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ABSTRACT

Data of éood quality is neceésary to further the study
- of rock lead isotopic interpretations. An internal standard
(douBle—spike) was employed to correct for fréctionation accompanying
the single filament analysés, and lead isotope ratios with a standard
deviation of 0.15% were obtained. Lead sulphide mounted on tantalum
was employed for the 1eéd analyses. Discrimination in the analyses
using tantalum filaments was consistent with the theoretiéal
fractionation laws. This was not found to be the case for rhenium.
Lead and ufanium analyses from the Vogt-Hobbs area near

Lake Timagami, Ontario and from the Rice Léke—Beresford Lake Area,
‘Manitoba revealed variations from é simple two stage model that

could not be accounted for by experimental error. Interpretation

of the data yields a three stagevhistory for both of these regioms,
marked by major events-at approximately 3400 and 2600 my‘ago!

This earlier crustal history is supported by ore lead data from
" the vicinity. Both of thekéuites have a lower average value of

(U238

/Pb204) for the second stage, of their three stage history,

than is characteristic of the source of single stage leads.‘
Variations from closed system behaviour for the Ontario

samples is éttributed to lead remobilization at the time>of the

Grenville event. Remobilization of the lead tends to mask’ the

2600 my old event.
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The Vogt-Hobbs area is characterized by more acidic
'igneous rocks and more radiogenic lead than the Rice Lake-Beresford
Lake area. These differences are thought to represent the
environment 2600 my ago or earlier.

The Manitouwadge iead analysed by Ostic resembles the
lead ~ 2600 ﬁy'ago in the Rice Lake-Beresford Lake rock samples.
The Rice LaKe-Beresford Lake rock samples are shéwn according to
the interpretation presented, to have had a crustal history prior
to 2600 my ago. This lends weight to arguments that exclude
Manitouwadge from the class of single stage leads used in calcula-

tions of the age of the earth.
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CHAPTER I
INTRODUCTION

Perspective

There have been many studies of variations in lead isotope
abundances in natural minerals. The resulting data heve led to
numerous unanswered questions pertaining to the solid earth.

The majority of precise analyses have been those of ore bodies
containing at least a few percent of lead However, any understanding
of lead isotope abundance'variations in the crust is incomplete until
‘more is known about lead isotope variations in crusfal rocks. A
clue as to the possible significance of rock lead can be had when one
realizes that the lead contained in a typical ore body could have been

-extracted from about iO cubic kilometers of rock (Sinclaif, 1965);
| - In an effort to clarify the understanding of available data
on lead extracted from whole rocks, Ulrych and‘Reynolds (1966)
’presented énlinterpretation analogous to fubidium-strontium whole rock
sfudies (Nicolaysen, 1961). In their model the first stage, called by
them the ""common lead environment', can be likened to the hlstory of
some common leads and may correspond to more than one lead-uranium
- system. The second stage, the '"radiogenic lead environment", is the
one in thch_the uranium—lead system presently observed is responeible
for the.las; enrichment of ‘the radiogenic lead coﬁponent through the
decay of uranium and thorium. Details of this interpretation will be -
eieborated in Chapter 5.

Ulrych and Reynolds examined Zartman's data frem the Llano

Uplift, Texas, in the lightAof their interpretation. Although the



interpretation was applied to the best data‘available at the time, ages
Vand isotope ratios determined were very imprecise. Of the scatter
ekhibited by the data it was not clear what proportion arose from open
system behaviour of the rocks and what proportion arose from experimental
errors.

More recently Ulrych has presented an alternative scheme for
extracfing'information from rocks having a two stage hiétory (Ulrych, 1967).
This was a modification of a model by Gerling and Shukolyukov, 1957, which
extracts more directly the time at which the first and second stages
- commenced. These two ages correspond to the age of the earth and time
of formation of the second gtage. Clearly the assumpfion of only two
stages is more restrictive than the interpretation described in tﬁe
-earlier paragraphs, but it may be appropriate in special cases.

vOne objecfive of this thesis is to contribute new data of
sufficient quality to further the understanding of such lead isdtope
interpretations.

A second objective of this study is to compére the behaviour of
U-Pb and Rb-Sf systems in the same region. A recent study by Wanless et. al.
(in press) of samp}es taken from the vicinity of the Grenville Front
near Chibougameau, Quebec, has shown that the response of fhe Rb-Sr
system, to metamorphism, is in marked contrast to that found for the K-Ar
system; Most notable is the anomalously high K—Ar_ages possible and the
low apparent Rb- Sr ages for the m1nera1 biotite. This sort of aﬁamolous
_ behaviour leaves the 51gn1f1cance of K-Ar and Rb-Sr b10t1te ages open to

question unless supporting evidence is available.



A final objective is to'draw:any inferences that may be
possible concerning the geochronologic history of the regions
studied; or knowing the geqlogic history to draw conclusions thét
may be generalities for U-Pb systems.

| To draw possible inferences concerning the geochronologic
histdry of the regions studied is definitely a secondary objective.
It is realized that the samplings of this study are less than ideal

for interpretative studies.

Delineation of the Present Study

—Cleariy, data of good accuracy is required to meet the
objectiveé stated above. Much of the published data for rock lead
.isotope abundances is much too imprecise for the purpose. The first
objective was to obtain data of acceptable quality. |

When this study was being investigated two promising
techniques were being developed. Catanzaro (1967) had successfully
analysed 500 micro-gram reference samples with a standard deviation
of 0.03% in Pb206/Pb204. In this triple filament technique the
“sample is evaporated from two rhenium side filaments and ionized on

"a center platinum filament at approximately 1500°C. No fractionation

of the lead was detectable from ratios obtained in the first study,

8 ,,,.206

but fractionafion of about 0.03% was later repérted in the szo /Pb
ratio (Catanzaro, 1968). This work has been reqogniied as an
outstanding achievement.

" The alternative technique, usually called double spiking
(Compston and Oversby, 1969), requires two analyses.ﬂ The fifst is

a conventional solid source single filament analysis with

attendant fractionation of up to 2%. Then a second



analysis is required to establish the magnitude of the fractionation.
In simple terms, this is.done by adding large quantities of 2 isotopes
.of known ratio and measuring the composition of the mixture. The second
analysis enables one to correct for fractionation. A smaller total
~sample is required for this technique; the present studies were made with
IOOQ gm samples.

| Both techniques were used in the present investigation,_ﬁuﬁ the
double spike technique was found to be far more satisfactory for rock
lead analyseé because of better sensitivity.

The mass spectrometer available for this study was a 12 inch,
single focussing, 90 degree; gas source anaiyser, which was under
construction when the research began. Tﬁe first part of the project
consisted of converting the instrument to solid source, assembling with
'the help of R.D. Ruséell the necessary electronic supplies, and the
installation of improved pumping systems for the source and collector
regions. A.Loveless designed and supérvised the installation of a new
thick lens source and magnet shims to achieve second order focussing,
which resulted in greater sensitivity and a more simplified opefation
than we had before (Ozard and Russell, 1969; Loveleés and Russell, in
press).

_Sinée the double spiking.te;hnique assumes the form of
fractionation patterns, it was thought necessary to observe such pafterns
for our méchines. ‘The results of this study will be reported in’
chapter 3 tsée also Ozard and Russell, in press).

Various téchniques were used to extract the lead and uranium

in forms suitable for mass spectrometric analysis. Although not new,



most of these techniques had not been used previously at this laboratory.
These included the oxalate technique of Cooper and Richards (1966), thé
~sulphide technique of Patterson (Mair, 1958), the yolatilizationb
technique of Masuda (1962) and Tatsumoto (1966), and the dissolution method
of Doe (1967). Details of this work willCPe found in the following
'chapters. |
In 6rder to contribute meaningfully to interpretations of

whole rock U-Pb analyses, it is desirable to stﬁdy rocks for which the
interpretable effects are large. The present déy uranium and lead
concentrations, and only these can‘be measured, are probably representa-
tive of the last stage of development of the lead. In the light of thié
consideration the Qldestrknown rocks are likely to be the most suitable.

" To meet fhe second objective of the research (a comparison of
Rb-Sr and U-Pb systems in the éame region) it woﬁld be necessary to have
Rb-Sr analyses of samples taken from the same'region. Although analyses
of sample splits woﬁld be preferable for a detaileq geological under-
standing, analyses of the same bodies of rock should provide a reasonable
comparison on a broad scale. |

An obvious choice in Canada is the.Superior geological province.

Two regions were selected, both of which had been the subject of extensive
~ geochronological investigations. One of these is the Rice Lake-Beresford
-Lake area of south-eastern Manitoba, which is well within the Superior
province. Turek and Peterman .(1968) found‘ageé of 2500 to 2700 my in
‘this region. The second area was on the Grenville side of the Grenville

front in an area studied by Grant (1964a, 1964b). The importance of

understanding the complicated phenomena in the region of the’ front has



alreédy been mentioned. The writer accompanied Dr. Grant to the
Timagémi region and collected, with him, the samples for the
' present study.

This ié one of the first studies to achieve lead isotopic
composition measurements of this precision and accuracy for whole
rocks., Earlier analyses of this precision have been carried out for
ores or minerals containing larger concentrations bf lead or
uranium. In many;of the earlier studies the concentrations of
lead or uranium were one or more orders of magnitude larger.. For
cases in which whole>rocks were analysed prior to 1969 the precision

or accuracy were definitely poorer.



CHAPTER 11

METHOD OF URANIUM AND LEAD EXTRACTION

Introduction

The objective in extracting lead and uranium is to obtain pure
~samples of these elements that are representative of the whole rock.
Althqugh isotopic dilution was used to determine concentrations,
quantitative recovery is fequired to ensure there is no significant
discrimination between common and radiogenic lead.

Throughout the uranium and lead extraction procedures care must
be taken to ensure that the.samples afe not contaminated. As isotope
ratios correct at the 0.1% level were the primary objective of the.
-analytical techniques, contamination errors should be kept below thié level.
To this end filtered air was supplied to keep the laboratory at a positive

pressure. Reagents were purified as described in the appendix.

Rock Preparation

Samples from Ontério were collected by th¢ writer and j. Grant.
When necessary, dynamite and drilling were employed to ensure that the
samples were fresh. The samples from Manitoba were collecfed by A. Turek.
Only the largesf and least weathered of these samples were used. The
whole focks, which weighed about 20 kg in total, were split into pieces
of approximately 100 g and the weathered fragments were removed.r

Cdntamination of whole r&cks during crushing”is much more
criticai than for mineral separates, as the latter are usually leached

with acid to remove any lead or uranium held on the grain surfaces.



Unweathered pieces were crushed to pass approximately 40 mesh
size. The first half fhfqugh the crusher was used to flush out any rock
.dust not removed by cleaning. A 250 gm split from the second portion was
further crushed by haﬁd to pass 100 mesh. All polyethylene containers
~used to store the samples were soaked in 15% nitric acid for 24 hours, and
thé tin soldered stainless steel sieves were cleaned of particles of Trock

with a fine soft brush.

Volatilization of Lead

Extraction of lead by volatilization waS chosen in preference
to a perchloric—hydrofluorié acidAaftack. The pyrochemical technique is
less hazardous and less liable to contaminate the samples, and paftial
.separation of the elements is achieved by the distillation. Furthermore
'it is impfactical toidissolve.40 g samples while it is quite practical

to extract lead from this quantity by volatilization, with no additional

- effort.

At first, samples of U.S. Geological Survey.analysed

~ granodiorite (GSP—l) were heated iﬁ a fube resistance furnace at 1000°C
to 1100°C in a hydrogen stream at atmospheric pressﬁre.- As only 80 to
90% recovery was achieved, the need for higher temperaturés was indicated.
The importance of sufficiently highrtemperatures has been noted by other
researchers (Masuda, 1962; Tafsumoto, 1966; Welke, 1968) in the case of
basic rocks. Tatsumoto reports at least 95% recovery at.1300°C,' while
Welke (1963)'considers temperatureé above 1150°C essential for 90%
_recbvery.v The resulfs of this study, to be presented later, shqw that

similar temperatures are appropriate for granodiorites.



In order to obtain higher temperatures, radio ffequency
induction heating was uséd. The apparatus is shown in Figure 2-1. The
vsample, in the form of 100-mesh powder, was mixed thoroughly with one
fifth of its weight of purified graphite powder. For coﬁcentration
determinations, lead-206 spike was added at this stage. The graphite
crucible was then placed inside the envelope and the chamber evacuated.
The evacuation had to be performed slowly to prevent loss of sample.
After about one hour the pressure reached 10-3 mm of mercury and the
diffusion pump was switched on. To heat the crucible, theAvoltage
.applied to the work coil was raised in 20 equal stéps over a two hour
period so that the final brightness temperature waé 1350°C. This
temperature was maintained for one hour, then the crucible was allowed
~to cool and, fof ratio determinations, a second loading was placed
inside the envelope aﬁd_heated. The mirror was then dissolved in 50 ml
of 1.5N hydrochloric acid. Although the mirror dissolved with a violent
" reaction, the acid was allowed'to remain in contact with the envelope
overnight. ‘

Between lead volatilizations; the graphite was purified by
heating to 1450°C for one hour. After heating,.the‘Vycor insert was
rinsed with 50% hydrofluoric acid for two minutes, then soaked inbnitric
acid for twelve hours, and finally finsed with triple-distilled water.

Lead blanks were ffom 0.1 to 0.54 g. These measurements
include cpntamination from chemical processing and are therefore an upper
limit. for fhé contamination during the volatilization step. The blank
represehts about 0.2% of the sample lead for concentration runs.and 0.05%

. of the sample for ratio determinations. The contaminant isotope ratios
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were measured and found to be approximately those of modern lead. As the
sample and contaminant ratios differ by only 50% at most the maximum
~error introduced in a ratio determination is 0.025%.

A fusion technique is often considered necessary to extract
lead for concentration determinations. Doe compared a borax fusion method
:Qith his hydrofluoric—perehloric acid attack and found identical values
for the two pré;edures (Doe, 1967). Therefore the acid attack may be
considefed as satisfactory as the borax fusion for extracting the lead
from a granodiorite. The acid attack is often criticized because it is
thought to leave accessory minerals such as sphene and zircoﬁ undissolved.
However a sphene separafe Wag'entirely dissolved at this laboratory by
using an acid attack similar to that of Doe (R. Culbert, personal
qommuﬁiéation). Furthermore, the hiéh temperatures required for the borax
fusion technique may be responsible for lead loss by volatilization or
by alloying with.the crucible, which effects are less likely with the
‘acid attack. (See aiso Tatsumoto, 1966)

Analysed granodiorite, GSP-1, was analyéed under a.variety of
conditions at this laboratory to determine the lead éoncentration. The
results are listed in Table 2-1. Heating a mixture of rock and graphite
at 1350°C, for at least one hour, gives lead concentrations consistent
with the acid attack. It is concluded that the volatilization technique,
used in this study, may be employed in determining lead concentrations
by isotope dilution.

‘ Doe reports a value of 58.7 ppm, by inght, for the lead
conqenfration of this rock. However thevstandard is divided into quart
Séoops then split fbr distribution (Doe, personal éommﬁnication) so that

such a difference for the lead concentration is quite possible.
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TABLE 2-1

CONCENTRATION MEASUREMENTS FOR STANDARD GRANODIORITE GSP-1.

ANALYSIS METHOD TEMPERATURE ~ CONCENTRATIONS -
104 Tube fﬁrnace in hydrogen 1000°C 45.8
105 mooom " 1100°C 52.1
107 Induction heating in vacuum 1350°C | 55.3
115 o " " o o 55.3
117 o . | "o " 55.1
i;g Peréhloric—hydrofluoric acid N 55.2

Concentrations are in ppm by weight.
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Extraction of Uranium

' Uranium was extracted for conéentration determinations. Tﬁe
dissolution procedure was that described by Doe et. al. (1967). .The
sample was dissolved in hydrofluoric-perchloric acid and the uranium
concentration was determined by isotope dilution. As four times Doe's
quantity of rock (and hence acid) was employed, and as the surface area
for evéporation was only‘slighly greater, the dissolution took three days,
. a time considered to be iqng enough to guarantee complete dissoiution.

No evidence of undissolved minerals was found when_the residue Qas
“dissolved in 1.5N hydrochloric acid at 80°C.

| An ammonium hydroxide precipitation was uséd af a pH of 7 to
precipitate insoluble metallic hydroxides. After centrifuging, tﬁe
precipitate was taken up in l.Sﬁ hydrochloric acid, and was ready for the
‘separationiof other elements. The blank for the.above prodedure was from

0.02 to 0.05¢ g of uranium and represented less than 0.5% of the sample.

Separation and Purification of Uranium and Lead

By using Dowex i X 8 resin, nitric acid, hydrochloric acid,
and distilled water it was possible to separate and purify lead and
uranium sufficiently for mass spectrometric analysis. In the mass-rahge
"in the vicinity of singly charged lead no contaminant ions were found.
Thorium Qas usually observed in the analysis of uranium, but no attempt
was made to remove.it. Some-analysfs Have spike& fbr thorium and TUun
the thorium analysis after uranium. ”

Solid sourcé mass spectrometer analysis of lead is_very

inefficient (typically one ion from 10S atoms) because of the high
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ionization potential of this element. In order to have meaéurable ion
beams, therefore, tens f6 hundreds of miciograms of lead are required

for an analysis. Because it is impractical'to extract largef quantities
from granitic rock containing about 10 ppm of lead, it is essential to
~achieve maximum ionization efficiency. The chemical separation should
be designed to remove materials of low ionization potential which tend

to neufralize lead ions (Mair, 1958). In particular, every effort should
be made to keep the conéentration of sodium and potassium as low as
possible. These are the most abundant ions commonly presenf dufing the
-analysis of lead in the mass spectrometer. |

The purification‘adopted for lead was based on a study by
Kraus and Nelson (1955). The separation depends on the fact that lead
is held onvbowex i X 8 (anion exchange resin chloride form) in hydro-
chloric acid solutions between OM and 6M. No other ion in their study
showed a peak at 1.5 molar hydrochloric acid with desorption at OM and
6M" molar hydrochléric acid. A brief description of the column
'procedure follows; the details are to be found in the appendix.

The.first column.procedure wés obtained by personal communica-
tion from the U.S.G.S. in Denver, and serves to separate the uranium and
pufify the lead. Tﬁe sample from the volatilization step_(for lead) was
dissolved in 1.5N hydrochioric acid,iand was added to the prepared resin
column. The resin was washed with 1.5N hydrochloric acid. Triple
distilled water was used to elute the léad;

At'this stage the major éontaminants of the lead are probably
iron, zinc, cadmium, indium, tin, and antimony. A second small column

(Catanzaro and Gast, 1960) may be used to remove the major'part'of all
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of these elements. The lead is added in l.SN hydrochloric.acid to the
‘second prepared column. The column is washed with 1.5N acid aﬁd the |
lead eluted with 6N hydrochloric acid. This completes the lead
purification. ~ |
Three columns were used to obtain sufficiently pure uranium

for mass spectrometer analysis. The first column was used to separate
the urénium from the lead when both a?e being extracted from the same
split. The residue from the hydroxide precipitation containing the
spiked uranium in 1.5N hydrochloric acid was added to the prepared resin
- column. Then resin was washed with 1.5N hydrochloric acid. The acid
passing through the column Qill contain all the ﬁranium.

- Uranium from the first column remains to be purified. >A
-column of Dowex 1 x 8 resin, nitrate form, was used to purify it. The
vuranium wés added to the column in 7N hitric acid, then the resin was
washed with more 7N nitric acid. The uranium (and the thorium)'were
_ eluted with .water followed by éN hydrochloric acid. A similar procedure
using a smaller volumé of resin was used to improve the purification
of the uraniuﬁ. The uraniﬁm was sufficiently pure to produce large stable

beams from 1 gm of rock containing 1 ppm of uranium.
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CHAPTER III
MASS SPECTROMETRY

Sample Ionization Technique

The solid source single filament lead sulphide loading adopted
for the greater parf of this study was first described by Mair (1958)
and aftributed to C.C. Patterson. The oxalate technique of C00pef~and
Richards (1966) and the triple filament method of Catanzaro (1967) weré
also employed. Several variants on these methods were'tried, some a
"number of times, with little success.

When adequate quantities of lead are available the triple-
filament method of Catanzaro can be employed. In this method'lead
“hydroxide is precipitated on two rhenium side filaments. These filaments
.are heated by passing a current throﬁgh them to evaporate the sampie.
'The centre platinum ionizing filament is heated to 1500°C. It was
possible to produce either.stagle ion beams of 10_ll amperes that lasted
an hour, or higher sensitivity for a shorter period, from 500u g samples.
However only about one analysis in two was successful, and when lead
_extracted from rocks was analysed lower sensitivity was usually obtained.
Oﬂ account of the time required to extract 500u g quantities of lead from
rocks this method was coﬁsidered uﬁsuitable.
o A mére sensitive technique'thap_gave absolute ratios was needed.

Comparison of sensitivities reportea iﬁ the litératﬁre showed thét the
oxalate.énd sulphide single filaﬁent loadings are ten fimes as sensitive

as that reported for the triple filament technique. This was confirmed by

analyses performed in this study. The paper by Compston and Ovérsby (1969)
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iﬁdicated that errors caused by fractionation accompanyingisingle filament
_lead analyses can be adequately corrected by using double spiking. The
~gain in effectivé sensitivity is aboﬁt a factor of five as two runs in

the mass spectrometer are reQuired for the double spiking correction.

Both of the single filament loadings give sufficient
sensitivity. On account of the simpler sample pre-treatment for filament
loadiné the sulphide was used for the rock leéd analyses. Lead sulphide
and»ammonium nitraté solution were carefully dried on outgassed tantalum

filaments. Stable total lead beams of 5 x 10”11

amps were routinely
~achieved from 75u g loadings.d This method proves very reliable if the
technique described in the éppendix is followed exactiy} It is most . -
important to dry the filament loading slowly to prevent the samplé from
- flaking off the filament. Furthermore the correct pHAfor precipitation

.of the sulphide and the. gradual beam building during the anélysis are

‘prerequisites for good stability and sensitivity.

Lead and Uranium Isotopic Analysis

Thé filament heéting pattern employed for the lead isotopic
analysis was based on that described by Cooper and Richards for the
oxélate technique (personal communication); The fiiament femperature'
was raised uniformly to 750°Cvover a period of an hour and left at this
témperatﬁre for two hours. In fhis way it is possible to volatilize
the lower melting point materials’pfeférentially, and échieve a further
» pufificéfion.of the 1ead in the mags spectrometer. _Reéidual alkali
beams wére comparable to those reported by C00pér and Richards

-11

(1 x 10 A),_énd tended to die away during the analysis. Over the
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next hour the temperétﬁre was gently raised to 850°C at which temp-
'eraﬁure adequate sensitivity was achieved.

Data taking for a lead analysis consisted of peak hopping,
followed by scanning. The baseline just below mass 204 was first
fecorded on all shunts, then a'peakhop set consisting of ten sets-of
the Sequence: baseline? 204, 206, 207, and 208 peak tops. Baselines
were'again taken on all shunts and the spectrum scanned twice. For
all analyseé of rock iead reported the digital voltmeter.readings'were
recorded manually. On account of tﬁe high sensifivity and stability

- any operator bias in this‘operation is muéh less than 0.1%. This
method was preferred to measuring each ratié 204/206, 207/206, 208/206
in turn, because it ensures the same fractionation conditions for all

'A_ ratios.

The baseline values obtained'from the scanned spectfum pair
were used to correct for pressure scattering. For the pressures
éncountered, about 1 x IO—Zmn"of mercury, the corrections to a peak were
about 0.05% of its height. |

Peak hopping enables one to monitor fouf peaks, and the
baseline in littlé more than one minute. For such short periodé a
linear extrapolation may be emplofedvbetween successive values of a’
peak top for ratio determinations. The maximum systematic error incurred

from such ah approximation was 0.01%. The small size of this error is
a conséqﬁehce of the small and approximately linegf growth in peak.

height over short periods.
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For uranium isotopic analysis a'triple—filamenf rhenium-ribbon
source was used. Thé ﬁeating pattern employed was developed by the
United States National Bureau of Standards (1966). Fractionation is
inherent in triple filament uranium analysis, but the variation of
fractionation can be minimized by employing identical filament condi-
tions. The acidity of the uranyl nitrate solution, sample size and
température of the filament were shown to be important factors in the
study performed by the'National Bureau of Standards.

| The data reported ih this Thesis were all obtained from low
temperature analyses of approximately 10u g sampies: By extrapolating
“ the data presented by thelNétional Bureau of Standards fractionation .
of abouf -0.4% in the U238/U235.ratio would be expected. All
fractionated data presented by the N.B.S. shows an enrichment of the
'_ lighter isotope. The extremely reproducible sample behaviour during
the analysis is_considered to be an indication that filament condi-
tions were successfully reproduced from one analysis to another.
Consequently fractionation should provide a bias for all uraniumvdata
but no significant between-run error at the 1% level.l Furthef details
of the analytical procedure are to be found in-the appendix.

Data taking was similar to that for lead analyéis except
that only two peak tops were monitﬁred. Pressure scattering, although
corrected for, was less_thaﬁ 0.1% as the poorer peak shape and small
-peak separafion per mass unit are offset by the three mass unit

separation between peaks.
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Instrumentation

) Analyses wére carried out with a 90° sector, 12 inch radius,
single stage solid source mass spectrometer. The instrument was
designed principally by R.D. Russell, and incorporates a focussing
thick lens ion source (Loveless and Russell, 1969) and second order
focussing shims. When focussed for singly ionized lead atoms, it has a
resoiution of about 400 at mass 200. The electronic supplies are
almost entirely solid state.

For precise analyses, adequate beam intensity is essential.
This was partly achieved by using an ion source fhat transmits ions
efficiently and partly by.using a solid source, for which fairly
efficient ionization techniques-exist. By analysing lead sampleé in
the thin lens previously used by us and with the new thick lens source,
S it is esfimated thét'a factor of about three was gained in transmission
efficiency: This design permitted precise analyses of 100 g quantities
of lead on a routine basis. x

The measuring system, filament and high voltage supplies were
designed by Russell and cbnstructed before the rock lead analyses were
performed. The solid state measuring system proved extremely reliable;
it incorporated peak selection in conjunction with the magnet current
supply. ‘A third aspecf of the measuring system is the provision of.
peak height, shunt and scan direction information for recording on
‘magnetic tape. An intercessor was built by Loveless to‘sequenée the
outputvof fhe digital voltmeter aﬁd measuring system for input to the
seven track tape recorder. However the greater part of the rockllead

analyses wereArecorded_manually as the computer reduction was set up
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for scanned rather than peak-switched daté.

; The measuring system incorpofates a ladder attenuator

which determines the shunt ratios._ To calibratevthe ladder attenuator
a.precision decade divider (Electro-scientific Instruments, Model 622 A.
maximum deviation from linearity one part in 106 and input resistance
10° ohms).ahd null detector were employed in a bridge. The calibrated
shunf valueé were found to be within 0.1% of the nominal values as
specified by the manufacturer (also Electro-scientific Instruments).

As a more thorough calibration of the measuring system a
voltage source was inserfed in the feedback lead; Tﬁis voltage was
 supplied by the decade di?ider just described. The voltage, applied in

the feedback lead, to produce a constant output above the baseline for
different attenuations, provides a calibration of the measuring
system including the'digital Voltmeter. The values for each shunt
ratio for the two different methods agreed to better than 0.1%, and
were used in all calculationé.

A stable ion beam enables one to make precise ratio determina;
tions more éasily. As the ion beam Qtrength is an exponential function
of temperature, the current used to heat the filament must be well
regulated. A portion of the filament current was fed'thrqugh the
filament of a temperatﬁre limited diode. The anode current was used
for prdviding feedback, and with this arrangement fluctuations of the

“ion beam»caﬁsed by filament current variation were less than 0.1% over
a peribd of one minute. |
o Befqre converting tﬁe mass spectrometer to a solid ionization

source the writer had investigated the possibility of improving the
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efficiency of the gas ionization source. A gas source wés designed
on the basis of a mathematical theorem.presented by Naidu (1966).
This theorem specifies the electrostatic field to guide charged
particles along a prescribed set of paraxial paths. The'gas source was
designed to préduce damped oscillatory trajectories. The new gas
source was found to havevan overall efficiency the same as the modified
Nier'sourcevthat had been used previously (Ozard and Russell, 1969).
Computations by Loveleés verified that the failuré to improve efficiency
was a direct consequence of the initial conditions assigned by Naidu.
Loveless then designed a solid source with the aid of a
~ computer program to calcuiate ion trajectories. This new $olid source
has fewer eléctrodes than the conventional sblid source but'stiil
employed damped oscillatory trajectories to focus-the ions. As the ion
source produces ions with a larger anguiér divergence, the magnet of
the mass spectrometer was fitted with shims to provide second order
focussing. The collector also had to be modified to accept ions with

.a larger angular convergence.
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CHAPTER IV
DISCRIMINATION IN LEAD ISOTOPE ABUNDANCE MEASUREMENT*

Introduction

The triple filament technique developed by Catanzaro (1967)
was shown by him to give isotopic ratios agreeing closely with the
knowﬁ values for synthetic mixtures of separated lead isetopes. A

.double spike has been ueed by Cdmpsten and Oversby (1969) and by
Cooper, Reyeolds and Richards (1969) to obtain unfractionated
values for lead’isotepe ratios. VDouble spiking depends on calibra-
‘tion against the NBS equaleatomvstandard for an absolute reference,
and hence on Catanzaro's results.

_Fof routine isotopic analysis of lead‘from rocks, double
.spiking is much more attractive, mainly because of greater
, sensitivity. However, reduction of double spiked data assumesbthat
all discrimination effects are due te mass dependent fractionation
processes, and hence assumes particular numerical values for the
relative fraetionation of-eech isotope ratio. Therefore it is approp-
riate to investigate the discrimination properties of the mass
Spectrometer used in this study.

_Fractionation of lead isotopes through physical-chemical
processes has been of long standing interest. The vapour pressure
and affinity'of ieotopes of lead was related to the physical preperties

as early as 1919 by Lindemann. The difficulties of fractionating lead

* .
The first half of this chapter was presented in Zurich at the
Conference on Geochronology of Phanerozoic Orogenic Belts, and
~has been submitted for publlcatlon



25

isotopes are reéounted by Richards et. al. (1926). Duchylard et. al.
CI953) also searched for fractionation, in multistage Crignard
reactions which are involved in the preparation of lead tetramethyl
for mass spectrometer analysis; Senftle and Braéken (1954)
calculated isotopic fractionation data for lead diffusion processes
in nature.

| .Clearly it is desirable to know as much as possible abbht
instrumental discrimination in order to try to 5etfer éontrol and
correct for it. Quantitative corrections have generally been based
on a fractionation process, often considered to derive from physical-
ichemical mass dependent processes (for example, Doe, 1967;
Dodson, 1963). In the following sections data is presented which
apbears to be sufficiently precise to show that this éssumption,
“though a good approximation, mayAactually be inadequate fér precise

double.spiking_corrections where the fractionation is large.

Theory of Fractionation

Since the effect of greateét importance is the behaviouf of
tﬁe mass spectrometer as a whole, rather than a specific process such
as fractionation on the‘filament, it is useful to consider the theofy
in its moSt general form. Dodson (1963) suggests a derivation that
is independent of the analytical form_of the fractionétion,law,_and
.assumes on1y that it is a smooth function of mass. To predict the
expécted fractionation the following derivation has been used which,
though equiQalent to Dodson's,.is more compact and refers speéific—

ally fo lead.
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Define the isotope ratios

* 206 ,.. 204 ' 207 ,.. 204 208

x = Pb?%pp iy = 2% .z = Pb 204

/Pb

where the chemical symbols represent the intensity of the measured
ion beam at each mass number.

Now for a small change in ion beam intensity

6x _ 6§ pp208 s pp204 o
= - ’
pp 206 pp 204 .
similarly for 4 and Sz .
Yy zZ
gx_ , 5pb207 /pp207 _ 4pp204 /py,204

' = X | - (4-1

X X | epp206,p206 50y 204 5, 204 (4-1)

‘Let us assume that the ratios 6Pb207/Pb207, etc., are functions only

of mass number in the sense that the ratios vary smoothly with mass
for a given chemical element, regardless of the mechanism of the
fractionation.

Then GPbM/PbM =Af(M), M = mass number,

and
Sy £(207) - £(204) -
3%‘ = %‘ {£(206) - f(204)} 4-2)
Similarly Sz _ 2z £(208) - £(204) .
~ & T X {ftzos) = } (4-3)

£(204)
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If £(M) is a smooth function of M, then we may expand about £(204),

using a Taylor's series. Thus

£(207) = £(204) + 3£'(204) + %f”(204) e

and £(207) - £(204) = 3£'(204).
CSimilarly | £(206) - £(204) = 2£'(204), - (4-4)
£(208) = £(204) = 4f£'(204).

Substituting relationship (4) into (2) and (3) gives

Sy/8x 1.5 y/x y | (4-5)

2.0 z/i (4-6)

8z/8x

The error made by.dropping the terms in f"(M) is very small in
common cases. Where f(M) « 1/, for exémple, ratio 8y/6x should
be 1.49 y/x and for 6z/8x, should be 1.97 z/x.

This analysis is general enough to include discrimination
resulting from vapour pressure; ionization potential and diffusion
constant differences, from multiplier discrimination, ionization
processes generally and from other purely mass or moﬁéntum dependent
phenomena. It does not include non linearities of céllector or
measuring system (whithvare purely amplitude dependent}), geometrical
masking of parts of the ion beam (which does not vary smoothly with

mass) and pressure scattering (which varies with mass and amplitude).

Lead Oxalate Analyses

In this part of the study the single filament technique

employed followed that of Cooper and Richards (1966). The sample
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TABLE 4-1

LEAD OXALATE ANALYSES

15

pp 200 pp 207 pp 208
pp 204 pp204 pb204
19.046 * 0.02 16.000 + 0.02. 39.164 + 0.04
19.124 * 0.02 16.094 £ 0.02 39.471 * 0.04
19.106 * 0.01 16.071 * 0.01 39.421 £ 0.02
19.205 * 0.01 16.176 * 0.01 39.721 * 0.02
18.700 * 0.04* 15.590 * 0.07 38.140 £ 0.17
18.690 * 0.04* 15.580 * 0.07 38.150 * 0.15
18.710 + 0.05* .660 % 0.04 38.190 * 0.24

‘New analyses of a single sample with

the standard deviation of the

mean reported. An asterisk indicates triple-filament analyses.
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FIG. 3-1 FRACTIONATED LEAD OXALATE DATA
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FIG. 3-2 FRACTIONATED STRONTIUM DATA
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material was reagent lead nitrate, subsenuently washed free from
alkalis with ethyl alcohol. The lead'was converted td lead oXalate
in ammonium nitrate solution, and‘then dried on an outgassed
'filament of rhenium.

The triple filament technique as'déscribed by Catanzaro
(1967) was-also used. The gample, in the-form of lead hydrokide
was loaded on rhenium_si&e filaments. Ionization was effectednby
a platinum center filament at 1450°C ﬁbrightnessVtemperatnreﬁ.

The single filament spectra were scanned magnetically,
and the output recorded on digital magnetic tape.' The computation
of the isotope ratios was done entirely by computér using an adapta4
tion of the procedure of Weicherf et. al. (1967). In terms of the
inter-analysiéAvariations'obtained, the ion beam meésurément
introduced insignificant noise. The triple filament meésunements
were obtained uéing the peak-switching technique, described earlier.
Minor variations in technique seemed not to affect the ratios
obtained;_

The analyses are shown in Table 4-1 and plotted-in
.Eigures 3-1 and_3¥2. The straight lines in the figures are the
least squargs’slopes, calculated after York (1966). |

For comparison with theory it is conveniént to integrate

_equations (5) and (6) fq give

log y = 1.5 log x + ¢ . " 4-7)

[

log z = 2.0 log x + ¢’ o (4-8)



32

Least square lines were fitted to the.logarithms of the isotopic
ratios. From the theory, the slopes on logarithmic plofs should be
1.5 and 2.0, respectively. Tabie 4-2 shows the observed slopes for‘
the data. For the y/x gréph the experimental fesult falls below

- the theoretical result by six standard deviatibns and for the z/x
~graph, by nine standard deviations. Therefore the mass spectrometer
_ gives fractionation slopés differing from the theory at a confidence

level well above 99.5%.

Discussion

Because it is very probable that a fractionating process
would be a smooth function of ﬁasé, i.e., one for which second order
terms are negligible, it is hard to Believe that thé theory derived
can be inadequate. ‘To check further on this point quantitative o
checks for specific fractionation proce%ses were made. .

The characteristics of the fractionation, themselves,

SQggest a complex process. Specifically:

(1) While it is comparatively easy to obtain constant isotope
~ abundances during the analysis of a single filament loading |
(Doe, 1967), it is much more diffiqult to reproduce analyses loaded
separately. - N

v(2) ‘The fiactionatipn process depletes the lighter isotope

in préférénce to the heavier; which suggests thgt the fractionating

step precedes the ionization.
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(3) The magnitude of the fractionation, up to 2%, is much
larger than would be expected for a single-stage process for such
a heavy element as lead.

A fractionating law of the form M-n/2 predicts slopes
“lower than 3/2. The expected characteristics of the residue from
a Rayleigh distillation can produce a range of slopes including the
observed values. However, the magnitude of the fractionation‘cbuld
not be reconciled with the observed slopes. Studies of solid-solid
diffusion and thermal diffusion ended in similar results, although
the latter examinations were quite superficial.

In view of the difficultieévin understanding the resuits,
it is appropriate to look for én explanation in terms of experimentai
errors in the measufementé. The lead-204 peak is the smallest and
therefore the most'éﬁsceptible to error. Lead5204vmeasurement
uncertainfies are of the order of 0.1% and therefofe can only make_A
a minor contribution to fhe change in slobe. By itself, lead-204
| errdr would give slopes on logarithmiclplotg of unity, rather than
,1’5 and 2. If the two effects combine to givé the observed liﬁes,
they would have to. be correlated, which seemé unlikely.

For pressuré séattering, invthe simplest case where
scattering is symmetrical and a fixed proportion of‘eéch peak appears

8 ,5..206

‘under its immediate neighbours, the slope of theAPb20 /Pb Vs

Pb207/Pb206 (logarithmic) graph should be about - %w (It is more

difficult to predict the slope for the other ratios, because of the

~greater separation of lead-204 from the rest of the spectrum, and
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‘because of its different abundance.)

08,,,.206

For the Pb208/pb2%¢ ys pp207,/pp20

§ graph, the slope
‘predicted by the theory given is 2.0 for the logarithmic plot.
The data presented in this paper gives slopes of 1.42 = 0.2. The

discrepancy cannot therefore be attributed to Pb204

meashrement
error, and is unlikely to be due to pressure scattering.

There remains to question whether this effect is parficular
to our mass spectrometers, or whether it is a mofg gineral phenomenon.
- Some measurements by J. Blenkinsop shown in Eigurejgfiunpublished
data) can be used as a check of the validity of the theory for
strontium analyses with the same instruments. The predicted slope
on log-log plots is 0.50, while the measured slope is 0.49. To
provide some additional basis for comparison, we have also used
data by Ulrych (unpﬁblished), Doe (set 1, boe et. al. 1967) and‘
Cooper and Richards (1966). The results of the calculations are
. found in Table 4-2. .It is difficulf to reach conclusions about the
: individual_sets, but the weighted mean of all data (1l/weight o
square of standard deviation) does not -change the conclusion.
 HoweVer, it is difficult to evaluate the sighificance of tﬁis result,
. because it is biased strqngly towards data that was conveniently
aécessible and probably not representative. For example, Doe et. al.
(1967) report that ﬁewer data (fof which numerical isotope rétios
 were not tabulated) do seem to fit the fractionation model.

It must be concluded from the available data that isotopic

fractionation is the dominant source of error in single filament
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TABLE 4-2 a

' Logarithmic Slopes for Fractionated Data

207 206 208 206

Pb Pb .Pb Pb
Vs. VS.
Pb204 Pb204 pb204 | Pb204
Calculated slope
for fractionation :
(log-log plot) 1.5 2,0
This paper 1.29 £ 0.04 . 1.59%0.11
This paper* '1.32 £ 0.03 . 1.53+0.05
Ulrych* ©1.30 £ 0.04 1.84 £0.09
Doe (Set 1) . 1.27 * 0.20 1.73 £0.27
Cooper and _
- Richards A : 1.66 £ 0.18 2.14 +0.16
Weighted mean of :
last four values 1.318 £ 0.03 : 1.642 £0.11

* These include triple filament és well as single-filament dafa.
Slopes obtained from a 1ea§t.squares fit on a‘iog-log plot With the
standard deviation of the mean reported. All data sets include single
filament_analyses, an asterisk indicates triple filameht analyses

also employed. Ulrych's data is takgn from a personél communi;ation.
‘For sogrce»of_remaining data see DOE et. al. (1967) and'COOPER and

RICHARDS (1966) .
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lead isotope measurement by solid source mass spectrometry. In J
- addition, some analyses show discrimination patterns that differ
significantly froﬁ the elementary theory. Clearly it is advisable
for labOratories using the double spiking technique to question

the discrimination patterns of their instruments.

Theory of Double Spiking
. A sample is said to be double-spiked when there are added
to it tW§ enriched isotopes in a fixed (known) proportion. Two

~ analyses areirequired to obtain fractionation free data by double

spiking. First the lead sample is analysed and data with fractionation

of - uﬁknown magnitude is obtained. Then an analysis of the sample
' mixed with the double spike is performed to determine the mégnitude
of the fractionation; the data obtained in this analysis also
- includes fractionation. The fractionated data may then be corrected
on the basis of an appropriate fractionation law, provided thé
absolutg ratios of the spike are known.

The ratio of the added isotoPes in the doubly-spiked
samﬁle will be dominated by the known ratio in the double spike

=

that has been added:' Any difference between the known and measured
" ratio of the enriched isotopes in £he mixture may be attributed to
fractionation. This measure of fractionation may be used to correct
the'ratiq of the two unspiked iéotopes in the mixture. These two

isotopes in the mixture are dominated byrthe’sémple, so that one of

the ratios of the sample is now known. Since the magnitude of the

&
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fractionation is known all isotope ratios of the unspiked analysis
may be corrected for fractionation..

In principle, the spiked mixture has one isotope ratio
determined by the double-spike and another indépendent ratio, by

-the sample. In practice, all isotopes are infiuenced by'spike and
sample compositions. Since, at the beginning of the correction
calculation, the true isbtopic composition of the sample is unknown,
an iterative procedure is used. Convergence is very rapid.

Which isotopes to add is determined By the least abundant
isotopes in the sample. Increasing the abundance of the least
abundant isotope enables one to measure precise isotopic ratios'moré
easily; Lead-204 and lead-207 are the least abundant isotbpes in
most lead samplés encountered. The choice of lead-207 is to be
preferred to lead—206 as any pressure scatfering effect on the ratio

of the remaining pair of isotopes is likely to pfoduce a smaller

- €rror.

"Clearly, the ideal double spike_contributes only two
isotopes so that the remaining isotopes are representative of the
_.sample. However contributions to unspiked isbtopes of teﬁ to
twenty percent can be eaﬁily allowed for without introducing errors
in the final sample composition, provided the composition of the
spike is exactly known. |

.The equation on which the fractionation correction was

206

based will now be derived. The symbol Pb will represent the

measured ion beam intensity corrected for errors that assume the
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form of the fractionation law,and free of any other error at the 0.1%

level. The suffixes m, s, and sp will indicate mlx,sample and splke

respectively. Ion beam intensities corrected for fractionation,

which will be called 'true', are related by the expression:

(Pbi _] (Pbi)sp + (PbY)s

pb207) @b2%7)sp + (@b2%7)s

‘which may be modified to read:

) : (Pbl ] Q [pb1 ]
[Pb207J I I Pp207) 5 s
Pb™" _
1+Q
: 207
where Q = LEE§6715
(Pb""")sp
' pp 204
If i = 204 this expression gives the ratio Pb207 in
terms of the known value of this ratio in the spike, and the true
204 :
value of [Pb207] , for which an approximate value is known. Q may
Pb

. be estimated by substituting i = 206 or 208 in (7). . The value of

204
[Pb207} is then calculated from these quantities. In this way
Pb

fractlonatlon in the mlxture data is reduced to one fifth of the

fractionation in the sample data. (The factor of one fifth is a function
of Q and the numerical value is specific to the composition and

relative quantities of spike and sample used in this study.)
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The difference between the observed and calculated values

of
Pb207

Then by using the relationship for fractlonatlon, e.g. equations

) 204
[Pb } are used as estimates of the fractionation in the mixture.

(5) and (6), the mixture analysis may be corrected for fractionation.
The sample composition may be expressed in terms of the

mixture and spike compositions. The most useful relationship is:

' 208 208
(szos] ) Pb-"" - PbsP
206 =
Pb s pp206 _ 206
m sp

‘which can be written

[prOSJ i [Pb208] ( ) [PbZOS] ) (l) [PbZOS]

Pb206 s Pb206 R b206 R PbZOo sp

: ' 206 204 208

where R = Q(Pb204] (Pb206]' [Pb206] obtained from (7) had fractiona-
Pb s ‘Pb sp Pb

tion of about one fifth of the sample analysis. Since the second and

third terms are small, are approximately known and almost cancel

208
the value of [ b2061 calculated has the same percentage of fraction-
Pb
ation as prOSJ . Fractlonatlon effects are thus reduced by a factor
of five Pb206 m in one iteration.

In the computer reduction seven iterations were employeo
although coﬁvergence was usually achieved after three. From the
equatioos.it is easily shown that the uncorrected fraCtionation after
a single iteration is directly proportional to the value of Q. This

is a property of the sample and spike compositions in this particular
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study.
' Two enriched isotopes of lead were purchased for the double
spiking, the one 89% 1ead;204 the other 92% lead-207. These were
weighed out and dissolved to make stock solutioﬁs of 30 and 300 ppm
of lead by weight. A mixture of these two, the 7/4 spike, was

07/Pb204

prepared with a sz ratio of ten. As attempts by Compston and
Oversby (1969) and Cooper, Reynolds and Richards (1969) to
determine the composition gravimetrically failed, this method was
not employed.. |

Calibration was performed by analysing the spike alone
and a mixture containing the 7/4 spike and NBS equal atom standard.
The analyses were repeated to iﬁprove reliability. The value of the
standard reported by Catanzaro t1968), and the fractionated values
~of mixture and spikevénalyses were employed in the ijterative
procedure described above. Thé data before correction is presented
in Table 4-3. Cérrecfed values and values obtained by the triple
filament technique are presented in TaBle 4-4. The results obtained
by double spiking diffef from the mean of the tripleFfilament values
by about 0.1%. This agreement is considered QQite safisfacfory for
the purposes of this study. Table. 4-5 shows the values of double-
spiked and sample composition after éaéh_iteration.

For the values listed in Table 4-4 the ;héofetical
'Ifractionation slopes were employed. When the observed slopes, presented

earlier in this chapter, were used in the fractionation correction

-the agreement was definitely'pqoref. The calibration therefore
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TABLE 4-2 b

Logarithmic Fractionation Slopes for Rhenium and Tantalum

Pb207 Pb206 Pb208 Pb206

—=75 VS
Pb204 Pb204 Pb204 Pb

Calculated slope for

fractionation (log-log

plot) 1.5 2.0
Doe, Tantalum - 1.47 + 0.10% 2.10 £ 0.20
Doe, Rhenium 1.35 + 0.09 2.39 £ 0.30

one standard deviation of the mean quoted ‘
favours the theoretical slope, i.e. the tantalum analyses of
the'two standards ére fractionated according to the theoretical
slope. The theoretical value was used throughout the study.

Doe recently reduced his unpublished éingle filament

- data. The logarithmic slopés (personai communications) are given
in Table 4-2b. The results provided independent evidence which
indicates that rhenium filaments produce discrimination that does
not fit well the theoretical fractionation slope. Tantalum
filaments do however produce slopes corresponding to the fractionation
law.  The use of the theoretical slope for tantalum is thus

justified by independent evidence.
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' TABLE 4-3

FRACTIONATED DATA FOR SPIKE CALIBRATION

206 207 208

Pb Pb Pb
pp, 204 - pp204 pp, 204
7/4 Spike ' 0.2866 10.095 0.6343
o 0.2854 10.076 " 0.6348
. 7/4 Spike and | : :
Equal Atom o 3.1490 . 10.624 3.4780
"o ) 3.1950 10.626 3.5260
7/4 Spike and
Broken Hill #1 - 1.6885 10.585 3.7840
Equal Atom N 36.959 17.305 37.242
Broken Hill #1 , 16.038 15.478 35.998
" o »' 16.040 15.452 35.865

All data obtained by single filament sulphide technique, one standard

vdeviation of mean less than 0.1%.
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)
TABLE 4-4

SPIKE, EQUAL ATOM AND BROKEN HILL #1 COMPOSITION

Pb206 Pb207 pb208

pp 204 o204 pp, 204
- *7/4 Spike o 0.2841 10.013 0.6296
*Equal Atom 36.702 17.125 . 36.725
*Broken Hill #1 . 15.995 | - 15.386 35.662

v**Broken Hill #1 ' )

Triple‘Filament 16.002 15.384 35.609

" _ 16.007 15.452 -+ 35.723

"o | ‘ 16.015 - 15.403 35.750

. ***Equal Atom | : | . '

Triple Filament 36.738 17.160 36.745

. :
Compositions from Table 4-2 corrected for fractionation

. : | ,
- Triple filament analyses this study, one standard deviation of

mean less than 0.1%.

*k*k .
Catanzaro's triple filament value used in 7/4 spike calibration

calculation. ‘ S :
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TABLE 4-5

BROKEN HILL #1

BROKEN HILL #1 AND 7/4 SPIKE

15.386

Pb206 Pb207 PBZOS Pb206 Pb207 Pb208
Pb204 Pb204 Pb204 Pb204 Pb204 Pb204
'16.040 15.452 35.865 1.688 10.585 3.784
15.999 15.393 35.682 1.679 10.494 3.741
15.995 15.387 35.664 1.678 10.490 3.739
l15.995 - 15.386 '35.662 1.678 10.490 3.739
15.995 35.662 1.678 10.490 3.739

- Each line of data represents one complete iteration. Three further

iterations produce no further change.
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CHAPTER V

SAMPLE LOCATIONS AND DESCRIPTIONS

Vogt—bebs Area, Ontario
- This area is astride the Grenville Frqnt hear.Lake

Timagami. RocksAfrom this vicinitybare particularly suitable for
a.study of fhe behaviour of uranium-lead systems because of the
Apoésibility of observing the effect of the increasing metamorphism
towards the south. The Grenville Front is defined here principally
by the transition from a me%amorphic grade of the greenschist faéies
in the north to the amphibolité facies in the south. Grant was éble
to trace rock units across this bounddfyand locate equivalents on the
basis of lithology. It is‘the 1euq§granite to the north énd some of
its equivalents to the south that were sampled. .

. For this first study, rocks expectea to containvlarge
quantities of uranium and lead are to be preferred. Examination of
~ the literature shows that acid rocks generally contain more lead and
uranium than more basic rocks. A more specific investigation by
Doe (1967) indicates that lead content depends on feldspar type and
abundanée. Potassium feldspars»are found to contain from 20 to
60 ppm typically, while coexisting.sodium—calcium feldspars contain
- about one third tﬁé concentrations. For thi; reason the more access-
ible acidic rocks were collected. A regional and a simplified geologic

map (Figure 5-1) show the general location of the region and serve to

“identify the sample locations,

@
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The samples were all collected from outcrops close to the
}Qgging road shown in Grant's more detailed map (Grant, 1964). As
he personally supervised the colléction of the Ontario samples
studied in this Thesis, it was possible to sample the same sités as
were used for his Rb-Sr study. Portions of the following sample
descriptions afe taken from Grant, 1964.

-Gl was taken from the south side of a leucrocratic albife
stock two miles in diaméter called the Vogt granite. This pink,
medium-graihed, albite granite contains less than 5% green biotite.

The potassium feldspar, microcline microperthite, may form phenocrysts.

- Accessory minerals include muscovite, chlorite, epidote, sphene,vapatite,
zircon and opaque minerals. This is thé oniy sample from north of the
Grenville Front.

A similar granite forms a belt about four miles long and a
half mile wide centered on the south end of Sinton Lake and astride the
Grenville Frpﬁt.' Sample GZ is representative of the pink leucocratic
élbite granite phase of this body while G3 represents the quartz
monzonite to granodiorite phase. CSCH was taken from a vein of |
pegmatite rich in potassium.feldspar, and inciuded.small traces of the
surrounding quartz-biotite-plagioclase schist. The sample from the
vein was collected because of its potentially high lead content. The
surrounding rock isAdescribed as ﬁigmatite and occupies much of tﬁis‘
region. Th¢ remaining sample G5 was also thought to be derived from
the samé.otiginal granite, shéws cataclasis and is alsd a quartz

monzonite.
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FIGURE 5-1 REGIONAL AND SIMPLIFIED GEOLOGIC MAPS VOGT HOBBS AREA
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Rice Lake-Beresford Lake Area, Manitoba
' This area has been of particdlar interest to geologists
:since 1911 on account of the gold discovery at that time. A map
showing the location and general geology of the area is presented in
Figure 5-2 (based on Stockwell and taken from Turek, 1968). The
region consists of a potassic granite in the north and a gneissic belt
in tﬁe south. The Rice Lake group lies between these two and has been
intruded by basic dykes and sills which have in turn been intruded by
quartz diorite plutons. |

Samples anaiysed from this area were from the northern
'potassie granite and the sample locations are marked on Figure 5-2.
Each of the hand specimens was stained with sodium cobeltinitrate to
determine the potassium feldspar content. The rocks were then class-
- ified aceording to their quartz and potassium feldspar content.

Samples 29 and 47 may be approximately classified ae quartz
diorite while 78, 207 and-214 are granodiorites. All of the Manitoba
-samples are distinctly more gneissic in structure then the Ontario
samples, and show considerable inhomogeniety. There are also
indications of replacement of potassium feldspars or potassium feld-
epars replacing other feldspars. Qn the average the Manitoba-samples
contain appreximately 10 to 15% potassium feldspar; this is slightly
less.tﬁan one half of the potassium feldspar content of the Ontario

samples..
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FIGURE 5-2 REGIONAL AND SIMPLIFIED GEOLOGIC

MAPS RICE LAKE-BERESFORD LAKE AREA
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-+ TABLE 5-1

UNCORRECTED SINGLE FILAMENT ROCK LEAD ANALYSES

pp 206 pp207 p, 208

ppy 204 pp 204 pp, 204

29 18.766 15.656  36.211
47 15.266 14.934  34.863.
78 16.169 15.158 35.412
207 ' 16.697 15.225  38.806
214 | . 16.933 15.402 37.464
Gl | 23.399 16.564 40.831
G2 -27.411 17.137 39,863
G3 : 19.834 15.938 39.413
cscH 21.655 16.343 36.826
Gs 14.832 15.128 35.192

New analyses of rock lead samples, standard deviation of mean less
than 0.1%. The analyses were carried out with the single filament
sulphide technique. This is the data before the double spiking

corrections.
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TABLE 5-2

UNCORRECTED DOUBLE SPIKED SAMPLE ANALYSES

pp, 206 o207 | pp 208

pp, 204 ;;EBZ pp, 204

29 3.0700 10.907  5.983
47 | 1.6880 10.522 -3.846
78 1.9146 . 10.604 | 4.192
207 2.3002 10.711 5.324
214 1.9847 . 10.652 4.390
Gl © 1.9810 10.586 3.597
G2 : ' © 2.9840 10.773 4.542
G3 : . 2.2996 10.675 4,624
CSCH 3.5970 11.048 6.247

.G5 1.6469 10.542 3.863

" New analyses of rock lead samples mixed with double-spike,
standard deviation of the mean less than 0.1%. Analyses carried
out by single filament sulphide technique and not corrected for

fractionation.
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: TABLE 5-3

ANALYSES OF ROCK LEAD SAMPLES CORRECTED FOR FRACTIONATION

pp, 206 py 207 pp, 208
pp, 204 pp 204 pp, 204

29 18.651 15.512 35.768
47 15.247 14.906 - 34.776
78 16.040 14.977 - 34.848
207 16.634 15.140 38.516
214 16.793 | 15.211 '36.844
Gl f . 23.343 16.504  40.635
G2 ©27.345 o 17.075 39.670
G3 - 19.723. 15.804 38.972

' CSCH |  21.579 16.257 ©36.569
65 - 14.746 114.996 34.783

The above data were obtained By correcting the data of Table 4-1
for fractionation with data from Table 4-2. All Manitoba samples

have entirely numerical labels.
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New Rock Lead Data

All isotopic gompoéition analyses for rock lead data were
obtained by using the single filament sulphide technique. The raw
sample and double-spiked sample analyses are reported in Tables 5-1
and 5—2. The rock lead compositions were corrected for fractionation

by assuming a fractionation law of the form;

%Y— = 1.5Y ana & - 202
X X X

The standard deviation of the mean, for the raw data, was
less than 0.1% in all cases and typically 0.05%. Errors in the
three sample-rétibs, the three double spiked fatios and the three
spike ratios, all contribufe towardé the errors in the fractionationf
corrected data.A A numerical experiment was performed to determiﬁe the
effect of erfors in the sample, spike and mix§ure ratios. Perturbations
of + 0.1% were applied to each of the nine ratios in turn, the other.
eight ratios being free of this pérturbation.. All nine ratios were
-chosen to ihcorporate fractionation of 0.13% per mass unit. A
" second study was also performed in which the perturbation was + 1.0%
and the fractionation 1% per mass unit. The percentage change in a

_ o

sample ratio divided by the percentage pérturbation is called the
error magnification for that rafio. The error magnifications were
- found to be the samé for the two cases studied and are given in

Table 5-4.

-y
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TABLE 5-4

ERROR PROPAGATION FOR BROKEN HILL #1 v

ERROR MAGNIFICATIONS

pp206 pp 207 pp, 208
204 204 204
PERTURBATION Pb Pb Pom

*SAMPLE RATIO RAISED:
206/204 _ + 2.1 + 1.7 + 2.2
207/204 o - +0.1 + 1.2 + 0.3
208/204 - 1.1 - 1.7 - 1.2

~ DOUBLE-SPIKED RATIO RAISED:
206/204 S - 1.3 -2.0 - -2.7
207/204 | - 0.9 - 1.5 -1.9
208/204 - ' + 1.3 + 2.0 + 2.6
SPIKE RATIO RAISED:

206/204 + 0.2 + 0.3 + 0.3
207/204 : + 0.8 o+ 1.3 + 1.5
208/204 - 0.2 - 0.3 - 0.4

The error magnifications are tabulated under the reduced sample

ratios to which they refer.

% . . i .
'~ All ratios incorporated fractionation and only one ratio was raised

at a time.
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The fact thgt_the error magnificétion was not féund to be
a function of the magnitude of the fracfionation, indicates that
large fractionation corrections can‘probably be made as precisely
as small corrections. However in this study the use of tantalum
filamehts was preferred because of the small magnitude of the
fractionation and the reduced likelihood of large errors from correc-
‘tions'for fractionation.

The source ofvthe errors in the reduced data can be divided
into two parts. The error introduced by the spike ratios detefmines

the absolute calibration of the final data and is a constant value
_for all of the analyses. This error arises when thé spike is
calibratéd. The agreement between the double spiked measurementé and
the triple filament_values of the standards (see Table 4-2) indicates
 that errér from this source is probably 1less than 0.1%.

The second portion of the error varies from analysisrto
analysis and determines the-réproducibility. A numerical estimate of
the standard deviation for the reduced data may be obtained by
considering any reduced iéotope ratio, Ri’ to be a function of the

six measured isotope ratios R

1° RZ’ ces R6, employed in the fraction-

ation correction:

: Bi = f(Rl, cenes R6).

The standard deviation, o, of such a compound quantity is a function

10 *e* O of the six ratios:

2 : 2 '
2 _ [3f 2 of | _ 2 '
o = [’5?1'} 9 F e [571('6'] % - (-1

-of the standard deviations, ©
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If the quantities Eg%i-are approximated by the error magnifications
iisted in Table 5-4 t;en for a standard deviation o, of 0.05% for
each ratio the standard deviation, o, for the reduced data will be
0.22%. |
: Clearly this is an oversimplication aé the quantities
{%§;J were identified with the value of this quantity when all bgt
one ratiobis correct. It is instructive to considgr a special case
to show how errors in the six ratios may actually interact; The most
common form of error in lead isotope ratio determinations results
from measurement errors for the lead-204 peak. If such an error occurs
then all ratios to lead-204 experience the same percentage changé.
1f the mixture analysis incorpofates lead-204 error, then a.partial
cancellation of errors could be anticipated (see Table 5-4). This
effect was verified By nuﬁerical tests. Avsimilér situation arises
for the saﬁple analysis. Thus if error of measurement of the lead-204
peak is the only source-ofxerror in the sample'and double-spiked
analysis then equation 5-1 is éffectively reduced to two terms. In
this case, the éstimated standard deviation for the final data, from
an initial standard deviation for the raw ratiés of 0.05%, is 0.1%.
Numerical reductions, incorporating lead-204 error, gave errors in the
reduced»Sample ratios»in_agreement with the predicted'errors.

There are two checks of the_reproducibility.of the data.

The firSt'of_these results from the measurement of the pp208 206

/Pb
in the mixture, which should relate simply to the same ratio in the

sample. During the fractionation correction the difference between
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08,,,,.206

the sz /Pb ratio in the corrected mixture ratios and the

' - - - -
uncorrected sample ratios is used indirectly as a measure of

206 ratio were not reproducible then

fractionation. If the szos/Pb
there would result a much lérger range and average/magnitude of
fractionation. The average fractionation of 0.215% pef mass unit is
in close agreement with fractionations of 0.13% and 0.15% per mass
‘unit obtained by Doe (1967) and Zartman (1969) for lead sulphide 
loadings on tantalum (the standards analysed by thése two workers
have been analysed on triple filament by Catanzaro, 1969). The
magnitude of the average fractionation in th?s study is higher than
‘the reported fractionation for the standards. However it was found
during tﬁis study that the analyses of rock leads generally showed
greater fractionation than the analyses of standards. This is
probably a function of the purity of the samples.

The second reproducibility check arose because concentrations
were measured separately bY'using radiogenic lead, rather than
combining fhe concentration determination with the double spiking
correction. Two concentrations were determined, one is based on the

206 ratio and the other on the sémple Pb207 206

sample Pb20%/pb /Pb
ratio. The concentrations calculated from the two ratios agreed to
within the precision of the measurements. This implies that the

sample Pb208/Pb207

ratios were reproducible to about 0.2% or better.
- -The fact that the double spiked analysis was not used to
determine lead concentrations also left one unused equation in the

fractionation correction. This equation was used to obtain a second
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estimate of the proportion of double spike and sample in the mixture.
The two estimates were ave:aged in the reduction and were equal
at the end of the reduction. Clearly this increases the reliability
of the correction.

| Compston and Oversby (1969) claim thaf fractionation may
be corrected by double-spiking to give a sample composition whose
95% confidence limits are * 0.1%. In that study, one sample analysis
was corrected for fractionation by using replicate double spiked
analyses. Their uncertainty theréfore only reflects errors arising
from the double spiked analysis, whereas sample analyses tend to have
‘a larger standard deviation. Consequently the expected 95% confidencé
limits of the reduced data for pairs of sample and double-spiked
analyses, each contributing errors, would be about doﬁble this value,
or * 0.2%. |

In conclusion the technique used in this thesis is believed

to be as precise as that of Compston and OVersby (1969), but studies
of propagation of errors yield a more pessimistic Viéw of the
precision available from data of this quélity.* For interpretations
qf this data a reproducibility of * 0.3% (95% Cbnfidence level) will
be assumed. In addition the uncertainty of the composition of the |
double ;pike adds a possible bias of %* 0.1% which is not significant

for the interpretations.

6,,,.204 08

* . ‘ . . .
Note that Compston and Oversby's pb20 ratios and Pb’ /

Pb204 ratios each differ from the triple filament values by 0.2%.

/Pb
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Uranium and Lead Concentration Determinations
‘ Lead concentrations were calculated from the ratios obtained
from samples spiked with radiogenic lead; uranium-235 was added to
determine uranium concentrations. The details 6f the calculation
procedure are given in the Appendix. Optimum spiking curves are also
found there. It is quite easy to perform precise mass spectrometric
analyses for the lead concentration determinations, as only'the-
abundant isotopes, lead-206, lead-207 and lead-208, need be measured.
‘Because semsitivity is not a serious problem it was possible to do
these analyses by triple filament.
| Before discussing the precision of the_concentration.
measurements a comment will be made on the precision requiréd. The
quantities of greatest importance that are dérived frbm the concentra-

235 204 38 ,,,.204

" tions are the ratios U and U2 /Pb“" 7. The ratio

U238/Pb2044varies from 0.4 to 20 whereas the lead isotope ratio

207 ,,, 204

/Pb

Pb™" " /Pb varies from 15 to 17. Consequently if theirelative errofs
in the concentrations are ten times the relative errors in the isotope
ratios, then the relative errors in the variable portions of these
qﬁantities are about the same. In view of thé'precision and accuracy
of the ratio determinations, concentrations measurements correct to
1% were attempted.

Reproducibility of lead concentrations can Ee estimated-
.from Table 2-1. The total variation is less than 0.5% for the
conditions employed in this study. Concentrations of lead and

uranium for the two suites énalysed in this study are listed in

Table 5-5.
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TABLE 5-5

URANIUM AND LEAD CONCENTRATIONS

LEAD URANIUM
29 10.49 1.992
47 7.9 |  0.469
78 o 17.19 1.456

1.457

207 10.74 | 1.050

214 ; | 15.12 1.456

| 1.460

Gl ‘ _. - 29.95 S 11.78

G2 ‘ | 37.12_ » 2.118

G3 ' 121.337 . 5.626

CSCH . © 23.89 . 6.467

Gs | 38}88 - 0.225

GSP-1 | S 2.207

2.206

Lead and uranium concentrations are total lead and total
uranium in parts per million by weight. One standard deviation

- is 0.25% for a concentration determination.
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Uranium concentration determinations show equally good

}eproducibility as can be seen for the three duplicate analyses.

The uranium concentration determined for GSP-1 is about 8% less

than the preferred value given by Doe et. al. (1967). However as
his values vary from 2.2 to 3.2 ppm an 8% discrepancy is of doubtful
significance. Clearly the present reproducibility is significantly
better than Doe et. al. (1967).

Uranium isotopic fatio determinations are subject to
fractionation errors even when carried out by a triple filament
method. Unlike lead, this fractionation is repofted to lead to an
enrichment in the lighter isotope (NBS Technical Note, 1966). A
correction was ﬁade in the concentration calculation corresponding
to an enrichment of 0.4% in the lighter isotope. Althqugh this
- correction is only ah'estimate on the basis of reported fractionation
this cqrreétion should reduce the magnitude of any such error to
negligible size. Regﬁlatidns did not permit the purchase of the
large quaﬁtities of uranium supplied for.standards suitable for
measuring fractionation. For the purposes of computation the 95%
#onfidence limitsifor a concentration determihétion are * 0.5%. This

includes the error magnification and spike calibration.
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CHAPTER VI

INTERPRETATION OF ROCK LEAD DATA

in order to complete the first objective of this reéearch
fhe data will be interpreted in the light of the lead-lead and
lead-uranium models of Russell and Farquhar (1960), Ulrych and
Reynolds (1966), Ulrych (1967) and Russell et. al. (1968). It is
then possibie, by using other published data, to compare'the resuits
for the uranium-lead and rubidiumfstrontium_systéms for the two
~localities investigated. 'Finally, it is possible to look at the

interaction of geologic events and uranium-lead systems.

~ Lead-Lead Interpretations
The rock samples analysed are equivalent to common leads

mineralized at the present. For common leads it is found most

7 ,5..204 204

instructive to plot szo /Pb Vs Pb206/Pb as is done for the

Manitoba and Ontario data in Figures 6-1 and 6-2. Russell and
Farquhar (1956, 1960) have shown'that, for samples whose radiogenic

component was produced between t and tys and which contain the same

common lead component, a linear relationship results on the

Pb207/Pb204 Vs Pb206/Pb2_04 plot. The slope, R, on such a plot is

~given by:

A .
- 1 exp (X'tl) - exp (Atz)

(6-1)
exp (Atl) - exp (At :

(All new symbols in this chapter are defined in Table 6-1.)
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For leads mineralized at the present, ty = 0. Thé poinfs _
shown were fitted with least squares straight lines as described by
York (1966). Even'thqugh rather pessimistic figures for‘the 95%
confidence limits of the data points are shown in Figures 6-1 and 6-2, the
" Ontario data still appear to differ significantly from a straight

liﬁe. Although the humber of points is very small, a numefical
estimate of the goodness of fit can be made. Assuming 95% confidence
‘limits of 0.3% for the data, the cHi—square test indicates that there
is a 25% probability of exceeding the value of chi—squared for the
Manitoba suite and a probability of 1% of exceeding the value of
chi-squared for the Ontario suite. This signifies that the Manitoba
suite approximétes the>Russe11—Farquhar model. The Ontario data
cannot reasonabiy be considered fo be even a poor statistical sample
from a populafion thét fits the Russell-Farquhar model. It willnbe
shown later, however, that the data doeé admit interpretation.’
—~ For the Manitoba potasSiq granites the inferred age, based
on the observed slope, is‘2750 + 150 my,'where the error limits are
one standérd deviation (as ¢lsewhere in this thesis unless otherwise
stafed). The standard deviation quoted is based on York's estimate
and repreéents the fit of the data points to the line,and not the
standard deviatioﬁ of the slope based on the precision of the data
poinfs (Williamson, 1968). As York's estimate is larger than
: Williémson's this is a more pessimistic (though in fact more realistic)

estimate of the standard deviation of the age. This procedure is

-used thiqughout the remainder of this chapter.
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TABLE 6-1

Symbols and Constants Used in Age Determination

Isotope At present At time At time
Ratio : t=20 t t
0
Pb206 . . | | .
Pb204 . | o o
Pb207 b y , "
pb204 ' -0
Pb208 . ] .
Pb204 o
238 o o
2—554 B ueAt 'uelto
Pb
) . ' '
U235 ' vu/q u/agl t. uel to
pb204
232 ' ‘ ‘ ' "
303 K Kel t : Kek %
Pb
Decay Constants Value in .10-9(years)"1 ‘ Parent Atom
A 0.1537%* o u?%®
BY : 0.9722 - u?®
A | 0.0499 . %32
va =0 y?5 2137811 (Inghram, 1047)
* %

Kovarik, A.F. and Adams, N.E., Jr., Phys. Rev. 98, 46, 1955.

Fleming, E.H., Jr., Ghiorso, A., and Cunningham, B.B.
g Phys. Rev. 88, 642, 1952.

Picciotto, E. and Wilgain, S. Nuovo Cim. Ser. 10, 4, 1525, 1956.
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The slope for the Ontario suite gives an_ege of 2,580 *
éO my. The smaller standard deviation in the slope of the line is
not an indication that the Ontario data fits the assumptions of the
model better than the Manitoba data; as has already been mentioned
the converse is true. The smaller standard deviation in fhe
Ontario data is a consequehce of a larger range of isotope ratios
in the Onfario suite.

More can be said about the leed-lead plot when an initial
composition for the common lead ie available for-theée suites.
This matter will be discussed further when the common lead component

has been obtained from the uranium-lead interpretations.

Uranium-Lead Interpretations

Ulrych and Reynolds (1966) have shown that whole rock
uranium-lead data may be interpreted in a manner anélogous to

rubidium-strontium whole rock interpretations. For rocks starting

6,,,.204

from a common initial szo /Pb ratio, and for which the rock

has remained closed to the transfer of lead and uranium, the present

Pb206/Pb204 ratio is given by the expression:
[ztf"f_] (3220_6] . {9_2_?_8_] o 6-2)
Pb204 Pb204 i » 5204 B

‘with a similar expression for Pb207/Pb204° If a suite of rocks
satisfies the assumptions then a linear relationship results with

a slope, R, which depends only on t; t can be obtained from:

‘_§.= %ﬁn_ (1 +R). ©(6-3)
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When the Manitoba data, Figures 6-3 and 6-4, are inter-
ﬁreted in this manner the ages from the lead-207 - uranium-235-lead-
206 - uranium-238 plots are 2,626 % 200 my and 2,238 + 205 my
respectively. As the standard deviation of'thegage based on the
fit of the points to the line is greater than the standard deviation
based on the precision of the data, the model is only considered
to be an épproximation to the history of the samples.

Similar plots of the Ontario data show thgt the déta as
a whole'cannot be approximated by the single stage médel. The slopes,
_ignoring G2, cofrespond tc ages of 2,230 £ 350 my and 1,874 * 400 my .
respectively for the lead-207 and lead-206 plots. |

If these samples are_freated as uranium minerals‘fhen é
Pb207/Pb?06.age may also be determined. This age is not independent
" of the two lead-uraniﬁm‘ages just'determined.' However.to make such
'an‘age detérmination it is'nécessary to correct for common iead.-
This has already been donehin the Russell-Farquhar model by assuming
the common lead;componént.to be identical for all sémples;

Anotﬁer method of correcting for the common lead is
employed in the modified concordia plot. The.éamples are éssumed
to have a two stage histbry of which the fifst stage is represented
by the cémmon lead present and the second stage by radiogenic addi-
tions from uranium now found in the rock. It is assﬁmed in the |

model that .the Pb207 206

/Pb .ratio of the common lead incorporated in
each rock is the same for all samples. Ulrych (1967) (see also

Russell et. al. 1967) have shown that if the quantities{
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FIG. 6-3 URANIUM-235 — LEAD-207 PLOT
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FIG. 6-4 URANIUM-238 — LEAD-206 PLOT
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FIG. 6-5 URANIUM-235 - LEAD-207 PLOT
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FIG. 6-6 URANIUM-238 — LEAD-206 PLOT
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pp, 206 i pp206 a,  sz04
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pp207%  _ [pp207 bo »_Pb204‘
235 204 235 | °
U o \Pb J v Jo

are plotted as absissa and ordinate respectively, a linear relation

" results, if the assumptions of the model are jusfified for the suite
of rocksf{ The Ontario and Manitoba data was piotted in this manner
and least squares straight lines fitted (Figures 6-7 and 6-8). The
time value for the upper intercept,of the linear relation with the
concogdia;is interpreted as the age of the earth and the lower intercept
time value as»the‘time of commencement of the last stage. The scatter
of thé data about these lines indicates that the lead uranium system

. does not satisfy the two stage model very well. The inferred
>commencement of the last stage for Manitoba and Ontario suites are
2430 + 576 my ago and 1640 * 65 myAégo respeétively.

A sﬁmmary of the inferred;ageg is given in Table 6-2. The

data from Manitoba shows the pattern lead-lead age > uranium 235-

lead 207 age > urénium 238-lead 206 age. This fits the pattern
observed for loss of radiogenic lead. The lead-lead age is known to

o
be least affected. (Lead Isotopes in Geology, 1960).

The Manitoba data did show a larger scatter on the Pb206/Pb204

versus Pb207/Pb204 plot than would be expected for the precision of

the data. This could be the consequence of differing compositions
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TABLE 6-2

Interpretative Ages

MODEL ONTARIO MANITOBA
Russell-Farquhar 2580 + 80 my 2750 * 150 my
. Modified Concordia . 1640 * 65 my 2430 + 576 my

Uranium-Lead

o 2230 * 350 my 2630 £ 200 my

u?38_pp206 | 1874 + 400 my 2240 * 200 my

Time limits correspond to one standard deviation for fit of data.
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for the common cbmponents incorporated at the beginning of the last
stage. Differing initial cdmponent; for the last stage are best
explained as the résult of a three stage history. If this is in
fact the case,.then the modified concordia piot is probably not
suifaﬁle for representing these samples.

The Manitoba data is then consistent with a three stage

history. It remains to clarify that history. In order to discover

~more about the second stage it is desirable to obtain better

estimates-of the initial cdﬁposition for the last stage._'The
interéepts_on'the uranium-235 - lead-207 and uranium-238-1lead-206
plots are included_oningure 6-9. These however are poor estimates
becaﬁse the lead-uranium slépes have been reduced by lead

remobilization. If instead intercepts are calculated on the basis

of the lead—leédAage and the centroid of the data on the uranium-

lead plot lower intercepts result. These are ;150 shown in
Figure 6-9.

The nearest ore lead data is also plottéd on 6-9 from
Manifoqudge (O;ti; et. al;, 1967) . Clearly the Manitouwadge data,
including the Gééo vein, fit the anomalous lead line very well. (The
analyses of Ostic were corrected fér sample-1line fractionation);

The preferred model for these samples is depicted in Figure 6-10.
The time of formation of the second:stage is greater than 3000 my
and a best estimate based on an anomalous lead line passing through
ordinary lead 2500 my old and the Manitbuwédge like composition is

3500 my. The value of 2500 my is the youngest event known to have
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affécted the norfhefn granite (Tufek et. al., 1968). If the commbn
lead incorporated,iﬁ the Manitoba suite is to be produced as
recently ‘as possibie,Athen the fo:mation of fhe crust in this
xegion and the production of the common lead éomponent may have
taken place at 3600 my . This‘is_the minimum age for this event.
_ These interpretations imply that the Manitouwadge ore leads were
derived from maferial with a crustal history. This interpretation.ié in
_contrast to the arguments of'Tiiton é£§ Stgigér (1965) who empioy
Manitouwaage'and related leads,vto célculate an age for the earth
of 4700 my. In their argument, they assume that Manitouwadge is a
2700 ﬁy old primary leadlthat has not been contaminated by crustal
material. |

)' The slope of thé anomaloﬁs lead line, including fhé Rice
:Lake4Beresford‘Lake samples, the Manitouwadge.sample and th; Geco
vein sample, is not significantly different from the value without
the orellead sample. If the last stége in the history of the ore
lead samples is genetically as well as‘isotopically related to the
rockilead samples, then thé Géco sam?le was emplaced quite recently
in the Fox Creek fault. ‘it is possible that the Geco lead has been
extracted recently from the rock lead adjacenf to the fault. This
"is a closer approximation to the first argument put forward by
Ostic (1963). The older age determined }or the composite anomalous
lead line; tl; is then 2760 * 40 my, for t2 = 0. There is abundant

evidence for an event at this time in this area (e.g. Turek and Peteruman,

1968; Goldich et. al., 1962).
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. TABLE 6-3

Observed and Calculated p Values
For Two Stage Model

38 .. 206 235

uz ul Value from U? -Pb “1 Value from U Pb207
MANITOBA
29 11.51 6.94 - C 7.647
47 3.39 7.399. - 7.574
78 i 4.83 | . 7.615 7.507
207 5.95 . 6.245 . 7.669
214 5.75 | 8.205 : 7.813
ONTARIO
61 27.386 © 7.923 7.990
G2 4.149 21.653 7 9786
G3 18.366 6.591 ) 7.421
CSCH 17.437 . 9.334 | 8.153
Gs 0.3675 6.820 - 6.891

238/Pb204 for the first and second

LN and M, are the values of U
stages respectively extrapolated to the present.

7

[]
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Emplacement of the Geco lead at an earlier time would imply
' that the Geco lead, though isotopically related, is not genetically.
related to the rock leads. This situation; which seeﬁs.improbable
isotopically, does not alter the argument put forward for the

Rice Lake—Beresféfd Lake region. |

The initial lead isotope Composition_of.the Ontario suite,
"for the last stage; was also calculated bn‘thé basis(of the
uranium—235-1ead—207 and uranium-238-1lead-206 plots, in the manner
used forVManitoba. It is questionable whether this procedure is
valid‘for the Ontario suite because of inadequate sampling for rocks
that have experienced lead remobilization. From the Figure (6—9),
a?d in view of the low uranium content, G5 may be considered a close
approximation to the commén lead iﬁcorporated at the beginning of
the.last spage. | ,

The féct fhat the initial lead isotbpe ratios fall below
the growth curve can beét be explained'by a crustal history for the
common léad component prior to the cémmencement of the last stage.
The g?eater part of this initial lead was probably derived prior to
2300 my ago although the Grenville event may hgve caused small
recent additions. Kanesewich énd Farquhar (1965) have pfoduced
evidence from lead isotopic analysés of ores emplaced in nearby

rocks of the Cobalt-Noranda area, that shows that a crust existed
\

7

there prior to 3200 my ago. The ore deposits they examined formed
a chord between 2300 * 150 my.ago'and 3250 + 150 my ago. Kanesewich

and Farquhar were of the opinion that the ore leads entered the

C.
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FIGURE 6-10
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SAME ISCTOPIC :
COMPOSITION - 4580 * 50 my
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.'older country rock through fissures. This older country rock in
;he southernmost region, in the Vicinity of Cobalt, is known as
the Bruce and Cobalt series. Grant (1964) identifies the meta-
morphié rocks north of the Grenville Front and in the area studied
as belonging to the Bruce and Cobalt series. An uhconforﬁity
separates the oferlying Bruce and Cobalt series from the older
underlyiﬁg granite north of the front, studied»here. It may be
concluded that the common lead incorporated in the Timagami samples
was derived from crustal material existing prior to 2300 my ago.
Individuallsamples analysed in this study were probably
partially derived from rocks with a quite éimilar common lead
component 3500 to 3200 my_ago, And have been subjected to ah evént
at 2300 my ago which effected homogenization of the leadviSOtopic
compositions that had‘developed up to this time. It is not possible
to distingﬁish a spread in initial lead isotopic composition through
‘incomplete homogenization.at 2300 my ago from.the effect of a
'pértial redistribution of the common lead component in these rocks
at the time ofﬂthe Grenville event; That such a spread exists is
confirmed by the deviations on the lead-lead piot for the Ontario
data. Evidence supporting lead remobilization is discussed later

in this chapter.
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FIGURE 6-11
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Comparison of Uranium-Lead and Rubidium-Strontium Systems.

Turek and Peterman (1968) ha&e cariied out a very
thorough rubidium-étrontium study of the Rice Lake;Beresford Léke
area. - Their>invespigation included,an'age determination for the
ﬁorthern potassiq granite studied in this thésis. They obtained

2550 + 40 my (A = 1.39 x 10711

8

yr_l) for this body and an initial
ratio for 5:57/5:8® of 0.7031 + 0.0021. The initial ratio is
consistent with a previous history in a system of moderate |
Rb87/Si§6wratio. That the potassic granite‘is reworked material
ié supported by its strongly gneissic structure and the presence
of numerous xenoliths. An investigation by D. Culbért and
J. Blenkinsop has shown that a large body of crustal material may
exist for several hundred million years in a low rubidium to
strontium environmenf. Their analyses were carried out on the
Coast Range Batholith, British Columbia. (Culbert and Blenkinsop,
to be published). The iubidium-strontium results for the Timagami
region are consisfent with the model presented earlier, and have
indeed been used to construct the model.

J.A. Grant investigated whole fock and mineral rubidium-
strontium systems for the Grenville Front near Lake Timagami,
Ontario. He determined an average primaryvage, from the whole rocks,

of 2350 * 150 my with initial Si“8'7/Sr'86 of 0.703. The isochron

e

plot showed some deviations from linearity, possibly as a result of
open system behaviour. Biotite-whole rock joins yielded secondary

ages of 920 my for G5, 1270 my for G2; and 1360 my for Gl. Apatite-

Y
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whole rock joins generally gave greater values than the biotite-
whole rock joins. These mineral ages are thought to be indicative
of the Grenville event and approach the acceptéd.Grenville‘age as
one progresses south, i.e. in the direction of ihcreasing meta-
morphism.

Clearly the léad—lead determination of 2580 % 80 my is
consistent with Grant's age from the rubidium-étrontium system, |
It has been shown clearly that some‘efent, probably the Grenville
metamorphisﬁ, has disturbed fhe uranium-lead whole rock system.
This was manifested by the deviatioﬁs for the rubidium-strontium
wholé rock system from a straight line isochron plot. Furthermore
the inifial ratio obtained from_the strontium data does not
preclude an early period in an envirdnment of low to moderate
Rb87/8ﬁ?6 ratio. It is also possible_that this ratio is set by.
strontium additions at the same time as the uranium-lead system is

formed for the last stage.

Lead Mobilization in the Timagami Samples

Steiger and Wasserburg (1969) have analysed zircpns from
.samplé GS. Their data supports a primary age of 2689 % 12 my.
The zircons are discordant,_in genéral, and it is thoughf’that
lead loss may have been effected By the Grenville metamorpﬁism.
That 1ead was lost by some of the zircons, is wéll established.
It was probably this lead which migrated during the Grenvillé

metamorphism and is responsible for the lead migration inferred

Q
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from the age determinations discuSsed earlier‘in this chapter. It
is proposed here that the lead is rediétributed on a scale
dependent on:the disturbing force and conditions prevailing.

If some of the radiogenic_leéd from the southernmost rocks
has migratéd no£th during the metamorphism, theﬁ some of the samples
Should have a higher lead/uranium ratio than is cbnsistent witﬁ 7
their age; G2 is just such a sample.

There.is somé support for such a suggestion. Firstly, it
is well known that the majority of the uranium in a rock is found in
accessory minerals and interstitially. The concentrations of uranium
ip the zircons, and the percenpage.of zircon in GS'(Steiger'and
Wasserburg, 1969), indicates that a significant fraction t~ 30%

of the uranium for G5 is found in the recovered zircons. A

substantial fraction of the radiogenic lead produced in these zircons

is 1osf; Interstitial lead will be remobilized much more readily.
Leaduin some accessory.minerals, such as sphenes, will be more
resistant to glteration; there is no evidence that‘éuch minerals
exist in important quantities. The potassium feidSpars in the areé
have incorporated excess radiogenic lead into their structure
subséquént to their_formation. On balance the assumption of
remobilization of lead in this area is amply justifiedf

It is the scale rather than the existence of migration of
radiogenic lead that may be questioned. Evidence for the migration

of lead over significant distances has been presented before

(Slawson, et. al., 1962). It is,possible that the lead in this thesis
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study area may have migrated over a distance of sevéral miles.

Open system behaviour of a uranium—lead-system may
resﬁlt from remobilization of lead'and/or uranium. Without
evidence in addition to the lead isotopic ratios and the lead and

~uranium conéentrations it is not possible to say which of tﬁe
lead and uranium have been mobile.

Mobility of the uranium in the Ontariq suite, at the
present, would provide a simple explanation for the open system
behaviour as exhibited by the uranium—leéd plot. Howéver it is
mofe likely that the daughter of a radidactive decay is subject
to mobility, i.e. the lead, because it will reside in a crystal
latice with which it is not compatible. It is for this reason

- and the reasons given in thekpreceding paragraphs that
remobilization of leéd\was preferred to remobilization of

uranium.

A
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Conclusions

The‘first objective of the thesisvwas to provide data of
sufficient quality to further the understanding of lead isotope
interpretatioﬁs. A standard deviation of‘O.ls% was obtained for
the lead isotope rétios and 0.25% for the lead and uranium concentra-
tions. To achieve this precision doubie—spiking‘was emplpyed to
correct for fractionation that accomﬁanies single‘filament lead
isotope analyses. A study of the discriﬁinatidn exhibited by the
mass spectrometer was made. It was found that theoretical fractiona-
tion laws could not completely explain the discrimination pattern
found for rhenium filaments. It was also found, when double-spiking
“was employed to correct for fractionation on tantalum filaments,
that the theoretical fractionation laws give bettér agreement than
the discrimination pattern observed for rheniuﬁ. Independent data
obtained by Doe, on rhenium and tantalum filaments, has confirmed
that the discrimination pattern for rhenium filaments does not fit
the theoretical fractionation law while the fractionation law is
quite adequate for the tantalum filaments. U

The double spiking technique was employed by P. Reynolds
to obtaiﬁ interpretable patterns of lead isotopes. His analyses
of rocks from the'vicinity of Broken Hill, Australia, were the first

truly interpretable analyses of lead isotopes from whole rocks.
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In this thesis the leéd isotope ratios for samples from

khe Vogt-Hobbs area near Lake Timagami revealed variations from a
simple two stage model that could not be accounted for by experi-
mental error. Comparison of the uranium-lead‘ages with lead-lead
ages, for two suites studied, revealed open sysfem behavibﬁr in the
last stage, which was shown to be a consequence of lead migration.
The expefimental uncertainties in these uranium-lead and lead-lead
ages were sufficiently small that the two could be clearly-
distinguished. The migration of lead was found to be more
pronounced for the Timagami samples than for the Rice Lake-Beresford
Lake samples, which is to be expected from the known and severe
metamorphic event in the Timagaﬁi region. Open system behaﬁiouf
has been suggested by P. Reynolds in aﬁother precise study of rock
leads (Seminar held‘ét U.B.C., 1969). |

| The history of the Manitoba samples, as determined
.primarily from the rock lead analyses and-supported by other dating
schemes, may be summarized as follows. The lead now observed
experienced a ﬁinimum of three stages dﬁfing the past 4580 my. The
first stage, from 4580 my ago to approximatelf SSOQ my ago, was
spent in a primary system, with respect touranium and lead, having
a present U238/Pb204 ratio of 8.8 to 8.9. The first stage of the
sample's history is the most remote and therefore thé least |
accurately established. ﬁetween.SSOO my and 2600 my ago the lead
developed in a crustal environment and‘about 2600 my ago a second

major event accompanied by metamofphism and intrusion produced the
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common lead component incorporated in §he potassic granites. This
2600 my old event probably lasted several hundred million years.
Since that time the granites have remained relatively undisturbed.
There is some evidence in adjacent regions (Ostic, 1963) that
suggests that some lead remébilization may have been associated with
the Grenville event 900 my ago, however further investigation is
requiredbbefore the posSible effect of this event can be checke&’in
the Rice Lake-Beresford Lake area.

The Vogt-Hobbs area near Timagami in Ontario experienced
a very similar history to the Rice Lake-Beresford Lake area in
Manitoba. In fact it may be said with some justification that these'
two :egions, for events that have been investigated, show ohly a
different severity of the same events. The lead now.observed was
incorporated into roéks in that vicinity more than 3250 my ago.
After another 1000 my this crustal material underwent a major event,
-approximately 2500 my.ago;'which may have'spahned several hundred
million yéars. The last major event in Grenville times produced the
rocks as they éxist today. It is very probable that the granitic
rTocks were not much changed from'thgi; form ahd composition_at the
time of the 2500 my event. Theée-rocks are indeed far more acidic
than the Manitoba suite and probably represent a different
environment 2500 my ago or earlier. ‘The sevéritx of.the Grenviile
event was such as to partfally redistribute the lead, and also the
rubidium and sfrontium, so that the 2500 my old event is somewhat

masked.
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The study of the two suites indicates that the associated

crustal systems have a lower average present U238/Pb204

ratio than
the source of single stage ore deposits (Ostic et. al., 1967;
Stacey et. al., 1969; Cooper et. al., 1969). Tﬂis has been suggested
as a widespread phenomena by Reynol&s (1967). | |

The history presented for the Manitoba samples suggests’

that Manitouwadge is not fepresentative of a s;ngle stage lead. 'This‘
would contradict the assumption on which Tilton and Steiger (1965)
calculated an age of 4750 my for the earth. The two.independent

- ages for the earth calculated on the basis of the suites studied
here were 4700 and 4540 my. These are based on essentially the.éame;
inadequate assumptions, and arevbelievéd fo be similarly in.error.
It is considered that the age recently calculated for the earth by

| Cooper et. al. (19695'15 the best estihate available.

Althqugh this study has added much new information to the
‘understanding of lead isotbpes in rocks, fheré is still considerable
'Scope for further work. This study, like those preceding it, shOws.
that there is ﬁuch information to be obtained from studying lead
isotope ratios, but that the benefit can be 0B£ained only by doing
many analyses of the highest quality. Over 100 isotopic analyses

were required to obtain the data preSented in this thesis.
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APPENDIX

. Chemical Procedures

Air-borne Contamination: To reduce air-borne contamination a positive
pressure of filtered air was maintained in the laboratory and when-

ever possible samples being processed were covered.

Apparatus: Pyrex glassware and Teflon recepfacles were allowed to
stand for twelve hours in hot detergent solution then.rinsed. The
apparatus was then stored in warm 15% nitric acid for ét ieast twelve
hours and remained there till required. All receptacles were rinsed

‘three times with distilled; deionized water before use.

Distilled Water: Distilled water from a Barnstead still was'
-deionized and redistilled in a borosilicate stiil. The lead content
was 0.0001 ppm by weight. (Lead concentrations were determined by

isotope dilution in all cases.)

Hydrochloric Acid: Reagent gradé diluted to 20% concentration by
weight, and distilled twice. Lead content was approximately 0.0001

ppm by weight.

Nitric Acid: Distilled twice at 70% concentration by weight. Lead

content 0.0002 ppm by weight.

Ammonium Hydfoxidé: Where possiblé ammonia gas was used.
Ammonium hydroxide of specific grévity 0.9 was prepared by bubbling

ammonia gas into ice cold water.
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Perchloric Acid: Perchloric acid was available commercially, double

vacuum distilled in vycor and shipped in vycor. The lead content

was measured to be less than 0.05 ppm.

Hydrofluoric Acid: Baker analysed reagent was used, the lead content

was less than 0.05 ppm lead.

Column Preparation:

1.

Stir 50 gm of Dowex 1 x 8 resin with 100 ml of 1.5N hydrochloric
acid and decant to remove fines; repeat fwice;

Pour slurry into columns to make one column 28 cm long by }.1 cm
inside diameter and one 10 cm long by 0.8 cm inside diameter.
Settle columns with a long giass rod and adjust flow raté to 0.8
and 0.5 ml per miﬁute respectively.

Wash columns with five column volumes of distilled water.
ConvertAto chloride form by passing through three column volﬁmes
of 1.5N hydrochloric aéid. |

For nitrate-form columns use three column volumes of 7N nitric

acid.

Lead Purification:

1.

Céntrifuge lead concentrate dissolved in 1.5N hyd?ochloric agid;.
discard residue and add sample to column.

WéshACOlumn with 60 ml 6f 1.5N hydrochloric aéid..

Elufe lead with 60'm1 of distilled water. Discard first 10 ml

from column and save remainder.
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Evaporate eluate to dryness and redissolve in 15 ml of 1.5N
hydrochloric acid.
Repeat steps one to four using one quarter the volumes of

reagents and the small column.

Nitrate Resin Column for Uranium

1.

Add uranium dissolved in 80 ml 7N nitric acid to the large,
nitrate-form column.

Wash column with three 20 ml portions of 7N nitric acid.

To elute the uranium use 10 ml portions of water. Discard all
eluate tilllthe orange colour is a few centimeters from the
bottom of the column. Add additional water till the res;n is
quite drange, cqllécting the eluate. Add 6N hydrochloric acid
untii the resin is yellow again, continue to collect fhe eluafe.

Repeat the procedure with a small column using one quarter the

volume of reagents.

Uranium Filament Heating Pattern

1.

Raise the filament temperature to a brightness temperature of

© 2060°C. After five minutes locate and focus the rhenium-187

-lla. The -

signal at which time the ion current will be 0.6 x 10
rhenium-187 ion current remains at this value at this
temperature.

Set the sample filament current at 1.5 a and re-focus the

rhenium-187 signal. Turn up the side filament current until
11

~ the uranium signal is 0.1 x 10"~ a.
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3. After 10 minutes totai time from thg start, all filaments are
turned off.

4. When the pressure in the analyser tube is below 2 x 10_7 raise
the center filament to 2060°C and maintain af this value
thrqughopt the analysis. Then set the side filament cﬁrrent at
1.5 a and re-focus on rhenium-187.

5. After-another five minutes adjust the sample filament current
to give a uranium signal of 0.6 x 107t ..

6. Leave five minutes, then raise the uranium signal‘to 1.2 b

1071 4

7. Finally, after a further five minutes, increase the uranium
signal to 1.8 x 10_11 a. When the ion current is sufficiently

stable commence taking data.

Concentration Determinations

Lead-206 (SRM 983) was employed for stable isotope dilution
déterminations of lead concentrations. The concentration of lead-206
in the spike solution was calibrated_against "Specpure" lead solutions
b} mass spectrometric analysis of pipetted mixfﬁres of these solutions.
For these analyses the triple filament method of Catanzaro was
employed. Pipettes used were calibrated by weighing the volumes
delivered and applying eVéporation_corrections. CpncéntrationsA
6btained‘gravimetrically‘agfeed with the mass spectrometric determina-

‘tions to within 0.2%.
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For uranium concentrétion determinations uranium enriched
to 99.4% uranium-235 was used. Solutions were calibrated against
"Specpure" uranium;_ |

As the theory of isotope dilﬁtion is quité similar fér both
concentration determinations, only one case need be discussed. Thé _

explanation is facilitated by using a specific case so the discussion

, ' 206
208 L atio. Let P = BE———3 c' represent the
Pb208 n .

fraction of the-ith isotope, in atoms per atom, in the sample, and

is based on the Pb206/Pb

i L
CS the concentration of the ith isotope in the spike.

Then in a mixture of spike and sample:

C206N . C206S

P = n sp ,
C208N + 208S
n sp

Where N and S represent the number of moles of total lead
contributed to the mixture by the sample and the spike respectively.

This may be written:

-PC§08 _ C§06
N=S§ P P
C206_'_ pc208
<n n
By differentiating and fearranging an expressioﬁ'for

the fractional error in N resulting from the error in P may be

obtained.

aN 2P
NP
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>~ Y

This ratio of relative errors was calculated for

c296 _ 9.92, c?°8 = 0.013, c%%® - 0.24, and c%%® - 0.54. Figure A-1
sp sp n n :

shows the optimum spiking curve. By using values of P between one
and twenty, the error magnification through this effect was kept

below 1.55
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FIG. A=l OPTIMUM SPIKING FOR LEAD CONCENTRATION
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