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ABSTRACT

Separated minerals from 18 different rock samples were
available. These came from various Jlocations in the Grenville
province. OF.these samples, there were 44 minerals which had at
least one coexisting mineral phase. These were all analysed for
boron by thermal neutron irradiation wusinag the Prompt Gamma
Neutron Activation Analysis at McMaster University Nuclear
Reactor. There was a preferential boron partition determined for
the samples originating from an igneous source, and a numerical
value of 0.7 was determined for K-feldspar/Biotite. There was no
preferential boron partition among the coexisting phases that
originated from a8 metamorphic source. Sphene and fluorite
contained much less boron than other minerals that coexisted with

them.
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CHAPTER ONE

INTRODUCTION

Trace element distribution between coexisting mineral phases
has been studied extensively by many people since the early
1950"s, The objective of this project is to find a preferential
boron partition among coexisting minerals from igneous and
metamorphic rocks. Recently a similar study has been made by E.
Gray et al. to find the preferential boron and lithium partition
in high grade rocks and minerals. Since their results were
puzzling and ambiguous, they concluded that more work needed to
be done on this subject.

This project used samples that were collected by different
people from various locations in the Grenville province of the
Canadian Shieid in Ontario and Quebec, including both igneous and

metamorphic rocks.
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CHAPTER TWO

PREVIOUS WORK

2.1 Trace Element Substitution Into Crystal Lattices

The concépt of trace element substitution into a crystal
lattice has been intensely researched by many authors since the
early 1950’s. One of the first breakthroughs in thi§ field of
science was by V.M. Goldschmidt, when he developed rules as a
aquide for the distribution of elements during magmatic
crystallization. When an element is incorporated into a crystal
lattice., Goldschmidt (1937,1944) in Taylor, S.R. (1965), said it
is "admitted", I'"camouflaged", or ‘'captured" depending on the
relationship between the ionic radius and charge of the element
with that of the crystal lattice. Later, Shaw (1953,p.146)
stated that "it cannot be predicted whether a trace element will

be concentrated in early or late mineral fractions on the basis

of ionic radii". Through this, it was discovered that the nature
of the chemical bond had to be considered as well as the ionic
valency. Ringwood (1955a,b) used electronegativity as a

measurement of bond type and drew attention to the weakening
effect of partial covalency on the bond strenagth of metal oxides.
He determined this by performing experiments to find relative
meltinga point data for oxide minerals that have similar
structures. Ringwood made another important discovery by finding
that highly charged cations tend to form complexes in magmas,
usual ly occurring with oxygen or hydroxyl anions. Due to all of

this, it has been determined that the probability that an element
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will form a complex can be found by determining its ratio of
ionic charge to ionic radius, or the ionic potential. It has
been found that elements that have high ionic potentials usually
form complexes in magmas. In general, the behavior of a minor
element incorporating into a crystal lattice 1is based on the
elements ionic size, its valency and the type of chemical bond

that is produced in the crystal lattice.

2.2 Trace Element Behavior During Metamorphism

When a rock is subjected to severe temperature and preésure
conditions the elements change coordination and position in
relation to each other. As a result, the rock may undergo
recrystallization. When trying to understand the effect of
metamorphism on the distribution of trace elements in a rock,
element migration must be considered. One of the most important
discoveries in this field was by Shaw (1954) who carried out
studies on pelitic rocks of the Littleton formation. These rocks
show increasing metamorphic arade, and trace element data were
collected over varying facies. It was found that the
concentration of most of the elements remained constant

throughout varying degrees of metamorphism.

2.3 The Nernst Partition Law
Trace element distribution between coexisting minerals,
under ideal conditions, is governed by thermodynamic principles

(Mason 1982). On the basis of thermodynamic equilibrium, the
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pattern of trace element distribution can be used to try to find
the conditions of metamorphism. The Nernst Partition Law governs
the distribution of a trace element between two coexisting

phases, and is explained in the following derivation.

Consider the following equation:

u? = u?“ + RTin x§ y?

ub = u%® + RTIn x% v 2
1 1 1 1
Where u? and uf are the chemical potentials of component 1 in

phases a and 8; u?d and u?B denote the chemical potentials of

component i at unit activity and x?, xf and Y?. Y? denote the
molte fractions and activity coefficients of component i in phases

a and B , respectively.

At eqguilibrium, the chemical potentials between two
coexisting phases are egqual, so:

®« _ P
Ui o= U
thus:
U? + RTIn xi“ Yo( = uio'3 + RTInxiBYiB
let:
o _ oB _ o
u] u;"" = AGi
then: RTIn x@y§ = - AG?
XKY K
171
If: 8 B
XTvr = K;
iY? l

Where K, is the equilibrium constant of the system, then:



If we assume that the two phases are ideal mixtures, then
the activity coefficients can be stated as:
B _ o _
Yy = vy =1

so that::

It can be seen that the equilibrium constant, K., ijs
dependent upon the temperature of the system. Also, Ki is a
ratio between two molar concentrations. In practice, the ratio
of the two concentrations of component 1§ in phases a and B is
used instead of the ratio of the two molar concentrations of
component i in those phases. The partition coefficient K; is then

written as KD’ so that:

Ky = ci7cf

This is the usual form of the Nernst partition law. KD is
the distribution coefficient for component i in phases a and B,
and ¢ 1is the concentration of component i in those phases by
weight.

It was previously thought that the Nernst distribution law
only applied to trace components which mixed ideally., however

recent studies have shown that this is not always the case.

2.4 The Distribution Coefficient

The distribution of a trace element between pairs of
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coexisting minerals can be expressed when two concentrations of a
component i are plotted against each other. This is called a
distribution diagram and each point represents one mineral pair.
For trace element concentrations in crystal lattices, it follows
Nernst’s partition law that if a straight line is produced, the
system is in equilibrium and both minerals are ideal solutions
for this component. However, perfectly ideal conditions are
unlikely in nature, due to the crystal lattices usually
containing defects and impurities. Due to this, the distribution
plot approaches a straight line if there 1is in fact a
preferential partition between the two mineral phases, and a best
fit line 1is drawn to determine the partition coefficient.

The charge on a crystal lattice system must be constant
overall, with both positive and negative charges isolated within
it, counteracting each other. During ideal mixing of two mineral
phases, deviations in the distribution coefficient can be
expected when ions that have a different charge substitute into
structural sites within the lattice. For example, this might
occur if a [803]3— ion occupied a structural site that was
usually occupied by a differently charged ion.

If the plotted points on the distribution diagram are
scattered and no best fit line can possibly be drawn, the
distribution coefficient’s variable plot may have been produced
due to the variable concentration of another element in either or
both mineral phases. In some cases, a scattered diagram suggests

contamination of the minerals. Kretz (1960) discusses the
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possibilities of variable distribution coefficients. Also, Kretz
(1961) states that the distribution coefficient of an element
between two phases is dependant upon the variations in the

temperature and pressure of the system.

2.5 The Behavior of Boron
Elements that have high ionic potential tend to form
complexes. Boron has a high ionic potential and can exist in

three or four fold coordination with oxygen as [803]3' or [804]5_

complexes. Boron is thouaght to usually enter silicates as a
borate ion, but [803}3_ is not readily accepted into crystal
lattices and is wusually concentrated in residual magmas. The

[804]5_ complex may be expected to replace the [A|O4]5—
tetrahedra in feldspars. as is shown by reedmergite (NaBSi308),
For an extensive 1list of all the establiished mineral borate
structures, one is referred to Tennyson (1963) in Christ, C.L.,
and Harder, H.A.. Tourmaline is the most important boron bearing
mineral, with about 9-11.5% 8203. Since boron is usually
enriched in residual melts within é magma, tourmaline is often
more concentrated in pegmatites and hydrothermal veins than the

average composition of boron in crustal rocks.

2.6 Previous Studies on the Occurrence of Boron in Minerals
Determininag of the occurrence of boron in minerals has been
studied through alpha-track analysis (Truscott et al 1986) and

(Ahmad et al 1981), and through radiographic analysis (Malinko et
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al. 1979 . With these methods, it 1is very difficult to
distinguish between Lithium and Boron effects. Due to this, some
of the results that are thought to be boron effects may actually

be due to lithium. The alpha-track analysis shows that boron (or

lithium) is wvery concentrated 1in sericitic alteration within
plagioclase, developed inward from cleavages and boundaries. In
general, it has been found that sericitized, saussuritized and

chloritized alteration products of biotite, plagioclase and minor
mafic minerals bhave higher boron content than alteration free
areas. Boron has also been found to be concentrated ailong grain
boundaries and in cracks in pyroxene, plagicclase and garnet.
Truscott et al. report that boron may also be in filuid inclusions
within plagioclase, althouah this has not been proven.

Malinko et al. concluded that their evidence suggested
isomorphous entry of boron into crystal lattices. They also
concluded that when different concentrations of boron are found
within different mineral zones, it means changes in the crystal
lattice have occurred during growth. Ahmad and Wilson state that
the mobility of boron appears to be related to the presence of a
metamorphic fluid phase.

In summary, it has been found that in common metamorphic
rocks, alteration minerals such as sericite, saussurite and
chlorite contain the richest amount of boron concentration. In
non altered rock forming minerals, Truscott et al. found that the
boron content in order of decreasing concentration is: biotite >

clinopyroxene > orthopyroxene, plagioclase, amphibole, garnet >
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perthite, quartz. It is important to keep in mind that the
conclusions made in these papers may not be totally due to boron
effects, as a method for distinguishinag the difference between
boron and Iithfum in alpha-track analysis has not been perfected

vet.
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CHAPTER THREE

DESCRIPTION OF THE SAMPLES

3.1 Origin

The samples wused in this study were collected from various
locations in the Grenville province in Ontario and Quebec. The
MCC series samples were collected by M.C. Chiang from almandine
amphibolite facies rocks (of possible igneous origin) from the
l.oon Lake Aureole in Chandos Township for his M.Sc thesis (1965).
Also from Chandos township are the U-series samples, which‘were
collected by J. Dostal for his Ph.D thesis (1973) from the Loon
Lake Pluton. This complex 1is approximately 36 miles NNE of
Peterboro, Ontario. For extensive discussions on the Loon Lake
complex, one is referred to Chiang (1965) and Dostal (1973). The
U-series samples are of igneous origin, as they are all either
monzonites or quartz monzonites. The rest of the samples were
collected by D.M. Shaw. The 721104 sample is a gabbro
originating from an outcrop on Hwy. 62, 9.6 miles south of
Bancroft, Ontario, and the 690422-3 sample is a para-amphibolite
originating from an outcrop 1.5 miles west of Gooderham,
Glamorigan Township, Haliburton County, Ontario. All of the Ca-
series samples originated from Grand Calumet Township, Pontiac
County, Quebec, except for Ca-105 which is from Huddersfield
Township, Quebec. These rocks are all of metamorphic origin, and
are alli various types of metamorphosed carbonate rocks of
amphibolite grade. The origins of the samples are summarized in

table 3.1.
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For the procedure of separating the mineral grains from
their originating rocks, one 1is referred to Chiang (1965) or

Dostal (1973). -

3.2 Purity of the Samples

The samples were examined optically to:

1) Determine their purity.

2) Find boron containing minerals, such as tourmaline.

3) Determine the extent of alteration.

The mineral grains were mounted on a slide and immersed in
an oil with a similar index of refraction. A cover slip was then
placed on top of the mineral grains and oil. The purpose of
surrounding the mineral grains with an oil of similar index of
refraction was to make its relief very low. This caused an
impurity to be much more conspicuous, as it showed higher or
lower relief. Each mineral sample was then counted for purity
using a petrographic microscope. A mineral was considered >99%
pure if 100 grains were counted without seeing any foreiagn
grains, 99% pure if one was seen, and so on. In some cases, the
impure grains were much smaller than the mineral under
consideration. When this occurred, the volume difference of the
two types of grains was taken into consideration. For example,
if a plagiocliase samplie was found to have a plagioclase:quartz
ratio of 9:1, and the quartz grains were half the volume of the
plagioclase grains, the sample was said to be 95% pure.

No tourmaline was found in any of the samples. Also, very

few grains showed any alteration, and it was minor in the ones
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that did.
The results of the mineral examination are presented in

Table 3.2.
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Table 3.1 Description of the Samples
SAMPLE ORIGIN ROCK TYPE
MCC-761 -Loon Lake Aureole, —-Almandine Amphibolite
MCC-703 Chandos Twp., Ont.* of possible igneous
MCC~-704 origin
u-70 —Loon Lake Pluton, -Diorite
u-27 Chandos Twp., Ont. —Quartz Monzonite
U-94 -Monzonite
U-115 —Quartz Monzonite
u-251 -Monzonite
u-26 —Quartz Monzonite
690422-3 -1.5 M west of Gooder-=0© -Para—Amphibolite
ham, Glamorgan twp.,
Haliburton Co., Ont.
721104 -Hwy. 62, 9.6 M south —Gabbro
of Bancroft, Ont.
Ca-30 -Grand Calumet Twp., & -Pegmatitic Skarn
Ca—44a Pontiac Co., Quebec -Fluorite Pyroxene Syenite
Ca-56 —-Skarn
Ca-76 -Skarn
Ca-65 -Skarn
Ca-105 ~Huddersfield Twp., * -Uraniferous Diopside
Pontiac Co. Quebec Marble
On-10 —-Locality Uncertain

Map References

* Chaing, M.C., 1965,
° Dostal, J., 1973 In the pocket.
& Shaw, D.M.,
* Shaw, D.M., 1958 Page 37.

Pacesova, M., 1973 In the pocket

Page 4 and in the pocket.

1958 Page 29 and in the pocket.
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TABLE 3.2 The Purity of the Crushed Mineral Samples

SAMPLE MINERAL PURITY OTHER DISTINGUISHING FEATURES
uU-70 Plagioclase 99% -slight saussuritization in a few grains
Hornblende >99% -slight alteration along fracture planes
u-27 Biotite . >99%
K-Feldspar >99% -a few grains have slight inclusions
U-94 Biotite >99%
K-Feldspar S87%
Plagioclase (82% -39 biotite, quartz grains show some
+ Quartz 15%) minor fluid inclusions
uU-115 K-Feldspar 987 -29. quartz
Biotite >997%
U-251 K-Feldspar 98%
Biotite >997%
Plagioclase (80%
+ Quartz 20)
u-26 K—-Feldspar 997
Biotite >99%
MCC-703 Hornblende 95% -5% biotite
Biotite 98% =27 hornblende
MCC-704 Biotite 99%
Hornblende >99%
MCC-761 Biotite 99% —fluid inclusions in 10% of the grains
Hornblende 95% ~59 biotite
721104 Biotite 70% —30% chlorite
Orthopyrx. —It was not possible to distinguish
Opx. + Cpx. between the two pyroxenes
690422-3 Sphene 997%
‘ Hornblende 997
) K-Feldspar 99%
| Plagioclase 987 -2% quartz
Ca-30 Phlogopite >999
| Pyroxene >99% -a few grains show fluid inclusions
| Scapol ite (937 -2% plagioclase
g + Sphene 5%)

( continued... )
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TABLE 3.2 Continued
SAMPLE MINERAL PURITY OTHER DISTINGUISHING FEATURES
Ca-44a Fluorite (>99%

+ Apatite <1%)

Pyroxene S95% —-209 of the grains show inclusions
Ca-105 Phlogopite >99%

Diopside 98%
ON-10 Biotite >99%

Sphene 97%
Ca-56 Sphene 997,

Pyroxene 99% ~unidentified green pyroxene
Ca—~-76 Hornblende 99%

Sphene 99%
Ca—65 Fluorite 997

Magnetite (20%

+ Pyroxene 80%)
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CHAPTER FOUR

METHOD OF ANALYSIS

4.1 Introduction

Until recently, boron geochemistry had not been widely
studied due to the usual low abundance of boron in rocks and the
lack of analytical methods to measure it. A method enabling one
to measure the concentration of boron has been developed, called
Prompt Gamma Neutron Activation Analysis (PGNAA). This method is
excellent because it 1is fast, non-destructive and rquires
minimal sample preparation. PGNAA was used to determine the
boron concentration of the samples in this project.

During PGNAA, a crushed sample is irradiated with thermal
neutrons that are emitted via a beam port connected to the core
of a nuclear reactor. This causes the sample to emit gamma rays
which are measured by a detector and multi-channel analyzer
(MCA). The concentration of the element is then calculated
with reference to a standard of known concentration.

The theory behind PGNAA as a8 means of measuring minor
element concentrations has been discussed in many different
publtications, including Middleton (1987), Ash (1987, pg 25-38)
and Higgins et al. (1984).

An element can be used for PGNAA if has a large thermal
neutron cross—-section and undergoes an (n,y) nuclear reaction
when irradiated. Boron is an excellent element to be measured by
PGNAA because it shows both of these characteristics.

Each element has its own characteristic prompt gamma energy
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level, which is 478 KeV for boron. In the case of boron

irradiation, the reaction that occurs is 10B(n,Y)7L1'*. This

states that a.loB atom reacts with a neutron to form 7Li*, which

7Li produces the

is in an exited state. The decay of 7Li* to
gamma ray that is measured by the MCA. The reaction can also be

stated as:

10 7

B(n,y)'Li* »7Li + 478 KeV
4.2 The PGNAA System at McMaster University

The analyses were carried out at McMaster University Nuclear
Reactor in Hamilton, Ontario, located on the McMaster University
campus.

The neutrons used for the PGNAA system were extracted from a
2 MW pool-type reactor by use of a beam port, which connects
directly to the core. The neutron flux of the reactor is
1013ncm_25_1. Only thermal neutrons are required for PGNAA, but
the beam port also carries fast neutrons and gamma rays that
might damage the detection system and cause a large gamma-ray
background. In order to protect the detection system and filter
out the fast neutrons, a combination of 60 cm of cylindrical
silicon crystals (12 cm in diameter) and 30 cm of sapphire
crystals (7 cm in diameter) are used. Collimators of lead and
heavy concrete are used, and then the beam is shaped by a
rotatable shutter of polyethylene and lead. Lithium carbonate
wax (6LiCO3) is used to further reduce the spread of the neutron

beam within the system. After filtering, the thermal neutron
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flux at the sample position is 6 x 10’ nem2s™!  with a cd ratio
>100. (Higgins et al. 1984) See fig. 4.1

The gamma rays emitted by the samples during irradiation are
detected by an "n"-type Ortec HPGe co—-axial detector (see
fig. 4.2), specially made with 118 ion implantation to lessen the
efFect of 10B background during analysis. The signals emitted by

the detector are analyzed by a Canberra Series 85 multi-channel

analvzer which displays the output on a computer screen.

4.3 Preparation of Samples

The procedure used for the preparation of samples for PGNAA
has been described by T.A. Middleton (1987).

Each sample was accurately weighed to three decimal places,
with the average weight a little more than one gram. Each was
then placed and sealed by two polyethylene caps into a 7 cm by 1
cm teflon tube, with the powder depth not exceeding 2 cm,
ensuring it to have maximum exposure to the neutron beam. In
some cases, there was very little powder available and
consequently the powder depth was less. Each sample was lowered
into the beam and suspended by a teflon rod. The optimum
distance for the sample to be lowered is 114.0 cm, measured by
T.A. Middieton (1987). Some of the tubes were slightly curved
and had to be positioned so that all of the sample was irradiated
by the beam. Most of the samples were irradiated and counted for
1000 seconds: those richer in boron only needed to be measured

for 500 seconds, while those poorer in boron took longer to
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develop a peak and were measured for 2000 seconds.

4.4 Calibration of PGNAA

The analysis method was calibrated using standards con-
sisting of materials of known boron concentration.

The synthetic reference standards used was boric acid #B-7,

prepared by T.A. Middleton. A 1000 ppm boron stock solution was

made by dissolving 0.5179 g of boric acid (H3BO3) in 100g of
deionized, distilled "Milli-Q" water. Later, a small amount of
distilled 16 molar nitric acid (HNO3) was added ( <lml). The

stock solution was then deposited onto precipitated silicic acid

(H Si03 nHZO) which forms a rock like matrix and distributes the

2
solution evenly. An Eppendorf pipette was used to deposit 0.102

g of the solution onto the silicic acid matrix which had been
previously loaded into the teflon tubes. The tubes were then
sealed with polyethylene caps. The standard is reported to
contain precisely 102 ug of boron. (Ash 1987)

The standard was run for 1000 seconds before every
analysis. Due to possible fluctuations in the reactor flux, the
sample needed to be run for every three hour interval.

International reference standards are used to measure the
accuracy of the prompt gamma system. The best known boron
standard is NBS SRM 1571-Orchard leaves, which has a certified

boron value of 33 + 3 ppm. (Middleton 1987)

4.5 Analysis of the Boron Peak
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4.5.1 Sodium Interference
When an element is irradiated with thermal neutrons, it
emits gamma rays at its own characteristic prompt gamma energy
level. The prompt gémma energy level for sodium is 472 KeV, and
is close to the peak for boron. Since the sodium peak is so
close to the boron peak, it usually causes interference. The
boron peak is wide and flat-topped, whereas the sodium peak is
sharp. The net effect is a broad peak with a projection on the

left hand side. (See figure 4.3)

4.5.2 Sodium Correction

Sodium is a common constituent of most rock types, so a
correction is often necessary. Correction for the sodium peak
when calculating the concentration of boron using PGNAA has been
discussed by Higgins et al. (1984) and Middleton (1987). The
method used for correction is called the "partial peak method"
(developed by Higgins et al.) and avoids a sodium correction for
the calculation afterward. Using this method, the middlie of the
flat topped peak that has not been interfered with by sodium is
used as the total count rate. In fig. 4.3 the total count rate

is "a". The values of "bl" and "bZ" are averaged and subtracted

from the count rate determined for "a" to give the total count
rate for boron in the sample. The width of "a", "bl" and "b,"

are each nine channels across, which is equivalent to nine KeV.

4.6 Calculation of Boron Concentration
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COUNTS Na Peak
a
-
bl
P
e _—e B Peak
+ 1 R
472 478 ENERGY (KeV)
Figure 4.3
The prompt gamma peaks of sodium and boron. Boron

concentrations were determined wusina the partial peak method
which involved subtracting the average of both backagrounds (b
and b,) from the total for the boron peak (a). This eliminated
the effect of the sodium peak in the calculation. (note: The

count rate for b is always hiagher than for b,.)
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Once the peak for a sample had been established on the
computer screen by the MCA, the partial peak method for
calculation of concentration was used. The first step was
determining the number of counts per second (ct/s) of the sample
by finding the total boron count rate [(a - (bl+b2)/2) in fig.
3.3] and dividing it by the length of time it was irradiated.
The ct/s of the standard was calculated the same way, and then
divided by it’s absolute boron content to give ct/s/ug. The ct/s
of the sample was then divided by the ct/s/ug of the standard.
Subtracted from this number was the average amount of boron in a
blank teflon tube with two polyethylene caps. This number was
then divided by the weight of the sample in grams. The number
obtained is the concentration of boron in the sample in parts per
million (ppm).

The calculation can be shown as:

sample (ct/s)
std (ct/s) - blank (ug)

boron concentration =

sample weight (g)

4.7 The Blank Interference

There are three possible sources of background boron
produced gamma rays during PGNAA. This value needs to be
determined in order to increase the accuracy of the analysis,
especially for samples with Jlow boron concentration. The

possible sources of blank interference are:



25

1) From boron bearing components within the detector and
close to the sample position.

2) From the sample packaging material (a teflon tube and two
polyethylene caps).

3) From scattered radiation from nearby boron insulation.

The amount of interference from the blank was detérmined by
irradiating a blank teflon tube with polyethylene caps and
recording the emitted prompt gamma ray energy. T.A. Middleton
irradiated 18 blanks for 7200 seconds each from May to August
1987. The average value of all the blanks was found as 0.27 ug
with a standard deviation 0.12 ug. This is the value of the

blank used in the calculation for the concentration of boron.

4.8 Precision of PGNAA

In order to determine the precision of PGNAA, a sample of
mid range boron concentration was measured on seven separate
analyses. These were performed by Patty Smith during the month
of April 1988. The results are presented in table 4.1, and it
can be seen that the reproducibility, although not as precise as
originally hoped, is still low enough for the purposes of this

study.

4.9 Accuracy of PGNAA

Accuracy of the PGNAA system was determined by Ash (1987).
Standard NBS-1571, known to have a boron concentration of 33 ppm.,
was used. An aliquot was irradiated on three separate occaisions

in an attempt to reproduce the accepted boron concentration. The
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accuracy of PGNAA was determined to be within experimental error,

as shown by table 4.2. (after Ash, 1987)



Table 4.1 The Precision of PGNAA

SAMPLE BORON (ppm)

870825-25 1) 3.15
2) 2.79
3) 3.64
4) 3.38
5) 2.94
6) 4.03
7) 3.89

Table 4.2
Boron analvsis of NBS-1571 (accepted boron concentration
33 ppm.) (after Ash 1987)
SAMPLE IRRADIATION BORON (ppm) X (ppm) g 33ppm-X
1. 1000 s 3L.6
NBS-1571* 2. 1000 s 33.0 32.9 0.976 0.131
3. 1000 s 34.0

Note: *U.S. Bureau of Standards

g = \/;XZ - n}-(z
n
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CHAPTER FIVE

INTERPRETATIONS

5.1 Discussion of the Results

The results for the boron concentrations of the samples are
presented in table 5.1. The boron concentration in each major
rock forming mineral has been shown to be very variable, fanging
from | ppm in some samples to over 100 in others. The range of
boron content in most of the samples is about 5-10 ppm, but
many samples vary from this norm. The biotite ranges from 2.83
ppm to 31.6 ppm, the K-feldspar from 5.17 ppm to 78.5 ppm, the
plagioclase from 7.88 ppm to 107.1 ppm, hornblende from 5.19 ppm
to 37.0 ppm, and the pyroxenes from 1.95 ppm to 36.8 ppm. Also,
the results show no preferential partitioning into one specific
mineral over another. Preferential partitioning was sought by
plotting the boron concentrations in pairs of coexisting minerals
against each other, and in doing so examining the distribution
coefficient between them. There were sufficient data to plot
three distribution curves; plagioclase vs. biotite, hornblende
vs. biotite and biotite vs. K-feldspar which are shown as fig.
5.1, 5.2 and 5.3 respectively. Upon examination of figure 5.1 it
can be seen that there are two points with relatively similar KD

values. These two points are used to draw a best fit line from

the origin, the slope of which representing the KD of the two

minerals. The one distribution coefficient that is not near the
other two is from sample 690422-3, which has two minerals that

coexisted in an amphibolite agrade of metamorphism. The two



The Measured Boron Concentrations of the Samples

TABLE 5.1
SAMPLE MINERAL BORON X -
(ppm) (ppm)
MCC—-761 Hornblende 5.19
Biotite z.83 8
MCC-704 Hornblende 22.13
Biotite 12.83
MCC-703 Hornmblende 26.88
Biotite 6.00 ; 6.04 6.02 0.02
690422-3 Biotite 2.92
Hornblende 18.35
Sphene 5.90 ; 8.06 6.98 1.08
Plagioclase 16.99 o
K-Feldspar T1:5 5 79:5 78.5 ! .00
u-26 K—Felspar 7:92
Biotite 5.26
u-27 Biotite 8.31 3 71.89 8.10 0.21
K-Felspar 4.83 ;3 5.51 5.17 0.34
u-70 Hornblende 36.98°
Plagioclase 1@7.1%°
Uu-94 Biotite 16.86 i 15.36 16.11 0.75
K-Feldspar 13.79 ; l14.64 14.21 0.42
Plag. + Quartz 34.47
u-115% Biotite 31.65 7 31.69 31.67 0.02
K-Felspar 11.75 ; 11.86 11.81 0.05
U-251 K—-Feldspar 3.29 3 3.92 3.60 @31
Biotite 2.76 ; 2.96 2.8 0.10
Plag. + Quartz 7.88
Ca-76 Sphene 1.26
Hornblende 16.47
Pyroxene 16.18
Ca-56 Sphene 0.92
Pyroxene 16.17
Ca-65 Fluorite 1.08
Magnetite + 26.41

Pyroxene

(

continued. ..
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TABLE 5.1 Continued
SAMPLE MINERAL BORON X
(ppm) (ppm) (ppm)
Ca-30 Phlogopite 15.78o
Pyroxene 34. 16
Ca-105 Diopside 13.93
Phlogopite 18.51
Ca—-44a Pyroxene 29,22
Fluorite + 0.71
(Apatite)
ON-10 Biotite 9.46
Sphene 2 .22
721104 Magnetite 7.12
Biotite 11.58
Pyroxene 3.65
Orthopyroxene 1.95

These samples were measured with reference to the boric acid
#B7 standard, containing 102 ua of boron.

All samples were irradiated for 1000 seconds except:
o 500 second irradiation

& 2000 second irradiation

n

2
Standard Deviation = o =V/§x2 — DEX

number of variables

3
]

mean of n amount of wvariables

X
I



The Distribution Coefficients of Coexi=ting minerals

TABLE 5.2
SAMPLE COEXISTING MINERALS XB /xB KD l/KD
MCC-761 Hornblende / Biotite 5.19/2.83 1.83
MCC-704 22.1/12.8 Lo T2
MCC-703 Z26.9/6 .04 4.45
6904223 18.3/2.92 6.28
u-94 Biotite / K- Feldspar 16.1/14.2 l1.13 0.88
U=115 31.7£11.8 2.68 0.37
U-251 2.86/3.60 0.79 1.27
U-26 5:.26/7 .92 0.66 1,51
u-27 8.10/5.17 1.57 0.64
690422-3 2.92/78.8 0.04 25.0
uU-251 Biotite / FPlagioclase 2.86/7.88 0.36 2.78
U-94 16.1/34.4 0.47 2.13
690422-3 2:.92/17.0 0.06 16.7
690422-3 Plagiociase / K—-spar 17.0/78.5 0.22 4.54
U-94 34.4/14.2 2.43 0.41
U-251 7.88/3.60 2.19 0.46
Ca-56 Pvroxene / Sphene 16.2/0.92 «6
Ca-76 16.2/1.26 e
690422-3 Hornblende / Sphene 18.3/6.98 2.63
Ca-76 l16.4/1.26 3.1
ON—-10 Biotite / Sphene 9.46/2.22 4.26 0.23
690422-3 2.92/8.06 0.36 2.78
690422-3 Plagioclase / Hornblende 17.0/18.3 0.93 1.07
u-70 107/37.0 2.90 0.34
721104 Maanetite / Pyroxene 7.12/3.65 1.95
Magnetite/Orthopvroxene 7.12/1.95 3.65
Biotite / Pyroxene 11.6/3.65 3l ¥
Biotite / Orthopvroxene 11.6/1.95 5.94
Biotite / Maanetite 11.6/7:12 I 63
Orthopyroxene/Pyroxene 1 +95/3:65 0. 53
Ca-105 Phloaopite / Diopside 18.5/13.9 1:.33 0.75
Ca—-30 Phlogopite / Pvroxene 15.8/34.2 0.46 2.17
690422-3 Sphene / K-Feldspar 6.98/78.5 0.09 11.1
690422-3 Sphene / Plagioclase 6.98/17.0 0.41 2.44
Ca-65 Maa. + Pyrox. / Fluorite 26.4/1.08 24.5
Ca-76 Hornblende / Pvroxene 16.5/16..2 1.02
Ca—44a Fluorite / Pyroxene 0.71/29.2 0.02 41.7

21



Plagioclase vs. Biotite

B pom in Plagioclase

40 ,
e
o~ 0n
e U-94
4
20
690422-3
-
10
L-251
0 ! ! 4
O . 10 15 20

B ppm in Biotite

®  Distr. Coefficients

FIGURE 5.1 The plot of the distribution coefficients for
plagioclase vs. biotite. (from table 5.2)
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Hornblende vs. Biotite

B ppm in Hornblende

30
MCC-703

25
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]
690422-3
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MCC-761

| 1 I 1

!
!

MCC-704 |
| | |

|
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|
|
!
|

0 2 4 6 8 10 12
B ppm in Biotite

® Distr. Coefficients

FIGURE 5.2 The plot of the distribution coefficients for
hornblende vs. biotite. (from table 5.2)
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Biotite \}s. Feldspar

B ppm in K-Feldspar

100

80 m
690422-3

60

B ppm in Biotite

®  Distr. Coefficients

FIGURE 5.3 The plot of the distribution coefficients for biotite
vs. K-feldspar. (from table 5.2)
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similar distribution coefficients are from samples U-251 and U-
94, which originate from igneous sources as monzonites. Figure
5.2 shows four distribution points which produce a scattered
plot. The four pairs of coexisting mineral phases in this plot
are from samples MCC-761, MCC-704, MCC-703 and 690422-3. The MCC
samples are from an almandine amphibolite grade of metamorphism,
while 690422-3 is from an unspecified amphibolite rock. Figure
5.3 shows a distribution plot of five points which can fit fairly
well along a best fit distribution 1line originating from the

origin (drawn in and label led as KD) and one point which does

not. The five points which fit according to the curve are all of
igneous origin (quartz monzonites and monzonites from the U-
series samples) and are all from the same pluton. The one point
which does not fit on the line drawn in figure 5.3 is from sample
690422-3, an amphibolite rock. It can be seen in each plot that
wherever the distribution coefficients vary, the two coexisting
phases originated from a rock of amphibolite arade of
metamorphism.

Upon examination of tabie 5.2, it can be seen that there is
a wide ranae of distribution coefficients among the remaining
minerals that were not plotted. There were some minor patterns
noticeable, however. For example, the boron concentrations of
sphene and fluorite were consistently low compared to the other
coexisting minerals. Four sphene samples were measured for boron
concentration, 2.8 ppm, while the average boron concentration for

fluorite was about | ppm.
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These studies were carried out on previously crushed
samples, and although every precaution for purity was taken, it
should be kept in mind that these minerals might have been
exposed to some form of boron that might have affected the
results, for example a cleaning process. This is improbable,

however, not impossible.

5.2 Comparisons and Interpretations

It can be clearly seen from the discussion of the results
that the coexisting mineral phasas from an igneous source show
much less variable distribution coefficients than the coexisting
mineral phases from a metamorphic origin. The igneous
distribution coefficients did vary somewhat, and due to the
limited data available in this study it was not feasible to
assign a numerical value for hornblende/biotite (fig. 5.1) and
biotite/plagioclse (figa. 5.3). For K-feldspar/biotite, the slope
of the best fit 1line (labelled as KD) is 0.7. This is the
preferential boron partition for K-feldspar/biotite. [t can be
concluded from this that the coexisting minerals originating from
iagneous sources did in fact show a preferential boron partition,
whereas the minerals originating from metamorphic terrains did
not. A good future study might be to attempt to measure the
boron partition among coexisting metamorphic minerals that
originate from outcrops that vary in metamorphic grade, and in
doing so, determine why metamorphic rocks do not show a

preferential boron partition. A possible explanation to this
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problem may be that the minerals in the metamorphic phase may no
longer coexist in equilibrium, causing the ability of one of the
mineral phases to incorporate boron complex ions to change with
relation to the other.

Most trace elements show selective partitioning into

coexisting mineral lattices according to their ionic potentials.
As previously mentioned, boron may replace the Al3+ ion in
feldspars and phyllosillicates. Truscott et al. found that boron

has been found to be more abundant in biotite than in amphiboles
or plagioclase. This is not been the case here, as biotite has
shown very variable concentrations with relation to plagioclase
and hornblende, however it was found that boron is preferentially
concentrated in biotite over K-feldspar. It was determined by
Ahmad et al. (1981), and Truscott et al. (1986) that boron is
commonly concentrated in alteration products such as sericite and
saussurite. However, very little alteration of any of the arains
in the present study could be seen, so it is doubtful that
alteration is the cause of any of the high boron concentrations.
Shaw et al. (1986) also found boron concentration along the
fractures in mineral grains, but very little fracturing or fluid

inclusions were found in the present minerals. (see table 3.1)

5.3 Summary
The coexisting mineral phases originating from igneous
sources did show a preferential boron partition, which was

determined to be 0.7 in K-feldspar/biotite. This conclusion is
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derived by determining a best fit 1ine between the plotted points
in figures 5.1 and 5.3, the slope of which is the preferential
boron distribution between the two mineral phases that define the
axis of the graphs. Due to limited data, it was not possible to
designate a numerical value for the slope of the line drawn
through the distribution points in figure 5.1. The coexisting
mineral phases that originate from metamorphic rocks did not show
a preferential boron partition, as shown by fig. 5.2.

Sphene and fluorite consistently showed low boron
concentrations, especially in comparison with other coexisting
mineral phases, such as biotite, pyroxene, hornblende and
feldspars. (see table 5.1)

The variable boron concentrations in the major rock forming
minerals can not be explained by alteration products such as
sericite or saussurite, alteration along fractures of the mineral

grains or extensive fluid inclusions.
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