to conclude that a portion of the 

water soluble organic matter extracted from carbonaceous meteorites 

(e.g. Murchison) during water refluxing may have been HCN polymeric 

material that, subsequent to water refluxing, was converted to 

polypeptides. Acid hydrolysis of. this material resulted in the 

release of amino acids in excess of the small quantities of ’free1
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amino acids that have been detected in the water extracts of Murchison 

prior to acid hydrolysis (Cronin9 1976a; 1976b). The mechanism 

proposed by Matthews 9 et al. (1977) for the aqueous polymerization 

of HCN is shown in Figure 25,

There are at least four potential problems with the proposed 

mechanism of HCN-polymer hydrolysis accounting for the majority of 

amino acids present in the acid hydrolyzed water extract of the 

Murchison meteorite. (T) Ferris (1980) has recently reported that 

the presence of ferric iron in montmorillonite clays markedly 

inhibits the oligomerization of HCN in aqueous solution. Fe3+ was 

reported to rapidly oxidize -diaminomaleonitrile, an important inter

mediate in HCN oligomerization. . Ferric iron is present in the 

Murchison meteorite in magnetite and in septechlorite (Fuchs 9 Jensen 

and Olsen9 1970). It is possible that these iron rich minerals may 

have inhibited the formation of polyaminomalononitrile (III) shown 

in the mechanism above. (2) Cronin (1975b) attempted to isolate 

large polypeptides from a water extract of the Murchison meteorite 

using a molecular exclusion column. The experiment was unsuccessful 

and led Cronin to conclude that if acid labile precursors are present 

in the Murchison water extract they do not differ appreciably in 

molecular size from amino acids. In an additional investigation of 

the Murchison water extract 9 Cronin (1976b) has reported that no 

more than 9 mole percent of the total acid labile amino acid pre

cursors in the water extract of the meteorite could have been . 

small peptides and/or acylamides. (3) The amino acids present in
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the water and acid extracts of the Murchison meteorite are* with few 

exceptions5 not racemic. It is unlikely that addition of HCN to the 

inline to form polyaminomalononitrile (III) would have been stereo

selective, and if so, that racemization would have occurred at the 

resultant asymmetric centers in a manner similar to that observed 

for peptide bound amino acids, (4) It has yet to be demonstrated

that HCN polymerization can account for the production of the wide 

variety of uncommon non-protein amino acids and non-biological amino 

acids present in the Murchison meteorite*

Cronin (1975a; 1976a; 1976b) has reported that the principal

amino acid precursors present in the water extracts of the Murchison
‘ ?meteorite are N-carbamyl amino acids (NH__ J . _ . m _ CHR C00H) "

Acid hydrolysis of these compounds results in the subsequent release 

of free amino acids. Acid hydrolysis of N-carbamyl amino acids does 

not involve reactions at the asymmetric center(s) of the molecules.

If N-carbamyl amino acids were the major components of the Murchison 

water extracts, they are not racemic, as evidenced by the amino acid 

D/L ratios reported for the hydrolyzed water extract of the Murchison 

meteorite in the present study (Table 20). * If during acid hydrolysis 

the N-carbamyl amino acids cyclized to form 5-substituted hydantoins 

that subsequently underwent dehydration resulting in the loss of 

asymmetry at the a-carbon of the compounds subsequent hydrolysis of 

these ,compounds if at all possible, would result in racemic mixtures 

of amino acids (Hruby, 1980). However, the amino acids present in 

the Murchison meteorite were not racemic.
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The Murchison meteorite was once part of a parent body 

presently thought to have been located in the asteroid belt. At some 

point before9 during or after the formation of the parent body* 

organic compounds e.g. amino acids were synthesized. Amino acid 

synthesis may or may not have occurred only once* depending on the 

mechanism(s) involved. Different investigators have reported amino 

acids present in different abundances with some varying D/L ratios 

in the Murchison and in the Orgueil stones. These differences are 

commonly attibuted to experimental error or to terrestrial contamina

tions 'masking' the actual abundances and D/L ratios of the 

indigenous amino acids present in the stones.* respectively. Also* 

it is usually assumed that the original distribution of amino acids 

on/in a meteorite parent body(ies) was uniform. This is not known.

- During the early stages of the origin of life on Earth there 

must have been a critical* and presumably very short period when 

amino acids of an abiological origin and amino acids of a biological 

origin were present at the same time. The amino acids in the 

Murchison stones might well reflect such a mixture. While, glu* leu* 

pro* ala and asp were only partially racemized* uncommon amino acids 

like isovaline were completely racemic. The amino acids present in 

the Murchison meteorite do not appear to be the result of terrestrial 

contamination * laboratory contamination or synthesis during extrac

tion. The amino acid D/L ratios.in the Murchison meteorite do not 

conform with our present understanding of extraterrestrial abiological 

synthesis. However * based on the data provided in this present study
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of the Murchison meteorite it would be premature to suggest that a 

portion of the amine acids in the Murchison stones were of extra

terrestrial biological origin. It is proposed that alternative yet 

unknown abiological mechanisms for the stereoselective synthesis 

and/or destruction of amino acids may have existed and must be 

sought prior to concluding that a portion of the Murchison amino 

acids were derived from an extraterrestrial biological source(s).
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