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TRACE LEAD ISOTOPE STUDIES WITH
GAS SOURCE MASS SPECTROMETIRY

ABSTRACT

On the basis of data published prior to 1960, two
basic lead isotope models - the isochron medel and the
primary lead model - were postulated to fit those
crustal leads that have had the simplest history. The
present writer's analyses of samples from Southern
Finland, and the results of other research workers, now
indicate that the primary lead model more adequately
describes these leads, and that primary "isochrons™ are
either very short, or else non-existent.

Lead in conformable deposits and in ultrabasic sul-
fides were postulated by R.L. Stanton to be examples of
primary lead. Analyses of samples from several massive
lead-zinc conformable deposits have indicated that the
leads of many of these deposits possess primary lead
characteristics,

The present thesis describes a technique deviséd to
prepare tetramethyllead from the conformable chalcopy-
rite deposits and ultrabasic sulfides and describes some
initial results. This is a free radical technique,
involving the reaction of methyl radicals with a lead
mirror evaporated out of a sulfide. It appears to be
capable of preparing tetramethyllead from samples con=
taining one to two orders of magnitude less lead than
previously reported for such a technique. Unfortunately,
the full extent of the method cannot be utilized with
present gas source mass spectrometer facilities, and
only fair precision (0.4%) is possible at 10 ppm. lead.

Samples from the conformable chalcopyrite deposits .
of Mt. Isa were analysed. The lead isotope ratios were
found to be significantly different from those of the
massive lead-zinc deposits. The results, interpreted
with other lead and sulfur isotope ‘data, suggest that
these deposits could be the result of metal-bearing .
solutions entering a partially enclosed bay. Initial
results for two ultrabasic deposits suggest that the
lead in the sulfides is not necessarily primary;



for example, that in two Stillwater ultrabasic complex
samples appears to be the result of three stages of
development. Hence, both the present lead isotope
analyses, and those reported earlier by Ostic (1963)
indicate that Stanton's geological criteria, while good,
are not completely adequate for identifying primary
leads. It is here suggested that sulfur isotope analy-
ses might indicate which of these samples have been
contaminated by crustal leads. ' '

During the investigation of the gas source mass
spectrometric analyses of small tetramethyllead samples,
lead isotope, fractionation was observed. This occured
with molecular flow into the mass spectrometer. Lead isotope
fractionation has not been reported previously, and has
some interesting geophysical implications. A prelimi=
.nary study suggests that such fractionation in nature
is likely to be rare, except possibly in biological
processes in the sea.
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ABSTRACT

On the basis of data published prior to 1960, two
}basic lead isotope models —‘fhe-isochron model and the
primary lead model -~ were postglated ﬁo fit those crustal
leads that have had the simpiésé history. The present:
wrlter's analyses of samples frbm Southern Finland, and
-the reéults of other research workers, now indicate that
the primary lead model more adeéuately describes these .
leads, and that primary "isochrons" are either very short,

or else non-existant.

Lead in conformable deposits and in ultrabasicﬁéélgidesA
were postulated by R.L. Stanton to be examples of primgry
lead. Analyses of samples from several massive lead-zinc
conformable deposits have indicated that the leads of many

of these deposits possess primary lead characteristics.

The present thesis describes,a,technique devised to
prepare tetramethyllead from the conformable chalcopyrite
deposits and ultrabasic sulfides and describes some initial
results. This is a free radical technique, involving the
reaction of methyl radicals with a lead mirror evaporated
out of a sulfide. It appears to bé capable of preparing
tetrame%hyllead from samples containing one to two orders
of magnitude 1e§s lead than previously reported for such
a technique. Uﬁfoftunately, the full extent of the method

cannot be utilized with present gas sdufce ‘mass spectro-
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meter facilities, and only fair precision (0.4%) is possible
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at 10 ppm. lead.

Samples from the conformable chalcopyrite deposits
of Mt. Isa were analysed. The lead isotope ratios were
found to be significantly different from those of the
massive lead-zinc deposits. The results, intérpreted
with other lead and sulfur isotope data, suggest that
these deposits could be the result of metal-bearing
. solutions entering a partially'enclosed bay. Initial
results for two ultrabasic deposité suggest that the
lead in the sulfides is not neééssarily primary; for
example, that in two Stillwater Ultrabasic Complex samples
appears to be the result of three sﬁages.of development.
Hence, both the present lead 1lsotope analyses, and those
reported earlier by Ostic (1963) indicate that Stanton's
geological criteria, while good, are nOtlcompletely ‘
»adequate for idéntifying primary leads. It is here sug-
gested that sulfur isotope analyses might indicate which

of these samples have been contaminated by crustal leads..

During the investigation of the gas source mass
spectrometric analyses of small tetrémethyllead samples,
lead‘isotope fractionation was observed. This occurred
with molecular flow into the mass spectrometer. Lead
isotope fractionation has not been reported previously,
and has some interesting geophysical implications. A pre-
1iminary study suggests that such fractionation in nature
'is likely to be rare, except possibly in bilological

processes in the sea.
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INTRODUCTION

"Where do you come from," said the Red Queen, "and
where are you going?" ’
-Lewis Carroll in Through the Looking Glass

Extensive studies of 1éad isqtope variations in
natural minerals have been carried out in a number of
laboratories throughout the world. At the Geophysics
Laboratory of the University:of»British,Columbia the main
goal has been to determine the basic model which fits
those crustal leads that have gad the simplest'history.
A clear undersfanding of the cgrrect basic mbdel is .
essential to the interpretation of leads with more"
complex histories. On the basis of the data published
prior to 1960 (Russell and Farguhar, 1960) two different
basic models were proposed. V '

(1) The leads were presumed to have develobed in a
number of locally closed systems (containing varying
_poftions of lead, uranium, and thorium) from timé‘to,
the time of formation of the~earth, until timé t when
mineralization separated the lead fromvthe uranium and
thorium. Leads so developed should lie along a straight
line §n the Pb206,/pp20% vs. Pb20T/Pb204 plot. These
straiéht lines are called primary isochrons, and the
model is termed the "isochron model".x o | |

(2) The leads were assumed to have developed in a

‘single closed system, probably the lower crust or upper



mantle. If mineralization occurred at a given time ¢,
the leads extracted, separated from the uranium'and
thorium, and emplaced in the crust without contamination;
would have identical isotope ratios. This model will be
called "primary lead model". o
The key to deciding between these two possibilities

lay in understandiﬁg the effects of errors in measuring
the relative Pb20%4 abundance. . Such errors - due possibly
to contaminants, mass spectrometer errors, and pressure
scattering - could cause variations very similar to those
expected on the basis of the isochron model. Under the
supervision of R.D. Russell, Kollar (1960), Stacey (1962),
‘and the present writer (Whittles, 1960, a and b ) were
directly concerned with the problem of improving the
mass spectrometer precision. Ulrych (1960} 1962) improved
the purification of the samples, so that pressure scattering
could be reduced and intercomparison carried out under
identical conditions. Kollar (1960) and Ostic (1963)
devised an emplirical pressure scéttering correction.
Part of the present thesis is involved with this aspect.
Slawson and Russell (1962) and Kanasewich (19623)

studied the presence of contaminants in the samples. The
results of this research were applied by E.R. Kanasewich
-and the present writer in the investigation of several
sultes of lead which apparently indicated the existence
of primary isochrons. These analyses have shown that the

reported primary isochrons were indeed due to errors in



determining the relative pp20l4 abundances. Thus the
primary lead model appears to be more applicable than the
isochron'quel, the primary isochrons being either
~extremely short or else non-existent (Kanasewich, 1962a;

Whittles, 1962). These results are discussed in more

- detall in the last chapter of this thesis.

The next step involved exploring, in greater depth,
the primary lead model. R.L. Stanton predicted the two
types of deposits should best fit this model. These were
the conformable base metal deposits and the ultrabasic
sulfides (Stanton and Russell, 1959). Ostic (1963)
analyzed a largé number of samples from conformable massive
lead-zinc bodies and showed that the lead_of ﬁany of |
these deposits fitted the primary lead ﬁodel. Part of the
present writer's Ph.D. research program involved the
analyses of ultrabasic sulfides and conformable chalco-
| pyrites.

Since the ultrabasio sulfides were expected to contain
only a few ppm. lead, the first phase of this research
required the development of a more sensitive chemical
preparation of the tetramethyllead on which the lead
isotope analees are carried out. The type of preparation
developed by the present writer was an extension of the
technique of”Ulrych (1962), and appears capable of preparing
tetramethyllead from samples contalning between one and
two orders magnitude less lead than the minimum 500-1000
micrograms reported by this author. The new technique is

described 1in Chapter 1. The second phase of this research



involved the exploration of the mass spectrometric analyses
of small tetramethyllead samples, a toplc about which little
was known. This phase ylelded one of the most exciting
results of thls theslis - the first lead 1sotope fractionation
to be reported. The present writer has explored not only
the mass spectrometric applications (Chapter 2), but also,
tentatively, the geophysical implications of this discovery
{Chapter 4).

The resulfs of the lead isotopic analyses of some
ultrabasic sulfides, and conformable chalcopyrites of Mt.

Isa, are also discussed (Chapter 4).
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Chapter 1: THE PREPARATION OF TETRAMETHYLLEAD FROM
SULFIDES: THE MICRO-LEAD TECHNIQUE.

"The rung of a ladder was never meant to rest ﬁpon,,
but only to hold a man's foot 1on% enough to enable him
to put the other somewhat higher.

-T.H. Huxley 1n On Medical
Education

1.0 Introduction

The goal of this portion of the present writer's
research program was to produce tetramethyllead froﬁ
minerals containing as low as a few parts per million

lead.

The method used is based on the free radical technique
of Ulrych (1962) which was an adaption of the original
Paneth technique that has been widely used in free radical
research. It was expected, however, that when dealing
with small amounts of lead the use of free radicals, while
probably a necessary condition, would not be a sufficilent
one. In particular, 1t was necessary to lnvestigate ahd.
understand the primary causes of lead loss in such a
process, and to modify the technique to minimize these
losses. This approach has proven sucessful and has
allowed the present writer to extend the tetramethyllead
preparation to .samples containing one to two orders less

lead than the 500-1000 micrograms reported earlier.



Three steps are involved in this technique: flrstly,
a mineral 1s redused to yield a reactive 1ead“mirror;
secondly, an organlic material 1s decomposed to produce free
methyl radlcals, which react with the lead mirror to yleld
ﬁetramethyllead:. ‘

Pb+4CH3+ = Pb( CH3)y

an& thirdly, the tetrameth&lleéd 1s separated from the
résidual organic materials., Each step will be considered

in turn.

1.1 The Preparation of Lead Mlrrors

1.1.1 Trace Leads in Minerals

Smith (1963), Mason (195@), Wedepohl (1956), and
Goldschmidt (1937) have discussed the average concentration
of lead in a variety of igneous rocks and minérals. More
detailed studies have been reported by Auger (1941), Tauson
and Kravchenko (1956), Fleisher (1955), Azzaria (1960), and
Hawley and Nicol (1961). It appears that lead occurs
primarily as minute inclusions of gélena and ‘is more common
in the sulfides of copper ores than in those of nickel or
gpld_ores. These reports also contain valuable suggestions
that could be used in selecting suitable samples for the

present technique.

For the pﬁrpose of"fhis discussion lead-bearing minerals
may be divided into three general classes.

(1) Minerals containing lead as a major constituent;



examples are galena, cerussite, and the lead sulfo-salts.
., Most of the lead isotope determinations using tetramethyl-
lead have been made with minerals of this group.

(2) Minerals containing in the order of ten to several
hundred ppm. lead. Examples include the various sulfo-
salts; the sulfides: pyrite, sphalerite, pyrrhotite,
chalcopyrite, marcasite; and the accessory minérals:
magnetite, monazite, zircon, sphene, and apatite.

(3) Minerals containing a few ppm. lead or less;
examples include the silicate minerals. Most meteorites
#lso fall into this group. At present only solid source
techniques have been applied to determine the lead 1sotope

ratios of minerals of this class.

The micro-lead technique developed by the present
writer appears to be capable of preparing tetramethyllead

from minerals of all these groups provided their reduction
temperature is below 950°C. Unfortunateiy,‘present mass
spectrometer facilities iimit isotope analyses to the flrst
and second groups. If the éensitivity of these instruments
could be increased, and if higher reduction temperatures
were used, gas source mass spectrometry could be extended

to include group (3).

The results of several of the above studles are sum-

marized in Table 1.1.



Table 1.1 Trace Leads in Minerals and the Reduction of Minerals

Mineral Lead Content ppm. Reduction Present experimental
Temperature results. Reduction
°C. in 2 hrs. at 950°C,
Galena (PbS) 580-780°C. Total "
] Ref. 4.
Boulangerite (Pb3Sb4811) Total
Anglesite (PbSOy) ' Total
Cerussite (Pb003) ' : Total
Pyrite (FeS,) 120-170 (nickel ores) . 900°C. 90%
. 20-1280 (copper ores) Ref. 2,3,4,5
420 (gold ores) | 6,7,8.
, Ref 1,17. ;
Pyrrhotite 190 (nickel ores) ’ 92%
(Feq_xS) 200-700 (copper ores)
. . 0 (gold oresg ]

Ref, 1,17. v .
Pentlandite (Fe,Ni)gSg Total
Magnetite (Fe304) 80  90% at 900°C. 87%

B _ Ref. 9,10,11,12, Ref. 18,19,20.

Chromite (Mg,Fe)Crp03 1600°C. 10%

Ref. 13,14 15,16

Ilmenite (FeTioO 48%

3
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References
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) Edstr

Fleisher (1955)

gallo (1927) . .
Schwab and Philius (1947)
Sudo (1948) R
Mataba and Unotoro (1951)
Gallo and Del Guerra (1951)
Ishihara and Sudo (1954)
Niva et al (1956)

Howie (1955)

Tauson and Kravchenkov (1956)
Tilton et al (1955)

Azzaria (1960)

Pascal (1945)

Kornilov and Kimlaeva (1945)
Baikloh and Henke 11937)

de Wet. (1952)

Hawleg and Nicol (1961)

m (1953)

Quets et al (1960)

McKewan (1960)
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1.1.2 The Reduction of Minerals

7Step“I of the micro-lead technigue involved the prepar-
ation of trace lead mirrors through the reduction of the
.mineral hosts. Because of the widespread commercial interest
the reduction of minerals has been under study for many
yeérs; however,:the reduction in order to obtain trace

lead mirrors is a relatively new development.

The present @riter uses a procedure similar to hhat’
of Baskova and NovikOV (1957). and Ulrych f1962). ‘The
minefal samples‘are finely crushed then introduced into
the micro-lead apparatus in quartz boats. ‘Hydrogen at
one atmosphere and 800 c,c./minw:is passed through the
épparatus, while the furnace tempkrature is brought
slowly up to 950°C. in the‘fifst hour, and then main-
tained at this level for an hour. The mirror is then
purified by repeated distillations.under the same éondi-
tions. A final distillation, at reduced pressure, separates
the mirror coﬁpOnents out more completely for selective
removal with free methyl'radicals. A number of minerals
have been investigated in this manner and the results have
been compared to those avallable in the 1iteréture

(Table 1.1).

All the major lead minerals are totally reduced.
Chalcopyrite and peﬁtlandite also reduce cdmpletely,vg_
molten alloy being left in the quarﬁz boat. The cpang; -
pyrite'Sampleé seem to contain more of the'volatilg'mgtgls-’

than pentlandite and are probably more suitable for this
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type of preparation. Apart ﬁrom the lead minerals, pyrite
appears to contain the most lead of those listed whille
pyrrhotite is more compa;able to chalcopyrite. .Although
these last two minerals ére notlcompletely reduced iIn two
hours most of the lead must evaﬁorate’off during this time
since no new mirrors were formed when the samples were
subjected to redﬁcing conditions a second time. This is

to be expected in view of the porous nature of the free
iron that tresults from the reduction. Magnetite 1is an
easily reduced mineral, and its widespread occurence

would make 1ts study extremely interésting.} Chromite and
11lmenite are not too promising because of the diffiliculty of
reducing them., Both of these minerals retaln some of their
volatile materials even after two hours since second
mirrors were easily obtalned. It may well be that the
isotopic composition of the first mirror will differ from
that of the second as in the case of silicate minerals

(zhirov and Zykov, 1956).

1.1.3 The formation of xPb0Q-SiOo

‘During the present writer's expériments it was
noticed that under certain conditions fead mirrors were
converted to dark brown deposits which could not be
totally reduced in the hydrogen furnace, 1t was later
found that this effect could be reproduced at will by
first oxidizing the mirror while it was hot (to ensure

extensive éxidation). Samples of Pb(NO3)2 and PbO were
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placed in quartz crucibles at 950°C, ‘In all cases the -
sampleg converted to a black compéund‘and gery little

free lead was produced. When subsequently heated in an
oxygen stream the deposit turned white; this process was
reversible with little or no loss of material. The lead
mirrors which had converted to the dark deposits exhibited
exactly the Same properties. Examination df both the quartz
boats containing the lead éompounds, and fhe quartz tubes
contalning the converted 1eadlmirrors, showed that the lead
had apparently reacted with the quartz since thé mixture
could not be totally removed by scraping. ?urthermore,

when the quartz tubing was cleaned with HF, the surface

was extensively etched at the position of the converted
mirrors. One pqssibility seemed to be the formation of

a lead silicate. This was tested by heating, in the
hydrogen furnace, a sample of pure lead placed in a quartz
boat. No reaction between the lead and the quartz boat
"could be distinguished. Later experimehts with lead mirrors
of the order of tens of micrograms deposited on quartz
tubing have shown that any reaction between lead and silica
must be extremely slow if indeed it occurs at all. ‘It is
.apparently a difficult task to form even lead feldspars
(W.F. Slawson, personal communication). E. Peters, of the
U.B.C. Metallurgy Department, suggested instead the for-
mation of a lead mono-oxide silicate. Such a compqundi:of
the form xPb0:S102, would indeed be expected on théhbasis

of the Pb0-SiOz phase diagram of Geller, Creamer, and
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Bunting (1934), (Diagram l.i). This silicate will form at
all temperatures but is less likely at the lower velues
where the rates of solid diffuslion would be greatly de-
creased. This was checked experimentaliy, and at 500°C.
most of the lead oxide converted to free lead, although

some of the silicate stlill formed.

A1203, fused or crystallized, might be more sultable
than quartz. 8amples of Pb0 were placed in an alundum
erucible and reduced at 950°C. in the hydrogen furnace.
Most of the oxide converted to free lead, although a faint
black deposit was agaln evident. In this resapect A1203
seems the better cholice, although the phase diagram (Hall
and Insley, 1947) suggests the formation of a similar
compound: beO Al203.

It should be stressed at thils point that the main
problem is not the conversion of PbO in the samples to
free lead, but the reactivation of the lead mirrors once
they have been oxidized. Hence 1% is'not necessary to use
alundum crucibles with the samples (which are mostly
sulPides) since they contain no source of oxygen. Also,
,transparent quartz tubes are better than opaqui alundum

L]

tubes provided the lead mirror 1s never oxidized.

The solutlion appears to involve the reduction’ofrthe_ﬂ
minerals and the formation of the lead mirrors right in the

micro-lead apparatus. If the mirrors are immediately
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removed by the action of methyl radlcals the "PbO problem"
should not arise. This procedure has been adopted in the

-present work.

One other point is of 1ntefeét. The above discussion
for Pb0O applies equally to Pb(NO3)2 so this would tend to
eliminate the use of HNO3 (-#Pb(NO3)2—9Pb0—+beO-8102)
in the cleaning procedure, p?rticulérly since HNO3 is‘
difficult to eliminate even with extensive_washing; The
use of HF, with subsequent baking in an oxygen stream,

provided adequate cleaning.

1.2..;Methyl Radlcal Sources

1l.2.1. Free Methyl Radicals and Theilr Production

Free radicals are defined as neutral atoms or molecules
possessing one or more unpaired electrons. In general, they
beiong to two classes: those which are relatively stable
(the Gomberq type, e.g.-the benz}l radical, C6H5CH2°)5 and,
those which are highly reactive but short lived, such as

the methyl radical (CH3.).

~ One of the first free radicals to be recognized was
triphenylmethyl, (06H5)302;, which belonged to the first
group (Gomberg, 1900).  The existence of the more reactive,
short lived radicals was suggésted goon after by Bone and
Coward (1908) but no conclusive evidence of their existence
was obtained until 1929 (Paneth and Hofeditz, 1929). Sincel

this time there has been a great deal of interest in these
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entities, and for a more detailed discussion one should
refer to the several comprehengsive summarles that have been

written (Steacie, 1954; Waters, 1948; Rice and Rice, 1935).

This section considers only those polnts which are of

direct interest in the present work.

The nature of covaient}bond fission was discussed by
Waters (1948). A éovalent bond may be broken to give two
neutral molecules (homolysis): |

A:B + energy = A+ + Be | (1.1)
each of whilch retalns one electron of the bonding pailr. Or;
1t.may yvield two ilons one of which separates with both
electrons (heterolysis):

A:B + energy = AY + (:B)~ (1.2)
More energy is requiréd for heterolysis, particularily in a
gas where wide separations are possibie, since thls process
involves both electrostatic and bond-breaking energies. For
this reason most gas reactions, unlike reactions in solﬁtions,

are of the homolytic type.

Radicals can also result in chain reactions:
R* + A:B = R:A + B- ' (1.3)
which continue in a series until two active radicals meet
and combine, or else are absorbed on the walls of the reaction

vessel.

Waters (1948) has also outlined the various methods of

producing free radicals. Of these thermal decomposition
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seems'm§st satisfactory for the present preparation

(Ulrych, 1962). Many stable compoﬁnds decompose at higher
temperatures into free radlicals. Paneth and Hofeditz

(1929) used this method with tetramethyllead, and Leermakers
(1933a), with azomethane. Rice et al (1932) showed that a
wilde range of organilc cdmpounds decompose aé temperatures of
500-1100°C. This method has the virtue of extreme
simplicify, requiring only a nichrome-wound quartz tube
and'a variable auto-transformer. The heated walls also
minimize radical-wall recombinations:

CH3' + CH3' = 02H6 (1.)-1')

1.2.2 The Choice of a Free Methyl Radlcal Source

1. Possible Methyl Radical.Sources

The proper selection of a free radical source is a
problem havinglconsiderable importance in this work since
it can determine to a large extent the details;of the
tetramethyllead preparation. Since no systematic survey
of the possibilitiés had been made, the presént writer
undertook the investigation of some 45 organic materials.
sgvepa; which appeared suitable were investigated ex-

perimentally.

The sultability of a source of ffee radicals was
determined by flve main criteria: _

(1) The experimental ease with which the methyl
'radicals may be produced. This factor would tend to

eliminate compounds which require very high decomposition
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temperatures, or which are explosive, very poisonous, or
very reactive.

(2)'The abundance of free methyl radicals produced
per unlt wéight of the source compound. A more efficient
source will result 1nlfastér mirror removal, and smaller
quantities of by;products to be separated from the tetfa;
methyllead. \

(3) The ease with which the breakdown products, and
the undecomposed source material, may be separated from the
tetramethyllead.produced. . )

(4) Freedom from mass spectral lnterference. Even
after purification, traces of the by-products will remain
in the sample. These will be of no importance provided
thelr masses, or the masses of their ionization fragments,
do not coincide with those of the trimethyllead spectra.

(5) The freedom from unwanted free radicals. If
there are other than methyl radiéals present, some of the
lead may be converted to cQ@pounds other than tetramethyl-
lead. These would decrease;the "yield"® and might interfere
wlth the isotope measurements. The formation of the solid

tetraphenyllead would deactivate the mérror.

The preceding five points have guided the seléction
of suitable source materials. ‘Compounds of the following
tjpes were not considered'in dgfail.' |

(1) Compounds whosg pfoduéts are extremely complex
and unspecified in the literéture; The present writer

tended to limit the search to the more common compounds
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whose products are well known.. _

(2) Compounds whose decomposition products might
deactivate the lead mirror; for example, chlorides,
bromidés, iodides, and mercury compbunds; One of this
type, methyl iodlde, was tried and found to be emlnently

unsuitabbe.
2. The Selection

Many of theée~sources_have been obtained frém Steacie's
(1954) book; some were discussed by Rice and Rice (1935), |
Lossing et al (1953a), and Rice and Johnston (1934). The
dissoclation producté are' discussed by Steacie, or:in the
references indicated in the tables. The temperature of
abundant free methyl radical production was estimated from
one of the above references or from the dissociation
energies (Szwarc, 1950; and, Steacile, 1954). These energies
give some indication of the. ease with which a radical-
fadical bond may be broken; however,»since the mechanlsm
of free radical production 1s the cbﬁtrolling feature.
these estimates are not too reliable. The data isvsum—

marized in the following tables,

Table 1.2 describes sources that appear unsultable
for the ?resent work, and the reason for this., The (?)
1pserted behlnd some of the éompounds indlcates that_;t
is unélear from the literature to what extent this par;

-~

ticular feature applies.
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Table 1.2 Undesirable Free Methyl Radical Sources

l; High Temperature Required to Produce Abundant Free

Methyl Radlcals. -

(1) Acetyldehyde - Ref. 1,2,3,4.
2 1 - Butene (?) Ref. 5,6,7.
3 Divinyl Ether - . Ref. O.

4 Ethane (?) Ref. 9,8.
5 Ethyl Alcohol (?) Ref. 11.
6 Methane ' Ref. 11.
7 Methyl Alcohol(?) Ref. 12.
8 Methylamine (?) : Ref. 3.

9 Propane Ref. 13,
10). Toluene Ref. 14,

2. Other Radicals Produced.

1 Anisole v Ref. 14,
2 Azomethane Ref. 8.

3 Azo-iso-Propane Ref. 8.

L Azo-n-Propene (?) Ref. 8.

5 n-Butane Ref. 11,
6 Dipropyl Peroxide (?) Ref. 11,
7 Ethane Ref. 9,8.
8 Ethyl Alcohol (?) Ref. 11.
9 Methyl Ethyl Ketone Ref. 11.
10) Phenyl Methyl Ether Ref., 14.
11 Propene Ref. 13.
12) Tetrabutyllead - Ref. 11l.
13) Tetrapropyllead v - Ref. 11.

14) Toluene - Ref. 14,
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Table 1.2 (continued)

3 Inadeguate Separation (High Boiling,Point Decomposition

Products}.

Acetyldehyde = . Ref, 1,2,3,4.

1

2) Acetyl Peroxide ' - Ref. 11l.

3) Alkyl Nitrates Ref. 11.
(%) Alkyl Nitrites : Ref. 11.

5) Anisole ' Ref. 14,

6) Azo-n-Propane - Ref. 8.

7) 1-Butene (?) o ‘ Ref. 5,6,7.
8) iso-Butene Ref. 11.°

9) Diethyl Peroxide (?2) Ref. 15/
10) Dimethyl Ether Ref. 10,15,16,17,18,19.
11) Dipropyl Peroxide Ref, 1l1.
12) Divinyl Ether Ref. 8.

13) Ethyl Alcohol Ref. 11.

14) Ethyl Benzene Ref. 20.

15) Methyl Alcohol Ref., 12.

16) Methylamine T “Ref, 3.

17) Methyl Ethyl Ketone Ref. 11l.

18) Phenyl Methyl Ether ‘ Ref. 14.

19) Propylene Oxide (?) Ref. 10, 21.
20) Toluene * Ref. 14,

4, Undesirable for Qther Reasons

Azomethane (Explosive) Ref. 22,23, 24,25, 26, 27,28, 29, 30.
Dimethyl Zinc (very reactive, no data).
Tetramethyllead (Contamination) Ref. 11,
Trimethyl Aluminum (very reactive) Ref. 31,32.

Fwo
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Table 1.2 (continued)

References

O 00~ OV =W o 1+

Hinschelwood and Hutchison (1926a)
Winkler and Hinschelwood (1935a)
Travers (1937a,b)

Sweddon and Travers (1936)

Szwarc and Sehon 1950;.

Sehon and Szwarc (1950

Tropsch et al $1936)

Lossing et al (1953b)

Rice and Dooley (1933)

. Lossing et al (1953b)

. Steacie (1954)

. Terenin et al (1935)

. Rice, Johnston and Evering (1932)
. Ingold and Lossing (1953)

. Rebbert and Laidler (1952)

. Gay and Travers (1937)

. Eltenton (1947)

Rice and Johnston (1934
Rice and Herzfeld (1934

. Szwarc (1949)
. Thompson and Meissner (1938)

Thiele (1909)

Ramsperger é1927)
Leermakers (1933a,b)
Riblett and Rubin (1937)

. Steel and Trotmann-Dickenson (1959)

Forst and Rice (1963)
Page et al (1953)
John and Taylor (1939)

. Allen and Rice (1935)
. Yeddanapalll and Schubert (1946)
. Laubengayer and Gilliam (1941)
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Table 1.3: Possible Free Methy1~Radical Sources: I,
lists those compounds which appear to be suitablé, but

- which have some reported (but unclarified)'bad féaturés.

Table 1.4: Possible Free Methyl Radical Sources II,
lists several compounds which seemed particularily sultable,
on the basis of the literature survey. Some of these were

investigated experimentally by the pfesent writer.
3. Experimental Results

Of the compounds listed in Table 1.4, and studied
experimentally, di-t-butyl peroxide was found to be the

most satisfactory.

The compounds were studied by passing them through
the micro-lead furnace and over a lead mirror, Diagram (1.2)
represents'a simplified schematic of the apparatus, The
decomposition products were trapped in the liqﬁid alr trap,
transferred to a bréakseal, and examined on the mass

spectrometer,
(1) Tin Tetramethyl and Other Metal Alkyls

The present writer's experiments have provided the
first direct evidence fér methyl radicals in the'decbmposition
of tin tetramethyl; however, it was found. that as a free
radical source for the present Work, this compound has

several undesirable features.

(a) It is not a very efficilent source since con-
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Table 1.3 .Possible Free Methyl Radical Sources: I

1) Acetone . Ref. 1,2,3,4,5,6.
2) 1-Butene Ref. 5,6,7 (of Table 2.2)
3) iso-Butane Ref. 9.

4) Dimethyl Cadmium Ref. 8.

5) Diethyl Peroxide Ref. 9.

6) Tetramethyl silicon Ref. 10,11.
References

1) Hinschelwood and Hutchison (1926b)

2) Winkler and Hinschelwood (1935b)

3) Rice and Vollrath (1929)

4) McNesley et al (1954)

5) Rice and Johnston 21934 '

6) Rice and Herzfeld (1934

7) Huffman (1936)

8) Heller and Taylor (1953)

9) Steacie (1954

10; Helm and Mack (1937)

11) Sathyamurthy et al (1950)
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Table 1.4 Possible Free Methyl Radical Sources: II

Dimethylamine ~ Ref. 1

51; ,2’3’“"
2) Di-tert-butyl Peroxide - Ref. 5,6,7,8,9,10,11,
_ ' : 12,13, 23.
(3) Ethylene Oxide Ref. 2,13,14,15,16,
4) Tetramethyl Tin Ref. 20,2i. T
5) Trimethylamine Ref. 2,3,22.
References:

« & e o

O 0O~ O\ W+

1
Qe o ¢ o o

]
[3V]

e
00—~ U1 =W

1
19.
20.
21.
2z.
23.

Taylor (1932)

Rice and Johnston {1934)
Bamford (1939)

Rice and Grelecki (1957)

Milas and Surgenor (1946)
George and Walsh (1946)

Raley, Rust and Vaughan (1948&
Rust, Seubold and Vaughan (1948)
Benson (1960) '
Murawski et al (1951)

Brinton and Volman (1952)
Lossing and Tichner (1952)
Lossing et al (1953a)

. Heckert and Mack (1929)

Fletcher and Rollefson (1936)
Travers (1937b) - ‘
Simard et al (1948) '
Mueller and Walters (1951, 1954)
Crocco et al (1969)

Waring and Horton (1945)
Sathyamurthy et al (1950)
Gesser et al (1957)

Dorfman and Salsburg (1951)
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siderably more Sn(CHs)y was decomposed than Pb(CHg)y
produced. This favors the reaction series described by

Sathyamurthy et al (1950) over that of Waring and Horton
(1945) . |

(b) Not. all of the Sn(CH3)4 was decomposed even at
the high temperature (950°C.) used.

(¢c) A carrier gas was necessary for good flow and

this complicated the operating procedure.

(d) Many decomposition products were produced which
could n@t be easily separated from the Pb (CHgz)y by simple

vacuum dlstillation.

(e) Because of the formation of a yellow polymer, and
the release of free tin and carbon, cleaning of the

apparatus was difficult and necessarily extensive.

Of all the other metal alkyls listed in Table 1.3,
tetramethyl silicon would probably be the most similar to
tetramethyltin. The literature suggests that trimethyl
aluminum might be better than either of these compounds,
although\it has many similar features. Also, it is highly
reactive and difficult to handle. No data appears to be
available for dimethyl zinc and it too is very reactive.
One other metal alkyi, tetramethyllead, was tested and
found to Be a very efficient free radical source.
Unfortunately, the bossible oontaminationvof the sample

with source would rule out its use in the present work.
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(2) Tri- and dimethylamine and Ethylene Oxide

Trimethylamine was found to give rapid removal for a
fﬁrnace temperature of 950°C, with no carrier gas. The
decomposition products, mainly dimethylamine, methane, and
éthane were easlly removed from the tetramethyllead by
simple vacuum distillation at dry ice temperatures; how-
ever, the times required for comparable separation were
considerably longer than for di-t—butyl peroxide so the
lead 3o0ss would be greater. In addition, trimethylamine

is much more difficult to handle.

Dimethylamine and ethylene oxide should be as sulitable
as trimethylamlne except that they require a hundred degree

higher temperature for comparable methyl radical production.
(3) Di-t-butyl Peroxide

‘This compound was found to be the most suitable of
those tried, provided 1t was first purified of t-butyl

alcohol.

The suitability of this material initially seemed to
depend upon the absence of the higher boiling ketone by-
products. Decomposition tests showed that acetone and
methyl ethyl ketone were the main products. The higher
boiling ketones - methyl n-propyl, diethyl,.methyl isof
propyl, etc. ; would have been present only to about Q,l%
of the acetone abundance. t-butyl alcohol, which i§vnot

a decomposition product under the present experimental
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conditions, was also present. Since di—f;butyl peroxide
is_often prepared from this alcohol (Milas and Surgenor,
1946) it was perhaps not surprising to find the present
suppiy'contained 3%. As it is impossible to separate
t;butyl alcohol from tetramethyllead by simple vacuum
distillation, the:source must first be puriflied. This
~involved a distillatlon at.a pressure of 6 cm. Hg and a
temperature of 50-60°C. carried out in a grease-free

system (Dorfman and Salsburg, 1951).

The tetramethyllead samples prepared from this purified
source could be geparated to a degree comparable to that
obtailned using chromatographic techniques. This source

was used in preparing all the micro-lead samples.

1.3 Experimental Apparatus and Techniques

1.3.1 Experiment Apparatus and Procedure

1. Design Considerations

The first two of the three steps for obtalning tetra-
methyllead from sulfides take place in the micro-lead
apparatus. A simplified schematic is given.in Diagram (1.3).
In step I the sample is placed in a quartz boat and heated
in a hydrogen flow at 950°C. After two hours the furnace
is moved in a series of sﬁeps down the tube. This redistills
and purifies the lead mirror that has been evapora@gd f;om

the reduced sulfide. A final distillation is carried out
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at a reduced hydrogen pressure. Step II involves firstly,
the cooling of the region between the furnace and the
mirror and secondly, the flow, and decomposition of di;t;
butyl peroxide. The resulting tetramethyllead is trapped
with the decomposition products in the'cold frap; The
furnace is then cooled, the trapped material transferred

to a breakseal tube and sealed off.

Since efficient tetramethyllead production requires
that a maximum number of methyl radicals collidé with the
lead mirror, the very short lifetime of these radicals is
a major factor to be considered in the design of the micro-
lead apparatus. The methyl radical lifetime is determined
partly by the rate of recombination to form ethane:

CH3' + CH3- — CoHg (1.5)
This occurs in the presence of a third body, usually the
wall, that has a sufficiently low thermal energy to absorb
the energy released in the recombination. The methyl
radicals also react with gas molecules in the region:

CH3. + XR = CH3X + R° (1.6)
Acetone, the main decomposition product of di-t-butyl
peroxide, is converted to ethylmethyl and higher ketones.
" Hence we can:

(1) minimize the number of radical - wall reactions by:

(a) réquiring the ratio of wall area to volume to
be small, e.g., the radius of the tube to be large;

(b) placing thé mirror as close to the methyl radical

source region as possible;
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(c) keeping the thermal energy of the walls, between
the furnace and the lead mirror, high;
or:
| (2) minimize the radical - gas molecule reactions by:

(a) having low pressures in the region the radicals
are formed (best removal occﬁrs with total pressures of
one or two mm. Hg., or less) éither by using high pumping
speeds or by slow source material injection, or both;

(b) requiring a large wall area to volume ratio, e.g.,
a small tube radius.
It is more important to minimize radical - gas moiecule
reactions since these are more efficient than tﬁe radical -
wall reactions; only one out of every 1000 wall collisions

results in the loss of a radical (Rice and Rice, 1935, p.58).

Conditions (lb) and (lc) can be set independently
of the other requirements, and depend mainly upon the
experimenter's ability to cool the mirror which must be
near room teﬁperature (Rice and Rice, 1935). 1In order to
optimizé the competing conditions (la), (2a), and (2b) the
present writer arranged his apparatus so that the mirror,
whén finally purified,lwas deposited at the end of a small
diameter (15mm.) quartz tube which was placed inside one
of larger size (19mm. dia.). The source injection rate

gave a mean free path of about 0.1 cm.

Several other factors that affect the activ;tngndm

removal of metallic 1ead mirrors by free methyl radicals
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must also be conslidered.

(3) Oxygen - traces may completely deactivate a lead
mirror (Harris and Tickner, 1948; Glazebrook and Pearson,
1936) so a good vacuum (10‘5mm. Hg.) must be obtained.
Addltionally, materilals whidh pass over the mirror must not

contain free oxygen.

(4) wall Conditlons - fresh quartz surfaces have been

found to be about the best (Steacie, 1954).

(5) Back diffusion - of the newly formed tetramethyllead-
must also be prevented. 1In the present system sufficient
flow is provided by the decomposition products of the di-

t-butyl peroxide source.

2. The Apparatus

The apparatus is given in detail in Diagram (1.4).

Ordinary grade (99.8%) tank hydrogen (hydrocarbon,
sulfur content, C02, CO, NO, and Hg < lppm.; Np approxi-
mately 23ppmn.; O2 approximately 16 ppm.) was used in
Step I, the reduction process. The impurities were effect-
ively removed by passage through a cold trap and activated
charcoal held at liquid air temperatures (Lossing and
Tickner, 1952; Dushman, 1949). The three glass leaks
were made by constricting 2mm.capillary tubing. Leak #1

was used in the initial reduction stage, allowing a H2

flow of 800 c.c./min. at 1 atmosphere. Leak #2 provided
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a flow of H, at 1 cm. Hg pressure when pumped through the

2
mercury diffusion pump during the final distlllation of

the 1eadimirror. Leak #3 allowed a flow of di;t-butyl
peroxide at 1 mm. Hg. All the stop-cocks shown, with the
exception of Sg, were the usual greaséd (with Api@zoan,
since "silicon" greases must not be used - Kanasewich,
1962a; Slawson and Russell, 1962) vacuum type. Sg was
specially designed to present only a diaphram of Viton-A

to the source material. This diaphram of Viton-A was
operatgd by a stalnless steel spring and a nylon plungér.

An R.C.A. 1946 resistivity gauge was found suitable for
‘monitoring pressures in the apparatus. The flanged Joints
were Sentinel brand pyrex flanged pipe sets held'together
by bolted flange sets. Viton-A rings, cut from 1/8"
sheeting proved to be excellent vacuum seals. The 19mm.
dia. quartz tubing between the graded seals and flanged
Joints was 70 cm., in length, sufficient to allow s8ix re-
distillations of the lead mirror. The furnace consisted

- of 16 £t. of #22 Nichrome wire wound on a quartz cylinder
and several layers of asbestos. A variable auto-transformer

provided the necessary control,

3. The Procedure

(1) The sample was finely crushed, 3 gms. were placed in
a quaftz boat and inserted inside a 50 cm. length of the
15 mm. quartz mirror tubing. This tubing was then placed

inside the 19 mm. diameter tubing on which the furnace
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moves, Between runs the mirror tubing, boats and furnace
quartz were removed and cleaned in HF. They were then

baked up to 1/2 hr. at 950°C. in a O, stream. The cold

2
trap was removed, cleaned in chromic acld, flushed, and
dried at 200°C. All the stopcocks were cleaned and

regreased.

(2) A heater (100°C.) was wrapped around the activated

charcoal trap and the apparatus pumped on overnlght.

(3) The charcoal trap heater was disconnected the

following morning and the mercury diffusion pump started.

(4) when the apparatus had pumped down to 1 x 10~5mm.
Hg, dry ice and acetone were placed around the di-t-butyl-
peroxide. With Sy closed this source was degassed for 1/2

hour.

5) The hydrogen line was first pumped out through S_,
o)
then flushed with HZ’ pumped down again, and finally

filled at a pressure of 2 atmospheres with Sl’ Sp closed.

(6) The Hg. diffuslon pump was shut off at S5, and
the micro-lead system filled with hydrogen through leak
#1. When the pressure was above 1 atmosphere, S8 was
opened. Thé H2 line pressure wés adjusted to give 800ce/min.

as measured on the flow meter,

(7) Liquid N, was added to the activated charcoal and

cold traps slowly so as to maintalin a positive Hs pressure.
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(8) The furnace was then turned on and the temperature
" increased in a series of steps;

(a) 250°C. for 1/2 hr.

(b) 350°C. for 1/4 hr.

(c) 500°C. for 1/4 hr.

(a) 95050. for 1 hr.
Siow heéting‘is recommended (Gallo, 1927) to avoid.the
formation of free sulfur. The present writer found with
this heating procedure and hydrogen flow that little or

no free sulfur formed even with 3 grams of initial sulfides

(9) At the end of the 2 hr. reduction period the
furnaée temperature was reduced to 750°C. and moved along

" in a number of steps so as to purify the lead mirfor.

(10) When the purified mirror was deposited about 10 cm,
from the end of the inner 15 mm. dia. quartz tubing, |
the furnace was moved away and the mirror cooled. This
step was necessary to prevent mirror evaporation when the
systém was pumped'down. The pure lead mirror was grey
- 1n color, if not too dense, and exhibited a distinctilve

"diffraction" pattern.

(11) Sg was then closed, 89 opened, and the system

pumped down. 84 was also closed, and S3 opened.

(12) After several minutes S, and S3 were closed, S
opened and hydrogen admitted through leak #2. The H2

- line pressure was adjusted to givé 1 cm. Hg pressure in
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the system.

(13) The furnace was then moved over the mirror
redistilling it for the last time. This step was not
always necessary but gave the most consistent results
since it tended to separate the mirfor components out
more completely. The lead mirror converted from the

distinctive grey to a dark black deposit.

(14) The furnace was moved back 4 cm. and the mirror
cooled before S) was closed and thelsystem pumped down.
The water spray was adjusted to cool the region between
the furnace and mirror but not. the mirror directly. The
mirfor must be maintaihed at room'temperature: “if it is
too hot its rate of removal will decrease; if too cold
it could be deactivated by deposition of the higher boiling
point compounds that result in the decomposition of the

di-t-butyl peroxide.
(15) Liquid N, was placed around the main cold trap.

(16) When the mirror had cooled sufficiently S. was

5
closed, and S6 opened. Di-t-butyl peroxide passed into
the system at 1 mm. Hg. This was left on from 1 to &4

minutes, until the mirror was removed.

(17) S7 and S6 were then closed. Since tetramethyllead
will decompose at 90-110°C., the furnace and tubing must

be cooled down.
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(18) Sq was closed, and the sample transferred to the
breakseal and sealed off. Step III, the separation by
vacuum distillation, was completed on the mass spectrometer

where the process could be monitored.

1.3.2 The Purification of Tetramethyllead

The approach to this problem has been guided by
three somewhat competing factors:v |
- (1) The tetramethyllead should, for high precision
isotope abundance measurements, be separated to a fairly
vhigh degree of'purity from the other reaction products.
(2) The purification procedure must be suéh that the
lead loss 1s not significant. This problem is 6f most
importance in the present work, where the sample size 1is
several orders of magnitude smaller than in the normal
runs. |
(3) If the sample line pressure drops much below the
0.9 cm. Hg range the flow characteristics tend toward
the molecular, and considerable fractionation can occur.
for this reason the small samples cannot be wholly purified,

or 1f they are, they should be mixed with a carrier.

Gas chromatographic separation has peen used for
the large Grignard-prepared samples and to some extent
for small samples (Ulrych, 1960, 1962). Although these
techﬁiques can result in significant lead loss when dealing

with the smaller samples, modifications that will overcome
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“this difficulty may be possible (Abel, Nickless, and
Pollard, 1960; Parker, Smith, and Hudson, 1961; and
Dawson Jr., 1963). '

At any rate, vacuum distillation seems to be suf-
ficient for the present technique provided the methyl
radical source 1s-firs£ carefully purified.' This type
of separation haé been shown to result in sample purity
comparable to that achleved with the usual chromatographic
techniques and the loss rate can be more carefully con-
trolled. All the small samples in this work were purified
by vacuum distillation. The distillations werencarried
out at dry lce temperaturea, the length of the distillation

depending upon sample size,

The results of several pumping experiments are
illustrated in Diagram (1.5). While there is a considerable
spread two general features are apparent,

(1) The rate of lead loss is roughly proportional to
the amount of lead present. This suggests that the surface
area of the frozen~down tetramethyllead is not too de~
pendent upon sample size. (

(2) The rate of lead loss 1s not zero és the sample
size goes to zero; e.g. below a certaln size the above
"masking" effect does not occur. If we assume that the
loss rate will be the maximum shown, 400 micrograms per

hour, a sample of 30 micrograms can be distilled for only

0.5 to 1.0 minutes, This assumes a 10% lead loss, These
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Diagram 1.5.Rate of Tetramethyllead Loss During Vacuum
Distillation at Dry Ice Temperatures
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tlmes were used in partially'purifying the smallest
samples although phis meant thatfthe‘operating pressures
were 3 to 5 times higher than normally used. The present
writer's improved pressure scattering correction compen-
sated for this to a certain extent;,.As it turned out,
such samples could only be ruh at 1/20 of the nérmal peak
height with a corresponding decrease in mass spectrometer
precision, so the pressure scattering correction is not

as ilmportant as with the large_samples.

Actually, the above egtimatés are quite pessimistic
and 1ohger distillation tiﬁes;prgbabiy could have been
used. A more sophisticated treatment 1is also possible;

' for example, Diagram (1.5) suggests that:

S =-mdsS + b

at
) -tx/m
therefore S -8 = x = (S_-b)(l-e )
85 ' S0
or t« = m ln Sa=-b
X = L
where m = slope of average loss rate
= intercept
t#-= time of distillatioh,requifed for
a x% sample loss '
So = initial sample‘loss

If the rate of loss relations were more exactly known,

tx could be calculated quite closely.

1.3.3 Estimation of Lead Content'of'Samples

(1) During the development of the micro-lead



  E3tf,“

technique several carefully'weighedtéémples (222 to
1574+2 micrograms of reagent PbS) ﬁere studied. It was
found that the lengths of the iead'mirrors were directly
related to size provided that‘phe Ho flow conditions were
maintained idéntiqglly duripgjreductién'(Diagram 1.6).
This relationship ﬁés used.ﬁn“deoiding the maximum time of
‘distillation that could be tolerated; it also gives an
estimate of the ppﬁ: lead conﬁéﬁt in a natural mineral

‘ sample.

(2) A more accurate estimate was obtained by comparing
the mass spectrometer ion beamiintensities of the samples
to those of 2 preqisely weigﬁéd'reagént PbS samples (22+2,
TQiZ microgramé). By knowing the initial sulfide weight
the ppm. lead content can be éélculated; these values are

1isted-with the isotopic analyses.
1.3.4 Yields
1. Estimation of yields"

The ylelds were not measured analytically; however,
"an estimate can be obtained by considering probable losses

at each step.

(1) Reduction of sulfide. For such minerals as
chalcopYrite or pehtlandite, which reduced complefely
to molten alloys; it is assumed that all but a negligible
pértion of the lead in the“éample is removed during the

two hours of reduction. _All.df,the small samples analysed
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in this work were of this type.

(2) Moving ahd Purifying the Mirror. One reagent
PbS’sample of 22+2 micrograms was moved four times. Since
10 micrograms représents the iimit of visibility under these
conditions the loss at each stépICOuld not have been more
than about 2 micrograms. As samples are normally re-
distilled 6 times, this would represent a maximum 12% loss

for a sample of 100 microgramsé

(3) Removal of the Mirror. The removal of the mirrors
of several precisely weighed PbS samples ranging from

22+2 to 976+2 micrograms was observed to be visually

total. This would represent a maximum 10 microgram loss.

(4):Trapp1ng of the tetramethyllead and by-products.
All the condensible material produced in the.preparations
appeared to be trapped in the first 3 cm. of the speclally
constructed cold trap, some 21vcm. from the exit to the

pump. A maximum loss of 5% does not seem unreasonable.

(5) Transferring‘to the breakseal tube, and from
the breakseal into the mass spectrometer, A number of
thé small samples were transferred in the mass spectrometer
to and from the attached breakseal tube. The loss must

have been less than 10% and probably less than 5%.

(6) Distillation losses. The distillation times

corresponded to a maximum loss of 10%.
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For a sample of about 100 micrograms the yield

probably would be better than 60%.
2. The effect of the silicate xPb0-Si0p

A more important question concerned the silicate
XPb0-810p which formed 1if thé leéd mirror was allowed
to oxidize. 1Its effect was qulte variable but appeared
to become increasingly seriousﬂas the samﬁle gslze de-
creased. This 1s perhaps to be expected since the under-
lying pure lead would tend to mask the quartz surféce
from the PbO surface layer, Tests showed that 80% of the
small samples (<100 micrograms) could be so lost, com-
pared to 60% for samples of 500-1000 micrograms. Since
this represents a significant decrease in the possible

yleld, the silicate cannot be allowed to form.

1.3.5 Limits of the Micro-lead Technique

Surkan (1956) notes that a good isotope analysis
can be carried out with 10 milligrams (10,000 micrograms)
of lead using standard techniques, although the equipment
and procedure become quite elaborate. It 1s generally
agreed that routine analyses require from 50—150 milligrams

for the most precise results.

‘Surkan,using a free radical technique, was able to.
obtain sufficiently intense ion beams from about 500 micro-
grams of lead; he was, however, troubled by the presence

of contaminants having mass fragments in the trimethyllead
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range. Ulrych (1962) did not extend this lower limit
éignificantly but was able to eliminate the formation

of contaminants and carry the prbceSS through from mineral
to isotope ratios, applying the technique for the first
time in a study.of a geologically Significant sulte of

samples.

The development of the miéro—lead technique has
allowed the present writer to extend the preparation of
tetramethyllead to samples containing 1 or 2 orders of
magnitude less lead than has previously been possible. Un-
fortunately, the present mass spectrometer facilggies
limit the most precise analyses (isotope ratios égii,0.0S%)
to 500-1000 micrograms of lead. Samples of 20-30 micro-
gréms, prepared with the present writeris technique, have
been run with fair brecision (0.4%). This represents the
practical limit and corfesponds to a sample lead content
of 10 ppm.with the present apparatus. One 1sotopilc
analysis was obtained from a sulfide, of an ultfabasic
stock near Hope B.C., which appears to have only 1-2 ppm.
lead (3 micrograms). Although the predision is not
sufficient for intefpretation, because of the low lon
slgnal amplitude, the results are comparable to thoée

expected for the deposit.

The use of larger micro-lead apparatus and multiple
runs could reduce the 10 ppm. routine limit to samples
containing only 1 ppm. lead. An improvement in the gas
source mass spectrometer sensitivity might Well extend

the analyses to the 0,1-1 ppm. lead range, or lower.



1.3.6 Contamination

1. Lead Contamination

(1) Lead contamination encountered in the micro-
lead preparation. One sample (Hope #478) had a very
low lead content and was inadvertently in‘the nature of
a "dry" run. If we assume all the lead (above the mass
spectrometer backgroﬁnd)was picked.up in the micro-lead
preparation the maximum contamination would be 0.2%'fqr
the smallest samples and 0.01% for those of normal sen-

sitivity (500-10000 micrograms).

(2) Contamination between sample lines. Some of the
larger samples were compared, using'a dual inlet system,
to a standard. Tests showed that the cfoss contamination,

in the mass spectrometer, must have been less than 0.01%.
2. Other Contaminants

(1) Samples of the di-t-butyl pefoxide source used
in this work were examined on the mass spectrometer to
detefmine if this source contained impurities, or had
decomposition products, that might have mass fragments
in the trimethyllead range. No mass fragments above

mass 146 could be detected.

(2) Kanasewich (1962a), Slawson and Russell (1962)

reported that a contaminant could form in the'Grignard
proceés used to convert galenas to tetramethyllead. This

contaminant appeared to be similar to the siloxane
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tetrameter ‘§10(0H3)%]—, with the substitution of two
carbon atoms for tonSilicon atoms. Th;s would glve a
molecule of mass 264 so the removal of one methyl group
would result in a fragment of mass 249, Estimation of
the rélative lead 204 abundande would thus be in error.
This contamlnant occured only with galenas of certain
deposits and was attributed to the reaction of silicon
stopcock grease (triggered by soﬁe trace material in the
samples) with the Grignard solutions. The formation of
this contaminant was avoided by eliminatirng the use of

silicon stopcock greases.

A similar, although unidentified, céntaminant formed
under certain conditions during the micro-lead preparation.
It had a noticeable effect on the 204 lead abundance of
the larger samples and a dra§tic effect on that of the
smallest. The contaminent wés characterized by three
small equally sized peaks in the_280 mass range and as
a series of peaks at every mass between 240 aﬁd 248,
Peaks of masses 249 and 250 were also apparent. The lead
1sotope ratios of one large (1000 micrograms) sample
were found to be 0.6% iess than the uncontaminated values
when first run, and'0.9% less when the same sample was
run a second time. The effect on a small sample of about
10 ppm. lead was much more pronounced; the presence of

the contaminant resulted in a 3.6% isotope ratio decrease.

The contaminant was believed to have resulted from
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the use of HF in the cleaning procedure. It was possible
that the free silicon (from the quaptz), or a silicon-
fluorine-oxygen compound, may have éesulted in the cleaning
procedure. The free methyl radicals in contact with the
mirror quartz could then have reacted to form the conta-

minant.

If the apparatu8 (after cleaning) was baked in a

stream of oxygen at 950°C., the contaminent did not form.

1.4 Summary

None of the earlier experimental schemes for
obtaining suitably reactive lead mirrors have proven
entirely satisfactory since they were developed without
the knowledge that PbO can react with Si0,, and that a
significant part of the lead 6f a sample could be lost
through the formation of xPb0°Si0,. The present writer's
technique was designed to avoid the formation of this

compound.

Once the reactive lead mirror is inside the micro-
lead apparatus, tetramethyllead is produced by the de-
composition of a suitable methyl radical éource. The
present writer undertook a systematic survey of 45 methyl
radical sources. Several were chosen and investigated
experimentally; of these, di-t-butyl peroxide seems to
be the most suitable provided it is first carefully

purifiled.
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The final step of the micro-lead technique involves
the separation of the tetramethyllead from the decomposition
products of the organic source material. Gas chromatoQ
graphic purification has been used in the standard
preparation of samples but the present writer's work
suggests that i1t cannot be applied in its preéent form
for samples containing much less than a 1000 micrograms
of lead. Vacuum distillation has beén found to be a
simpler procedure and allows one to control the lead
loss more exactly. Larger samples containing 500 or
more micrograms of lead can be purified to the degree
that chromatographic techniques are capable of, provided
that the methyl radical source (di-t-butyl peroxide) is
initially pure. With the smaller samples (<100 micrograms
of lead) the loss rate is too high even with vacuum
distillation to allow a high degree of purity; however,
this 18 not important since at this level the mass
spectrometer precision is only 0.4%. In addition, the
mass spectrometer sample line pressure must be kept
above about 1.0 em. Hg (corresponding to a minimum of
300-500 micrograms of lead) or isotopic fractionation
will occur. On this basié,lhighly pure small samples

are not only unnecessary, but also, undesirable.

The development of the micro-lead technique has
allowed the present writer to extend the tetramethyllead
preparation to samples containing one to two orders

less lead than the 500 to 1000 micrograms reported earlier.
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Chapter 2: GAS SOURCE MASS_SPECTROMETRY OF MiCROGRAM
TETRAMETHYLLEAD. SAMPLES.,

"The test of all knowledge is experiment Experiment
is the sole Judge of sclentific 'truth'.

-R.P. Feynman in Lectureson Physics

.2.0 Introduction

| The present writer has explored the mass spectrometric
aspects of analysing small tetramethyllead samples, a
topic about which little was kmown. Two main features

had to be 1nvestigated.

Firstly, the possibility of molecular fractionation
(although not previously reported for lead isotopes) had
to be considered if the sample size, and hence 1ts pressure
in the gsample line, was . decreased below that necessary

for viscous flow.

Secondly, a better understanding of pressure scat-
tering - the scattering of trimethyllead ions during theilr
passage through the mass snectrometer - was required
since the low ilon signal amplitude of the small samples
did not permit the usual talling corrections to be made

directly from measurements of the spectrum.

The experimental studies of these features are

discussed in the following sections.
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2.1 Lead Isotope Fractionatlon

Fractionation can occur if a gas sample is intro-
duced into the source region through a constriction -~
e.g. a "1e§k".'.Theipqssibility of fractlionation depends
mainly upéan the size of this leak in relation to the
pressure of the gas in the sample line. 1If the pressure
is high so that tﬂe mean free path of molecules in the
gas 1s small compared to the dimensions of the leak, the
leak is called "yiscous™. If the pressure is low enough,
and the mean free path large, the leak will be."molecular?.
~With a viscous leak, the gas wlll not be fractionated in
passing from the sample line into the source, provided
there is sufficlient mass flow through the leak so thét
no back diffusion can occur (Nier, 1947). On the other

hand, molecular flow willl cause isotoplc fractionation.

To evaluate the total fractlionation we must consider

the combined effects of flow through the leak and flow out

of the source region of the mass spectrometer:

Source Region
(Molecular Flow)

- Sample _
fﬁi Jonizing
Line Pb (CH3)4 =
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Since the pressure in the mass spectrometer is 1ow (10 4
to 10_6 mm. Hg) the mean free paths of the gas molecules
willl be large éompared to the dimensions in the source
region and connecting tubing; the flow will thus be
molecular (Halsted and Nier, 1950, Kistemaker, 1953).

We have two possible cases.
1. Viscous Flow in the Leak

If one assumes V1scous flow through the leak, and
molecular flow from the source it 1s possible to show
that the isotopé ratios of source and sample line are

different (Halsted and Nier, 1950):

SHc| e

where I, = ion beam intensity of  Lsdtope 1
M; = mass of isotope 1
P1 = partial pressure of isotope 1 in the sample

line (proportional to its abundance in the éample.)

Il . )

I = measured lsotope ratios in the source reglon
2 )

Py | |

. = isotope ratio of sample in the sample line.

218

Halsted and Nler showed that equation (2.1) applied
at least for argon - nitrogen, and also HD - Hz'mixtures.
Kistemaker (1953)'obtained similar results with the oxygen

isotopes.
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In the case of the lead isotopes, lead-204 will be
exhausted preferentially from the source region and the
isotope ratios measured in the source will be larger than

those in the sample line:

Pb206 -~ 266 ( pp 206
Po2o% | m | o6y |pp20H| s
= (1,004)[Pb2061 (2.2)
[pp20t]s
(pp207| p207]
020 | o % (1.006) 0?0, (2.3)
| pp208 | (b1 208]
LW _ ~ (1°OO8)LPb204_s (2.4)

These expressions assume that the lead is in tetramethyllead
form., If there is sufficient mass flow through the viscous
leak the difference between source and sample ratios is
constant and does not change with sample depletion. This

is not true If the flow through the leak is molecular.
2. Molecular Flow Through the Leak.

The fractionétion of a molecular leak will be counter-
acted by that resulting with flow out of the source, and
the isotope ratios of source and sample line will be equal
(Halsted and Nier, 1950):

a3 I 8 (2.5)
I, m |Psys v

In this case, however, the isotope ratios in the sample

line will increase as the sample is depleted (Lead-204
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will be depleted preferentially).

2.1.1 Viscous Flow: Experimental Results

On the present mass spectrometer the leaks are
approximately 0.004 cm. diameter. These leaks were
believed to be viscous (Kollar, 1960) over the sample line
pressure range at which the analyses were normally carried
out (0.9 to 1.6 cm. Hg). This was substantiated by the
reproducibility obtained by Ostic (1963). The analyses
of J.T. Ulrych (personal communication) showed that this
resﬁlt applied equally well to small samples that were
depleted significantly'during an analysis (Table 2.1).

The varliations in isotope ratios between A and B runs

were no greater than those obtained with the large samples;
hence, 1t may be concluded that there is sufflcient mass
flow through the leak, and that the lead isotope ratios

in the sample line do not change if the flow is viscous.

2.1.2 Molecular Flow: Theoretical Results

The equation for isotopic fractionation with a molecu-
lar leak was derived by the present writer in Appendix A.1l:
M _
Sy L
R, [a-Fr| | (2.6)

where F = depletion = (P,-P)/P,
P

total sample pressure at depletion F

Po = initial total sample pressure

Ro = initial isotope ratio



57

Table 2.1 Reproduclbility of Lead Isotope Ratios under

Viscous Flow Conditions (Ulrych, personal communication).

Sample Run Pb(206) Pb(207) Pb(208) Initial Sample Maximum
Number Pb(204) Pb(204) Pb(20 Line Pressure Total

(cm. Hg) * Depletion
. ¥¥
2 A 15,013 14.905 36.262 1.5 - .095
B 14.990 14.862 35.203 1.5 | 277
4 A 14,902 14.866 35.151 1.6 - .079
B 14.911 14,874 35,184 1.9 .321
6 A 14,804 14.909 35.037 1.7 .139
B 14,785 14,880 34.990 1.9 430
21 A 15.730 15.179 35.802 1.5 .026
B 1.4 . 075

15.728  15.170  35.790

¥ The initlal sample line pressure can be obtalned by
direct measurement, or by relating the sample line pressure
to the mass spectrometer vacuum gauge. pressure,.

¥ Determined from the ion beam intensity decrease during
én analysis:
=IO_I

Io

where I, = ion beam intensity at beginning of analysis.

I = lon beam intensity at end of analysis.
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R = isotope ratio of a sample with a total depletion F.
M1 = molecular weight of isotopic species 1.
The ratio R/R, has been computed for pb206/pp 204 pp207/pp204
and Pb208/Pb204 for a given depletionv(Diagrams 2.1, 2.2,
2.3). This calculation assumes that the lead 1é in tetra-

methyllead form,

' From these diagrams one can construct the relations
expected between viscous flow isotope ratios and molecular
flow ratios at various stages of depletion. These are
given in Diagrams (2.4) and (2.5). If the flow is changed
from viscous to molecular, thé‘lead isotope ratios drop
from those of equations (2.2), (2.3), and (2.4) to those
represented by equation (2.5). Then as the sample is
depleted its ratios will increase (Pb-204 being depleted
preferentially) along the curve shown. These calculations

correspond closely to the observed results.

2.1.3 Molecular Flow: Experimental Results

Several small samples, from the Sullivan basg metal
deposit, were analysed by the present writer at pressufes
of less than 1 cm. Hg (Table 2.2, Diagrams 2.6 and 2.7).
The lead in this deposit appears to be primary'and the
samples are assumed to have identical isotope ratibs; this
has provén to be correct for the four samples (320, 321,

323, 324A) analysed under viscous flow conditions.

Samples 321 and 323 were large samplés prepared by
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Lead Isotope Ratios with Sample Depletion:l.
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R,= Pb2°7/ pu2%at F = 0

|_1.006
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Diagram 2.2. Molecular Flow Model. Theoretical Change of
Lead Isotope Ratlos with Sample Depletion:II.
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" Diagram 2.3.Molecular Flow Model. Theoretical Change of
Lead Isotope Ratios with Sample Depletion:III.
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Pb207/ szou
— 15.70
—15.60
[ 15.50
pp 206, pp, 204
16.60 , - 16.70

Diagram 2.4, Theoretical Flow Model, Viscous Flow and
Molecular Flow at Various Depletions:I,
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—36.60
Viscous Flow Ratios
szoS/PbZOA 0.6 ‘
36,50
—36.40
—36.30
Molecular Flow Ratios (F=0)
16.60 16.70
,Pb206 204

/ Pb '

Diagram 2.5. Theoretical Flow Modéls ,Viscous Flow and
Molecular Flow at Various Depletions:II.



Table 2.2 The measured Lead Isotope Effects of Molecular Flow

on Small Samples

Sample Analyses Sample Line Type of Max. Total Pbi206; Pb (20 Pb(208)
_ Pressure ® Flow ‘Depletion % Pb(208) Pb(204) PbL(204)

- 320

% See Table 2.1

*x - Depletion under molecular flow conditions.

15.635

(cm. Hg) A
“Sullivan A 3.8 . Viscous .308 - 16.661 15,670 36.581
- 324 B 4 - Molecular  .792 ¢ 16.606 15.577 36.414

. (.484)%x .

‘Sullivan A .5 Molecular  .104 16.523 15.488 36.210
325 B .8 Molecular 448 16.622 15,608 36,510
_Sullivan A .7 Molecular .254 16.582 15.538 - 36.242
. 322 B. T Molecular 4521 16.669 15.678'] 36,685
Sullivan A 1.0 Viséous  .063 16.645  15.662  36.675
B 0.9  Viscous .215 16.635 36.599
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@ Molecular Flow Conditions
—15.80 ‘
'O Viscous Flow Conditions

Pb20T , py 20k
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— 15.70
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Flow
Ratlos
15.60
/ ,‘(3243
Lecul / " | ‘Diagonal Lines Represent
gfoﬁcﬁaiﬁo Approximate Std. Dev.
zero %t

Depleti??/ ’ }.(3225 '

—15.50
325A

Pb206, pp20%

16.60 : 16,70

Diagram 2.6.Experimenta11y Observed Lead Isotope
Fractionation at Low Pressures:I.
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@ Molecular Flow Conditions
Q Viscous Flow Conditlons

Diagonal Lines Represent
Approximate Std. Dev.

— 36.80 . Theoretical Curve
of Yﬂriation.
ol !
pp2%%/ pp? y
 36.70

3204 /@/’ //3223

Flow
Ratios .

— 36,60 Viscous 35 %ZOB

/ oo
S

_/ Molecular Flow
/ Ratios Zero

- 36.30 jxk————Depletion

16.60 16.70

Diagram 2.7. Experimentally Observed Lead Isotope
Fractionation at Low Pressures:II.
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Grignard reaction and analysed under vlscous conditions
(A;J..Sinclair - personal communicétion). The average of
these t&arsamples 18 used as the reférehce point (Viscous
Flow Ratios). -Also shown are.the expected initial (no
depletion) Molecular Flow Ratios, and the curve that would
result 1f the sample wére progressively‘depletéd under
molecular flow coﬁditions. The small samples lie closely

along this curve.

All of the small samples (324, 325, 326, and 320)
were prepared by the_miéfoalead technique.. “Sample 324
was first analysed at high pressure-ahd low sensitivity
(A analysis) then purified and run at a low pressure (B
analysis). Since the sample was depleted.significantly
the B analysils should,land does, lie above the expected
molecular flow ratios df 324A, Samples 325 and 326 were
- not run in the viscous region so the expected molecular
flow ratios cannot be computéd. Thesg samples do, how-
e§er, fiﬁ the moléCuiar model in tﬁat-the faﬁios of thé
B runs have increased (greater depletion) relative to
those of the A runs. .Sample 320 was analysed Just in
the viscous régioh. The 206/204 and 207/204 ratios do
not vary significahtly between the A and B runs, and the
variation 1ﬁ the 208/204 ratio is only slightly larger
than that nofmaiiy observed (%éblé 2.1).

ey .

It was thus concluded Ehat the molecular flow model

adequately describes the observed change of.lead 1sotope
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ratios as the samplé is depleted, and that no chapggﬁ_w
oceurs in the ratios if the flow is viscous, This means
that, particularily when analysing small samplés, the
sample line pressures must not fall below about.l.o cm,
Hg. If the sample is too small (less than approximately
500 micrograms) a carrier of some sort should be added

or.else the saﬁple should only be partially purified.

The fbllowing section describes a simple method
devised by the present writer to determine the viscous

and molecular regions of a given leak.

2.1.4 Determination of Leak Characteristics

The procedure used to outline the viscous. and molecular
pressure regions of the present mass gpectrometer leaks 1s
similar to, but simpler than, that recommended by Nerkin

(1956) who measured the rate of flow into a known volume.

The present experimehts involved measuring the pressure
of a known volume of tetramethyllead as it decréases with
time (e.g. with theidepletion of the sample as it is
pumped out through the 1eak). The expected pressure vs.
time relationship cén be readily derived (Appendix A.l)
for the two types of leaks. For a molecular leak,

assuming it approximates a long circular pipe:

vln[%é]= [Q%%] (2.7)

where: P = pressure at time t, in sample line.

Po = initial sample 1ine_préséure.



V = volume of sample line, constant.

and the molecular conductance:

cm = 1 [27kT D3
- 6/ myg L

where: diameter of a circular pipe

temperature, °K.

D
L = lenéth of pipe
T
k

Boltzmann's constant .-
m, = mass of gas molecule
For a viscous leak, and long circular pipe:

1. Cyt 4+

T oW P

(2.8)

where PCV/z = vliscous conductance C-.

and Cy = Wgu '
128nL

- n = viscosity of gas flowing through the leak,.
ﬁithin the validity of these models for tetramethyllead
it should be possible to distinguish the type of leak
by observing the retation of P to t and comparing it to
equations (2.7) and (2.8). Thé.résulté for one of the
present mass spectrometer leaks are shown in Diagrams

(2.8) and (2.9).

For pressure greater than about 1.0 cm. Hg (e.g.
times less than 6 hours) the results indicate viscous
flow; that is, they best fit a straight line on the 1/P
vs. t plot. Below 0.8 cm. Hg (times greater than 7 hours)
the molecular model gives the best fit to a straight line.
These'results agree, in the main, with those of the pre-

ceding section.
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Diagram 2.8. Molecular Flow Model and Leak Characteristics
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2.1.5 Intercomparison of Samples

The present work on framtlonation also raises an
interesting point concerning the intercomparison techniques
used in this laboratory. These techniques involve a
comparison of a standard (Broken Hill#l) to the sample, and
1ts isotope ratlos are then computed in comparison to

the assigned ratios of the standard (Ostic, 1963). ' Hence

if we let
(Rg)4 = true isotope ratio a/b, (eg.partial
o pressures ratios in sample line) of
sample i,
(Ry)1 = measured 1So£ope ratio (viscous leak) of

sample 1,
then in intercomparing samples A and B we essentially
compute the difference
(Ry)a - (Ry)p
Since we really want the true ratio difference

(Rg)y - (Rt)B

and since

(Re)y = /'IE'&L; (Ri)y

then we should compute the difference as

(Re)a - (Ro)g =/1“MI§[(RV>A - (R

although this corresponds to a 0.4% systematic error it

does not seem too important at the present time.
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2.2 Asymmetrical Pressure Scattering Correction

2.2.1 Empirical Correction

.As the trimethyllead ions leave the ilon source slit
system and pass through the magnetic field to the col- |
lector they encounter gas molecules of various kinds
that are mostly the result of decomposition reactions in
the hot source region, or of impurities in the sample.

A portion of the ions in the ion beam are thus scattered
lfrom the central beam; this is the main cause of "talling"
in the mass spectrum (Diagram 2.10). Hence measurements,
of peaks above a giVen base line, will be too large by a
value depending upon the size of tailings from adjacent
peéks. The size of the tailings will depend mainly upon
the pressure at which the sample is analysed and the

resolution of the mass spectrometer.

Over the past severél years investigators in the
U.B.C. GeoPhysical laboratory have developed an empirical
method of calculating the tailing values and correcting
the measured péak heights (Kollar, 1960; Ostic, 1963).

Two basic assumptions were involved:

(1) the tailings were symmetrical; e.g., equal at

equal distances on either side of the peak; and,

(2) the tailing was observed only up to two mass

units'away from the peak.
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Base - Line

(a) Idealized Spectral Peaks,No
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\
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e

Asymmetrical Pressure Scattering

Diagram 2.10.The Effect of Pressure Scattering on

Ideallized Spectral Peaks
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Some digcrepancies in the computations appeared so that
the assumptions were not strictly adhered td, and the
method qf ﬁeasurement of the'tailing coefficlents was
adjustedvto'give thé best results. This correction was
found to be quite satisfactory for the larger column-
purified samples analysed at pfessurés in the order of

l-2x 10’6

mm, Hg. Since the present writer had to
carry out the analyses with small and relatively lmpure
samples . at pressures of 1 - 5 x 10"6 mm. Hg, a.greater

understanding of the scattering had to be obtained.

2.2.2 Experimental Talling Characteristics in the 250 Mass

Range

The basic study of talling characteristics was
carried out using Bi(CH3)3 since 1ts spectrum 1ls relatively

simple, and is in the same mass range as Pb(CH3)3%.

+

Twenty-one Bi(CH spectrum were obtained and the talling

_ 3)3
values (distance from base line to spectrum= a, in Diagram
2.10) were measured and averaged. "Tailing coefficients"

(or "pressure scattering coefficients") were then calculated:

tailing coefficient = tailing value = a_
peak height A

The talling coefficients for different mass units away
from the main peak (A=l) are illustrated in Diagram (2.11).
Thus 1d represents the talling coefficient one mass unit

away, down mass and lu, one mass unlt up mass, etc.

The talling is distinctly asymmetrical dropping



P= 4.0x lo“'mm,mj

24

g

= f —— | 1
257 256 255 254 253 252 251 250 249

Diagram 2.11. Average Pressure Scattering Coefficients for the 250 Mass Range

9.
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essentially to zero at three mass units up mass of the
peak but extending and leveling out several mass units
below. This latter feature explains the upward shif?t

of the base line below mass 248 in the,Pb(CH3)3+ spectra
(0Ostic, 1963). On the basis of the present work it 1is
apparent that this increase is the result of superimposing

the down mass tails of masses 251, 252, and 253.

2.2.3 Asymmetrical Pressure Scattering Correction for

Trimethyllead Spectrum.

The asymmetrical talling coefficients are derived
from the Pb(CH3)3+ spectra (Diagram 2.12) in the manner-
discussed in Appendix A.2. One large sample was analysed
at a number of different pressures and the corresponding
talling coefficients calculated. The results are 1illustrated
in Diagram 2.13. Although the ratios of the coefficients
remain the same within a few percent, the coefficlents
vthemselves vary non-linearly with the vacuum gauge pressure.
The‘cause of the non-linearity is not known but it may be
due to non-linearities in the operation of the vacuum (ion)

gauge.

. The spectral peak heights must be corrected for the
tailing of adjacent peaks{ This correction 1ls applied
as follows. .If A denotes the measured peak height and A°

- that corrected for tailing, then:

Ag49 = Azug + (0.5u) Anyg
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Diagram 2,12, Normal Amplitude Trimethyllead Spectrum
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A250 = Azs0
351 = Apgy - (1d) Agsz - (2d) Aps3
K952 = Apsp = (1u) Agsy = (1) Apss - (24) Aggy
A353 = Apg3 - (lu) Apsp - (2u) Agsy - (1d) Agzsy
A5y = Agsh
The contributions from some of the smaller peaks (249, 250,

and 254) are negligible in some of the corrections.

Masses 250 and 254 are measured from the curved’base line
and no correctlon need be :applied. In measuring the Ao49
the lowest points on elther side were averaged andvthe
peak height determined using this average as the base line.
Measurements showed that this average corresponded to
measuring the base line one-half a mass unit up mass
(tailing coefficient = 0.5u). This meant that the 249
peak measurement was too small by this factor and the

‘correction had to be added.

A comparison between the asymmetrical and empirical.
types of correction was obtained by analysing one sample
at two different pressures. The tailing coefficients
were calculated from the spectra and the corrections
applied; the results are illustrated in Diagram (2. 14) and
(2.15). On the Pb20T/pp204 ys, Pp206/PH20% plot the un-
corrected ratios for the two pressures differed by about
0.5%. When corrected the ratios were essentially identical
(0.05%). The. asymmetrical correction gave a greater re-

ductlion in the difference between the analyses at different

P
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‘Pressure of Analyses
O - '2-4 X 10-6mmb, Hg
/\- 1.2 x 10-%mm. Hg
Type of Correction
- None, Raw Data
Empirical
B%  Asymmetric
—15.70 :
, ®
| ool
Pb207/ szo
_15.60 « A
&,
—15.50
Pb206/ Pb204
16.20 ' 16.30 ‘ 16.40
| 1' |

Diagram 2.14. Comparison of Pressure Scattering Corrections
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- 2.4 x 10°

Pressure of Analyses
6mm. Hg
/\ - 1.2 x 10™%m. Hg

Type of Correction

None, Raw Data

Empirical
[ 36.30 Asymmet]?ic »

@
36,20
—36.10
3 O
Pb206/ pp 204
_36.00
16, 20 16.30 16.40

Diagram 2,15.Comparison of P

ressure Scattering Corrections
II
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pressures on the,Pb208/"r"b201l vs._Pb206/_P_b204 plot, &than the
empirical correction. This appears to be the result of

the assumption of symmetry in the empirical correction.

To apply the asymmetrical correction to the smaller
micro-lead samples it was necessary to determine the tailling
coefficients graphically (from Diagram.2.13) since the

sample ion amplitude was too low to permit measurements.

The cause for the asymmetry observed in this work
is not clearly understood. It appears to be partially due
to the passage of the lons through a magnetic field.

2.3 Precision and Reproducibility

2.3.1 Precision

Lead isotope ratios are computed from six of the
spectral peaks of trimethyllead (Diagram 2.16 and 2.12).
Those of masses 249, 251, 252, and 253 are most important;
peaks of mass number 250 and 254 aré used mainly té calcu-

late the H* 1oss, and c13/C1%, factors.

The precision of measurement refers to the standard

deviation of the mean of a set of measurements of peak
heights (extrapolated to zero time) due to one mass. (Since
the peak heights decay with time, a cubic equation is first
fitted to the peak measurements and then the individual
peaks are extrapolated back to zero time).. Thus, if a

second analyses were completed under identical conditions
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Diagram 2.16. Micro-Lead Mass Spectrum
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to.the first, there is a 2/3 probability that the mean,

+ standard deviation, of the second analysis would fall
within the range defined by the mean, + standard deviatilon,
of the first. This must not be confused with the reproduc-
ibility of the same aample run at different times. Changes
in mass spectrometer operating conditions can cause

changes 1n the mean isotope ratios larger than those )

quoted for a single analysis.

In the present work the precision of the isotope rat&os
relative to the szo4 abundance was always better than 0.4%
for samples of 30-60 micrograms of lead. This compares to
0,04% precision for samples of SOO micrograms or larger
(Table 2.3). This decrease in precision is the result of
a decrease in signal amplitude, since 300-500 micrograms
corresponds to the smallest size that can be analysed with

normal ion signal amplitude.

2.3.2 Reproducibility

For samples of 500 micrograms or larger it appears%
necessary to use intercomparison techniques to reproduce
a sample ratio to within the precision of measur’emeni:.,l~
For a discussion of this technique one is referred to'
Ostic‘(1963), At the levels of gignal amplitude and
preclsion avallable with the smaller samples analysed in
this work intercomparison techniques are of little value

and were not used.
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Table 2.3. Micro-Lead Preéision

Trimethyllead

~ Mass Number 249 251 252 253
Lead Isotope 204 206 207 208
Std. Dev: at 0.35% 0.02%  0.02% 0.02%
approximately '
30 micrograms
lead
Std. Dev. at 0.037% 0.015% 0.015% 0.007%

greater than
500 micrograms
lead

Table 2.4. _Estimation of Micro—Léad Reproducibility.
Samples from Sullivan Mine, Kimberly, B.C.

Sample Pb200/pp204  pp20T/pp204  pp208/pp204
320 16.640+0.005%  15.646+0.005% 36.638+0.01=%
321 16.632+0.005 15.643+0.005 36.599+0.01
323~ 16.633+0.005 15.633+0.005 36.555+0.01

3244 16.6610.05 15.67+0.05 36.58+0.10

% Estimated standard deviations.
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The repréducibility was estimaﬁed by comparing
the analyses of samples from the Sullivan Mine, Kimberly,
B.C. The isotope ratios of micro-lead samples 320 and
324A were compared to two large Grignard-prepared samples
321 and 323 (A.J. Sinclair, personal communication) from
the same deposit. Sample 320 (a galena) was of sﬁfficient
slze to be analysed at normél silgnal amplitude and was
compared to the Broken Hill #l standard, as were 321 and
323. 324A, a pyrrhotite, was analysed at low signal
amplitude (Diagram 2.16). The Sullivan deposit appears
to be uncontaminated primary lead so thé isdtope ratios

of the samples were assumed to be idéntical. This was

', found to be essentially correct to within the precision

of measurement. It would thus appear that the micro-

lead analyses are reproducible to within 0.4% for the
smallest samples, 0.04% for those of normal signal amplitude
(Table 2.4).

2.4 Summary

The presént writer has observed the first reported
occurrence of lead isotope fractiohation. Such fraction-
ation appeared if the sample passed from the sample line
into the mass spectrometer under conditions of molecular
. flow. This unéxpectedly limits small sample analyses to
sample line pressures of not less than about 1.0 cm. Hg

with the present facilities.
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Thus small samples (<500 micrograms of lead) can-
not be analysed as pure tetramethyllead; if they'are
~Initially purified a carriler must be added to bring the
pressure up above the mélecular range. The pressure
scattering under these conditions is distinetly asymmetrical,
with the spectral peaks'exhibiting én extreme down mass
talling. A correction for this scattering has been de-

vised and is shown to result in more reproducible analyses.

The sample reproducibllity appears to be within the

precision of measurement.
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Chapter 3: ISOTOPIC.RESULTS AND SAMPLE_DESCRIPTIONS

"In some way, our journey may be said to end ---."
R.L. Stevenson in An Inland Voyage

3.0 Introduction

This chapter reports the lead lsotope analyses
obtained during the present research, and briefly describes

the samples. It has been divided into two sections.

The first section deals with those samples prepared
by the mlcro-lead technique described in the first two
chapters of this thesis. The analyses of the fractionated

samples are not reported here.

The second section lists the lsotope ratios of a
number of galenas. These were analysed early in the
present research program as part of the study of single
stage leads. These results are of Interest in the present
work since it is necessary to find the model which most
adequately fits those crustal leads having the simplest
history, before one can interpret leads which are the

result of two or more tectonic events.

3.1 Micro-Lead Samples

Table 3.1 lists the lead isotope results.
1. Sullivan Mine, Kimberly, B.C.

These samples were donated by R.M. Thompson,

Department of Geology, University of British Columbia.



91

Table 3.1 Lead Isotope Data for Samples Prepared using
the Micro-lead Technique.

Sample, Location ppm.¥ 206 20£ 208 Maximum
(estimated) 204 20 204 Std. Dev.¥¥

320, Sullivan Mine Galena 16.640 15.646 36.638  0.04%
Kimberly, B.C. :

324A Sullivan Mine 100 ~ 16.66 15.67 36.58 0.4%
Kimberly, B.C. L

471, Hope, B.C. 1 17.8+0.5 15.3+0.5 37.8+1.0 2%
465, Stillwater 10 16.36  15.79  36.71  0.4%
Complex, Montana

466, Stillwater 10 15.89 15.83 36.31 0.4%
Complex, Montana

460, Mt. Isa 10 16.44 - 15.69 36.22 0.4%
Australia ‘ _

463, Mt. Isa 15 16.49 15,67 36.36 0.4%
Australia '

¥ Assumes a 60% yield éﬁection 1.3.4) :

¥¥ For the relative Pb2 abundance. Those for Pb206, Pb207,
and szo relative abundances arée about 1/5 to 1/10 this
value, ' _
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#320 - Cummings suite. Mixed galena and sphalerite.
Micro-lead preparation ML-110.
#3247 - Jewett suite. Pyrrhotite. Micro-lead

preparation ML-11l1,

2. Hope, B.C.

Several samples were obtained with the permission

of Giant Mascot Mines Ltd.

Located about 7 miles north of the town of Hope,
the ore occurs as stock-like bodlies entirely within an
irregular northerly plunging.maés.qf ultrabasic rock
(approximately two square miles in afea). The ultra-
basic intrusiye consists of a core of olivine pyr0xenite
or peridot, surrounded by pyfoxenite (Aho, 1956).

#U471 - Obtained from a fault zone in Brunswick #7

orebody, 3253 drift. Hdst mineral primarily
chalcopyrite in talc schiSt. Micro-lead

preparation ML-102.
3. .Stillwater Complex, Montana.

H.H. Hess donated these samples, which had been
collected earlier by Peoples (1932). The specimens
are from small prospects qf massive sulfides along the
base of the complex?.

#U65 -~ Host mineral mainly pyrrhotite. Peoples!

number 463-J-X66. Micro-lead preparation ML-101.
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#466 - Host mineral malnly chalcopyrite with some
| pyrrhotite. Peoples! number 463-J-3. Micro-
lead preparation ML-99.

4, Mt. Isa, Australia.

These samples were obfained from Mount Isa Mines

Limited by J.R. Richards.

#U60 - Host mineral predominantly chalcopyrite.
Mine coordinates: 4325N, 1728E, level 10,
500 oreﬁody. Micro-lead preparation ML-104,

#463 - Host mineral predominantly chalcopyrite in
silicous dolomite. Miné coordinates: 66T4N,
1542E, level 13, 500 orebody. Micro-lead

preparation ML~106.

3.2 Grignard - Prepared Galenas.

Table 3.2 lists the lead isotope ratios. All the
samples were converted to tetramethyllead by Gfignard
reactlion, and the spectra interpreted in a manner similar
to that.of,Diebler and Mohler (1951), Collins, Freeman
and Wilson (1951), or Collins, Farquhar and Russell (1954).
Each sample has been intercompafed to Broken Hill #1. In

all the analyses; the standard deviations were less than

.0.05%.

1. Broken Hill, Australia.

#1 - From the main lode. This sample and the isotope
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Table 3.2 Lead Isotope Data for Grignard-Prepared Galenas

Sample

1

264
124
125

126
127
128
129

130
131
132

Location

Broken Hill, Australia ¥
Ivigtut, Greenland |
Kankaap88, Finland
Viitasaari, Finland

Pithipudas, Finland
Aijala, Finland
Korsnis, Finland

Pernaja, Finland

Attu, Finland
Orijarvi, Finland

Pakila, Finland

Pp 206

16.
14,

15

15
15

15
15
15

15
15

15
15

pp 204

116
682

.605

674
671

.633
.T64
.808

738
.723

15.

797

817
.759

Pp207
P20k

15.
14,
431

15

15
15

15.

15
15

15
15

15.

542
810

419
429

325

470
A7

413
415

476

15.496

15.

485

P 208

Pb204

36.068
34.899
35.562

35.504
35.542

35.381
35.607
35.654

35.567
35.530

35.635
35.674
35.634

¥ Kollar et al (1960). University of British Columbia

Geophysical Laboratory standard.
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ratios listed are used as the University of

British Coiumbia Geophysical Laboratory standard.
2. Ivigtut,‘Greenland.

#264 - A galena with chalcopyrite, cryolite, and
weathered siderite. Analysed in cobberation

with E.R. Kanasewlich.
3. Southern Finland.

‘All of these samples were sent by'O.,Kouvo; Outokumpa
Company, Outokumpa; Finland. Two of the samples were |
analysed twice (#125 and #129). The first set of ratios
shown in Table 3.2, were obtained in May, 1962; the second

in Feburary, 1964,

#1244 - vertuunjlrvi, KankaapiXi.

#125 - From é garnet-bearing mica gneiss near Kirni
school, Viitasaari parish. According to.Kouvo»
and Kulp (1961 - saﬁple.15) this non-economic
deposit has to be considered epigenetic. The
mineréliéétiOn belongs to the western border
of the Savo-Schist zone.

#126 - Ritovuori‘fegion south éf Pithiphdas Church.
According to Kouvo and Kuip (1961 - sample 16)
the mineralized zong cuts volcanic schists and
is rich in quarté véins aﬁd tourmaline breccia.

#127 - Aljala sulfide deposit, Kisko.
#128 - Korsnis Mine, Korsnis.
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- #129 - From some sulfide“véins, Koskenkyl8, Pernaja -
(Pb-235, Kouvo and Kulp, 1961).

#130 - From a small sulfide mineralization in Attu,
(Pb-233, Kouvo and Kulp, 1961).

#131 - Orijirvi sulfide deposit, Kisko. (A-67,
Kouvo and Kulp, 1961). |

#132 - From a small galepa minerallzation found
at Pakila near Helsinki. (Pb-175, Kouvo and
Kulp, 1961).
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Chapter 4: INTERPRETATION

"_ugeful as such models are for the purpose of
developing language and concepts and clarifying elementary
ideas, the ideas they illustrate must be explored systema-
tically, critically, and in detail in a real context."

' ~Herman Kahn in
Thinking, About the Unthinkable

(p.142)

4.0 Introduction

Thé maln aim of this chapter is to interpret the
lead isotope abundances obtained in this research (those
listed in Chapter 3)., The present writer was directly
interested in the single-stage lead models, those describing
crustal leads that have had the simplest histories, and
in obtaining evidence which could be used to define more
clearly the characteristics of primary leads. However,
whilefmany of the results are of considerable importance
in this matter, the simple models are not sufficient to
explain all of the results obtained. It is necessary to
define and apply models which describe the growth of leads
in several different systems - the "multi-stage" lead
models. On the baslis of such models it 1s possible to
interpret the 1ead isotope patterns of the Stillwater
Complex sulfides, the galenas and chalcopyrites of Mt.

Isa, and the galenas of southern Finland.

A preliminary study is also made on lead isotope
fractionation in nature, and the possible effects of-

such fractionation on interpré%ation and lead isotope
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models,.

4,1 Lead Isotope Fractionation in Nature

Q
Since the present writer has been able to show

that lead isotopes can be readily fractionated in the
laboratory, the question naturally arises as to thé
possibility of similar fractlonation in nature. Very
little work has been directed to this énd, and since

the expected effects are fairly small much of the published
lead data is of little use. Some studies of fractlonation

of the lighter elements might, however, provide a gulde.

4.1.1 Diffusion

Senftle and Bracken (1955) have discussed this problem
theoretically. These authors consider solid-state dif-
fusion, the diffusion of atoms through a crystal lattice,
along grain boundries or over surfaées, to be of minor
importance in isotopic fractionation. In particular, they
note that "to obtain significant changes in the ilsotopic
abundance ratio for a given element a relatively large
fraction of this element must have diffused out of.the
original crystal leaving a small remaining fraction
enriched in the heavy 1sotopes". The diffusion of molecules,
ions, or atoms in static fluid solutions held intergfanulary
in saturated rocks is likely to be more effective than
solid diffusion. However, again it appears that little
isotopic fractionatlon can be expected until the concentra-

tion of the diffusing material drops to less than 0.1 of theA
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concentration of the source material; e.g..it.will only
be important on a low concentration diffusion front and
the effect will again be evident only in a small amount
of material. Senftle and Bracken thus conclude it is
"improbable that a large body exists in which a major
constituent is isotopically ehriched by diffusion

processes."

The experimentéi evidence supports these conclusions.
‘Silverman (1951) had suggested that 018/016 measurements
téken across the contact of a gabbro and intruding
granophyre were indicative of diffusive fractlonation;
however, Clayton and Epstein (1958) later pointed out
that the observed variation Qaé more likely due to
i1sotope fractionation during magnetic differentiation.
Friedman (1953) had suggested hydrogen diffusion as an
explanation of the isotoplc uniformity of the hydrogen
in ice samples which showed changes in the oxygen isotopes.
Other writers (Ault and Kulp, 1960) have questioned the
valldity of the'oxygén analyses. Sulfur isotope anaiyses
were obtained by Ault aﬁd Kulp (1960) for samﬁles from a
ZnS halo around an ore body. This particular example
should have indicated the effectiveness of diffusion in
fractionation, since the concentration of sulfides in
the halo were less than 103 of that in the ore body, and
the depasit appeared~£o have undergoné regional metamorphism

which would have produced elevated temperatures for a
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considerable length of time. No evidence of fractionation
was observed. The same authors noted also that there
existed considerable irregular variations (1%) in the
sulfur isotope ratios of a single crystal of galena
which were not erased by diffusion. Similar variations
have been noted in the lead isotope ratios by Austin and
Slawson (1961). Wanless et al (1960) have studied gold-
cuartz deposits of the Yellowknife District and suggested
that diffusion was the main cause of the sulfur isotope
differences that were observed. The sulfide ore bodies
were considerably heavier in s34 than the surrounding
country rocks, and the ratios ihcreased gradually to this
latter value. The authors considered the preferentlal
diffusion ofAS32 as the probable answer. It would seem
.0 the present writer that chemical contamination of the
neighbouring rock by the ore (enriched in 834)_13 an
aqually probable explanation. In any case thé»difference
between ores and country rock is quite small (0.14%) when
considered as an avefage. Let us assume that the expected
lead isotope fﬁéctionation will be less by the amount
indicated by the difference between the square root of
" the masses:
/34732 /[208/208 /207/208  V 206/20

1.031 1.010 1.006 1.004

Hence 1f the fractionation of the sulfur isotopes 1s x%,
that for the 208/204=x%/3, 207/204=x%/5, and 206/20L=x%/8.

If the above mentioned average variation of 0.14% is due
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to diffusion, the corresponding variation for the lead

i1sotopes would be below the limits of detection (+0.05%).
It is thus concluded that lead isotope fractionation
due to diffusive processes in nature, 1s not likely to be

greater than the present level of preclsion.

4,1,.2 Weathering

Ault and Kulp (1959) have looked for sulfur_isbtope
fractionation due to oxidation during surface weathering.
They conclude that the process 1s "essentially a quant-

itative one which does not allow isotopic fractionation,"

4,1,.3 Crystallization

If an element is éarried in solution in one chemicai
form, then deposited in another form, fractionation can
occur (Ault and Kulp, 1960; Jensen, 1959; Tudge and Thode,
1950; Dechow, 1960); for example, the exchange process

~ s320g + Pbs34 = 53404~ + Pbs32
can result in a difference of 7% at 25°C,, under equili-
bfium conditions, between the sulfur lsotope ratios of
the PbS and the sulfate. The effect on the lead isotope
ratios will be considerably less. Adamson (quoted in
Russell and Farquhar, 1960) has calculated the expected
equilibrium constants.for reactions envolving lead isotopes,
and his results suggest that even at low temperatures the

lead isotope fractionation will be less than 0.05%.
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4.1.4 Biological Processes

It has been conclusively demonstrated that very
significant sulfur isotope fractionation can take place
in the bacteriological reduction of sea water sulfates
to HZS. If this HoS is responsible for the deposition
of metallic sulfides, their sulfur isotope ratios wili
reflect this fractionation and any changes in its extent.
Such changes have been shown to result from differences
of temperature, variations of organic material, rate of
HoS production, etc. These variations are characteristic
of bacterial reduction and can range up to 2% for samples
of native sulfur (Harrison and Thode, 1958) and 1% for

sedimentary pyrites from a core (Thode et al, 1960).

Nothing is known about the fractionation of lead
isotopes in bacterial processes but there is good evidence
that lead is at least 1nvolved‘in these procesgses |
(Tatsumoto and Patterson, 1963). If we assume the relations
between the sulfur and lead isotope fréctionation suggested
earller, sea water leads might be expected to show

variations of about:

ZCX(ZOB/ZOA) = +0.05 to +0.10"
&(207/204) = 20.02 to +0.03
A(206/204) = £0.01 to +0.02

Such variations afe close to the 1limits of reproducibllity
presently obtained for the larger samples, but might be
detectable with intercomparison techﬁiques. It is an

interesting possibility.
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4,2 Single Stage Lead Models

The models discussed in this section coénsist of sets
of equations which are developéd, according to certain
assumptions, to relate the chaﬁges in lead 1sotbpe'ratios
to the time and the relative prOportions'of lead, uranium,
and thorium. The presentation 1s essentially plctorial and
the mathematical derivations will be left to appendix A.3.

Diagram (4.1) illustrates the basis of our models. We
assume that at the beginning of geologic time, t, years

ago, all lead had a unique composition (primordial lead):
ay = (Pb206/Pb204)t0

P,

(ppZ0T/pp204), S (k)

co = (Pb208/pp204)¢

o

Assuming that the radioactive decay law appllies, and that
the changes in 1ead_composition are due only to the decay

of uranium and thorium

235 A
U 207 +11Hé4+venergy

92 = g82PDb
92U238 = 82Pb206 + 8He*+ energy (4.2)

Th232 = g-Pb208 1+ GHe*+ energy
30~ 82

then one can derive the variations of Pb206/Pb204, ete.,

with time. The Pb204 zpundance is considered constant.

The resulting relationships between Pb206/Pb204.and
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Pb207/Pb204 are shown in diagram (4.1). The isotope ratios
will grow from the primordlal values élong a curve depending
upon the uranium to lead ratio of the closed system in

which the lead 1s developing. Two single stage models

have been proposed.

4,2.1 Isochron Model,

Gerling (1942), Holmes (1946) and Houtermans (1946)
constructed the first single stage lead model on the
assumption that leads developed in a series of: locally
cloéed systems. Hence the rétios would grow from the
primeval values along a series of'growth curves similar to
' those shown in Diagram (4.1). If the leads were extracted
from the various closed systems at the same time t,, and
sepafated from uranium and thorium, they would be linearly

related and lie along the t, "primary isochron".

4,2,2 Primary Lead Model and Possible Primary Lead

Characteristics.

Collins, Russell and Farquhar (1953) postulated that
all single stage leads have evolved from one closed
gsystem having essentially constant uranium - lead and
thorium - lead ratios. This system was assumed to be
deep in the earth - the lower crust or upper mantle. On
the basis of the primary lead hypothesis one might expect

primary leads to possess the followlng characterlstics.

(1) They should have lead isotope ratios which lie
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closely along a single, unique growth curve in the

206/ b204

Pb P vs. Pb207/Pb204 plot. This will reflect their

identical uranium-lead ratios at any given time.

(2) Since thé:primary lead system 1s postulated to
be deep in the earth, reducing dOnditioné aré likely
to exist, and uranium and thorium will geochemically be
similarz One might thus expectlthat primary leads will.
£1% a unique growth curve in the PbZ°C/Pb204 vs. pp208/p,204

plot.

(3) Primary leads, to the éxtent they are unconta-
minated’bn théir passage from depth, should be isotopically
uniform throughout a deposit or even throughout a district.
This éssumes that they are emplacéd at the same time and

separated from uranium and thorium.

(4) If the primary lead is uncontaminated the sulfur
ilsotope ratios should be fairly constant and close to the
meteoritic value. 'This assumes that the primary lead
system has'the meteoritic sulfur isotope ratios, and that
the températures of deposition are high enough to'prevent
significant fractionation. It is also necessary to postulate
the same lead and sulfur source. The vaiidity of these
gssumptiéns 1s indicated in analyses of ultfabasic deposits,
which are generélly assumed to have come from considerable
depth. The average of 15 samples from the magmatic sulfide

ores of Sudbury, the Stillwater Complex, and the Insizwa
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Sill is 832/5_34 = 22.21 + 0.05 and Thode et al (1961)
suggest "that there is no significant difference in '
isotope ratios between sulfur of magmatic sulfides,
associated with ultrabasic rocks, and meteorites™ (meteor-
itic value 332/834'= 22,225 + 0.005). It must be noted,
however ,that the variations of the sulfur isotope ratios

in basic and ultrabasic rocks are found‘to be larger than
those in meteoriteé;.and also that some fractionation of
the sulfur isotope ratios occurs during the crystallization

in magmatic processes (Thode et al, 1962).

- This characteristic would not apply if the leads
have had contact with the sea, since significant mixing

and fractionatlon 1s then probable.

The primary lead model seems to be the most adequate
in describing the observed isotope ratios of single stage
leads, and there appears to be no good evidence that
primary isochrons exist. This point_will be more fully

developed in the followlng section.

4.3 Single-Stage Leads.

4,3,1 The Elusive Isochron

‘Since one cannot reconstruct the events leading up to
the formation of a deposit it 18 not possible to test the
two single stage lead models by experimentation. Rather,
one must study a‘lérge number of analyses and look for

evidence which supports one particular theory. In this
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sense 1t is impossible to disprove either of the two models
to the point where it can be said that one theory is

wrong. The data should, however, indicate that one model
more adequately describes the-observed isotope ratios

than does the other.

What, then, is the evidence for the existence of
primary isochrons? Although there was the difficult
question.of how the series of closed systems postulated for
this model could remain closed over thé period of geologic
time involved (Burlings, 1952),several sets of published
data seemed to illustrate the existence of primary isochrons.
‘These included galenas from Southwestern Finiand, Ivigtut
Greenland, BluebelltB.C., and St. Magloire Que., However,
it appeared that these results could be due to errors in
measuring the relative PbZOLl abundance; such errors would
cause variations very similar to those expected on the
isochron model‘("ZOM Error Lines", Diagram 4.1). These
szol‘L errors are attributed to interlaboratory differences,
the'présence of contaminants, analytical measuring errors,
and pressure scattering. E.R. Kanasewich and the present
writer reinvestigated the deposits for which primary
isochrons were postulated and were able to report that
these isochrons are either Qery short or else non-existant

(Kanasewich, 1962a; Whittles, 1962).

1. Ivigtut, Greenland.

Diagram (4.2) compares the results of the Ivigtut
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analyses to those of other laboratories. The variations
are clearly along a szou’error line and have been reduced
to the small cluster at the center of the group. The

bzoB/szou Pb206

same result is seen on the P vs. Pt /Pb204 plot.

2. Southwestern Finland

Samples from the_Svecbfenniah.deposits~along the
coast of Finland had been reported as supporting the isochron
model (8chlitze, 1962); in fact, this area apparently
provided one of the best examples of a primafy isochron,
However, the pfeseht writer's analyses now show that most
of the previously observed varlations were due to PbZOLL
errors, Diagram (4.3) illustrates five of the nine
Finnish galenas analysed by the present writer. The
remainling samples have 1sotope ratios that are more easily
explained on the basis of multi-stage’gfbwth, and will be
discussed in a later section. The variations observed
previously have been reduced by a factor of ten, and no
pfimary isochron appears to exist. This 1is glven added
support on the Pb208/pp 204 g _Pb206/Pb204 plot (Diagram 4.4).
Further confirmation is received from sulfur isotope |
analyses (Vaasjoki and Kouvo, 1959; Kouvo and Kulp, 1961)
of samples of the same deposité.' The 832/334 ratios
range from 22.17 to 22.27, averaging 22.226. This compares
favorably with‘the metebritic average of 22.225 1,0.005
(Thode et al, 1961). Finally, as shown later in Diagrams
(4.5) and (4.6), these new analyses lie directly on the

primary growth curves'(as defined in the féllowing_section)
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on both of the lead isotope plots.

It is apparent that the primary lead model much
more adequately describes these'samples than does»the

isochron model.
3. Other Areas’

Analyses of samples from Bluebell, B.C. and St.
Magloire, Que. (Kanasewich, 1962a) have shown that the
previously reported variations were also due to errors

204

in estimating the relative Pb abundances.

In summarizing the avallable data, one can say that
no good examples of primary isochrons exist, and that
the isochron model does not adequately describe the

observed lead isotope ratios.

4,3.2 Possible Types of Primary Lead.

According to R.L. Stanton the leads of two types
of deposits were expected to fit most closely the primary

lead model (Stanton and Russell, 1959).

(1) Orthomagmatic deposits in mafic rocks derived

from beneath the continental crust.

(2) The sedimentary (conformable) deposits derived
from depth by basalt-andesite volcanism along or at some
distance from the cdntinental margins, and quickly isoléted

in volcanic sediments.
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It was argued that since both types would have ‘
only limited contacts with the crust neither would suffer
significant radiogenic contaminatioh. Ostic (1963)
analysed a large number of samples from conformable
massive lead-ginc deposits and showed that many of these
deposits fitted thé.primary lead model; although not all
did. These results, and those of other research‘workers,
suggest that'primafy leads have formed iﬁ a region for
which there are very narrow limits of + 0.6% and + 0.8%
variation in the U238/Pb204 and-Th/ﬁ ratios. The curves
defined by these 1eads, and assumed to be the primary
growth curves in this work, 'are iliustrated in Diagrams
(4.5) and (4.6). Some of the conformable deposits are
shown, as well as the 1oéations of the supposed primary leads

of South-western Finland and Sullivan Mine, Kimberly, B.C.

Part of the present writer's research pfogram involved
the analyses of ultrabasic_sulfides an@ conf'ormable
chalcopyrites‘using.the micro—iead téchnique discussed
earlier. The lead iSotope ratios of samples from‘the
conformable chalcopyrite deposits of Mt. Isa were found
to be significantly different from.those of the massive
lead~-zinc deposits, and do not appear to be primary. It
also appears that ultrabasic sulfides are not necessarily
primary. Samples from the Stillwater Complex do not have
the pfﬁposed characteristics of primary leads, and the

lead in these samples appears to have developed in at
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least two crustal systems. The Mt. Isa and Stillwater
samples will be discussed in more detalil in a later

section on multi-stage leads.

Several samples were obtained from the nickeliferous
ultrabasic deposit 7 miles north of Hope, B.C. The lead
content was too low for even fair isotopic analyses and
only one sample was analysed (#U471). The results, reported
in Chapter 3, are rather imprecise and can be used only as
an approximate guide;‘howéver, they do agree roughly with
the{supposed geologic age (approximately Cretaceous: see
Aho, 1956). The 1eéd in this deposit may be primary. A
considerable increéSe in mass'spectrbmeter éensitivity
is required before more useful analyses can be carried out

at this level of lead concentration.

It should be noted that other leads may be primary
(but not conformable or ultrabasic) provided they are
extracted ffomvthe'deep source and emplaced in the crust
without significaht contamination. The 1eads from south-
western Finland appear to be one example. Those of the
Sullivan Mine, Kimberly, B.C. may also be primary,. jThe
samples fpom both locations lay close to the primary'growth
curves in the Pb20T/pp204 yg, Pb206/Pp204 ang pb208,/pp20%
vs.,Pb206/Pb20LL plots . The sample isotope ratios are
identical to withih.the precision of measurement. No

sulfur isotope data are available for the Sullivan samples.
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4,4 Multi-stage Lead Models.

The mathematical models for muiti-stagevleads are
constructed by assumling that the uranium-lead and thorium-
lead ratios are functions of time and place. .Kanasewich
(1962a, 1962b) proposed that these ratios would change
discretely at the time of tectonic activity, and remaln
constant until the next event. In this way, the leads
develop in a series of steps or stages; such development

is called "multi-stage" growth.

The following presentation is, as before, essentially
pictoriél; the interested reader is referred to Appendix

A.3 for the mathematical derivations.

4,4.1 Primary Lead Mixtures

The primary lead mixture is, as the name implies,
a mixture of two primary leads brought to the surface
at two different times. In this Sense; it can be called
a specilal "two stage" lead model. Referring to. Diagram
(4.7) we suppose that lead was extracted from the primary
system aﬁ time t4 and emplaced in the crust essentially free
of uranium and thorium. When a second period of tectonic
activity (tz) occurs more primary lead is extracted, some

of which mixes with that of the first event t The

10
isotope ratios will lie along a line Jjoining t, and to on
the growth curve. These leads wlll have three features

that distinguish them from general two stage leads.
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(1) The primary lead mixtures will lie along a line
on the Pb207/Pb204 ys, Pb206/pp20L piot, joining tp and

to, but not extending beyond tj.

(2) The leads will lie along a similar line (Diagram
4.8) in the Pb208/pp204 vg, Pb206/ph20% piot as well.

(3) The sulfur isotope ratios should be close to
the meteoritic value‘for all the samples. General two
stage leads are llkely to have considerable sulfur 1lsotope

variations.

Primary lead mixtures could be expected along the

boundaries of two geological provinces,

4 4,2 General Two Stage Lead Model

The first step represents the growth in the primary
gystem, with the lead being extracted at some time t,.
This lead l1ls, however, then placed in crustal systems
having varying uranium-lead and thorium-lead ratios,

If these leads are then removed during a second event

at t,, they will have isotope ratios which lle along a
line from t3 and passihg through to (Diagram 4.9)., Some
of the resulting ratios are likely to lie on the line
extending beyond to, since crustal systems often have a
higher uranium-lead‘ratio than the primary one. The
‘Pb2°8/Pb204 ratios do not yield an independent equation

of the times t1 and tp, and the leads from the varilous
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crustal systems may, or may not, be linearly related on
the Pb208/pp204 yg, pp206/pb20% plot. The primary growth
curve 1n this plot results from the uranium-thorium
ratio being constant at any given time. This would
suggest that the uranium and thorium are chemically
similar (both in the tetravalent state) in the primary
system. In a crustal environment some of the uranium
will oxidize to the hexavalent state while the thorium
remains i1n the tetravalent state; hence, there may be
no direct relationship between the amounts of uranium
and thorlium in the systems representing the secbnd or

later stages.

4.4,3 Sea Water Lead Model

Numerous present day sea water lead isotope anaiyses
have been published (Chow and Patterson, 1959, 1962; .
Chow and Johnstone, 1963). Wampler (1963) has coﬁpleted
a study of leads in sedimentary pyrites. In most cases,
a general two stage model has been used to interpret |
these results. For sea water leads the ty will be in-
terpreted as above with tzvbeing the time_of extraction,
due to weathering processes, and transportation to the
sea. The lead is then precipitated as a trace element in

pyrites, manganese nodules, and clays. .

R.D. Russell and W.,F. Slawson have suggested a

slightly different approach. In this model t5 is held
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to be the same for all the sea water leads (the‘average
time of leaching and deposition is likely to be less than
1l million years according-td Chow and Patterson, 1959)
and the uranium-lead ratio is also assumed to be fairly
constant for the rocks of one area. If we then leach

the lead from the source rocks of different ages (1.e.
vary tl) the resulting lead isotope ratios will lie along
a curve (Diagram 4.10). We will call this the "sea

water iead model". As noted above, if leads develop in

a series of systems of varying uranium-lead ratios,

during the second stage, a straight line results. w1£h
|

the sea water lead model the isotope ratios will 1lie ?
along a curve A B C D if the uranium-lead ratio in the
crustal systems are larger than that in the primary
system. If this is not true the ratios cduld lie along
the curve A B'C'D!, below the primary growth curve,

Other curves fesult if a different uranium-lead ratio

(crustal system) is used.

This model does not apply directly to the modern
sea wéter leads which result from weathering of areas
which are different in both t, and the uranium-lead ratio.
It also does not allow for the possibility of i1sotopic
fractionation, and incomplete mixing, which would result
in an appreciable scatter about the proposed curve.
It would most probably apply to a partially enclosed

bay or sea which drains areas of similar rock assemblages
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but of different ages.

4.4.4 Three Stage Lead Model

If more than two events have occwred the lead
isotope relationships are not likely to be simple unless
extreme homogenlization took place., It 1s possible,
however, to predlct certain processes that could be
involved 1n the third stage. One of these could be
the mixing of primary lead of age t3 with two stage 4
leads lying along the two stage line (Diagram 4.11).

A family of mixing lines could thus result. This might
give rise, in a special case, to a line with a negative
slope, a possibility that has not been reported pre-
viously. If thls actually occurs, a line should also‘
appear on the pb208 /py, 204 vg, pp206,/pp204 plot, passing
through the t3 position on the primary curve, regardless
of the position of the second stage point on this plot

(Diagram 4.12), The Stillwater comples analyses fit
this model remarkably well.

A second process could involve the mixing of second
stage leads with radiogenic lead developed betweep t2
and t3. This would result in a family Qf lines parallel
Ato that joining t3 and t3 on the growth curYe on. the
| Pb207/Pb204 vs. Pb206/pb204 plot (Diagram 4:13). In
this casé; no linear relationship 1s expected on the

pb208/pp204 g pp206/pn2%% L0t since uranium and
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thorium differ geochemically in.a crustal enviroﬂment.'
If the lines due to these two procesgses do exist they
are likely to be observed in samples collected in
localized areas; over a larger region, the results could

lie anywhere in the 3rd stage area shown in Diagram (4.14).

It might be noted that 1if a line is obtained.on
the Pb207/szou vs. Pb206/Pb204 plot as the result of -
elther of these processes, the intersection of this line
and the primary growth curve (if such an intersection

exists) would represent a minimum time for £y,

4,5 Examples of Multi—sfage Leads

4.5.1 Stillwater Ultrabasic Compléx, Montana

A geological map of this area is given .in Diagram
(4.15) showing the relation of the Stillwater Coﬁplex
to the Beé}tooth Mountains. The probable history of
~events in this region has been discussed by Eckelmann
and Poldervaart (1957), Catapzaro (1961), and Kulp et
al (1963b). |

(1) Deposition of Archeaﬁ sediments (source rocks
greater than 3140 my. ). ' |

(2) Folding, mafic and ultra-basic plugs, dykes
and shéets. » -

(3) Métamorphism and granitization (2700 my.).
(4) Uplift. |

(5) Peneplanation
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(6) Deposition of Paleozoic and younger sedimenté.
(7) Uplifting, thrusting, emplacement of felsic
porphyry dykeé (120 my.?). |
Hess (1960), Bucher et al (1934) and Foose et al (1961)
have also discussed the geology. The 2700 my. event is
well documented by Rb-Sr, and K-A analyses (Gast et al,
1958). It is believed that the Stillwater Complex was

emplaced before this event.

Catanzaro (1961) analysed a number of zircons from
this area and found that the results could best be explained
by episodic lead toss. By this hypotheslis the  zircons
are greater than 3140 my. old; during the 2700 my. event
they lost varyilng amounts of radiogenic lead and younger
zircon material (overgrowth) was formed. All the samples
were then thought to have lost some.radiogenic lead at
120 my. when the Laramide porphyries were fofmed. Catan-
zaro suggested that "the'lzo my. episodic loss in the
Little Belt and Beartooth mountains might have been due to
leaching of radiogenic lead from the zircons by'alkaline
gfound water solutions which were heéted and given

increased circulation during the Laramide Revolution",

The present writer's analyses of lead in sulfides
associated with the Stiilwater Complex, fit nicely
into the suggested sequence of events., These leads
can be explained réadily as three stage leads, with the
first event at t; > 3000 my. At this time primary lead-

was extracted from depth and emplaced in a crustal system.
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At the to=2700 my. event two possibilities arise. Firstly,
the leads could be extracted from the first crustal system
and'placed in a second one; if such leads were remobilized
during the Laramide Revolution (t3) and isolated in the
sulfide, they copld lie along lines parallel to the

"Third Stage Lead Model II" line in Diagram (4.16). Or,
alternately, the leads could be extrécted at fz, and
separated from the uranium and thorium; at t3 they could
have mixed with primary 1ead of age t3 (Third Stage Lead
Model I, Diagram 4.16). This latter possibility is gi?en
added welght by the linear relationshlip observed in‘
Diagram (4.17). As noted earlier the mixing model requires
Just such a relationship in both of these plots. Since

| this appears to be the first reported suggestion of such

a model, additional analyses from the étillwater Coﬁplex

could be of considerable interest.

4L,5.2 Mt. Isa Area, Australia

l. Geological Considerations

The ores of Mt. Isa have well developed banding
parallel to the bedding of the enclosing sedimentary
rocks and are generally conformable with one particular
unit of the sediments. According to J. Richards (personal:
communication) the.area may have been a partially enclosed
bay at the time of formation of the sedimbnts. The mode

of formation of the ore deposits is a matter of considerable
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controversy.

Grondijs and Schouten (1937), Blanchard and Hall
(1942) maintained that the ore bodies are primarily
epigehetic (metasomatic replacement). This point of
view does not rule out the possibility that some of the
first generation pyrite may be of syngenetic origin;
in fact, Love and Zimmerman (1961) havejgivén strong
evidence of ﬁhds being so. Love (1962) later noted,
however, that it was "not argued-that thevother ore
bodies now formed were in the original sediment." David-
son (1962) has particularily stressed the low concentration
of copper 1n sea waters, too low to seem an acceptable

source of the conformable chalcopyrite bodies.

Stanton (1960, 1955) has forcefully argued in favor
of a syngenetic origin, suggesting submarine volcanic
activity as the source of the conformable deposits metals.
The assoclation of these deposits with basic volcanic tuffs,
tuffaceous shéles, ete. 18 well known. Williams (1960) and
Dunham (1964) have suggested that the conformable deposits
could form in enclosed basins with very slow sedimentation
and hydrothermal minerallization in progess at many places
below or within the drainage of theblagoon. Such a process
is particularily attractive when considering the forma-
tion of some of the base metal deposits in Europe which
extend over extremely large areas more or less conformable

with a single zone; it is difficult to decide whether or
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not it could apply to the smaller scale conformable

deposits like Mt. Isa.
2. Lead and Sulfur Isotope Ratios

Analyses by Kollar (1960), Ostic (1963), and by
J. Richards (personal commumiéation).have shown that the
Mt. Isa lead-zinc ore bodies have a uniform lead isotope
abundance; however, two Mt. Isa chalcopyrite samples and
a galena from a neighbouring region were foundto be»different._
The high ﬁniformity of the main lead deposits and their
primary nature would tend to rule out direct sea water
deposition. Sea water leads are quite variable in iso-
topic ratios and tend to appear younger (isotopically)
than the enclosing sediments (Chow and'Pattersqn,‘1962;
‘Wampler, 1963). If the lead were remobilized sea water
leads, or hydrothermal replacements, it 1s unlikely that
the lead isotope ratios would be uniform with the sulfur
isotope ratios Varying as significantly aslthey do.

(Love and Zimmerman, 1961).

. On the other hand, if hydrothermal solutions entered
a bay and contributed a high concentration of lead (at

.@ glven stage) and sulfur, one would expect a considerable
bacterial sulfur isotope fractionation, and much less

or no lead isotope fractionation. Because of the hydro-
thermal contamination, the sulfur isotope rat}os shouid

be enriched in 832 over that of sea water sulfates and
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tend toward the meteoritic value. The lead would be
primary to the extent that it was uncontaminated on its
passage from depth, and uncontaminated with sea water lead.
The latter contamination would depend mainly upon the
relative concentrations of hydrothermal and sea water lead;
certainly, as the lead content of the hydrothermal
solutions decreased, sea water lead contamination would
increase. This could result in later depositions (visua-
lized here as being rich in copper) having éiénificantly
different lead isotope ratios.} Invaddition, since copper
is "notoriously lethal to life" (Davidson, 1962) we
~ might expect these later stage sulfides to have a narrower

range of sulfur isotope ratios.

This suggested sequence of events seems to agree with
the isotopic analyses. The sulfur isqtope data afe re—‘
ported in Love and Zimmerman (1961). The pyrites believed
to be syngenetic by these authors had sulfur isotope
ratios of 21.77<32/34<21.97; the average was 21.88.

The sulfides believed to have been deposited later are
significantly lighter - eleven samples gave ratios
ranging from 21.77 to 22.16 with the average being 22.05.

No sulfur analyses are available for the chalcopyrites.

The lead isotope data is given in Diagrams (4.18)
and (4.19). A variation of the 1ead isotope ratios of
the main lead-zinc deposits of Mt. Isa does eXist and is of

the order estimated for bilological fractionation; however,
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this may be due to‘meésurement errors. .A galena sample
from Silver Valley (7 mi. N.E. of Mt. Isa) is significantly
different from the Mﬁ. Isa lead-zinc samples and could
represent a‘later development of the hydrothermal;syngenetic
‘sequence. The chalcopyrite samples from Mt. Isa contained
only small amounts of lead (=1Oppm.) and'the lead isotope
ratlos are quite different from the main lode deposits.

An approximate 1eadtisotope ﬁodel is 1llustrated 1n

Diagram (4.20). Several sea water lead curves are shown
for different t,, tq, and.A‘%%%%ﬂ values. A curve |
which assumes the main cluster to be primary (e.g. t,=

2
| . y238
1600 million years) and D-ppz0f#= 1, seems to fit reasonably

well. This model suggests that the U238/pb204 rafio of
the source rocks was about 10.2, compared to the primary
'sourée ratio of 9.2. The.age (tl) of the source rocks
could vary up to 2800 million years. This.seems some-
what larger than the maiimum reported for thils area
(2000-2200 million years) by Richards (private communi-
cation.) These values are by no means uﬁique since t2:
A’%%%%&r’ and t; can be varied in several ways to give a
good fit to the data.

The results do, however, indicate the suggested model
is not unlikely. The deposition of the lead, wholly or
mainly from dissolved sea water lead, or from remobilized

sea water lead, does not fit the isotope data.

4,5,3 Southern Finland

On the basis of the present writer's preéise analyses
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of nine gaienas from Finland it is possible to re-evaluate
previous lead isotope data and correlate it more meaning-

fully with the results obtained by other means,
1. Geological Considerations

The géology of S.W. Finland‘is illustrated in
Diagram (4.21). Detailed references may be found in the
reports of Vaasjoki and Kouvo (1959), Kouvo and Kulp
(1961), Wetherill et al (1962) and Wampler (1963). Four

major units are of interest.

(1) Pre-Karelian (Saamién) granite gneiss basement.
The zircon, mlcrocline, muscovite and galena samples
date from 2000 to 2800 my. In contrast the biotite
ages glve about 1800 my,‘by either K-A or RbASr methods,
reflecting a reworking of these rocks dufing'the Karelian

orogeny.

(2) Karelian belt of metasediments and plutonie rocks
separateq from the Saamian basement by én erosional
unconformity; Kouvo and Kulp had reporﬁed léad isotope
éges of 2100 my., but the single stage model used apparently
is not valld for these leads. Mqreovéf, it now appears
that the Karelian plutonic rocks are contemporaneous with
those of the Svecofennian belt, and the two represent
two different aspecté of absingle orogeny bccurring about
1800 ﬁy; ago. Thé geological differences of these two

belts (ultramafic bodies and quartzite associated with the
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Karelian but not the Svecofennian rocks) were probably
_determined by thelr 1ocation with respect to the Saamian

basement

(3) Svecofennlan belt of metasediments and plutonic
rocks. 1800 my. ages have been obtained with all of
the yarious dating methods.

(4) Rapakivi granites intruded about 1600 to 1650 my. ago.

(5) Later events. Although no younger ages have been
repo%tedﬁfor rocks in S.W.Finland, a later event must
have occurred'sihce sulfide velns are found cutging into
the Rapakivi granites. Vaasjokd and Kouvo state that
Mthe mineralization (e.g. the veins) as related to their
Rapaklvi host are undoubtedly epigenetic in chaéacter",
and also that "according to the field evidence:fhese ores
occur as fissure filling and obviously are much younger
éhan the Rapakivi host." . Just when this event happened
18 not clear and the lead data available is not sufficiently
accuréte for a precise answer, The present writer has
shown that the results are at least consistant with two
events: the first, representihg the end of" the Rarakivi
intrusién; the second, corresponding to the 900 to 1100
my. age values reported for‘SQuthefn Sweden and Norway

(Kulp et al, 1963).

2. Primary Leads

A1l of the new Finnigh analyses obtained by the present

1
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writer are plotted on Diagramé (4.22) and (4.23), and
compared to previous analyses. Five of the sampies appear
to be examples of primary lead, and although they come
from widely separated regions, they have practically
identical isotope ratics. The remalining samples appear

to represent primary lead mixtures, and three stage leads.

It is possible to intérpret the Pithipﬁdas, Pernaja,
and primary sampies as lying along an isochron in the
Pb206/Pb204 Vs, Pb207/Pb204 plot; however, there 1is good
evidence that this 1s only accidental. Pilthipudas lies
close to Viitasaarli (which does not fit this isochron)

"and both are several hundreds of kilometers frém the

other samples. They are also geologically different

and lie close to the boundaries of the Saamian basément,
Karelian Schist Belt and Svecofennian Schist Belt. Pernaja
is over U400 km. from Pithipudas and lies close to a large
exposure of Rapakivl granite. There is strong evidence
that & similarly located sample (Hopeavuori) was affected
by'the Rapakivi event and it seems reasonable to assume
that the Pernaja sample was also. Alfhough more analyses
are needed before a definite answer cén be given, the
'evidence suggests that the samples in question (Pithipudas,
Pernaja, and Viitasaari) are 3rd stage leads. The present

writer has assumed this to be so.

3. Primary Lead Mixtures

The présent writer's primary lead analyses can be
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used to re;interpretvthe lead iso%ope analyses of Kouvo

and Kulp-(1961). These analyses were averaged wherever

the varlations indicated szol'L errors; the average Sveco-
fennian analyses were then "assigned" isotope values the
same as the average of the primary leads of the present
work. The other values of Kouvo and Kulp could then be
"corrected”™ according to their difference with Svecofennian
average to}remove the inter»laboratory_differences (Diagrams

"4.24 and 4.25).

A model that assumes the mixing of a primary lead
of 2800 my. with 6ne of 1800 my. fits the anaiyses quite
well. Kouvo and Kulp note in barticular that the "Nunnan-
lahtl sample may represent lead sulfide remobilized from
the 2800 my. basement rocks that, at this locality, may
be at a very shallow depth." All of the 6 Karelian»vein
samples weré located directly on the geologicai-border
between the Karelian rocks and ancient Saamian basement
branite. lolof the 12 Karelian ore body samples'were
also located on this border and the remaining‘two are
within 75 km. Nunnanlahti, Varpaisjarvi, and Huhus lie
on, or within 25 km. of the border. Since none of the
analyses lie along an extension of this line beyond the
1800 my. point (Diagram 4.26) it appears that a mixing
model is more adequate than the general two stage model.
The PbZOS/szou‘vs. Pb206/Pb204 support this conclusion

also., A primary lead mixture must give stralght lines
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on both plots, whereas a general two stage lead is not
likely to present this same relationship. The sulfur
isotope ratios, which cluster around the meteoritic value,

also indicate that most of the lead is primary.
4, Two Stage Leads.

The presence of two stage leads are also inferred in
the.analyses of Kouvo and Kulp (1961). Although only 4
(and another whosSe relationship is doubtful) samples are
reported, and a considerable spread apparent, it can be
shown that these gnalyses are consistant with the age
relations of the areas. ‘The 3'Rgpakivi veih samples
(Zone A, Diagram 4.21) lie along a Pb204 epror 1line.

They werelaveraged and adjusted according to the preceding
standard (Diégram 4.,26). The result is consistant with
growth from a primary lead of 1800 my. in high uranium-

lead value (crustal) systems until the close of the Rapakivi
event (1600-1500 my.). The lead was then extracted at

this time and isolated in the veins cutting the granite.

The sulfur isotope ratios range in a group from 21.40

to 21.60, the lowest of those reported.

The Hopeavuori sample cannot be explained_in terms
of Pb204 errors. Thls sample was located .in a small
mineralization aboﬁt 1/2 km. from the contact of the
Rapakivi. Its sulfur 1sotope ratio (332/334=21.93) is

the closest to those of the Rapakivi veins of any of the
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samples repofted. The lead 1lsotope ratios are consistent

with i1ts formation at the same time as the Rapakivi veins.

Both the lead and sulfur isotope analyses, suggest
that the last sample (Sottunga):is not part of the above
group. In addition, a Pb208/Pb206 vs. Pb207/py206 plot
shows that a szou‘error does not explain its difference
from the Zone A Rapakivi vein samples. The sulfur isotope
ratio is_22.60, the second highest of those reported.

The lead isotope ratios suggest that the 1ead formed
from primary lead of 1800 my., and radiogenic lead formed
between 1800 my. and 1000 my. (Diagram 4.26). Since
Sottunga lies off the coast, midway between Finland and
.Sweden; this sample (from a vein in an outcropping of
Rapakivi granite) may represent the effects of the 900-
1100 my. event in the Gothic belt in southern Norway

and Sweden.
5. Three Stage Leads.

Three of the samples (Pernaja, Pithipudas; Viitasaari)
analysed in this work 4o not appear to be primary leads
or primary lead mixtures. Although the evidence is not
sufficient for a definite answer, the results suggest
a three sﬁage development (Diagram 4.27). On the basis
of this model it is postulated that these samples repre- |
sent primary 1eéd mixtures that were emplaced in a uranium-

thorium bearing system. They were then removed at the
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close of the Rapakivi evept and isolgted from the radio;
aetive parents. Alternately, they may represent remobilized
primary lead mixtures that were mixed with radiogénic lead
(generated between t, and.t3) at t3=1500 my. Such leads
could lie along lines which are parallel to one Jjoining
t2 and t3 on the growth curve. These results suggest
that the Rapakivi event was not limited to the south-
western coast but may have extended into the central

regions.
4.6 Summary

Lead‘isétope fractionation in nature is 11ke1y.to
- be rare, and at present there is no good evidence that

1t occurs at all.

The primary lead model more adequately describes
single stage leads than does the isochron model, the
primary isochrons being e;ther very short or else non-
'existant.! However, the pfimary lead model does not explain
thé lead 1lsotope ratios of the conformable chalcopyrite
deposits of Mt. Iéa, nor those of the sulfides from the
Stillwéter Complex. These, and the analyses of'some
galenas from Southern Finland, have been interpreted using

multi-stage models developed from the primary lead model.
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CONCLUSIONS

"Science 1s a series of sucessive approximations,
each of which must be valid, but none of which will
ever be true,"

-W.0, Davis in Analog, May, 1962
The present research contributes to all three

phases of lead isotope analyses - the preparation of
the tetramethyllead from a sample, the maés spectrometric
analysis, and the interpretation of the results. The
uniting thread of the thesis has been the attempt to
prepare, analyse, and interpret samples édntaining'oniy
microgram quantities of lead. Analyses of galenas, using
standard techniques, have also been completed to sup- -

plement the micro-lead analyses, and to Justify and

illustrate_the lead models'used in the interpretation.,

A new technique has been devised bésed on the free
ra41cal technique reported earlier by Ulrych (1962).
The success of the present wrliter's technlque lay mainly
1n‘discovering that sample 1¢ad can be lost through 1ts
”reaction wiﬁh the quartz in the apparatus and thé forma-
tion of the silicate xPb0-310,. Other losses can occur
in the purification of the tetramethyllead. It 1s now
possible to produce tetramethyllead from samples.con-
-taining one to two orders less lead than the minimum
500-1000 micrograms reported earlier, Unfoptunately,
the full extent of the method cénnot be utilized since
”“1t has been discovered that the present mass spectrow

meter sensitivity limits the most precise analyses to
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éamples of about 500 micrograms lead. This means that

only fair precision (0.4%) can be obtained with samples

of 10 ppm. lead. This research does, however, indicate

that gas source mass spectrometry may be able to compete
with solid source techniques, providedAthe sensitivity'

of the gas source instruments can be increased sﬁfficiently.
This 1is important, since it appears that gas source analyses
are more reproducible (Ulrych, 1962) if intercomparison
techniques can be used. This development would offer some

interesting possibilities indeed.

The present writer has also explored the mass
spectrometric aspects of analysing small tetramethyllead
samples, a topic about which little was known. A most
excitlng development appeared ;n this phase of the
research - the first reported occurrence of lead isotope
fréctionation. Such fractionation appeared if the sample
passed from the sample line into the mass spectrometer
under conditions of molecular flow. This unexpectedly
limlits small sample analyses.to a sample line pressure
of not less than about 1.0 cm. Hg, which is just below
the usual operating pressure of the present instrument.
Thus, with the present mass spectrometer sensitivity,
smaller saﬁples'(<;500 micrograms lead) cannot be analysed
as pure tetramethyllead; if they are initially purified
a carrler must be gdded to bring the pressure up above

the molecular rangé.
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More significant, probably, are the geophysical
aspects of lead isotope fractionation in nature, and the
effects of fractionation on ﬁhé interpretation of leads
in terms of lead isotope models. The present writer's
preliminary exploration of this aspéct suggests that‘
such fractionation is likely tq be rare except, possibly,

in leads derived from sea water.

One othér aspect of mass spectrometry has also been
clarified. The present research has shown that pressure
.scattering - the scattering of‘trimethyllead ions during
their passage through the mass spectrometer - is distinctly
agymmetrical in character. The spectral peaks exhilbit

a previously unsuspected extreme down mass tailing. A
correction for this scattering has been devised‘and is

shown to result in more reproducible analyses.

The contribution of this thesis to interpretation
of lead isotope abundances has been four—fold.. FPirstly,
the results of the lead isotope analyses of samples from
southwestern Finland show that the previously reported
primary lsochrons for this area are most probably due
to errors in measuring the lead 204 abundance.‘ This is
added support for the primary lead model proposed by
Russell (1956). Secondly, it has been shown that the
leads in the conformable chalcopyrite deposits of Mt. Isa
are not of direct primary origin, although those of the

massive lead-zinc deposits apparently are. Thirdly, it
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has been shown that the lead in ultrabasic sulfides are
not necéssarily primary. Fourthly, it is here suggested
that primary leads, excepting those that have had contact
with the sea, should have sulfur isotope ratios which
correspond closely, in most cases, to the meteoritic

value.

The new analyses for southern Finland can be used td
reinterpret the older lead isotope data; the resulting
interpretation is more in accord with age deterﬁinations
based on other methods. The firét event occurred 2800
million years ago when primary lead was emplaced in the
ancient Saamian basement rocks. At 1800 million years a
second orogeny, the Karellian - Svecofennian event, intro-
duced more primary lead, some of which mixed with the
older primary lead. The previously reported 2100 million
year.age of the Karelian event is incorrect since it fails
to account for this primary lead mixture. A third event
occurred at 1500-1650 million years, the timeﬁof intrusion
of the Rapakivi granites. One of the earlier repofted
analyses_for Sottunga (midway between southern'Finiand
and Sweden) appears to reflect the effects of a fourth
period, the 1000 million year Gothic Belt event of

southern Norway and Sweden.

The composition of the lead in the conformable
chalcopyrite bodies of Mt. Isa 1s quite different from

that in the primary massive lead-zinc bodies. These
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deposits could have been the result of metal-bearing
solutions entering an enclosed bay. Remobilized sea
water leads and/or epigenetic replacement seem to be
less likely possibilities when both the lead and sulfur

isotope data are considered.

Samples of sulfide obtained from the ultrabasic
-Stillwater Complex, Montana, appear to contalin multi-
stage lead. ’The events of this growth are in accord
with those sﬁggested earlier by Catanzaro (1961) on the
basis of hls study of discordant zircons: > 3000 million
years, 2700 million years, and approximately 120 million
" years. On the other harid, a sample from the ultrabasic
deposit near Hope, B.C. could be of primary origin.

More careful sampling, and an lncrease in gas source
maés Spéctrometer sensitivity 1s required before the
Stanton and Russell (1959) primary lead hypothesié can

be adequately tested in terms of ultrabasic sulfildes.
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APPENDICES

. "-the book of nature is written in the mathematical
language, ...without its help it 1s impossible to compre-
hend a single word of it."

-Galileo Galilel as quoted by
A. Koestler in The Sleepwalkers.

Appendix A.l. Isotopic Fractionatlion and Molecular and

Viscous Flow.

A.1.1 General Definitions

Most of the basic definitions were found in the
review by Loevinger (1949).
| (1) The Conductance and Flow
The conductancé C of a pipe through which gas is
flowing may be defined by:

_ Q (A.1-1)
C= -5

where P = pressure at entrance of pipe
B= pressure at exit of pipe.
Q is proportional the number of molecules passing a plane
in the pipe in a given time, and is defined by: |
o ~ v
Q= R dt|z

prin volume of gas flowing per unit
, 2 ,

where
 time across any plahe Z 1n‘the pipe.
P, = pressure in that plane. |
(2) Flow through Circular Pipes: General
| If the density in a flow system 1hcreases beyond
a point gilven apprqximately by the Reynolds'knumber;

_ Dv§ . (A.1-2
Re= — | ( )



164

where D = diaﬁeter of pipe

V = velocity of gas

&= density of gas

ﬂ\; viscosity of gas.
the flow may change from laminar (viscous)}to turbulent.
This transition is défined roughly‘by: |

Re>2,200- turbulent flow

Re< 1,200~ viscous flow.
The type of flow in the lintermediate region depends upon

conditions at inlet and outlet of the pipe.

With Viscous.flow only the molecules near the pipe
wallg actually collide with the walls; most of the collisions
are intermolecular. Hence the shape. and size of the pipe
have a greater effect than surface conditions., If the
pressure is lowered sufficiently the flow will change from
viscous to molecular. The flow is described aé molecular
when few inter-gas molecule collisions occur and wall

effects predominate.

The transition between molecular and viscous flow
depends upon the pressure. For air at 20°C., the flow is

viscous i1f (Loevinger, 1949):

Y <« D/100

and molecular if:
¥y > D/3
where D = diameter of pilipe in cm.

Y = mean free path length in cm,
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In the 1n1;ermediaté' range the flow will change from viscous
to molecular as the gas  passes down the pipe. 1In such

_a case the flow 1s called "mixed viscous and molecular flow",

(3) Viscous Flow through Circular Pipes

Loevinger (1949) quotes Kundsen's semi-empirical
conductance formula for mixed viscoué and molecular.

flow (c.g.s. units):
4.—' 3 Mo DB |
C :M 4+ L 2nRT 2 |+ RT M (A.1-3)
1287 L 6f Mo L|j+12 %31115
’ N

where | = length of pipe
k = Boltzman's constant
T= °k '
My= mass of molecule of gas
v_P-= average pressure in the pipe.

This formula appears to be correct within a few percent

(Adzumi, 1937; Halsted and Nier, 1950).

For high pressures this becomes the viscous conductance:

_ _m D 3 (A.1-4)

¢= legm L P —

or : c= ¢, P (A.1-5)
Hence C, P = _Q — P 4V (A.1-6)

P‘ Pz P" Pz Olt I-f
If PX<P, and the vc}lume rate of flow is measured from

the sample line (PEI-‘- P»

= % (A.1-7)
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(4) Molecular Flow through Circular Pipes

For low pressures equation (A.1-3) becomes the expres-

sion for molecular conductance:

_ | [2mkT D’ _ _
C—"—g T L,_C"“ (A.1-8)

Cw\is a constant for a given plpe and gas at a constant

temperature. From equation (A.1-1) and (A.1-2) we find:

Cw = %it (A.1-9)

where the volume rate of flow is measured from the sample

line,

A.1.2 Derivation of Pressure vs. Time Models.

(1) Viscous Model

The rate of change of mass m of the gas in the sample

line, for a constant volume V, is

=

at the sample line pressure P, that defines dv/dt. By
equation (A.1-7):

Since the pressure ln the mass spectrometer is much lower
(approximatelyllo‘u to 1076 mm. Hg) than that in the sample

line (approximately 1 cm. Hg.) the average pressure

t

thus
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Assuming P is proportional to m, over the pressure range

consldered, then;

dm dPP (A.1-10)
or , 5
) dP "PMC P oL 'C“ P
dt T wm 2V 2V
thus:
ClP ~ _Cv dt
P 2V
Integrating:
| ng CZV\} + lF?, (A.1-11)

since at t = 0, P = P,. This equation shows that for a
viscous leak the relation 1/P vs. t will be a straight line.

(2) Molecular model

In this case, again:

dm o =t dV
dt vV at |
so by applying equations (A.1-9) and (A.1-10) one obtains:
dP ~ _ Cadt
P Y;
Integrating with 1nP = 1lnP, at t = O, then .
ln[PTZ CmT (A.1-12)
P | Vv

A.1.3 Isotopic Fractionation due to Viscous and Molecuiar
Flow |

(1) Fractionation and Viscous Flow

Under viscous flow conditions gas molecule interactions
are important and the P vs., ¢t equations cannot be applied:
1ndependently for the ind1v1dua1 isotopic species (pr. T.7.

Ulrych, personal oommunication). This is-in contrast to
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molecular flow conditions under which the gas molecules
move independently of each other.

Experimental tests have shown that no fractionation

occurs in the present system with viscous flow. (Section 2.1).

(2) Fractionation and Molecular Flow

The molecular flow equation (A.1-12) may be rewritten

as

According to Halsted and Nier (1950), for molecular flow

through the leak and out of the source reglon, the ratios

are: i
R
I, B
Hence | Cot
_L,_V_{ "‘7’]
I~ [Re ™,

Since for isotope 1 (equation A.1-8)

_ o
((;M)i — (CONSTANT) T

o)j_
and since the ratio of the mass of a molecule is pro-

portional to the molecular weight

MI — . !
J(mo\'z M;_

where M; = molecular weight of isotopic species i,

L= @ e(fE - ) 1]

then
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or R =R, "/f-P <%:_ |> (Qv%/._’_ﬂ (a.1-24)

If one considers this in terms of the fraction Fq (of the

total mass my of the first isotopic speciles in ‘the sample
1liné) that has been depleted:

= ~ (P)-(P), =~ | — wf[—(cm\:t /V}

A
men e [lQ/V]= 1 —F |
~ V I
t _@.1{\—51 (A:1-25)

Thisbequation gives the time t at which the depletlion will
be Fy. By substituting (A.1-15) into (A.1-14) one finds

R %ROWPKJ%f'> 1.“(\‘—%7)}
R gR [—I*}gi—l

I -F

For small changes in R we can replaceiFléé F, where F is

therefore
(A.1-16)

the fractional depletion of the whole sample (e.g. based

on the total, rather than the partial, pressure decrease).

o
R = Ro T? ’ ;(A‘l“”)

Thus :



171

for small changes in R. This equation, as 1t is applied

in section 2.1, agrees closely with the observed results.

Equation (A.1l-17) appears»to be at least analogous
to that derived for distillation processes (Rayleigh,
1896). |

Appendix A.2 Asymmetrical Pressure Scattering

A.2.1 General Aspects

Studies of scattering in a mass spectrometer have
suggested several possible characteristics tﬁat correspond

faifly well to those observed.

(1) The density at the collector of the scattered
jons should be proportional to the pressure. This should
be true to the extent that the pressure is the same through-

out the scattering region.

(2) If an asymmetrical exlsts between the denslty
of lons scattered up and down mass. it should be independent

of the pressure. This was correct within a few percent.

(3) The Born approximation for the scattering
amplitude of a screened coulomb potentiad (Mandl, 1957)

probably describes basically the type of scattering en-

countered.

(4) The presence of a magnetic field can cause

asymmetfic scattering. Calculations for scattered ion
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densities in a 180° instrument showed that asymmetries
occur"in”tne'first‘90° of the field; which cancel those in

the second.

(5) A graphicai study of scattering in a 90°
magnetic field showed that the net scatter would be
asymmetric with a higher down mass density. This type
of asymmetry is actually observed with the present mass

spectrometer.

A.2.2 'Experiment Aﬁpects

1. Tailing coefficients from the trimethyl blsmuth Spectra

A sample of trimethyl bismuth was prepared and
analysed on the mass spectrometer. Twenty-one spectra
were obtained from which the talling coefficlents were
calculated and averaged (Table A.2-1); for example:

'Averaged measurement from base line to

gspectrumO0.5 mass units up mass from
(0.5u) = |_the main peak (A.2.1)

Average main peak height from base line.
= 5.39 x 10°3 (at P = 4.0 x 10°° mm. Hg )

The results were plotted earlier (Diagram 2.11).

2. Coefficient Averaging Procedure -

An averagling process was used to minimize the errors
of calculating the coefficients for individual analyses.
The averaged (no subscript) coefficient was based on the

measured (subscript m) coefficient -plus: asymmetric factors
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Table (A.2-1) Tailing Coefficients (x 10-3) for a Pressure

of 4.0 x 10~ mm. Hg (250 Mass Range).

0.5u 1u 2u 3u 0.5d 1d 2d 3d
5.39 1,61 0.29 0.00 7.69 2.86 1.26 0.75

Table (A.2-2) Asymmetry Factors, Relating the Various
Tailing Coefficients. (250 Mass Range).

Numerator 0.5u 1lu 2u 0.5d 1d 24 3d 44 5d

Denominator

0.5u 1.00 0.30 0.06 ~ 0.53 0.23 0.14

1u 1.00 0.20 0.78 0.47

2u 1.00 |

0.5d 0.70° 0.21 0.04 1.00 0.37 0.16 0.10

1da 1.89 0.56 0.10 1.00 o.44 0.26 0.19 0.15
2d 0.23 1.00 0.60 0.42

3d 1.00

g |  1.00 |

54 | | 1.00

Example: lu
g = 0.56
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obtained from Table (A.2-2) times the larger measured

coefficients

(1d) = (1d)m

(2d)

(2d)m +-(O.44)§ld)m + (0.78)(lu)m ; (A.2-2)

(v = (lu)m + (0.56)(1d)m
2

etc. Table (A.2—3) illustrates the result of this process.
The flrst row of values are the talling coefficients
obtained only from trial 1l of the 21 bismuth spectra.
These should corresbond to the vélues in the second row,
the coefficients obtained by averaging the results of the
21 spectra. A considerable difference 1s evident. If

the measured coefficients of the first row are recalcula-
ted according ﬁo averagling processesv(A.Z-Z)'a much better

agreement is possible (third row, Table A.2-3).
3. Asymmetric Tailing Coefficients for Trimethyllead

For trimethxllead the tailing coefficients were
baséd_on the measurements 111ustrét§d in Diagram (A.2-1).
The lower case letters (a8, etc, ) were measured at the
center of the corresponding peaks from the curved base
lines sketched under the peaks, to the base line determined
by that at mass 256, pius drift. Tbe upper case letters
Ay, Ap, and A3 were th peak heigh@s measured with respect
to the 256 base»lemelj A9, Ag, and. Ay are measured with
respect to the cﬁrved:bqse lines aélshown. As noted in

section 2.2.3 the base line below mass 248 is highér than



Table A.2-3:

Measured
(Trial 11)

~ Ave. 21
Spectra

" Averaged
(Trial 11)
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Example of Averaged Pressure Scattering

Coefficients (x 10~3) for a Pressure of

4.0 x 10-6 mm. Hg. (B1(CHg)s* 250 Mass

Range.)

0.5u 1u  2u . 0.5 1d  2d

5.16 1.45 0.31 8.03 3.00 1.45
5.39 1.61 0.29 7.69 2.86 1.26

5.38 1.59 0.3 — 2,90 1.28

3d

0.95

0.75
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254
e 251 249
R H HE
2
250
Ay | B3 A} (AL Ay
Shunt 2 #;B_LJ)A e _;Ji~__Base
. ( [ ‘ “T _{ _I Line
aé a4 a, ag ag
Shunt i \j (LJW
I i A
Shunt 5

Diagram A 2-1. Pressure Scattering Measurements from
the Trimethyllead Spectrum
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that at 256, and dependent upon the pressure of the sample
(Diagram A.2-2). Below mass 248 it levels off, and extends
at least 8 mass units down to the dimethyllead spectrum,
This 1s mainly the result of the extreme down mass talling
of.masses 251, 252, and 253. The base line at mass 256 is
not affected by the presénce of a sample and so represents

the true base level.

The lower case letters represent the tailing values

of the various peaks; e.g. (ﬁeglecting Ay and Ayp): |
| ag = (1a)Ag + (30)8) + (4a)A, + (54)Aq

The known asymmetries between these coefficlents can be
obtained from fable (A.2-2); (Thesé are assumed to be
the same fo; both Pb(CH3)3* and B;(CH3)3+.)

ag = (1d)Ag + (0.26)A1 + (0.19)A; + (0,15)A3
the tailing'cééfficient is thus

(1d)y = a8/[}9 + (0.29)A1 + (0.19)A, + (0.15)A]
Similarily (again neglecting some of the small peaks)

(1), = ag/ [ (0.56)Ag + Ay + (0.44)Ap + (0.26)A3]

(2a)y = ag/ [a1 + (0.60)ag + (0.42)a3]

(Zu)m a5/ KS.OO)A4+<A3] | |

The value of (1u) was not calculated from measured

values since it isivery difficult to draw a coﬁsistant
base line beneath the mass 254 peak. The final cpef-
ficients were calcuiated‘by applying the averaging
process described above: | '
(1d) = (1d)py + (1d)pp
2
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x 10~3. Height of Mass 247 Base Level

above 256 Level (Mass 253 Peak Ht.=1)

6

Pressure x 100 mm. Hg

1.0 2.0 . - 3.0

U»mmwma A.2~2. The Effect of Asymmetrical Pressure Scattering on the Mass
247 Base Level in the Trimethyllead mumowwca

QLT



179

—~
n
foN)

~

Il

(f2d)m + (0.44)(1d)m + (0.78)(1u)m
— A
(1) = (0.56)(1d)_
(21) = (2u)_ + (0.20)(1w), + (0.10)(1d), + (0.23)(2d)y,

M
(0.5u) = (1.89)(1a),,

| The formulae used to obtain the corrected peak height may

be found in section 2.2.3.
. 4. The Presence of Bismuth

If bismuth is pfesent in the sample it will appear
as trimethyl bismuth mixed with the separated tetramefhyl—
lead. 1In this case, when the'isotope ratios of lead are
calculated, a value of Kup (013/012) must be substituted
(0.03174 in the present case) and the 254 peak height
ignored. The 253 peak must also be corrected for the
Kgn (H' loss) factor of the bismuth peak:

(Ag)corr. = A% B Kdn[:Aﬁ - Kyp Ag]

The Ag values refer to those which have been corrected

for pressure scattering. The Kgn factor of trimeéhyi

bismuth appears to be the same as that for the triméﬁhyl—

lead ion.

5. Example of Asymmetrical Pressure Scattering Correction:

Mt. Isa #460

This sample of chalcopyrite was prepared with the
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microilead technique and analysed at high pressure and
lowlsensitivity, The“data waS“processed in'the usual
way but-without applylng any correctlons. The average
peak heights of 12 pairs were S0 obtained:

A9 A, | Ay Ao - 93 Ay
1.2874 0.1678 21.5247 21.4373 47.6339 7.9500

with Kgn = 0.00593, Kup = 0.03174 Given.

The tailing or pressufe scéttering coefficients were ob-
tained from Diagram 2.14, for a pressure of 3.8 x 10=6 mn.
Hg‘(the response of the pressure gauge to acetone, the

main impurity in these samall samples, appears to corfespond

to that of tetramethyllead):

n

(0.5w) = 5.40 x 1073 (1u) = 1.65 x 10~3

(1d) = 2.80 x 10-3 (2u) = 0.30 x 1073
(2d) = 1.25 x 1073 '
The'correction formula of section 2.2.3'were used to

obtain the true peak heights.

A3 = 1.287h + 1.287h (5.40 x 1Q“3)‘
= 11,2944

A3 = 0.1678

AS = 21.5247 - (0.00280)(21.4373) - (0.00125)(47.6339)
= 21.4052 |

AS = 21.4373 - (0.00165)(21.5247) - (0.00280)(47.6339)

- - (0.00125)(7.9500)
21.2585
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A8 47.6339 - (0. 001653(21.4373) -(0.00030) (21.5247)
- - (0.0028)(7.9500 :

47.5689

i

A, = 7.9500 |
The bismuth correctlon was also computed
(Ag)corr = 47.5687 - (o 00593) [f 9500 -(0.03174) (47. 5689]
= 47.5305 :
The corrected peak heights were then used to recalculate

the isetope ratios.

For the‘larger, normal sensitivity samples, the
tailing coefficients may be calculated directly from the

spectra.

A.3 Lead Isotope Models

A.3.1 Basic equations

The mathematical models discussed in this section
consist of sets of equations which are developed,
according to certain assﬁmptions, to relate the changes
in the lead isotope ratios to the time ahd the relative
proportions of lead, uranium and thorium. The three
heavier lead isotopes are the end preducts of‘the three

radlioactive series:

92U235 = 82pb207,+ JHe* + energy
92U238 = 82Pb206 + BHe*+ energy - (A.3-1)
90Th232 82 Pb208 + 6met+ energy
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The abundance' of 1ead 204 has fehéiﬁed unchanged since
the beginning of geologlc ‘time. If it is assumed that
(1) at the beginning of geolégic time (t_ years

ago) all lead was of a unique ¢Omposition (primordial
lead);

(2) equations (A.2-1) are the only causes of change
in the 1sotoplc abundances; and,

(3) the radioactive decay 1aW'app1ies; then the
relative 1isotopic abundances at any time t, are giﬁen by

the integral equations: + -
-0

wa‘/ P‘)ZM ~ x:O\O n ule C}t&t

. &
O7/P 204 =‘j‘-'- 504- tt;/P\'C)ltAt

t .t
PR Pt =2 =, +wa"c Ay’

where t is measured positively into the past. The constants

L(A.3-2)

involved are given in Table (A.3-1). a,, by, c, are the
primordial abundances determined”from meteoritic triolites.

to was also obtained from meteoritic data.

Equations (A.3-2) are quite general since V and W
are unspecified functions of time and place. The different
lead lsotope models have been developed by applying d4dif-

ferent assumptions to these basic equations.

A.3.2 Single-stage Models

1. Isochron Model:*

Gerling (1942), Holmes (1946), and Houtermans (1946)
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Table (A.3-1) _Symbols and Comstants Used in Age Determination

1. Symbols

.Isotopev At Present At Timé At Time
Ratio  ° t=0 .t .. . tg
pp206/pp20k 4 o a,
Pb207/Pb204 b oy b,
'szos/Pﬁzou : c S ';zsi;‘.v Co
U2“38/Pb20)+ - oV Ml_p(i{)' %V arep (xto)
y235/pp 204 v o Vaple) Vaexp(ite)
Th232/pp20% -y WaepQ't)  Waxp(l't,)
2. Constant Values | |
Constant ~ -~ Parent atom Value ,Reference
A u23®  0.1537 1,2,3.
Py U235 | 0.9722 10"9yr‘1 4,2,3.
1 - Th232'. - 0.0499 5,2, 3.
o | 137.8 6,4,7
by O 10.a2 8
¢, o 29.71 8
£y | T 4_.5510.o3by 8
References:

Kovarik et al (1955) .
‘Aldrich and Wetherill (1958) S
Russell and Farquhar (1960)
Fleming et al (1952) ‘
Picciotto and Wilgain (1956) -
Inghram (1947)

~ Senftle et al (1957)
Murthy and Patterson (1962)

o330 o
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constructed the first single stage model by assuming

that 1ead8'developed in a series of locally closed
systems. These ieads developedbin these local systems
ffom'time t,s until time t when mineralizaéion isolated
the lead from uranium and thorium. Under phis assumption

equations (A.3-2) become

vx. = a, + °(V (Clta_ c)tx
y =t v ety o (83)

7 = cot W(eVto—ekt)

where V and W will depend upon the local systeﬁ ébundances.
If V is eliminated from the first two equations the result
is the Houtermans' “isochron equation™: |
q):ﬂ-‘b"':(clo—c ) (#-3-4)
% - Qo ,(( e)»to_ €1t>

This shows that leads, which are extracted from the various

closed systems at the same time t, are linearly related in
the x, y plot, e.g. they will lie along a "primary isochron"
(See Dilagram 4.1).

2. Primary Lead Model

The equations for this model are the same as those
of the preceding section (A.3-3), the difference being
_ that V and W are assumed constant in the primary lead
system. Hence, at any given time, the lead isotope ratios

are the same throughout the system.
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A.3.3 Multi-stage Leads

The mathematical models'for"multi;stagé leads are
constructed by assuming th?t V and W are functions of
time and place. }Kanasewich (1962a, 1962b) assumed that
v andWW”change;discreter at-the  time of" tectonic activity,
vand remain constant until the nextvevent. Thus we have
V) and Wy from t, to ty, V, and Wp from ty to tg, ete.,

' and equations (A.3-2) become:

X = .+ (et ')+o<\/(“t‘ ) TrT

(A3-50 Y= bt V, (e“'“— My (M oY

W T )"t xlt s . :
2 = Cot W (Xt e¥B)p W, (e T €M) e
Stage'l répresents the growth in the primary system,

(V1, Wy), %7 the initial mineralization time. At this
time all the leads have the same isotopic composition
(xl. ¥1» z1) but they are placed into systems of different
V2 and Wo. Under §pese conditions, at any time tz, t1 <ty
the lead isotope rétios (x,y) will be linearly related:

e My

-y, = (e ¢ 2.3-6
ﬁ T ox( e ety (4-3-6)

The line through the various points (x,y) has a slope

given by (A.3-6) and intercepts the primary growth curve

at timés t, and t2»(Diagram‘4.9). If these leads are ex-
tracted from their various systems at time t,, and placed
in a third set of systems (e,g.'a second crustal en?;;on-
ment), the results will no longer be Simple unless exteﬁ-

give homogenizatioh occurs. This pbint has'been discussed



in section 4.4.4

A.3.4 ‘Sea Water Leads

Chow and Patterson (1959, 1962), and Chow and

Johnstone (1963), have published numerous sea water
lead isotope analyses. Wampler (1963) has completed
a study of leads in sedimentary pyrites. Generally
speaking a two stage model:

Xta )\-t X C)‘tl >‘t7- .
X = 0, + xV, (e - ¢ )+ V, ( >$(A.3-8)

CAts SNt et SNt
y=b.+ v, (e*=e" ")+ \/z(e '~ C
has been falrly successful in predicting the observed
results. This model assumesvthat lead is extracted from
the primary system at some average Time tl, and emplaced

2!
will cause the lead to be extracted at some time to and be

in a crustal environment of V,. The.process of weathering

'carried into solution in the seas. The lead may then be
precipitated as a trace element in’ pyrites, manganese
nodules, and clays. The time interval represented by t2
(the average time of leaching and depos1tion) is likely
to be less than one mlllion years. Equations (A 3- 8)
show that leads of the same tq and t2 but different Vo

lie along a straight_line.

R.D. Russell and va ’SlaWSOnvhave suggested (personal
communication) a slightly different approaeh One can

~ assume that the time of leaching and deposition (tz) is

,»n
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the same, and that Vp 1s fairly constant for rocks of
one area. If we then leach lead from source rocks of
different ages (tl varies) the resulting isotope ratlos

will lie along a curve:
BT T SN I VA \/e}
N R )
X = a4y, (et OB Uy e Y- et

+ _
X = Ko+ oAV (eXo )
where Xo is the ratio, in the primary system, at the time

of deposition t,. Similarily:

- { ' _
Yo + BV (eXe — Aty (a3-10)

. The differenceé between this model and the simple'
two stage model concerns the relative variation postulated
in V3 and t,. Diagram (4.10) illustrates this for sea
water leads deposited at time t2- If the rocks being
bleached have a similar age (tl), but have variations in'v

( Vl, ete. ) then the model is two stage and the resulting
leads lie along a straight line., If the variations in V

are not"significant, but the ages of the source rocks vary
the leads could 1ie‘aleng the curve A-B-C-D. Theoretically,
if AV is negative there 1s no reason why the leads cannot
also lie along the reflection of this curve, below the
primary growth curve. However, it is to be expected that

AV will be mostly positive since the crustal rocks generally

appear to have larger V ratios than the primary system
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) . Sea water leads would be expected to exhibit a con-
siderable lead isotope ratio variation comparable to that

- found with present day samples (Chow and Patteﬁson, 1962).
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