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A SED:fi/n:Nr TNO A~ A Ht'\LF BILLION YEAHS OW \ 

"', !, I .T. Belsky, .R. B. Johns, E. D. NcCarthy, A. L. Burlingarre, W. Richter and 
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J'. 

1-ielvin calvin 

\ 
Deparbrent of Olemistl:y, Lawrenoe R1diation ~ratocy and. Space Sciences 
·. 1 · ·Laboratory, University of California, .Berkeley 

\1 

\ The quest f9r evidence of life proo.sSes, past or present, in extra­

terrestrial enviroi'lil'ents is of ·current scientific concern. Isoprenoid .. 

· . . alkanes have been proposed as "biol~ical markers" since their high q 
.. 

,'\ 

.. 
... ' . . 

de~ of structural specificity is indicative of bi?9enesiso1 ·we 

have oontinued our search for these and ot."'ler markers in ancient 

·sed:i.Irents not only with the objective of detennining by a che11ri.cal. 

:approach whether organic conpounds being i~tified in rreteorites2 

,' 
I 

·: cool.d be. of biological origin but also to trace, if possible, the course 
' . . . ' 

• ,t . ' ...... of the earllest stages of organic evolution •. In our initial in.vesiga-. 

tions of a one-billion year old sedirrent, the Nonesuch Shale, pristane 

and ~hytane which are ·f~ in oont:erL"pO.i:ary animals were isolated arid 

'. . ~ .' 

·., '·: .; 

·' · · . : identified spectroscopically .. 1 Thus, suc;h is~prenoids have forned a . 
I 

basis for the extension in soope of our researches to 'sedirr.ents vary-

. · ing in age and geolOgic type. . 
·· : · · · here 

i ,; . t 

~'le report/our resultS. from the analysis. of (a) the Soudan Iron · 
-II ' '· •' r • 

Fomation of Minnesota, the age of which has been da~d isotopically 
. I 

at not ·less than twO and a half billion· ye~s3a and therefore extends 
beyond the age l.i.mit of rocks. in which trorphologica:J. rem:dns have· been . . . . ' . 
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. accepted as identified4; _(b) the Antrim Shale, considered late 
. -~ 

Devonian .in age (ca~ -265 x 106 years) ; and {c) the San Joaquin Oil 

which' is ·approximately 30 million years old. Whe"t.l"ler or not the ex­

tractable hydrocarbons we have -found in. the SOudan were deposited at 

by migration fran _elsewhere, remains a question. Conclusions conoem- -

. ing the age of the biosynthetic zrechanisms which produced them are 
. ' 

subject to reintel:pretation in the light of .a nore ceitai.n answer t6 
. . . ~ ' .. -

~ .. ' .. 

'.• 

,, .'I 

- ·-
' ' 

'. - ,, 

',•). 

•' .· . ' 

- . 

this question as discussed below. 

Contin~g _the approach of actual isolation and identificatio.& by 

' · physical technique~, 1 the hydrocarbon fraction fran the Soudan Shale 5 -

-was isolated and purified by procedures previously· detailed. 1 ' 6 An 
.•• t 

hydrocarbon fraction was first separated from the extractables by . 

·· alumina chrana~raphy and fran this "total oil" sample the straight ·. 

, . -: chain hydrocaJ:bons were isolated, \lncontarn.ir.ated by isomers 1 . by occlu:.. 
. -. '. 

···· sion in 5 R n-plecular sieves. T'ne branched and cycllc hydrocarbon- .. 

. fraction which remained was examined by GLC techniques. The isopre- . · . . -

. ;:-· noid c~nents were separated on a GLc colUrm (10' x ~/4") using . .:' ... : 

'· _1% SE-30 as liquid phase and further purified on sucoassive colurnns _ ... _ 

· ·, (25' x 1/4") of liquid phases of 2-1/2" 7-ring rretapolyphenylether 

and 2-l/2" tetracyanoethyiatedpentaerYthritol. The stnlctures of 
' i 

I 

the collected san1ples were determined by mass spectronetl:y o In 

addition to the isoprenoids c18H38' c19H40 (pristane) and C20H42 

· (phytane) previo~ly re:cognizedl in the Nonesuch • sarrq_:>les, ·the pre­

sence of the. c21H44 .isoprenoid was- established in-~e sO~ by its· 

isolation ~ idehtifi~~ from its .wass spectrarr4tric fragrrentation 
. ··.· . : 

pattem. 
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A.sariq?le of Antrim Shale *ro.11 ~ri.dland County I ~\~ch.igan, 6 and ~ 
. sanp1e of san Joaquin 0.1.16 were anaiyzed and from botil sarrif>les c18,c

19 ··:. 
. . . 

(pr.istane) and ~O . (phytane) .isopreno.i~ were .identified. 'rhe~ "bio-

: logical'mark~rs" which are found in a variety of cxmtenporal:y ani.rnals 
· . . . • . · greater ~an 
have thus been shown to be present in samples ranging in age to /2.5 x 10 

. ·. 

·years. .••• i 

· Fran the Soudan ·Shale the isoprenoids have been isolated in the . . . 

approximate proportions of c18 :c19 :~0 :c21 as 3:5:3:1 and fran the 
. . .. 

Antrim Shale C1a:c19 :~0 as 5:3:2.5. Sorre further quantitative trends 

cue shown in Table 1. · 

A second hono~ogous series, tile rormal hydro~, provides another 
.. 11 

basis for conparison. Fig. 1 shc:Ms the relative distribution of tne ·:·, . 

n-paraffins found in SC>J:Te marine sedirrents3b and in· the non-marine 

. Green River Shale. 3b, 7 1\:ny predominance of odd over· even hydrocarbons 

. is very slight ·in nost of these sarcples. In the Soudan, ~though the 

\ 

.. 

'·. 

· , . carbon nun'lber naninally runs from c13 to c32 , 98% of the n-hydrocarbons 

: : are represepted by n-c15 ·to n-c20 inclusively. This contraction in the 

distribution of the n-hydrocarbons provides the most noteable differ-
. . . . I . 

ence in appearance of the oil fractions frcm t."le Soudan and younger 

s~di.lre:nts. We believe that this is a: real difference and not an appar-
l 

' ent one due to any selective nove:nent of the n-hy&:bca.rbOns within the 

rock because of the occurrence not only of the higher m::>lecular weight 

rrernbers of this harology, but also of a substcntial fraction of high­

er m::>lecular weight branched and cyclic' hydrocarbonS \vh.ich .i.ri their 

· distribution pattern shc:M no evidence of any prefereritial :rroven-ent 

in the sed:iirent. ·Rather, the GLC "fingerprint" pattern of the branched. 

~d cyclic hydroCarbons suggests a conpleXity ~nparable to that fOUl'ld 

in the Nonesuch Shale. 
v ~. 
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Table 1 

PEIO.'li'AGE CC»11?0SITIONS 

· Sar.ples Antrim Shale · 

Total carbon in shale 

% of total carbon extrac table 

Pristane in branched/cyclic 
fraction 

Phytane in branched/ cyclic 
'fraction 

' :~ .. -. 
.. 

.. ' ·. . ~ . •, I 

.\ ·.'. ' 
. ·~ 

.'• 

. ' .,·i 

~~ ' 
\ 

··,\ 
>. 

r· 
-~. 

- •. !_. 

' ... 

. . ~ 

'· ·.' ;'1,:. 

\; 

. . -· \ 

• . 

·. 

8.8 

ca.4.5 

0 .. 3 

0.2 

·-·~ -

. ~ . 
\ . 

. \ .. \' 

. , ... 

.' 

' ... 
~-' 

Nonesuch Oil 

· .. 

I;-

,; 

I 

.I 
I 
t 

1.2 

0.6 

,· 
. ' 

'·' 

.... -~ 

! 

I. 
I 

. '. . " 

· .. ~ 

. ) 

; . 

4 

,. 

Soudan Shale 

3.0 

ca.l.S 

1.3 
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· 'l'he problem of contamination of the sedllrent by rr.ovement into or 

out of .the rock sin~ deposition of the hydrocarbon constituents is 

a continuing one. Compaction of a sedirren:t after initial deposition. 

is known to occur very rapidly in the ini ti~ stages, a but the . great 

age of the Soudan .could allow this initial period to be spread over 

several hundreds of milli<?ns of years and still require it to be in a· ·· 

· oonpacted state for by far ,the greatest perio'! of its existen~. 
t,'. 

Migration of hydrocarlx>ns fran outside sources into corr.pacted sedi-
.. . . "'• 

ffi=nt may be possible t .but nODI'ally only in Oil-pr6ducing CQ:eas 1 g 

· which is not the physical environment of the· Soudan formation as 

, ·Ja 
· known ·today. . . · \. . 

One rrethod ~f at"tenptin~ to resolve this difficulty of. conternpcirary::' l:.\~ . 
. . . . • - I 

. nature of the hydrocarbon fra\;tiori and th~ rock is the use of d-3;22 

. ' 

!, 

.. \ 

ratios. Dr. T. Haering has inf rc.-ed us of his exainination of a sanple 

of the Soudan Iron Forrnatian s:tr tigraphically related to our a.vn 

1 3b, 10 ' . h. . . f. . . ff f d be the sanp e, lJ1 wmc a s_1.gn1. 1.cant erence was oun tween · 
\ t, 

.· c13 ;c12· rati9s of the. ~actable and non-extractable· carbon. This ·:. . .. :, 

might be interpreted as an indicatio\ of separate origin of the ex- . 

~actable and non-extractable carbon.\ We have accordingly examined .. 
\ . ' 

the\ hydrocarbon . released fro.--n our powdered sanple by; digestion in 
I . ' 

hydiofluoric acid, after previously exhaustively sol-trent-extracting 
I . . . 

the \po.vder with ~ene-methanol. The straight chail1 hydiocarbon 
I 

fra~on of this seoond extract displays the same restricted GlC 

appearance as that obtained fran the initial benzene-lrethanol ·ex-
' 

tractions. This s_uggests that' the hydrocarbons are ev.\enly distributed 
. . . . ! .. 

thro_ughout. tq.e sedin-ent. Further, it is difficult to interpret our 
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\ 
other GLC distribution pat~ms in tex:rns of any previous hydrocaJ::bon 

fractionation Which might we'h. be expected on the basis of •ligration 

since deposition. For the pr~~t we regard the evidenoo for the hydro-
\ 

carbon bei;ng indigenous to the sedin'ent as sufficient for the basis of 

the arguments outlined here. ·, 

~ p~oper. evaluation of the da~ being obtained re:Juires sa:re .in.;. .. 
I . . . 
\ 

sig."lt into the diagenetic pr()();sses' acting $ince deposition of the 

\ ..:~;~ . .tdin seu.u"'tlent. Acoo gly, a more oorrplet.e study of the extractilble 
I 

. ·hydrocamon fractions has been initiated. From the Nonesuch Seep_ Oil, 
I 

OO"Up011ents of two nore harol_ogollS series have no.-1 been isolated and 

identified. The 2-methyl -pentadecane, -hexadecane and -heptadccane 
I 

(isoparaff.in series) together with the 3-methyl ·iscmoers (a."1trisop'arrafii1, 
• • I 

series) were isolated and their structures det.ermi.ried frCA"U the char-

· acteristic mass spectrorcetric fragrr.entation pattems. 'l'he isoparaffinic 

hydrocarbons have been isolated fran rose petal ,.,ax,ll and certain 

plants •12 · l-131.'11bers of both series have been isolated from ·a California 

naphtha,l3 tobacoo leaf wax, 14 ,15 refined paraffin wax,16 ~tlool \-lax, 7 

and euban s:ugar cane wax.l8 An anteisoparaffin has also been isola~d 

from the Arrerican Cockl:oach. 19 The.'synthesis of these hydrocarbons may · 

be understood in tel:ms of kriown biological mechanisms and repres~t 
. . . I 

. . I 
· .further exar:ples of ox:ganic conpounds catm:>n ·to Both Precambrian sedi -. 

ments and contemi:x:>rary plants and anL"'''als. 

'l'able 2 lists the constituents which we have identifieCi up to date. 

If these molecules are as old as the rocks,· v;e have thus shortcried the 
,\ 

. ; 
tirre available for th~ geJ.'lCration of. the con'plex b~osynthetic s~ces 

which give rise to these specific hydrocarbons (pc)lyisoprcnoids) to 
0. 0 

· less than two billion years. They provide a not unre~~able basis · 

>· 

\ 

,• 

... 

.•: .. 
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Table 2 

\ 
\ 

Sar.ple 
\ . 

NOJ:n\al.s Isoprenoids Age (years\ (r~ge) 

\ 
" 

2.5 X 109 
',\ .,, 

Sourlan Shale '\. c13 to C32 cl8' Cl9r C20 \_, 

. \c
12 

to c
3

::; 

C21· 

Nonesuch Shale+ ·. . ~-- 1 X 109 
cl6., C19 

NonesuCh Oil*,+ 
\ 

1 X 109 .cl2 to c34 cl5' cl6' C19 
I 

\ . ' C2o 

. calcite Inclusion+ 
in Nonesuch Shale 1 X 109 c11 to c 3s · cl8' cl9.' c2o I 

Antrim Shale 265 X 106 c13 to C35 I -
__ ·. · ·clS' .cl9 

c2o 

.. · s~ Joaquin Oil 30 X 106 
c1o ~ c33· · · · cla' cl9 1 c2o 

* 

+ 

£-En.bers of· two further hortologies are ~so present 1 viz. , 

2-rrethyl and 3-xrethyl· penta, hexa and heptadecanes. 

Cited in referenoos 1 . and 6 · 
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, .. 
Sariple 

Souaan Shale 

Nonesuch Shaie + .. 
.. 

Nonesuch Oil*,+ 

Table 2 

. HYDRXAL'100NS IDENl'IFIED 

Age 
(years) 

2.5 X 109 

. ' 

· 1 X 109-

1 x ·1o9-

No:rnrus 
(range) 

cl3 to C32 

c12 ~ C3!:i 

cl2 to c34 

Calcite Inclusion+ 
in Nonesuch Shale.· 1 x 109 

ell to c35 . 

c13 to C35 Antrim ·shale . ·265 X 106 
i ' 

• · San Joaquin Oil 

7 

' . 

. Isoprenoids 

cl8' c19' C2o 

· · C21· 

cl6' C19 

· cl5' c~6' C19 · 

C2o· 

C18' cl9' c20 

c1si · cl9 

C2o 

cla' cl.9' .c2o 

* i'lenbers of two further horcologies are _arso present, viz., 

2-rrethyl and 3-rcethyl penta, hexa and heptadecanes. 

. ,. 
i 
\ 
I 

· Cited in references 1 and 6 ·. · 
. ~-. ..... 

I, 

'+, ·. 

,· 

,• r 

' . 

\ ,. 

'· "· .. · 
. ~ -. 

.•'. 

.. ' 

··· .. ·, . -..;· 
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for believing that indigell.OuS 'nych'"Ocartons of Preca1nbrian sedi.rrents 

are indeed of biological origin but, equally i.rrportantly, t.."'lat the · 

use of., 11biol~ical rr.arkers 11 v1ill prove a valid approach in ·evaluating 

the significance of the hydrocarbons isolated frcm meteorites \vith 

respect to the question of their biological or abiological origin. 

Summary 

Isoprenoid hydrocarbons including pristane and pnytane, which 
. \ . 

8 

are found in conterilpOrary anfr.ru.s and are syni.:&"lesized by kno·wn biolo-

. gical pathways, have been iso~ted fran a two and a half billion y~ar 
old sediment, the SOu:lan Iron F~tian of Hinnesota, as well as the 

I 

Antrim Sr.aJ.e. and San J~aquin Oil of much .younger ages .. These chemical. 

\· 
I 

. markers can thus be traced back in\ tirre well into. the Prec:atwrian. era, l i 

suggesting a biological origin for the hydrocarbons found in these · , ' 
. \ '· 

ancient shales. This evidenoa is further strengthened by isolation 
I 

o~ two nEM honologies of singly branched paraffins, also found in 
~ I 
oonten"q;:Orart plants, from the Nonesucl.1. Seep Oil. 

:. 1 . .' 
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