VARIATION OF THE CARBON ISOTOPE COMPOSITION




A Thesis |
Naster of Selence

October, 1955


http:Jdver.tv

MASTER OF SCIENCE (1955) . McMASTER UNIVERSITY
(Chemistry) ; Hamilton, Ontarie

TITLE v‘; ’faﬁa‘ %iané?f&e Carbon Iseatai;s s Composi tim mmf
Wal ?masma,

mm; Edwin m Taylor, B.A. ££¥ni?@fsi‘ky of m}
: mswr He f:i.f Thode
NUMBER OF PAGES: wvi, 51.

" The variation in the carbon isotope cmposition of the
mmk&f?maaékﬁﬁmsﬁghrwﬁl&m%sﬁgw&ﬁ
b;m&femme&awaﬂie&imm speem These
oualy la?gm depletions in C13, e 1actope
deﬁlsmm in the é@m;aﬁm of pyruvie acid, both by
chemical mesns and by bacteria, was measured and the isctope
composition of the carbon dioxide released was found to be
similar to thab of the cap rock, The hypothesis is advanced
that the carbonate of the cap rock may have originated by the
precipitation of carbon diaxide released in the basterisl de-
carvoxylation of an organic substrate,

(11)


http:baet.s.a1
http:VJJlti.PI

ciation te Professor H. G. Thode for his
adviee and direction in this investig:

anthor would also like to thank Drs. W. Fleming,

(i11)



gi§£a§iﬁ§§'i$&it§$$§10ﬁn&&i:&#ttittﬁlgif&ﬁit*&jtitﬁ:vti
: ?mm SeETISESRSEIRLIOHUB ORISR BESD
s and the M@hﬁ? WOlIB sunnvmernnansenn
Wﬁ#ﬁ P T T R A A e T T T

ks sonates P e A A s T T Y
itive Decarboxylation of Pyruvie Acdd .ccsesvcsnsns
w Carbon %im N L L T T T Ty e,

BB T SO ETE S P AL IPEROBFESPIEPFETFCHT TS

carboxylation of Pyruvie Acid ..ocovecvaces
M‘%ﬁ - mﬂﬁl m m REERREREAN LS 2B DS 0T
el R&k m& FEEEELRILAALRBER SR RSB RRSaD

BRAERIFTER LI FECRIRIFESA TS G SES A FE ST IR EF LR GRS RV ESLBEREFEE9

e % BESEEGFDEEATE SN TSRS SARI S B AP ERA A EI TSI AR F TSI AT IR O

s

B R~ m

YR



LIST OF TABLES

[

Pag

88 WEG®B

v. Duplicate Preparstions From Same Source

vI. Varistion in C13 Isotope Depletion in #10

~ison of Resulis Obtained by ‘BaC0y 37
Z’m&mﬁg&e and Hoasting Technique

Variation in 313 Concentration gsm 3&1~ 38
Aﬁj&e@% Fam%iea

of Pyravic Aecid

(v}


http:ld~�-w.lb

II. Apperatus for Pyruvie Acid Decarboxylation 25

(vi)



e P T 5 B e, il

INTRODUCTION

Previous investigations by many workers have shown wide
variations in the abundances of the isotopes in naturally ocenr-
ring samples, These variations, referred to as isotope effects,
Thus, a study of natural samples can yield information a bout the
origin and subsequent physical and chemical changes of the
material being investigated, A study of reactions in the labora-
tory shows that isotope effects can be obtained in chemical
reactions and these effects can be used to clucidate the mechanisms

processes.

of such reactions. _ _

The results of isotope analyses on naturally oceurring
carbon samples show certain definite regularities. Organic
sources have & G'2/6'> ratio about 3 per cent higher than line-
stones., However, organie sources overlap in their ratios with
other sources such as igneous rock, so that a ¢lear-cut decision on
the origin of a particular carbon sample cannot always be made on
the basis of its isotope constitution alone. -
mr isotope studies on the sulphur wells of Louisiana
and Texas point to a bacterial reduetion of sulphate to sulphur as
the mechanisms by which the sulphur is formed. inary isotepe
studies on the caleitic limestone cap rock of these wells indicate
that this limestone is also of arganic origin. These carbon

", .
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The discovery of isotopes was intimately connected

the work begun on radicactivity at the turn of the centwry. As

new members of the radiocactive sequences were discovered, it was

found in some cases that two or more of the atoms in the series
had exactly the same chemical properties (1). The possibility
ﬁm&aﬁtmﬁmkaﬁhmsaggeﬁeﬁmi@%ﬁkgslﬁ%&ws&
William Crookes {2): *I conceive therefore that when we say the
atomic weight of, for instance, caleium is k0, we really express
the fact that, while the majority of caleium atoms have :@m
weight 10, there are not a few which are represented by 39 or Li,"

WW@%MM@W&MW@%;
radicactive atoms, Attention was drawn to this matter in 1909
by Stromholm and The Svedberg (3). In 1910 Soddy (L) coined the
name isotopes. .

J.J. Thompson (5) in 1913 verified Soddy's conclusions by

separating the mass componments of neon. Thompson's apparatus
utilized parallel electric and magnetic fields, A fine stream of
jons was directed inﬁa‘e&sfieléa. Ions of the same mass to

charge ratio and of the same veloecity would be focussed as a spot
on a photographic plate. However,
ions with a spread of lmka.v. so that the iﬁgas were drawn oub

fhompson's source produced

into a series of parabolas. In this way Thompson detected an ion
of mass 22 for which no element existed, and he concluded it was a
form of neon., This result, which was confirmed by Aston (6) in

the same year, showed that isotopes were present in the lighter
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e
elements.

In 1919 Aston produced the first mass spectrograph. He
arranged electric and magnetic fields in succession so that the
dispersion produced by the electric field was just compensat
the dispersion produced by the magnetic field. All particles with
the same mass to charge ratio, but with different velocities within

a broad veloeity spectrum, were focussed to the same line on a
photegraphic plate. This type of apparatus was improved by
Bainbridge, Dempster, Jordan and others, It is best suited for

accurate measurements of atomic masses.

accelerated by an electric field. They pass normally into a
magnetic field, are bent through 180° and brought to a focus.
Dempster (1918) was the first to use the focussing properties of

a magnetie field. The focussing of sector megnetic fields was
discussed by Stevens inm 193k (7). This type of instrument was
developed by Bleakney (8), Tate and Smith (9) and Nier (10,11)
particularly, who from 1936 onwards introduced many refinements and
simplifications. _ ‘

The variation in the abundances of the isotopes of an element
is usually quite small with the exception of the lighter elements.
In 1925 Briscoe (1L} was able to report a slight variation in the
atomic weight of boron taken from different geological sources.

The rare isotopes of the light elements had escaped
detection in the mass spectrograph, Their presence was esbablished



= A3
by studles of molecular spectra. In 1929, 07 and O yere dis-
emw@mmam as), G:B%giiag and Birge (16) and
slg by Naude &?}.  Birge snat m (13} m %iae first to ;ms-
dict t&xa:t @émg&z should have a rare isa‘be;m of m two, | Urey
(19) in 1931 discovered deuterium and Wm it from ;sgemgsa
by distillation, It was found thst due %amlargems '
difference ’éei:maa mm and hydrogen, their chemical proper-
ties were g&i‘k& different. By the methods of statistical mechanies,
Urey and Rittenberg (20) ealeulated the equilibrium constants for
the exchange of hydrogen and amm@‘zn molecular hydrogen and
the ivéragaa halides. The m&%r&.m mstm were not mal
to one, mmm that iw&a@o frmﬁim%im could be W@&.
This predig%ian was mifiﬁ experi y by these authors (21).

Urey aad his co-workers mmﬁé the 6&1@@3&%&& of agﬁilih&‘i‘&ﬁ
constants to reactions ia%&ving other i:igiﬁ\ elements, mly
3Akine, bores, darben, nitvegem snd mype (22).  Nowivar,
relative ma stﬁ&ies: of h;’@é?egeﬁ, ni%ﬁgea szd m‘gﬁi by
Er&gmﬁﬁfﬁlﬁ' fﬁs}mgmm&w&h) wmm&ww
et s}. {35} in 193k did not show any variation within the experi=
m%a}.m. Mrmﬁwmﬂmwm 2 per cent. On
- the other m, aceurate density s%@éies by Dole (26) on samples of |
water prepared with sxygen from various sources did show variatiens
in the oxygen isotope ratis up teo ms k per cent. |
?am%emnéiﬁemitmn@wm '
develop mass sp@etrmm of higher praeiaim. In 1932 Bleakney
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bad made the first major changes in Dempster™

solenoidal magnetic field -~ an innovation which is now of

historicsl interest only. Bleskney was also the first to use a

source system iaaziﬁa%a an electron beam was lined up by the main
agnetiec ¢ field, enabling the use of longer iom sourge slits aét?a

a@mg@ﬁémgmmw&mmw. This pri :

developed by Wier into the present source system,

411 spe ; _,’,,'gmﬁwwlﬁéﬁmalw" :
instruments, Nier (13) developed a sect
wnich the ions were deflected through 60° (and later through 90°
in Hipple's (27} instrument of 1942).

~ The resolution of 180° instruments is the same as that of
the 60° and 90° instruments, since it depends only om the slit
&m&m and the radius ﬁf eurvature. The spherieal Mﬁﬁm
be h&ﬁ ﬁm

or field instrument in .

is also the same. Emr@ the sector ﬁa}ﬁ i st rumen
aﬁvmm%&atﬁmahmﬁwmmhaw This gain is
The sector field instru-

ment requires a much more critical alignmen
slits and of the magnet iself with respect to the tube. The seurce
requires an auxiliary magnetie field o define the electron beanm,

~ There are also the effects of a fringe field., These are minor
points and most instruments of recent design are of the sector
field type. This system enables the measurement of isotope

> of source and collector

variations with an W of 2 é.i per cenb. 7
Further refinements were made in the method of measuring and




handling the samples, Similtaneous collection was introduced by

a student of Dempster in 1938 for the measurement of nickel iso-
topes, In this method the twe isotopes whose ratiec is to be
measured are collected simmltaneously and the signal from the less
abundant isotope is compared with a fraction of the signal from the
more abundant one, = This method was improved upon by Nier (13).
HeKinney et al (28) developed a new technig
parison of two samples using electromagnetic valves, These two
of the source conditions and of the sample gas., A machine used for
determining sulphur isotopes by this technigue is deseribed by
Wanless and Thode (29). An accuracy of = 0,02 per cent is obbtain-

able in routine work, ,

The high precision now obtainable in the measurement of
isotope abundances is also due to a large extent to the development
of gtable electronic eircuits for detecting and amplifying the
ion beam, regulated power supplies, and the replacement of
galvanometers by recording potentiometers. -

Since 1939 a large mumber of pspers have appeared on the
variation of isotope sbundances in nature. Urey snd his co-

. workers have studied the exchange equilibria of 0'0 between car-

bonate ion and water, and carbon dioxide and water (30). For
example, in the equilibrium at 0° for the resction,
acl 18 .. » 16 ..
%3%6@-1,5251 lig.ﬁée“%ggss%ﬁzgié&g‘

%haalsﬁmwmt&mﬁhas%hyaﬁmsﬁ‘h.éwm. Urey
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(31) has utilized the exchange equilibriwm of 00 in the pre-
cipitation of carbonate ion to determine the temperature of sea
water in remote geological times. Dole '5323 has continued his
' osphere and in the ocean (33).
~ Thode et al (34) found a 3.5 per cent variation in the
isotopes of boren, This result is significant for nuclear
physies since boren standards are used for comparing neutrom

Yaristions in esrbon isotopes were first measured mass
spectrometrically by Nier and Gulbransen (35) im 1939, and by Nier

and Murphy (36) in 19hl. Their results are given in terms of the

ratio of €32 to ¢33, E&Mﬁwmmﬁemm
accurately than the absolute rai& of @7‘2 %o 333, It is f
mmmwmfw%mm%maﬁﬁwﬂ?@m

Hier has determined the absolute G'2/6'> ratio very accurately {3?3,
using a sample of Solenhofen limestone. His result agrees quite
well with the value he originally gave for this sample im his 19kl

where 6;2/213 standard = ied by Craig. Hier's results
gan be converted to this ssza&& from Oraig's debermination of Nier's
Solenhofen limestone. The resulis of Wickman, Veon Ubish and
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Baertsche are also referred te in this menner, based on Oraigts
determination of the standards used by these workers.

Certain general trends are evident from their work. Lime-
gtones have a 313 depletion in the range 0.1 to +0.6.  Organic
sources, such as plants, petrolewm and ceal, range from 2.7 to
hob. I
from 0.1 to 3.5* - Seme of Nier's resulis are listed in Table I.

Although there is a fairly wide range in sach group,
1y the third one, it would appear that. organic carbon has

wndeg form a looss group

a 3 per cent higher C'> depletion than limestone, However, it
pattern has been m&m by later img%igams*
mm&ag%}mwmm Their
results fall in the range of from =0.9 to =0.1. Further work by
Wickman and Von Ubish (39) shows that the carbomate minerals such
as dolomite and magnesite have the same isctope range as the lime-
stones from wrich they ave derived, o
from the same locality. '?235@' find that for five pairs of samples
tkag:‘aphi%&i&dﬂpl@tﬁiﬁﬁ byaptal.ﬁwm ‘

Wicknan ;&}wﬁﬁmmmﬂ&%ﬁ@@ﬁmﬁ
species. They range from 1.1 to 2.8, Craig (42), in a broad study
of carbon variations, has verified and extended the mmbers obtained
taneous collection type machine (28). Twenty-one marine limestones




o | -
fell in the range -0.2 to +0,L (Tsble II). However, limestones
in general show a range from -1.0 to +0,h. This range coincides
fairly well with that found by Nier, Also Baertsche (43) has
analyzed carbonate rocks, His results ranged from about -0.3 to
+0,8, o

hecording to Craig (42), land plants, wood and eeal fall
in the range 2.1 to 2.L, whereas marine plants and marine inverte-
brates m much lewer, from 0.8 to 1.8,

Although the resulis of Wickman {2;1} and Cralg agree as
to the range of the depletion for planis, the authors place
different interpretations on the data. Wickman postulates &
local carbon cycle which adds an extra fractionation to the car-
ben ratic in regions where conditions are suitable. Desert
plants and plants grown in very windy areas show a smaller

depletion in ¢12, ~ Wickman supports this theory by data on four

desert plants which are low in G'> and by rain forest trees which
are high in this isotope. Craig (hli) maintains there is no such
correlation and that Wickman's mechanism will not work,

Igneous rocks appear to be about 2.5 per cent depleted in

what the primordial ratio should be. The ignecus rocks show

b to average limestone, It is difficult %o decids

roughly the same ratios as do organic carbon. The possibility that
the low €' value of igneous rocks is due to organic impurities mst
be considered, since the carbon content of the rocks is low (i.e.
less than 0,1 per cent).
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TABLE T
ﬁm Isotope ﬁistrihaﬁ.w

O, OF ‘
ORIGIN _ SAMPLES SOURCE @m& £ AVERAGE

10 Limestones  -0,1 = +0.6 0.3
S2.7- 3.5 3.3
3.0~ 3.7 3.3
3.5 = Ll h.l
li- L5 Lk
1.0 - 3.5 2.7
0.1 0.1

.wwmmwﬁ

# From Nier, A. 0. et al, J. &, C. 5. 61, 697 (1939),
and Phys. Rev. 59, 771 (1941). '

#% Values recorded are ¥ differences from standard
carbonate
o . 88,89
el3
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Geologists at present do not agree on what represents true
primordial terrestrial carbon or truly igneous

connection graphites show a range of composi I 3.
which is considerably greater than any other group. This may be
due to the derivation of some graphites from aiganiﬁ carbon while
the results of Craig's analyses, which showed that gﬂp&i‘ﬁﬁs from
schists are much lighter than gmg&ites from gneisses and pegma-
tites. Orgenic carbon will react with both water and carbon

others come from carbonates,

dioxide at temperatures at which metamorphosi
resulbing isobopic composition of the graphite will depend on the
temperature and the degres to which equilibria obtain among the
intermediates '

The possibility of obtaining very light samples by ,
starting with organie carbon will be referred to later in this thesis,

Thode and co-workers have published extensive investigations
of the variation of sulphur isobtopes. m r&agaafva&mism

9.0 per cent in the ratio of S to 532, In general, sulphates are
enriched in the heavy isotope, while sulphides and free sulphur are
depleted in 53, The ratio of 572/5% in meteoritic sulphur falls
very close to the average value for terrestrial sulphur and is very
nearly constant in all the samples studied to date. The results of 18
analyses of meteorites by Warren and Thode (L5) were identieal within



imental error of the instrument, i.e. to 0,02 per cent.

Thode, Kleerkoper and NeElcheran (L6) found a 1.0 per eent depletion
afsﬁ%z&mmmagmwmm.mm
of sulphate., Also, Maclamara and Thode (L7) have studicd the
sulphur and sulphate associated in a lake in Africa im which
besterial astien is Toews 46 teke place. Their results show the
sulphur to be depleted by 3.2 per ceut i 52 ag cospared to the
Thode, Wanless and Wallouch (18) have studied the abundance

of 5 in native sulphur deposits in Texss and Louisiana salt domes.
In these wells native sulphur is found in a mabrix of caleitie
limestone which W:&i@s between layers of gypsum and anhydribe,
all of which form the cap rock of a salt dome. These salt domes
are considersd to be offshoots of bedded salt deposits formed and
forced upwards by pressure in Fleistocene times. The anhydrite

[1ization and is thought by some to
have been forced up ahead of the salt. Small amounts of caleite
and sulphur ocour in the anhydrite but these decrease rapidly with
depleted by 3.9 per cent on the average with respect to the sulphate.
The sulphide showed an additional depletion of 1.0 per cent. These

cap is of normel marine er

results, taken with those for the bacterial reduction of sulphate,
support the hypothesis that bacteria have been responsible for the
production of free sulphur in these deposits. The So2/g3t ratio

for the associated gypsum and anhydrite shows little evidence of

sulphur isctope fractionation. Their ratios are higher and in the


http:t&lllu.ti.cm
http:8~u1.~.tc

1
renge of sea water sulphate. Lsrge variations in the 8>o/gF
ratio were found within a single drill core, This again points
to local low Lemperature achion, namely by bacteris, Further
evidence for the bacterial hypothesis can be obtained from a study
of the carbon isotopes of the ealeite in which the free sulphur is
enibedded,  The sulphate reducing bacteria (Vibrio desulphuricans)
require a substrate containing some reduced carbon compound, which
is oxidized to obtain free energy for the sulphate reductio

In laboratory experiments, Vibrio desulphuricans can be
grown on lasctic or pyruvic acid. The substrate is oxidized to
carbon dioxide and acetic aeid, The carbon dioxide which is pro-
found associated with the sulphur. The process could be

marized as follows:

g m.éat&.?&
Gy - € ~ COOH {Mﬁ wﬁ&;&m_;ﬁﬁ s + e%m {mtig acid)
k =151

00, + H,0 + CaS, —> CaCOy + HyS0,

If so, this limestone will have a C'2 content characteristic of
organic carbon rather than that of ordinary limestone, i.e. 1t will
be about 3.0 per cent depleted in €2, Preliminary results
obtained by Thode, Wanless and Wallouch (48) for the analysis of
seven samples of carbonate from sulphur wells do indeed show & G0
depletion of 3.3 %o 5.5 per cent over the value for the limestone
standard used by Craig. The largest depletion for limestones
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reported by Craig is 1.} per cent. The sulphur well limestones
would appear to have had a different mode of formation or a
investigators. A further study of these secondary limestones is

ported in this thesis. The only result quoted by Craig in the
range of these limestones is for a graphite schist of lLaramie
Range, Wyoming, , , ,
This investigation was undertaken to provide further infor-

mation on the isotopic constitution of these wells. The ﬂl 3
depletions of 3.3 to 5.0 per cent obtained by Thode et al (L8)
range up to 3 whole per cent above any natural earbon previously
orted, so that some mechanism is necegsary to account for this
Isotope effects in unidirectional chemical reactions have
been extensively investigated in the past few years.. In the de-
sarboxylation of acids a é@eﬁi@& of ¢ in the initial frastion

of the carbon dioride has been found by seversl investigators. For
example, the intermolecular isotope effect for malenic acid at 131°
was found to be 1.03) by Lindsay, Bourns and Thode (b9).  The number
quoted 1s the ratio of the rate constants kil’kz of the reactions.
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This deviation of the ratio of the rate constants from unity is
referred to as m‘im@maﬁfm% and its phygical signiﬁcam
is that the ﬁl%ﬁ}'g ratio of the initial fraction of z:af:ms&
dioxide liberated is 1.03h times that of the gg_ﬁ  ratio of the
mﬁ in the carboxyl group of the acid, - This mechanism might
then account for the particulerly light value of our carbon. In
this comnection, the isotope effect in the oxidative decarboxylation
culture of Vibric des

im fractionation cen be &mx@hﬁ a%mﬁ either ?e@‘ chemiecal
equilibria which favour an isotope in a m&m:* compound or

constants for isotope exchange reactions involving the light elements
differ from undty and that therefore fractionation of the isotopes
eeted in equilibrium gmm Urey (Sl} in a general

ider the isotope exchange reac .j;sa aby+ DB,z ak,+bB, (1)
@m%mﬁwﬁgﬁiﬁ?ﬁw%wwmmﬁm : t
in the moleculs., Then K, ‘E%&sgﬁﬂihﬁmmsm, is given by,
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(2)

©

i@ﬁaﬁﬁmﬁém&e.
The free me}rgiaamhe ﬁs‘s}m%ai ﬁwﬁaﬁiﬁi@l
| FeE,+mmN-EIQ W
ﬁmﬁm@mga&m‘xm
Q ﬁhspaﬁim function, isgim%y
Q= z:'sie'w
%ﬂéﬁg@@%@myﬁf%s‘%@eﬁ*&hwe&
T = absolute temperature
%ﬁaﬁazm‘am 4
&*mmmammmm 7 |
mmﬁ&ﬁwbgﬁmammt%mmm
{translational, rotational, vibrational, eleetronic and spin),

§«s&¥ég&i§% energy of the molecule 7
Substituting (L) in {3) and &m;ﬁifsriag, we geb

P {5}




, =18~
In this case it is convenient to take the reference point for the
mgwtﬁamﬁnﬁm@t&amﬁmﬁa&mw&. ﬁam
this eurve is the same for isotopic species, so the expofential

(6)

In the case of an ldeal diatomic molecule the Q's can be
evaluated. We assume that there is no interaction between the
various kinds of energy, so that the Q for the molecule is the
product of the Q's for translational, rotational, vibrational,
electroniec and am spin levels. Sinee nuclear spins are un-
changed in a chemical reaction they can be neglected in calculating
thambi&iaﬁ function raties,

The values for the translational emergy levels (E;) can be
obtained by solving the Schrodinger equation for a particle in a
box., Similarly, the rotational and vibrational levels are ob-
tained from the solutions for the rigid rotator and the harmonic

oscillator,
This gives, for the diatomic case,

Ez_.(
g 5

L
2

%) i (2) SO g
A PN o2 o,
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vhere u = fundamental vibration frequency
w20
1, and 1, are the moments of inertia

El and ﬁz are the m&miar welghts
The terms in the brackets arise from the zmaghﬁm, rotational
and vibrational parts respectively. o refers teo the symmetry

mbers, In diatomic and polyatomic molecules certain abtoms may

be identical, We define the symmetry number ¢ as the number of

ways in which a moleeule may be rotated inko positions which would
be different if the identical atoms were distinguishsble, If
there is a comparatively large mumber of rotational m, then

i
m%ﬂmm %1? ﬁﬁﬁwmmmfwi&s
rﬁ%aﬁwal mﬁm fmﬁm will appear, thus the m%a%imﬁ w-

%&em&ﬁibe@iyl msﬁa&mi&&sw&%ﬁa&@%m—

ﬁmmaﬁ@mmﬁﬂmwmmm
?ﬁx;g@igxﬁ&gﬁam@ﬁaﬁm |

mg,gwammgmmmﬁa@mm The pro-
duet is taken over the degrees of ‘viﬁmi;ieﬁal Freedor The

moments of inertia can be eliminated by a theorem due to Teller
and Redlich which states, for the diatomic case,
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=20-
3
e Y (9

#aly

L\R| =

We maltiply equation (7) by (:& 3}%’ where m, and m, are the
atomic weights of the iwka;m:gﬂag exchanged., m right side
of equation (7) is miltiplied and divided by uw,/u,. We define
new partition functions «ez; and Q* so that

@7y Eapdle
T \B g Q' %2 M w, w2

l=g

| {10)

mmwmawmmmm»aﬁmmﬁwamﬁgﬁ
such calenlations (51) and finds fairly good agreement with experi-

ment,

(b) Unidirectional Processes

The theory has been put into its mest satisfactory state
by Bigeleisen and Mayer (52) and Bigeleisen (53). Consider a
chemical reaction in which &I,E;,,ﬁu:., are converted teo &g,};,s‘...,
where &L and .&2 are isotopic molecules. The rate constants are
given by the absoclute rate theory,
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as given by Gladstone, Laidler and Byring (5h), where

C = concentration ,

# = refers to activated complex

= effective mass of the complex along the
co~ordinate of decomposition, In this work, it is usually taken
as the reduced mass of the atoms at the ends of the bond being
broken.

barrier,
For isotopic molecules Sij‘g% =3
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which i just the function used in the previous sectien
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A similar expression obbains for £,
If Auy is small, n@aﬁi@ {13) can be written as:
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TR
the free snergy function,

uhere 0(ug) = & -%;_. # 1. andis referred to by Bigeleisen as

In this form the ratio of the rate constants san be deter-
mined if the vibrational frequencies of the molecule and complex are
knowm., Since these are not usually known, some estimation must be made
by theory. A guess must also be made as to the structure of the

In a review paper (55), Bigeleisen discusses the agreement
between theory and experiments up to that date (1952). In view
of the approximations necessary te obtains a result, the agree-

ment is quite good for 613 effects at least,



EXPERIMENTAL

The rocks studied, saleitie ﬁm&%&a&a containing erystals
of sulphur, occur as the cap rock of the salt domes of Loulsiana
and Texas. The samples wers obtained from sulphur well drill
gores. m&mm@@m@mzw?, the samples used
were small pileces of rock about 25 gm, in welght. The samples
from wells 3 and 7 were already lMinely powdered. In gemeral, two
s were made on each well, using two separate pieces of roek

mmwﬁmmmﬁ,,
%m&%&wfﬁsﬁgrmﬁmamﬁﬁhamm&

yﬁﬂﬁwé%meﬁw@ﬁwﬁa&ﬁ@fj'@@gﬁm@mmﬁﬁ,
har, mﬁms%mmﬁlmﬁﬁﬂﬁmﬁwﬁﬁ&am
éiwslﬁm, leaving a powder ranging in colour from grey to white,
iﬁa%&ﬁ.afﬁamm&wﬁmmaﬂmm&
and mﬁa& at 150° for one hour in a stream of nitrogen to remove
srgaaiﬁma%e@ia}.. ;

| &b@ﬁ%ﬁﬁt&?ﬁ%sﬁfﬁa'mmmmsmm‘
ﬂaﬁkk{mﬁg 1, w&i&hﬁ&m%ﬁ, of sm@%m%eé sre;»
;;@wrigwiéﬁ mmﬂmkmmedmiarmmt&

remove any gases present, the cup was rotated to place the sample
in the sulphuric seld, Two samples which were prepared using de-
conposition tines of 2} and 2 hours gave identical isotope analyses.
In ﬁw of this, 3 hours were allowed for the decomposition, and at
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, D =2~
the end of this period stop cock #2 was closed, liquid air was
to remove gases from the solution. Stop cock #1 was closed and
%&ﬁqﬁéﬁrmﬂmm replaced with a dry ice-acetone
mﬂiﬁkﬁtmf&MmaﬁmwMtﬁlmg

mmm%wmw@wmmv@@m
the carbon éieﬁ.ﬁesa@lea
One carbon dioxide sample was prepared using 100 per cent
phosphoric aeid ared with a sample from the same source of
rock made up using sulphurie seid. The isctope analyses were
the same within the limits of the experimental |
wzmmwmwﬁmmmmwm
?ﬁswf&h&.eﬁm&t&e&wwﬂmﬁaaﬂmmmﬁ&

the exception of sample #3 from the Garden Island dome, It will
be diseussed in the next section,

from BDH by vacuum distilliation, but it was found that the free

acid would not keep pure, sc it was converted to the sodium salt.
The aeid was dissolved in 10 volumes of 95 per cent ethanol and the
solution with mechanical stirring was neutralized by the slow
addition of a solution eaa%aiﬂing 1 volume of saturated sodium
hydroxide in 10 volumes of 95 per cent ethanol., The white
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precipitate which formed was filtered and immediately redissolved
in a minimum of hot water, The solution was cooled and one
volume of ¢old 95 per cent ethanol was added to reprecipitate the
pyruvate which was filtered off, dried, and stored in the

The decarboxylation was carried out in the apparatus shown
in Pigure II, The pyruvate was dissolved in a few millilitres of
boiling water and placed in the reaction flask which was then
mﬁiaaba%hafbaﬂigmﬁr, The system was flushed with
carbon dioxide free nitrogen ﬁh%aiﬁeé by passing tank nitrogen
solautions of pyrogalloel, m‘&rﬁeﬁ sulphurie zcid and

potassium hydroxide for five minmutes., A tenfold excess of

sodium pericdate in boiled water was added from the funnel, causing

the evolution of carbon dioxide which m swept through a scrubbing

column containing carbonate free se‘éiﬁn hydroxide

trap containing potassium hydroxide was placed after the serubbing

column to be sure that no carboem dioxide could diffuse into the
Calvin's procedure (56) was used in the precipitation of the

samples. hydroxide solution was prepared by adding

sodium hydroxide pellets to water in a ratio of 1 to 1. Considarable

heat was evolved which allowed the sodium hydroxide to dissolve.

On cooling, some of the sodium hydroxide and most of the carbonate

precipitated, and the solution was filtered on a large ¢intered
crucible directly into the suction flask in which it was stored.
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| | | | | 26
ide was removed for use, the air necessary to

replace the solution was allowed to enter through the side arm via
a drying tube, VWith these precautions, the carbonate blank was
found to be about 1 mg./millimole of sodium hydroxide,

as sodium carbonate was transferred to a 250 ml, erlenmeyer flask,
Any sodium hydroxide golution inside the scrubber was removed by
foreing water though it. The sodium carbonate was precipitated
wmaﬁiﬁmgmmmmwmm@aﬁ&mda
twofold excess of barium chloride. The flask was then stop)

and the alr above the solution removed by suetion, After being

allowed to stand for fifteen mimutes, the precipitate was filtered
on a large medium cintered glass funnel and washed with boiling
water, The filtration and washing time was less than two minutes.
The barium carbonate obtained in this marmer was dried at 120°

and the yield determined., It was converbted to carbon dioxide in
the same marmer as the rock samples. _ |

A blank run on this apparatus gave about L mg., which
represented less than 3 per cent of the yield. TFor the complete
decarboxylation, yields of 101 per ¢ent to 105 per cent were
obtained.

The sample of rock from Garden Island dome #3 was an
anhydrite (ealeiwm sulphate), containing less than 2 per cent
calcium carbonate. It was prepared twice by the method deseribed
for the rock samples; but was found to be contaminated each time,
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, -21-
vielding a very low G° /™ ratio. About 5 gm. of this roek
was placed in the system used for the decarboxylations, 50 ml. of
wlm&rieaﬁdmﬁé@fmmdw@ingm,aﬁm
reaction was allowed to proceed for three hours. Only about 100 mg.
of precipitate was obbained, so that the blank for this run was

about 10 per cent.

The Vibrio desulphuricans strain used in the other sulphur
imaperismsaf%&wécw&srsmgmwawm
containing a known amownt of pyruvate, plus inerganic salts. The

bacteria were grown in a litre flask held in a constant temperature

bath at 25°, The system was swept with carbon dioxide free
nitrogen and the carbon dioxide which evolved was collected in
sodium hydy

exide and precipitated as before. The apparatus vas
 identical with that used for the decarboxylation, except that the

scked flask and condenser were replaced with a litre
erlenmeyver flask containing the bacteria culture,

%mmw&mﬁ&ma%ﬁiﬁaﬁ%aﬁmm
deseribed by Wanless and Thode (29). It was a conventional $0%
instrument modified to pemit similtaneous collection and measure-
mont of two isotopes by @ wull method. samabzasﬁtm
ensbled the collection of the common pairs of isotopes, 28/29,
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4h/i5 and 64/66, corresponding to nitrogen carbon and sulphur
analyses. The collector assembly was constructed so thai only
the ion currents of the magses in guestion struck the eollector

electrodes.,  The tube was stainless steel with end flanges cub
to accommodabe "OF ring gaskets of natural rubber. These
ing gystem Lo permit

iges were provided with a water-
baking of the tube.

The ion gurrent from the more abundant peak, denoted by
1, is wplified by a DG amplifier and the output of this
amplifier applied across a 10,000 olm put and take potentiometer,
%wm%mmmwism&;ﬁy&ﬁm%@g
reed slectrometer and this current is balanced by a fraciion X of
the woltage developed scross the put and take potentiometer. Thus
for a balance there is zero inpul to the vibrating reed. The oub-
put of the reed is fed into a Leeds and Northrip recorder. For
the chart by a test voltage. With the system at balance the
pen remains in the centre of the chart., Distance across the
chart is expressed as an isotope ratic differsnce by moving the
potentiometer off the balance value. A4 standard sasple of carben
dioxide is used to provide the initial balance. The displace-
ment obtained by changing X to some new value X' is measured. This
digtance is converted to an isotope ratic difference using the equation

R

1, B X

I3 =B 3 as given by Wanless and Thode.
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The left band side is the per cent difference in isotope ratio with
respect to the standard gas. This earms;:m to a distance d on
the recorder chart. The unimown sample is switched into the
specirometer nsing an electromagnetic valve, ecausing a new displace-
ment of the chart daT, | |

The isotope ratio difference of this sample fﬁmm stm

is then a



} =30

This method is not accurate if the sample differs by more
than sbout one per cent from the standard. In this case the
system must be rebalanced when the sample is added,

The time necessary for equilibrium to obtain when a new
sample is switched in depends on the speed of the main pump and
on the waste sample line pump, uﬂﬁaﬁ@&ﬁmaﬁ‘%ﬁ&gﬁ
inlet lead, Using a large Martin mercury pump with a capaeity of
67 litres per second, the time was 10 seconds, while with a
smaller pump it was gmtzg inereased.,

It was not possible to remove completely the Lk and L5
residual pesks. This may have been due in part to the choice of
gaskets. A small correction was made for the residual peaks,
There was alsoc a leakage through the valves of the order of one
per cent; however, since all samples measured differed by 1.5 per
cent or less in their isotope ratio, the correction for leakage was
0,03 per cent or less, »

The reproducibility claimed for this instrument is : 0.02
per cent. It depends on the actual pesk heights used since this
controls the sensitivity, i.e. the per cent isotope difference
per centimetre displacement on the chart. In most of the work

a reprodueibility of this order was obtained. The decarboxyla
samples were rm using the slower pump. The sample pressures
employed had %a_h«s reduced and the reproducibility was about

% 0.05 per cent.

In this work the abundances were determined from the hh/L5
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The 0'7 abundance debermined by Wier (37) is 0.037h per cent.

A correction factor based on this value was applied to all
values, namely that the measured values were multiplied by 1.067.
(4 similar correction was applied by Craig (k2)).




RBESULTS AND DISCUSSION

The G12/613 ratios for six samples taken from five sulphmr
wells were reported by Thods, Wanless and Wallouch (h8)., These
analyses were repeated and extended, Samples from twelve sulphur
wills were anslysed nd the results are shown in Table TII, The

m&ﬁaa%ﬁ@&wﬁasm&&méﬁd@h@mumwﬁmxmw@ﬁ
standard adopted by Craig (i2). Oraig gives this standard a
value of 88,89 based on Wier's deternination of Solenhofen lime-
stone, Wone of Craig's standard was available, but barium car-
%&%ymﬁ@&@ﬁwmm&émﬁ%@mﬁ&éW%w4%
used as a reference, Both m ham been analyzed by
mmwwmmmwaf&agam A
value of +1.11 per cent depletion was adopted for Wickman
carbon with respeet %o Craig's atm. Craig g:@%s the value
+1.07 per cent for this sample (57).

To determine the reproducibility of the imw&; a
sample was kept and re-run several times. The r,eeea},w are showa

in Table TV. The reproducibility of a sample preparation was
WWM@%@M&M&W&%MW
rock samples., The resulis are shown in Table ¥, It is seen that
the values check about as closely as the reproducibility of the
instrument will permit.



4 series of samples was prepared from the #10 core to
determine the variations through the limestone layer (Table VI).
Gonsidering also the data in Table IIT, only the #10 and #6 wells
show an appreciable variation in isotope ratios.

In the preliminary work of Thode, Mﬁs& and Wallouch,

s were prepared by a different technique involving eonversion
, and reprecipitation, WQS of carbon dloxide were
msﬁafmmm mmﬁﬁ&m}&m
the respective wells prepared by the present technique., It is
seen from the results given in Table VII that the differences

between the two sets of values are ne greater than the varistions
und between different samples from a particular sulphur well

The sulphur bearing limestone appears ss part of a cap
rock over the salt layers. Part of the limestone cap may be free
from sulphur, Gypsum and anhydrite layers are usually found ad-
Jjacent to the limestone layer, Limestone in these adjacent
layers might be expected to have & high G- depletion. |

To determine whether this is the case, three core samples
were obtalned from two wells consisting of cores from barren lime-
stone, sulphur bearing limestone and anhydrite. However, both

‘barren” limestone and anhydrite showed traces of sulphur.

From the Garden Island dome three samples were prepared, one
from each layer., From the Chacshouls dome two samples were pre-
psm&fmmsaehlw‘ Samples were taken from opposite ends of



. : -&-
the cylindrical core samples, a disbtance of about 15 cm., to see
if there was a variation across the core. In addition, a sample
was made up from gypsum from #5 well. These results are shown
in Table VIII. The results from Oarden Island anhydrite sppear
anomalous. This sample was purified by precipitation as BaCOy
and, éﬁa%ﬁ%hamrylwyi&dnfﬁmmfm%
sample, it could be contaminated with up %o 10 per cent of carbon
dioxide from the atmosphere,

Three runs were made of the total decomposition of
sodium pyruvate, allowing three-quarters of an hour for the
reaction to go to completion, The yields and ratios are as
shown in Table IX, For partial decomposition the reaction was
allowed to go for three to five minutes. The yields and the
ratios are as shown in Table IX,

A sample of carbon dioxide from the bacteria culture, baken
fifty-seven Lours after the inoculation of the medium, was analyzed,
The result appears in Table IX. The bacterla died and attempts

to regrow them on pyruviec acid were unsuecessful,
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Texas

3 Starks Dome, Calcasieu Parish,
Louisiana

A Piedras Pintas Dome, Duval Co,,
Texas

5 Long Point Dome, Ft. Bend Co.,
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7 " Boling Dome, Wharton Co.,
Texas =

8 | Lake Washington, Plaguenimes
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12 Chacsghoula Dome, Lafourche Parish
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L.56

%

Average of two runs

by decomposition in sulphuric aeid
3 Average of six samples

Values recorded are % difference from standard carbomate G12/¢l3. 88,89
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rbonate 012/c13 - 88,89

SOURGE SAMPLE PREPARATION N0, '3 DEPLEFTON g

Well #2 1,30
L.28
2.h9
2.l
3.93
3.9%

Well #9

Well #11
€%mm&km&ﬁﬁ

,mw W N MR A

%? ms%mﬁﬁamgﬁﬁkmmﬁimﬁﬁﬁﬁﬁ;awww
c12/c13 = 88.89
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# Samples taken at random from rock about 10 cm. X 15 em.

#% Values recorded are ¥ differences from gtandard car-
bonate C12/¢13 = 88,89

| 3.3,
hoanl b.12 ha19
%@12, m §,§£ éh?? to &.
1 ?ﬁi‘iﬁg&%&m %}y izzﬁiaz W@m@ as BalOx
deconposl suln e avid

2 purification by extracting with carbon disulphide,
roasting and decomposing with sulphuric aseid

# Values recorded are % differences from standard car-
bonste C12/¢13 - 88,89

"
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_ SAMPLE NO._

_ % oernarion £

Sulipha

»1 r bearing
18851 to 18881
Lte

1 l .
,ﬁﬁ‘%iﬁ?

i

2.89

bk

h.hS

Barren limestons

2327 to 2337¢

Sulphur bearing
2367 to 2377
Anhydrite

2387 to 23971

| e ow e |

3.85
3.1k

h.58
h.58

.35
k.o

Well #5

Sulphur bearing

718¢

Gy
8331

ot

3.77

3.28




RATIO OF RATE
CONSTANTS ky/ky

Potal decarboxy~ 105.08 91.83
lation 101.08 91.79
105.08 ?1.5&

91. 33‘? 0.0k {&-é»}

12.6% 93’.;3
1943 93.3%
12.8% 93.21

I
1
1.0150 "

1.0157
1,0178
1.0163

zms

i&.fh}

1.0150

mated standard ¢12/c13 - 88.89
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¢*3 depletion, showing a totsl spread of 2.8 per cent. The
average depletion was L.11 per cent, 41l the samples analyzed
shwagzea&srﬁ@eﬁ&’egﬁ.& per cent or mare than any
limestones analyzed to date. | |
This fact points to a unique origin for this limestone,
bes which have m formed from the precipitation

ﬁmﬁmﬁmsﬁiﬁﬁmzﬁldmh&ﬂ such a large C*
depletion. Also within the #10 well for which a mmber of
different samples were analyzed (see Table VI), there is a vari-
ation of about 0,3 per cent in the samples. Craig's {h2) earlier
studies on limestones from related Wéemﬁrma’m v
parable variation and none would be expected in the pmigimm
of carbonates from solution. ,

The work by Thode et al (48) on the sulphur compounds
found in these wells indicates that the sulphur has been produced
w&mm&:&mﬁwmw@. ﬁmmw
cess ixmwimﬁ%tﬁsmi@@m&msﬁ, the
anomalous isctope depletion values for these limestones can be
readily explained by supposing that they have been formed from
dioxide would lead us to expect the G depletion of the limestones
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to be of the order of 3 per cent in keeping with the values
found by Craig for organie sources.
The G172 depletions les taken at different depths

(see Table VIII) show a definite decrease in the barren Lime-
stone above the sulphur bearing layer. However, the depletions
are still in the range of those found for organiec carbon, A
dilution of the carbonate by marine precipitation might be expeeted
in the barren limestone region, and this would serve to lower the

%&ww&aﬁgﬁam}.ﬁﬁmgmmg v
reported by Thode et al. This is not surprising since the con-

trolling factor for the carbon isotope case is probabl
sence of a large reservolr of organic material as a substrate,
whereas for the sulphur case the ratio will depend on %

of sulphate present, and these factors are unrelated -- the

as far as occurrence in nature.
ying the origin of these wells
believes that the salt originally came from a sedimentary salt
series. It was later thrust up with respect to the surrounding
The leading theories for the origin of the ecap rock are as

fellowss , o
1) It was deposited as part of the original salt series and was



| 2=
pushed ahead of the salt to its present position. _
2) Only the anhydrite was primary; the gypsum, limestone,
et cetera are alteration products of the anhydrite.
3) mwmmﬁpﬁmeﬁthasa}tmm
of circulatory waters.
k) mﬁhiﬁmwﬁwwmwamw&%wb

phery of the salt, This was brought about by mmﬁiﬁ |
of large quantities of salt. The anhydrite was later altered
- to gypsum, limestone, et cetera.
| Mﬁwﬁﬁﬁmmwhwmsm;mmmﬁ

is known by which a 900 feet thick slab of anhydrite could be lifted
20,000 to 30,000 feet through sediments by the salt, Theory #1 is
discounted by our results since carbonate of this isotople compo-
sition could not be obtained from sedimentation. Theory #3 is
also diseounted on the same basis. With regard te m#}}g the
objections are raised that there is not enough anhydrite presest in
the salt core to account for the thickness of anhydrite and thab
a sufficient amount of circulat!

remove the great amount of salt, However, water saturated with
salt is found in connection with salt domes (59) and salt marshes
are alse found maeism with many salt domes, indicating that a
great deal of salt has been removed in sclution,

Our results support the theory that the limestone was not
obtained by precipitation from solution. The only origin seems
to be via a transformation of the anhydrite. Most students of
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Por the bacterial reaction we obiaim

‘Since the bacterial reaction is consid ‘-'s;bzy nore ml&:
and the determination subject to larger errors, the check between




the two results is fairly good.
is given by:
3n=-56 :gl-é

1/2 N
[1 % 6y A_a;-g %fﬁ*n%ﬂ

ﬁviﬁ f’; (x;)

22 o, efg} xﬁ g*

K1/K25 which is the ratio of the transmission Mﬁem,
can be taken as unity, The berm fﬁ% is also unity sinee
there is no symmetry present. %4 The term involving
8(u;™) is often set equal to zero when using this theory, sinee it
depends on the force constant of the bond and as the activated com-
plex is suppesed to decompose as a result of the first vibration

along the reaction ¢
small, The minimum value of k,/k, would be obtained if the term

in @(u;) were also zero. In this case, . .
ko omy W2

k n*

The mechanism of periodate oxidation is not well knowm,
Oxidation first requires the presence of water to form a glyeol.
By analogy with lead tetracetate it is thought thab the reaction
may procesd through a cyclic intermediate (60).
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The first and second steps are equilibrium reactions so that no
isctope ef‘faﬁk is expected. The rate determining step involves
a cyelic intermediate which would strain the carbon carbon bond
and thus decrease the G(u) term so that a value close to 1.020
might be expected., However, it does not geem likely that the for-
mation of such a eyelic iﬁﬁm% would decrease the isotope
effect to a value below 1,020, _

In the biochemical case, the reaction of pyruvie acid

omewhat as follews (61):

CHy~€-5-€  + CoASH > CH,~C-5-CoA + HS-C
\ 3 \

4

CHSE H-§- CHy

CoASH stands for co-enzyme A. R stands for (CHp)j=COOH, the active
agent being lipoic acide |
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We cannot be sure that such a reaction would occur in
obic bacteria. The mechanism of the reaction is not knoun,

but the products indicate it cannot be a simple bond-breaking
reaction, Since the isotope effects are nearly the same, one

rresponds to a‘mﬁ of 3,00 per
cent with respect to the standard limestone. If the hypothesis
of bacterial action is ecorrect, we would expect that due to a
dilution with ordinary gaz%ma‘%e the depletion would range from a
mmsmmm,mmmmmmwwa ;
value approaching 4.7 - 0.1 per cent. That this is the case can
and #10 wells are just above this range.

probably was not sodium pyruvate, so that we cannot expect
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agreement, However, our results indicate that it is possible
to obtain carbon dioxide from the decompo .
matter which will have a C*> depletion as high as 5,0 per cent.
This carbon dioxide could have formed the secondary limestone
present in these wells by alteration of the ca&ﬁh, a proposal
which is supported by geological evidence. It is diffieult to
organic matter, which could produce such a large G depletion,

sition of organie

sition »afr


http:wJltc.lt

<18~

SUMMARY

Carbon isotope ratics for twelve Louisiana and Texas
sulphur wells were obtained. These ratios were all from 0.8
to 3.3 per cent higher than those of any other limestones
reporbed to date. S

It is belleved that these carbonates were deposited from

rbon dioxide evolved by sulphate redueing bacteria. The
organic origin of the carbon dioxide would partly account for
the high 0 2/6'3 ratios. However, an additional ome or two
per cent is necessary. Tt was thoughi possible that this eould
e effect in the preduction of the car-
xide in the deearboxylation of the substrate by the
The isotope effect for such a reaction was measured

and found to be of the proper order or magnitude.

sulphur bearing layer were found to be 0.5 to 1.0 per cent lower
m&zfgﬁmmmmrmafgmwm, as would be
expected on this hypothesis.
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