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ABSTRACT 

Seoarated minerals From 18 diFFerent rock samples were 

These came From various locations in the Grenville avai !able. 

province. OF these samples, there were 44 minerals which had at 

least one coexisting mineral phase. These were al 1 analysed For 

boron by thermal neutron irradiation using 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 ForK-Feldspar/Biotite. There was no 

Preferential boron partition among the coexisting phases that 

originated From a metamorphic source. Sphene and Fluorite 

contained much less boron than other minerals that coexisted with 

them. 
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CHAPTER ONE 

I NTRODUCTION 

Trace element distribution between coexisting minera l pha s e s 

has been studied extensively by many people since the ear l y 

1950's. The objective or this project is to rind a preFerent i a l 

boron partition among coexisting minerals rrom igneous and 

metamorphic rocks. Recently a simi lar study has been made by E. 

Gray et al. to rind the preFerential boron and I ithium part i tion 

in high grade rocks and minerals. Since their re s ul t s were 

puzzling and ambiguous, they concluded that more work needed t o 

be done on this subject. 

This project used samples that were col l ected by di r r ere nt 

people rrom various locations in the Grenvi I le province o r the 

Canadian Shie l d in Ontario and Quebec, including both igneous and 

metamorphic rocks. 



CHAPTER TWO 

PREVIOUS WORK 
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2.1 Trace Element Substitution Into Crystal Lattices 

The concept or trace element substitution into a crystal 

lattice has been intensely researched by many authors since the 

early 1950's. One or the rirst breakthroughs in this rield or 

science was by V.M. Goldschmidt, when he developed rules as a 

guide ror the distribution or elements during magmatic 

crystal 1 ization. When an element is incorporated into a crystal 

lattice. Goldschmidt (1937.1944) in Taylor, S.R. (1965), said it 

is "admitted", "camourlaged", or "captured" depending on the 

relationship between the ionic radius and charge or the element 

with that or the crystal lattice. Later, Shaw (l953,p. 146 ) 

stated that "it cannot be predicted whether a trace element wil l 

be concentrated in early or late mineral rractions on the basis 

or ionic radii". Through this, it was discovered that the nature 

or the chemical bond had to be considered as we i 1 as the ionic 

valency. Ringwood (1955a,b) used electronegativity a s a 

measurement or bond type and drew attention to the weakening 

errect or partial covalency on the bond strength or meta l oxides. 

He determined this by perForming experiments to ri nd re lative 

melt i ng point data ror oxide minerals that have simila r 

structures. Ringwood made another i mportant discovery by rinding 

that highly charged cations tend to rorm complexes in magmas, 

usually occurring with oxygen or hydroxyl anions. Due to al 1 or 

this, it has been determined that the probability that an element 
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wil 1 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 usua l ly 

form complexes in magmas. In general, the behavior of a minor 

element incorporating into a crystal lattice is based on the 

elements ionic size, its val ·ency and the type of chemical bond 

that i s produced in the crystal lattice. 

2 .2 Trace Element Behavior During Metamorphism 

When a rock is subjected to severe temperature and pres s u re 

conditions the elements change coordination and position in 

r elation to each other. As a result, the rock may undergo 

r ecrystallization. When trying to understand the effect o f 

metamorphism on the distribution of trace elements in a rock , 

element migration must be considered. One of the most important 

disco veries in this f i eld was by Shaw (1954) who carried o ut 

studies on pelit i c rocks of the Littleton formation. These roc ks 

show increasing metamorphic grade, and trace element data were 

collected over varying facies. It was found that the 

concentration of most of the elements rema i ned constant 

throughout varying degrees of metamorphism. 

2. 3 The Nernst Partition Law 

Trace element distribution between coexisting minera l s, 

unde J- ideal conditions, is governed by thermodynamic principle s 

(Mason 1982 ) . On the basis of thermodynamic equi I i br i um, t he 
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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~« + RTln x~ y~ 
1 1 1 1 

u~ = u? 11 + RTln x~ y? 
1 1 1 1 

Where uf and uf are the chemical potentials of component i in 

phases a and S; uj~ and u98 denote the 
1 

chemical potentials of" 

component i at unit activity and and yf, y ~ denote the 

mole fractions and activity coefficients of component i in phases 

a and B , respectively. 

At equilibrium, the chemical potentials between two 
coexisting phases are equal, so: 

u~ = u~ 1 1 

thus: 
oo< of3 RTI nx .By .B RTln 0( o<. + u. + xi Y = ui 1 1 1 

I et: 
u .o/3 = 0 u?O( - .t.Gi 1 1 

then: RTln = - .t.G~ 
1 

If: 

Where Ki is the eouil ibrium constant of the system, then: 



= - 6G? 
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• 
I~ we assume that the two phases are ideal mixtures, then 

the activity coe~~icients can be stated as: 

yf? 
1 = y~ 1 = 1 

so that: 

X~ = Ki 
>? 

It can be seen that the equilibrium constant, Ki, is 

dependent upon the temperature o~ the system. A I so, K i is a 

ratio between two molar concentrations. In practice, the ratio 

o~ the two concentrations o~ component in phases a and 8 is 

used instead o~ the ratio o~ the two molar concentrations o~ 

component i in those phases. The partition coerricient K. is then 
1 

written as K0 , so that: 

K0 = c ~/c .13 
1 1 

This is the usual rorm or the Nernst partition law. K0 is 

the distribution coerricient ror component i in phases a and 8, 

and c is the concentration o~ component in those phases by 

weight. 

It was previously thought that the Nernst distribution Jaw 

only applied to trace components which mixed ideally, however 

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

2.4 The Distribution Coer~icient 

The distribution o~ a trace element between pairs o~ 
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coexisting minerals can be expressed when two concentrations oF a 

component i are plotted against each other. This is cal led 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 is in Fact a 

preFerential partition between the two mineral phases, and a best 

Fit 1 ine is drawn to determine the partition coeFFicient. 

The charge on a crystal lattice system must be constant 

overal 1, 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 

usually occupied by a diFFerently charged ion. 

site that was 

IF the plotted points on the distribution diagram are 

scattered and no best Fit 1 ine 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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possibi J ities 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 thought to usually enter silicates as a 

borate ion, but [B0
3

] 3- is not readily accepted into crystal 

lattices and is usually concentrated in residual magmas. The 

expected to 

t etrahedra in feldspars, as is shown by reedmergite ( NaBSi 3o8 ) . 

For an extensive Jist of all the established 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 9-11.51. B2o3 . Since boron is usual ! y 

enriched in residual melts within a 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 

Determining 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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a I . 1979). With these methods, it fs very dirricult to 

distinguish between Lithium and Boron errects. Due to this, some 

or the results that are thought to be boron errects may actually 

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

I i th i um) is very concentrated in sericitic alteration within 

plagioclase, developed inward rrom cleavages and boundaries. In 

general, it has been round that sericitized, saussuritized and 

chloritized alteration products or biotite, plagioclase and minor 

marie minerals have higher boron content than alteration rree 

areas. Boron has also been round to be concentrated along grain 

boundaries and in cracks in pyroxene, plagioclase and garnet. 

Truscott et al. report that boron may also be in rluid inclusions 

within plagioclase, although this has not been proven. 

Mal inko et al. concluded that their evidence suggested 

isomorphous entry or boron into crystal lattices. They also 

concluded that when dirrerent concentrations or boron are round 

within dirrerent mineral zones, it means changes in the crystal 

lattice have occurred during growth. Ahmad and Wilson state that 

the mobility or boron appears to be related to the presence or a 

metamorphic rluid phase. 

In summary, it has been round that in common metamorphic 

rocks, alteration minerals such as sericite, saussurite and 

chlorite contain the richest amount or boron concentration. In 

non altered rock rorming minerals, Truscott et al. round that the 

boron content in order or decreasing concentration is: biot i te > 

clinopyroxene > orthopyroxene, plagioclase, amphibole, garnet > 



perthite, quartz. 
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It is important to keep in mind that the 

conclusions made in these papers may not be totally due to boron 

errects. as a method ror distinguishing the dirrerence between 

boron and 1 fthium in alpha-track analysis has not been perFected 

yet. 



CHAPTER THREE 

DESCRIPTION OF THE SAMPLES 

3.1 Origin 

1 0 

The samples used in this study were collected from various 

locations in the Grenville province in Ontario and Quebec. The 

MCC serfes samples were collected by M.C. Chiang from almandine 

amphibolite facies rocks (of possible igneous origin) from the 

Loon 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 is approximately 36 miles NNE of 

Peterboro, Ontarfo. 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 al 1 either 

monzonites or quartz monzonites. 

co 1 1 ected by D.M. Shaw. The 

originating from an outcrop on 

The rest of the samples were 

721104 sample is a gabbro 

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. A I 1 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 all 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 is 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 oi 1 with a similar index of refraction. A cover slip was then 

placed on top of the mineral grains and 0 i I . The purpose of 

surrounding the mineral grains with an oi 1 of simi Jar index of 

refraction was to make its reI i ef 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 foreign 

grains, 991. pure if one was seen, and so on. In some cases. the 

impure grains were much sma I I er 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 plagioclase sample 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 ft was minor in the ones 
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that did. 

The results oF the mineral examination are presented fn 

Table 3.2. 



Table 3.1 Oescrfptfon or the Samples 

SAMPLE 

MCC-761 
MCC-703 
MCC-704 

U-70 
U-27 
U-94 
U-115 
U-251 
U-26 

690422-3 

721104 

Ca-30 
Ca-44a 
Ca-56 
Ca-76 
Ca-65 
Ca-105 

On-10 

ORIGIN 

-Loon Lake Aureole, 
Chandos Twp., Ont.• 

-Loon Lake Pluton, 
0 Chandos Twp., Ont. 

-1 • 5 M west or Gooder- 0 

ham, Glamorgan twp., 
Haliburton Co., Ont. 

-Hwy. 62, 9.6 M south 
of Bancroft, Ont. 

-Grand Calumet Twp., ~ 
Pontiac Co., Quebec 

-Huddersrield Twp., + 
Pontfac Co. Quebec 

-Locality Uncertain 

Map References 

• Chaing, M. C. , 1965. Page 4 and in 

0 Dosta 1, J. , 1973 In the pocket. 

the 

13 

ROCK TYPE 

-Almandine Amphibolite 
or possible igneous 
origfn 

-Diorite 
-Quartz Monzonite 
-Monzonite 
-Quartz Monzonite 
-Monzonite 
-Quartz Monzonite 

-Para-Amphibolite 

-Gabbro 

-Pegmatitic Skarn 
-Fluorite Pyroxene Syenite 
-Skarn 
-Skarn 
-Skarn 
-UraniFerous Diopside 

Marble 

pocket. 

0. Shaw, D.M., 1958 Page 29 and in the pocket. 

+ Shaw, D. M. , 1958 Page 37. 

Cl Pacesova, M. , 1973 In the pocket 
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TABLE 3.2 The Purity or the Crushed Mineral Samples 

SAMPLE 

U-70 

U-27 

U-94 

U-115 

U-251 

U-26 

MCC-703 

MCC-704 

MCC-761 

721104 

690422-3 

-30 

MINERAL 

Plagioclase 
Hornblende 

Biotite 
K-Feldspar 

Biotite 
K-Feldspar 
Plagioclase 
+ Quartz 

K-Feldspar 
Biotite 

K-Feldspar 
Biotite 
Plagioclase 
+ Quartz 

K-Feldspar 
Biotite 

Hornblende 
Biotite 

Biotite 
Hornblende 

Biotite 
Hornblende 

Biotite 
Orthopyrx. 
Opx. + Cpx. 

Sphene 
Hornblende 
K-Feldspar 
Plagioclase 

Phlogopite 
Pyroxene 
Scapol fte 
+ Sphene 

PURITY 

99% 
>99% 

>99% 
~99% 

>99% 
98% 

(82% 
15%) 

98% 
> 99'7. 

98% 
>99% 
(80% 
20) 

99% 
>99% 

95% 
98% 

99% 
>99% 

99% 
95% 

701. 

99% 
99% 
991. 
98% 

>99% 
>99% 
(93% 

5%) 

OTHER DISTINGUISHING FEATURES 

-slight saussuritization in a rew grains 
-slight alteration along Fracture planes 

-a Few grains have slight inclusions 

-31. biotite, quartz grains show some 
minor Fluid inclusions 

-21. quartz 

-51. biotite 
-21. hornblende 

-Fluid inclusions in 10% or the grains 
-51. biotite 

-301. chlorite 
-It was not possible to distinguish 

between the two pyroxenes 

-21. quartz 

-a Few grains show Fluid inclusions 
-21. plagioclase 

( continued. . . ) 
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TABLE 3. 2 Continued 

MINERAL PURITY 

Ca-44a Fluorite (>99% 
+ Apatite < 1 %) 
Pyroxene 99'7. -20% or the grains show inclusions 

Ca-105 Phlogopite >991. 
Dfopside 981. 

ON-10 Biotite >991. 
Sphene 97'7. 

Ca-56 Sphene 991. 
Pyroxene 991. -unidentiFied green pyroxene 

Ca-76 Hornblende 991. 
Sphene 991. 

Ca-65 Fluorite 991. 
Magnetite (201. 
+ Pyroxene 801.) 



CHAPTER FOUR 

METHOD OF ANALYSIS 

4.1 Introduction 

16 

Until recently, boron geochemistry had not been widely 

studied due to the usual low abundance or boron in rocks and the 

lack of analytical methods to measure it. A method enabling one 

to measure the concentration or boron has been developed, cal led 

Prompt Gamma Neutron Activation Analysis (PGNAA). This method is 

excel lent because it is fast, non-destructive and requires 

minimal sample preparation. PGNAA was used to determine the 

boron concentration or the samples in this project. 

During PGNAA, a crushed sample fs frradiated with thermal 

neutrons that are emitted via a beam port connected to the core 

or 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 or known concentration. 

The theory behind PGNAA as a means of measuring minor 

element concentrations has been discussed in many different 

pub 1 i cations, including Middleton (1987), Ash (1987, pg 25-38) 

and Higgins et a 1 . ( 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 excel lent element to be measured by 

PGNAA because it shows both or these characteristics. 

Each element has its own characteristic prompt gamma energy 



I eve I , which is 478 KeV f'or boron. In 

irradiation, the reaction that occurs is 

17 

the case of' boron 

10B(n,y) 7Li*. This 

states that a 10s ntom reacts with a neutron to f'orm 7Li*, which 

is in an exited state. The decay of' 7Li* to 7Li produces the 

gamma ray that is measured by the MCA. The reaction can also be 

stated as: 

IOB{n,y) 7Li* ~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 f'or 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 f'lux of' the reactor is 

l0 13ncm-2s- 1 . Only thermal neutrons are required f'or PGNAA, but 

the beam port also carries f'ast 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 f'i Iter 

out the f'ast neutrons, a combination of' 60 em of' cylindrical 

silicon crystals (12 em in diameter) and 30 em of' sapphire 

crystals (7 em 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 ( 6 LiC03 > is used to f'urther reduce the spread of the neutron 

beam within the system. Af'ter f'iltering, the thermal neutron 
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Flux at the sample position is 6 x 10 7 ncm-2s- 1 with a Cd ratio 

> 1 00. (Higgins et a l . 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 11 B ion implantation to lessen the 

eFFect oF 10s background during analysis. The signals emitted by 

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

analyzer which displays the output on a computer screen. 

4.3 Preparation of Samples 

The procedure used For the preparation or 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 em by l 

em teFlon tube, with the powder depth not exceeding 2 em, 

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 em, measured by 

T.A. Middleton (1987). Some of the tubes were slightly curved 

and had to be positioned so that all or 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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Cross-section or the beam port. 
1984) 

(after Higgins et al ., 
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FIGURE 4.2 

The neutron beam enters the "cave" at the top of" the 
diagrgm. Shei !ding materials are lead (l), wax (X), borarlex 
(8 ) , LiC03 in wax (li) and concrete (C). Carter Higgins et al., 
1984) 
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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 <H 3so3 > in IOOg of 

deionized, distilled "Milli-0" water. Later, a smal 1 amount of 

distilled 16 molar nitric acid (HN03 ) was added ( <lml). The 

stock solution was then deposited onto precipitated silicic acid 

<H2Si03 nH 20> which forms a rock like matrix and distributes the 

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 1571-0rchard 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 

em i ts gamma rays at its own characteristic prompt gamma energy 

level. The prompt gamma energy level ror sodium is 472 KeV, and 

is close to the peak ror 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 errect is a broad peak with a projection on the 

lert hand . side. (See Figure 4.3) 

4 . 5.2 Sodium Correction 

Sodium is a common constituent or most rock types, so a 

correction is orten necessary. Correction ror the sodium peak 

when calculating the concentration or boron using PGNAA has been 

discussed by Higgins et al. (1984) and Middleton (1987). The 

method used For correction is cal led the "partial peak method" 

(developed by Higgins et al.) and avoids a sodium correction ror 

the calculation aFterward. Using this method, the middle or the 

Flat topped peak that has not been interFered with by sodium is 

used as the total count rate. In rig. 4.3 the total count rate 

is "a". The values or "b " and "b " are 1 2 averaged and subtracted 

From the count rate determined ror "a" to give the total count 

rate ror boron in the sample. The width or "a", "b 1 " and "b2 " 

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

4.6 Calculation or Boron Concentration 
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COUNTS Na Peak 

a 

8 Peak 

472 478 ENERGY (KeV) 

Figure 4.3 

The prompt gamma peaks oF sodium and boron. Boron 
concentrations were determined using the partial peak method 
which involved subtracting the average oF both backgrounds Cb 1 
and b?) from the total For the boron peak Ca). lhis eliminated 
the e~fect of the sodium ceak in the calculati o n. Cnote: The 
count rate for b 1 is always higher than for b 2 . l 
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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- (b 1+bz)/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 

mil 1 ion (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 low boron concentration. The 

possible sources of blank interference are: 



1) From boron bearing components within the detector and 
close to the sample position. 
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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 determined 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 rrom 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 stil 1 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. Anal iquot 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 4.2 

Table 4.1 The Precision or PGNAA 

SAMPLE BORON (ppm) 

870825-25 I ) 3 . I 5 
2) 2. 79 
3) 3. 64 
4) 3. 38 
s) 2. 94 
6) 4.03 
7) 3. 89 

x (ppm) = 3.40 

Error = 12. 6'7. 
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Boron analysis oF NBS-1571 (accepted boron concentra t ion = 
33 ppm.) <arter Ash 1987) 

SAMPLE IRRADIATION BORON(ppm) x(ppm) cr 33ppm-x 

1. 1000 s 31.6 

NBS-1571* 2. 1000 s 33.0 32.9 0.976 0.131 

3. 1000 s 34.0 

Note: *U.S. Bureau of Standards 



CHAPTER _FIVE 

INTERPRETATIONS 

5.1 Discussion of the Results 
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The results for the boron concentrations of the samples are 

presented in table 5.1. The boron concentration in each major 

roc k forming mineral has been shown to be very variable. ranging 

from 1 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 

mi neral 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. I it 

can be seen that there are two points with relatively simi Jar K0 

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

the origin, the slope of which representing the K
0 

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 grade of metamorphism. The two 
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SAMPLE MI NERAL BORON X a 
(ppm) (ppm) 

MCC-761 Hornblende 5. 19 
Biotite 2.83 6 

MCC -70 4 Hornblende 22. 13 
Biotite 12.83 

MCC-703 Hornblende 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 I. 08 
Plagioclase 16.99 
K-Feldspar 77.5 79.5° 78.5 I. 00 

U-26 K-Felspar 7.92 
Biotite 5.26 

U-27 Biotite 8.31 7.89 8. I 0 0.21 
K-Felspar 4.83 5. 51 5. I 7 0.3L1 

U-70 Hornblende 36.98 ° 
Plagioclase 107.1° 

U-94 Biotite 16.86 15.36 I 6. 1 1 0.75 
K-Feldspar 13.79 14.64 1 4 . 2 I 0.42 
Plag. + Quartz 34.47 

U-115 Biotite 31.65 31.69 3 1 . 6 7 0.02 
K-Felspar 1 1 . 75 1 1 . 86 1!. 81 0.05 

U-2S1 K-Feldspar 3.29 3.92 3.60 0.31 

Biotite 2.76 2.96 2.86 0. 10 
Plag. + Quartz 7.88 

Ca-76 Sphene 1.26 
Hornblende 16.47 
Pyroxene 16. 18 

Ca-56 Sphene 0.92 
Pyroxene 1 6. 1 7 

Ca-65 Fluorite 1. 08 
Magnetite + 26.41 

Pyroxene 

( cent i nued ... 



TABLE 5. l Continued 

SAMPLE MINERAL BORON X 

(ppm) (ppm) (ppm ) 
Ca-30 Phlogopite 15.78 

Pyroxene 34. 16 ° 
Ca-105 Oiopside 13.93 

Phlogopite 18 .51 

Ca-44a Pyroxene 29.22 
Fluorite + 0. 71 

(Apatite) 

ON- 10 Biotite 9.46 
Sphene 2.22 

7 21 1 04 Magnetite 7. 12 
Biotite 1 1. 58 
Pyroxene 3.65 
Orthopyroxene 1.95 

These samples were measured with reFerence to the boric acid 
#87 standard. containing 102 ug oF boron. 

All samples were irradiated For 1000 seconds except: 

o 500 second irradiation 

~ 2000 second irradiation 

Standard Deviation ~ a ~ ~Lx2 ~ nLx
2 

n = number oF variables 

x = mean oF n amount oF variables 
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TABLE 5.2 The Distribution CoeFFicients or Coexi : ting minerals 

SAMPLE 

MCC-76! 
MCC-704 
r-tCC-703 
690422-3 

U-94 
U-J 15 
U-25! 
U-26 
U-27 
690422-3 

U-251 
U-94 
690422-3 

690422-3 
U-94 
U-251 

Ca-56 
Ca-76 

690422-3 
Ca-76 

ON-10 
690422-3 

690422-3 
U-70 

721104 

Ca- 105 
Ca-30 

690422-3 
690422-3 
Ca-65 
Ca-76 
Ca-44a 

COEXISTING MINERALS 

Hornblende I Biotite 

Biotite I K- Feldspar 

Biotite 1 Plagioclase 

Plagioclase 1 K-soa r 

Pyroxene I Sohene 

Hornblende 1 Sphene 

Biotite / Sphene 

5 . !9/2.83 
22.1112.8 
26.916.04 
18 .3 / 2.92 

!6 . 1/14.2 
3!.7/11.8 
2.86/3.60 
5.2617.92 
8.101.5.17 
2 .92178 .8 

2 .8617.88 
16.1/34.4 
2.92/17.0 

17.0178.5 
34.4/14.2 
7.88/3.60 

16.2/0.92 
16.2/1.26 

!8.316.98 
16.41!.26 

9.4612.22 
2.92/8.06 

Plagioclase I Hornblende 17.0118.3 
107137.0 

Magnetite I Pyroxene 
Magnetite/Orthopyroxene 
Biotite I Pyroxene 
Biotite I Orthopyroxene 
Biotite I Magnetite 
Orthopyroxene/Pyroxene 

Phlogopite I Diopside 
Phlogopite 1 Pyroxene 

Sphene I K-Feldspar 
Sphene I Plagioclase 
Mag. + Pyrox. I Fluorite 
Hornblende 1 Pyroxene 
Fluorite I Pyroxene 

7.12/3.65 
7.1211.95 
11.613.65 
I I . 6/ I . 95 
11.617.12 
1.95/3.65 

18.5113.9 
15.8134.2 

6.98178.5 
6.98/17.0 
26.411.08 
16.5116.2 
0.71/29.2 

I .83 
I. 72 
4 . 45 
6.28 

I. 13 
2.68 
0.79 
0.66 
I . 57 
0.04 

0.36 
0.47 
0.06 

0.22 
2.43 
2. l 9 

17.6 
12.9 

2.63 
I 3. 1 

0.88 
0.37 
l . 2 7 
I. 51 
0.64 
25.0 

2 .78 
2. 13 
16. 7 

4.54 
0.41 
0.46 

4.26 0.23 
0.36 2.78 

0.93 1.07 
2.90 0.34 

I. 95 
3.65 
3. I 7 
5.94 
1 • 63 
0.53 

I . 33 
0.46 

0.09 
0. 41 
24.5 
1.02 
0.02 

0.75 
2. 1 7 

l l • 1 
2.44 

4 I . 7 
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Plagioclase vs. Biotite 

8 ppm in Plag ioclase 
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FIGURE 5.1 The plot oF the distribution coeFFicients For 
plagioclase vs. biotite. (Fr om t a ble 5 . 2) 
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Hornblende vs. Biotite 
B ppm in Hornblende 
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FIGURE 5.2 The plot or the distribution coeFFicients For 
hornblende vs. biotite. (From table 5.2) 
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Biotite vs. Feldspar 
B ppm in K-Feldspar 

100.-----------------------------------------------~--------~ 

8 0 ------------- --. ------------------------ ----- ·-·· -------

690422-3 

6 0 --------------- ----·---·-------------------- --- -------------- --- ------- -- ---- -------- -- ----------- ---- ----- -------- -----------------------
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U-26 • 
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0 10 20 30 

B ppm in Biotite 

• Distr. Coefficients 

FIGURE 5.3 The plot or the distribution coerricient s For biotite 
vs. K-reldspar. (From table 5 . 21 
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similar distribution coerricients are rrom samples U-251 and u-

94, which originate rrom igneous sources as monzonites. Figure 

5.2 shows rour distribution points which produce a scattered 

plot. The rour pairs or coexisting mineral phases in this plot 

are rrom samples MCC-761, MCC-704, MCC-703 and 690422-3. The MCC 

samples are rrom an almandine amphibolite grade or metamorphism, 

while 690422-3 is rrom an unspeciFied amphibolite rock. Figure 

5.3 shows a distribution plot or rive points which can rit Fairly 

wel I along a best rit distribution l lne originating rrom the 

origin (drawn in and label led as K
0

) and one point which does 

not. The rive points which rit according to the curve are all or 

igneous origin (quartz monzonites and monzonites rrom the U-

series samples) and are all rrom the same pluton. The one point 

which does not rit on the 1 ine drawn in rigure 5.3 is rrom sample 

690422-3. an amphibolite rock. It can be seen in each plot that 

wherever the distribution coerricients vary, the two coexisting 

phases originated rrom a 

metamorphism. 

rock or amphibolite grade or 

Upon examination or table 5.2, it can be seen that there is 

a wide range or distribution coerricients among the remaining 

minerals that were not plotted. There were some minor patterns 

noticeable, however. For example, the boron concentrations or 

sphene and Fluorite were consistently low compared to the other 

coexisting minerals. Four sphene samples were measured ror boron 

concentration, 2.8 ppm, while the average boron concentration ror 

Fluorite was about 1 ppm. 
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These studies were carried out on previously crushed 

samples, and although every precaution ror purity was taken, it 

should be kept in mind that these minerals might have been 

exposed to some rorm or boron that might have arrected the 

results, ror example a cleaning process. 

however, not impossible. 

This is improbable, 

5.2 Comparisons and Interpretations 

It can be clearly seen rrom the discussion or the results 

that the coexisting mineral phases rrom an igneous source s how 

much less variable distribution coerricients than the coexisting 

mineral phases rrom a metamorphic origin. The igneous 

distribution coerricients did vary somewhat, and due to the 

I imited data avai !able in this study it was not Feasible to 

assign a numerical value ror hornblende/biotite (rig. 5.1) and 

biotite/plagioclse (rig. 5.3). For K-reldspar/biotite, the slope 

or the best fit line (label led as K0 ) is 0.7. This is the 

preFerential boron partition ror K-reldspar/biotite. It can be 

concluded rrom this that the coexisting minerals originating rrom 

igneous sources did in ract show a preFerential boron partition, 

whereas the minerals originating rrom metamorphic terrains did 

not. A good ruture study might be to attempt to measure the 

boron partition among coexisting metamorphic minerals that 

originate rrom 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 thi s 
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problem may be that the minerals in the metamorphic phase may no 

longer coexist in equilibrium, causing the ability or one or 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 Al 3+ ion in 

reldspars and phyl losil 1 icates. Truscott et al. round that boron 

has been round to be more abundant in biotite than in amphiboles 

or plagioclase. This is not been the case here, as biot i te has 

shown very variable concentrations with relation to plagioclase 

and hornblende, however it was round that boron is prererential ly 

concentrated in biotite over K-reldspar. 

Ahmad et at. (1981), and Truscott et al. 

It was determined by 

(1986) that boron is 

c ommonly concentrated in alteration products such a s sericite and 

saussurite. However, very 1 ittle alteration or any or the grain s 

in the present study could be seen, so it is doubtrul that 

alteration is the cause or any or the high boron concentration s . 

Shaw et al. (1986) also round boron concentration along the 

rractures in mineral grains, but very little rracturing or rluid 

inclusions were round in the present minerals. (see table 3. 1) 

5.3 Summary 

The coexisting mineral phases originating rrom igneous 

sources did show a prererential boron partition, which was 

determined to be 0.7 in K-reldspar/biotite. This conclusion is 
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derived by determining a best Fit line between the plotted points 

in Figures 5.1 and 5.3, the slope or which is the preFerential 

boron distribution between the two mineral phases that deFine the 

axis or the graphs. Due to limited data, it was not possible to 

designate a numerical value For the slope or the 1 ine 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 rig. 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 or the mineral 

grains or extensive Fluid inclusions. 
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