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Th b 1 Bl1/B10 . f . k . d e a so ute rat~os 0 meteor~tes, te t~tes an terres-

trial materials have been determined mass spectrometrically with a 

precision of 0.17 per cent (two standard errors) for one complet~ 

analysis, an accuracy of 0.05 per cent and a reproducibility of the mean 

of 0.08 per cent (,ha1f range). 

Separation of boron was by cyclic pyrohydrolysis and the quantity 

determined by curcumin colorimetry with a precision of 9 per cent (two 

standard deviations), an accuracy (relative to isotope dilution) of 

1 per cent and a reproducibility of 5 per cent. 

The results indicate that there are no differences bc-I-ween lhc 

average terrestrial and meteoritic ratios. The slightly high value [or 

Bruderheim (M) is probably due to latter-stage cosmic irradiation. 

Absorption of marine boron by certain clays produces a 4.8 per cent 

enrichment of Bll in sea water. Tektites appear to have a sedimentary 

rather than a chondritic or igneous origin. 

Mean values of B11 /B10 ratios and boron content for meteorites 

and the planets are estimated. 
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C HAP T E R I 

INTRODUCTION 

1. INTRODUCTION 

Since the discovery of the isotopes of boron, their relative 

abundance in nature has been studied for a variety of reasons. They 

were first investigated as part of the general accumulation of 

nuclear data in order to develop sui table theories about the atomic 

nucleus. More researchers joined the investigation when it was 

discovered that the isotopic ratio was not constant in nature, and 

the studies became even more intensified as a result of the role 

played by boron in reactor physics. After several years of less 

activity in this field, it now appears that a new interest is being 

aroused by the work of nuclear astrophysicists who would like to know 

how boron, together with the light nuclei, lithium, beryllium and 

deuterium were originally synthesized. This has made it necessary 

to study boron in a wider variety of materials. 

The present work involves studies of the amount of boron 

and its isotopic abundance in meteori tes, tek ti f-es, and a variety 

of terrestrial materials. The rationale for Llnalyzing the pnrticulilr 

samples will be given in this thesis in the appropriate places. 

1 
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2 . PREVI au S HORK 

( a ) 
11 10 

Discovery of B / B Varia t ions in Nature 

When Aston ( l920) di s covered the two stable iso topes of boron 

at masses 11 and 10 with a ma ss spectrometer , he also made the first 

estimate of their abundance using photometry . Eleven years la ter, 

Aston (1931) made another isotope abundance measurement on a boron 

1 b bl f E "B1l/ B10 
ratl'os Wrer"e also samp e, pro a y 0 - uropean orlgln. " 

measured by Elliott (1930, 1931) using photometry on the band spectra 

of BO (Chilea n boron) and by Paton and Almy (1931) also using photo-

metry on the band spectra of BH. 

Prior to 19 46 a great deal of work had been done on the ne utron 

capture cross-section and the isotopic ratio of boron because of the 

role this element played in reactor physics . Thod e and co-workers 

observed during prelimina ry studies of the boron isotopes variations 

in the ratio of Bll / B
10

. This l ed ~Vhitehouse and Pontecorvo (19 48) 

to suggest that isotopic variations might account for the discr epancies 

in cross-sectional values. 

Inghram (1946) made a very ca reful determination of the isotopic 

ratio of boron in a samp le of unknown or igin . 1\<10 years l ater ThClde et 

. 11 10 . 
a1. (1948) completed mo r e extenslve mea surements of B /B for nlne 

natural samples having different geological origins . They detected a 

variation of about 3.5 per cent, in agreement with the suggestion of 

Whitehouse and Ponte corvo that small var iations in the measured values of 

the slow neutron capture cros s -section of boron from l aboratory 
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to laboratory was due to a variation in the natural abundance of the 

boron isotopes. 

The theoretical argument for the observed variations had 

already been given by Urey and Rittenberg (1933), and Urey and Greiff 

(1935), who calcula ted using thermodynamic considerations, the equilib-

rium constants, vapour pressures and isotopic enrichment factors of 

chemica :_ reactions involving the isotopes of the light elements, 

lithium, carbon, nitrogen, oxygen and sulphur. These theoretical 

results were in good agreement with experimental observations, e.g. 

the work on carbon dioxide by Weber et al. (1935). Simple physical 

processes such as diffusion, evaporation, distillation, centrifuging, 

thermal diffusion and electrolysis may also give rise to isotope 

fractionation. Natural isotopic variations of up to 3 per cent were 

also observed by Dole and co-workers (1936, 1940, 1944) for oxygen; and 

up to 5 per cent by Thode et al. (1949) for sulphur. It was observed by 

Nier and Gulbransen (1939), and by Nier and Murphy (1941) that the 

CD h- h ... h' -content was ~g er ~n ~norgan~c sources ,t an ~n organ~c systems. 

(b) Improved Method of Analysis 

Until 1960 all mass spectrometric work on boron used gaseous 

samples such as boron trifluoride, trimethyl boroxine and boron hydrides. 

Conflicting results of early workers were mainly due to memory effects 

left by adsorption of the sample gas on the walls of the gas inlet 

system of the mass spectrometer, and to isotopic fractionation due to 

inadequate chemical preparation of the samples. Another source of 
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error in gas source mass spectrometers of low resolving power is the 

possibility of hydrocarbon backgrounds contributing to isotopic peaks . 

Attempts were made by Bentley (1960) to reduce the BF3 

adsorption by carefully redesigning the gas inlet system, and correcting 

for instrumental error by calibrating the mass spectrometer with a 

11 10 . preparej standard of a known B /B rat~o. Unfortunately the 

instrumental discrimination did not remain constant during a series of 

analyses. A considerable advance was made towards solving these 

problems when the solid source techniques of mass spectrometry were 

applied to boron isotope measurements by MCMullen et al. (1961) and 

other workers. In this method, samples are in the form of borax 

memory effects and hydrocarbon backgrounds are eliminated in this way, 

instrumental discrimination due to other causes is still pres ent . 

Since it was found that this discrimination remained remarkably 

constant, provided there were no major changes in alignment of the 

components of the mass spectrometer, it was possible to ~alibrate an 

instrument with a prepared standard of known boron isotope ratio 

(see Chapter II, Section 4 (9), (v). 

With improved chemical preparation of the samples and the 

application of solid source techniques together with a prepared standard 

for calibration, more accurate and reliable results "for the Bll/BlO 

ratio have been obtained by McMullen et al. (1961), Goris et al. (1961), 

Finley et a1. (1962), Shima (1962, 1963), and others . These results 

indicate practically the same variations in isotopic ratio observed 



in Thode's (1948) original work, but the absolute ratios, obtnined by 

applying the necessary corrections, are lower by several per cent than 

those given by early researchers using gaseous samples. Recently, 

Agyei and McMullen (1968) have obtained a variation of 3 per cent in 

the absolute Bll/BlO ratios for boron minerals, confirming the work 

of Thode, but are about 7 per cent lower than those for gaseous 

samples agreeing with the results obtained by other workers using 

solid source techniques. 

(c) 11 10 
Importance of B /B and Boron Content 

Since enriched isotopes of boron are now widely available, 

variations of boron isotopes in nature have no significance to reactor 

physics, and earlier work on boron minerals seems quite secure when 

proper corrections are made for instrumental discrimination. However, 

11 10 the question of an appropriate B /B value to use for the earth's 

crust, the earth as a whole, or the solar system, is unanswered. In 

order to answer this question analyses have already been performed 

on boron from sources of primary origin, such as gabbro, basalt and 

5 

meteorites, Shima (1962), Agyei and McMullen (1968). Some investigations 

have also been made by Cherepanov (1967) on boron in the kimberlite 

and meimechite of Siberia, and by Shergina and Kaminskaya (1963) for 

boron in high temperature silver-antimony deposits <lnd copper-nickel 

sulphide deposits. The results of the last two groups of workers 

suggest the possibility of using boron for geological prospecting. 

The Bll/BIO ratio from sources of primary origin have not been found 



to be the same, suggesting that even in the primary materials there is 

.. f h Bll/B10 . J . th f· 1 . var~at~on 0 t e rat~o. ust as ~n e case 0 m~nera s, ~t 

is essential to analyze many primary substances in order to evaluate 

the extent of the variation. Analysis of the B
11

/B
10 

ratio from 

additional secondary sources, other than boron minerals, will also 

give further information about the distribution of the boron isotopes 

in nature. 

It is also important to know the boron content for the 

material analyzed so that the geochemical cycle of boron can be 

understood. As will be seen in the next section, the average boron 

content as well as its isotopic ratio is also required for theories 

6 

on the synthesis of this element. 

3. NUCLEOSYNTHESIS 

(a) Atomic Abundance 

A glance at the atomic abundance curve (Burbidge, Burbidge, 

Fowler and Hoyle (B
2
FH) 1957) in Fig. 1 will indicate that a group 

of nuclei falls off the main abundance curve and are several orders 

of magnitude smaller in abundance than their elemental neighbours. 

These are the isotopes of lithium, beryllium and boron, or (LiBeB) 

nuclei, which are sometimes referred to as the L-nuc1ei. Deuterium, 

too, exhibits similar abundance characteristics to the L-nuc1ei. 

(b) Nuclear Processes 

A comprehensive review of the thermonuclear reactions involved 
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in the building up of the chemical elements in stellar interiors was 

given by B2FH (1957). They assu~ed that all elements were synthesized 

from hydrogen (proton) by the following processes. 

(i) Hydrogen (proton) burning to produce helium, after the initial 

hydrogen gas has contracted under gravitation to produce a temperature 

high enough to star t fusion of hydrogen (protons). 

334 
He + He ----? He + 2p 

At a high temperature of say 1.3 x 107 oK, and large He4 concentration, 

the pp chain takes the form of: 

3 4 7 
He + He --+ Be + y 

Be
7 + p~ B8 + Y 

or B8 8* + "if ) Be + ~ + 

Be8* ~ 2He4 

Wi th the presence of carbon, the well-known C-N cycle takes place» 

(Von Weizsacker, 1938; Bethe, 1939). 

8 
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This again converts four protons into He
4 

and at the same time produces 

h . Cl3 t e 1sotopes : 

If .sodium is present we have the neon-sodium cycle in which 

four protons are conver ted to He4 in a similar way as the C-N cycle . 

( ii) Helium Burning in which C, 0 , Ne and perhaps Mg are produced. 

When the hydrogen (proton) burning ceases no further nuclea r 

reactions occur until further gravitational contraction raises the 

tempera ture high eno~gh to tr igger helium burning . Fusion of two 

4 8* He produces Be which is very unstable and decays back to two He4 

nuclei (Salpeter , 1952). However , it ha s been shmvn tha t there is a 

4 l2~\-
sma ll probabi lity of three He nuclei coming toge ther to fonu C 

(Hoyle, 1954; Fm'l lcr et aI., 1956) which provides the means of 

bridging the gap bet~veen helium and carbon in the element synthesis in 

stellar interiors . 
4 l2~\-

Subsequent addition of He to C produces 0 , Ne 

and probably Mg. 

( iii) a - particle process e s in ~.,hich Mg 24 , Si 28,. S32, Ar36 and 

40 
Ca are produced by the addition of a-particles , freed by heavy 

16 20 
particle reactions, to produce 0 and Ne . 

4 After all the He produced from the hydrogen burning is 

consumed , a further increase in temperature by gravitational 

contraction is neede d before further nuclear reactions occur. At 

9 0 t empera tures of about 1.3 x 10 K and over, a-particles are 

produce d by heavy partic l e r ea ctions such as : 



At higher tempera tures , particles other than a may also be produced. 

(iv) The equilibr ium process (e-process) by which the elements in 

the iron peak a re s ynthesized. 

In this process, which occurs at temperatures over 3 x 10
9 

oK, 

a statistical equilibrium exists between nuclei, free protons and 

neutrons. The concentration of the nuclei depends on the binding 

energies , the number and distribution of excited states, and other 

nuclear properties. 

(v) The s-process in which neut r ons a re produced and captured 

at a relatively slow rate in a sequence to form the heavy nuclei. 

(vi) The r-process in which neutrons a re captured on a fast tilne 

scale (.01 - 10 sees). 

(vii) The p-process by which proton-rich isotopes of the heavy 

nuclei are synthesized. 

(viii) The x-process to account for the production of deuterium and 

the L-nuclei. 

10 

The particular features corresponding to each of these processes 

are indicated in Fig. 1. 



(c) Nuclear Synthesis of the L-nuclei (the x-process) 

We note from the above processes that there is a gap in the 

sequence of element production between mass 5 and 12 corresponding to 

the L-nuclei Li6 , Li7, Be9 , BIO and Bll. In addition, deuterium was 

not accounted for. Moreover, even if these elements were produced at 

all they would be destroyed by such thermonuclear processes as: 

D (p ,y) He
3 

D (d,n) He
3 

D (p,y) He3 

Li
6 

(p,a) He
3 

Li7 (p,a) He 4 

Be9 (p,d) Be8 
~ 2He

4 

Be
9 

(p,a) Li
6 

(p ,a) He3 

B
lO 

(p ,a ) Be
7 

(EC) Li 
7 (p ,a) He4 

Bll (p ,a) Be 8 --~> 2He 4 

Because of the abundance characteristics of deuterium and the 

L-nuclei, and the fact that they are not accounted for in the main 

sequence of element synthesis in the interiors of hot stars, it 

11 
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became evident and first suggested by Fowler, Burbidge and Burbidge 

(1955) that they are produced in non-thermonuclear reactions at 

stellar surfaces and not in the interior. 
2 

B FH (1957) considered the 

possible reactions of this nature which could produce these nuclei, 

however, it was Fowler, Greenstein and Hoyle (FGH, 1962) who first 

put this theory in mathematical form. This model was revised by 

Burnett, Fowler and Hoyle (BFH, 1965) us i ng more recent experimental 

data. 

In the model, deuterium and the L-nuc1ei in the solar system 

are obtained by spallation reactions on carbon, oxygen and nitrogen 

nuclei in metric-sized planetesimals by high energy particles from 

the sun, during the early history of the solar system. The isotopic 

ratios of Li and B from spallation are modified by the reactions 

B
lO 

(n,a) Li7 and 1i6 (n,a) H3 to give the terrestrial values, the 

neutrons also having been produced by spallation and thermalized by 

the icy matrix in the planetesimals. The reaction HI (n,y) D produces 

more deuterium. Spallation yields from heavy nuclei such as Mg, Si 

or Fe are also possible and this is discussed by BFH (1965). 

In the BFH (1965) paper it is assumed that the high energy 

16 
particles are mainly protons and the targets 0 nuclei. Differential 

equations are written for the production of the 1-nuclei and deuterium 

in terms of the number of neutrons, n, as the independent variable, 

since these are proportional to the number of protons, p. Consider

ations are given to the long half-life of Be
lO 

(2.7 x 10
6 

yrs.) which 
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~ -decays into B
10

, and to the short half-life of Li
6 

(0.8 sec). 

Instead of solving these equations for the isotopic abundances of the 

L-nuclei, the observed values are used to calculate the spallation 

yields and the neutron flux required to give these abundances, since 

it is felt that experimental data on spallation and neutron cross-

sections and understanding of secondary processes are not enough for 

direct calculation of the abundances. For the Li
6

/Li, Li7/Li and 

B10 /B ratios which appear in the equations, the terrestrial values 

0.0742, 0.926 and 0.196 respectively are used, whereas for B/Li 

the meteoritic value of 0.21 is used. It may be asked whether these 

ratios are constant throughout the solar system, and in particular, 

whether or not they are the same for meteoritic and terrestrial 

materials. It therefore becomes necessary to determine the isotopic 

and elemental abundances in extra terrestrial objects such a s 

meteorites, since any uncertainties in these ratios among others will 

be reflected in the predicted spallation yields. For example, the 

calculated spallation yield for B/Li from this theory does not agree 

very well with laboratory determinations. 

A slightly different model for the synthesis of the light 

elements is given by Bernas et al. (1967). From purely theoretical 

considerations they compute the spallation cross-sections for the 

production of (LiBeB) nuclei with high energy protons, nnd then with 

cosmic ray protons on (CNONe) targets. They conclude that within 

h i f h 1 · h . Bll IB lO 
t e uncerta nty 0 t e eva uatlons, t e meteoritlc 
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is equal to its' formation ratio on (CNONe) nuclei, but the Li
7
/Li

6 

ratio would have to be modified by (p,a) reactions. This implies that 

there js no need for slow neutrons, and hence, as discussed bel~w, 

meteoritic and terrestria l Bll/B10 should be similar. 

(d) Possible Isotopic Abundance Variations 

The BFH (1965) theory predicts that if there were any differences 

in the history of the parent bodies of the earth and meteorites, such 

as unequal high energy pr o t on irradiations, they should show up as a 

variation of the isotopic abundance of the L-nuclei and also of the 

heavy trace elements having high thermal neutron cross-sections, 

e.g. Gd, Sm and Eu. 

Consider the cases of Li and B for example. Since the neutron 

flux is proportional to the proton flux, for a small neutron flux 

Li
6 

(n, a ) H3 is relatively small and so Li6 and Li7 will rise linearly 

with the neutron or the proton flux, with a gradient given by the 

spallation rates. If the neutron (or proton) flux becomes large, 

the (n,a) reaction becomes significant and the Li
6 

abundance reaches 

an equilibrium value, whereas Li7 continues to increase at a greater 

10 7 
rate because of the contribution from B (n,a) Li. It can be seen 

that if the neutron flux varied in the primitive solar matter this 

could produce differences between the isotopic ratios of meteoritic 

and terrestrial Li, if, as it is generally believed, the earth and 

the meteorites were formed from different samples of the solar nebula. 
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Assumi.ng that the meteorites are r epresentative of the astero~da l 

belt, it is quite logical to make the assumption that their parent 

bodies received sma ller r adi at ion flux than the region occupied by 

the earth. In f a ct, FGH (19 65) argup. tha t according to an over-

simplified vers ion of Hoyle ' s (1960) astrophysica l model of the solar 

system, on the basi s of which they built the~r theory , the proton or 

the neutron flux would vary as l / r from the inner edge of the sola r 

disc , where r is the distance measured from the centre of the sun . 

This i mplies that the meteoritic Li
7

/ Li
6 

should be sma ller than the 

terres trial value . 

First, Shima and Honda ( 19 63) fo und a 15 pe r cen t var i ation in 

this direction, however , Kranko\vsky a nd Muller (19 64 , 1967) could find 

no variat ion to within 2 per cent. Ordzhonikidze ( 1960) also obs erved 

no differences . De\vs ( 1966 ) reported tha t me teoritic and terrestria l 

L 0 7/L 0 6 0 dOl 0 h 0 3 3 h 95 1 1 are 1 ent 1ca to W1t 1n . per cent at t e per cent 

confidence leve l . Poschendriede r et al . ( 1965) , using an ion-

microprobe spec trometer , r eported a varia tion of up to 200 per cent in 

Li
7

/ Li
6 

r a tio in the s ame piece of Holbrook meteorite . The variation 

in terrestrial hornblende does no t exceed 8 per cen t. These results 

s uggest that terrestria l h ornblende is more homogene ous than the 

H l b k 0 d . h L 07/ T 06 0 b d °d o roo meteor1te as regar s tel L1 r atlo, ut oes not proV1 e 

informa tion about the average va lue of the ratio in materials . 

T'ney also found some var i ations of the bo r on con ten t in the materials 

themse l ves. It, therefore, appears that the overa ll meteori tic and 

OIL 0 7/ I • 6 h b h 0 0 f h bl t errestrla 1 ~L are t e s ame ut t lS r a 1ses urt er pro ems , 
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because it suggests that either the radiation was uniform throughout, 

or both the meteorites and the earth parent bodies once occupied 

the same position in the solar nebula. 

Now consider the case for boron. For small neutron flux, n, 

11 10 
both Band B will rise linearly with the neutron flux; but for 

10 10 .7 10 
large neutron flux, because of the loss of B as B (n,a)L~, B 

will reach an equilibrium, while Bll will continue to increase. 

Using the same argument as for Li, this will again result in a smaller 

Bll/BlO for meteoritic boron than that of terrestrial boron. Thus far 

only Shima (1962) has measured the meteoritic Bll/BlO , and his results 

. d' h h Bll/BlO . 11' . h . 1 ~n ~cate t at t e ~s sma er ~n meteor~tes t an terrestr~a 

materials by about 5 per cent. Although this agrees with the 

prediction, it disagrees with the experimental results on lithium, 

that there is no variation. 

The results for the boron elemental abundance in Shima's (1962) 

work again give rise to another controversy, since they indicate that 

both stony and iron meteorites have about the same boron content 

(NO.5 ppm). This disagrees with the geochemical fa c t that boron, 

being a lithophile element would tend to concentrate in the silicate 

phase of the meteorites (see Appendix III). Because lithium, too, is 

lithophile, it should also concentrate in the stony meteorites . In 

support of this view the work of Fireman and Schwarzer (19 57) 

indicates that Li6 is a factor of>3.7 x 102 more abundant in stony 

meteorites than in the irons. In fn ct, becalJse of the low abrmdance 

of lithium in iron meteorites, almost all the work done on meteoritic 
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lithium has been i n the chondrites. 

Yiou et al. (1967), from mass spectrometric measurements of 

spallation yields for the light elements with energetic protons on 

(eNO) targets give a similar conclusioh to that of Bernas et al. (1967). 

They suggest that there would be no need for a thermal neutron flux 

to explain the natural isotopic ratios of the light elements 

observed in the earth and meteorites. These eliminate the expected 

isotopic variation due to variation in the neutron flux. It is still 

possible, however, to have some variations due to other causes. As 

the calculations of Bernas et al. (1967) indicate, the spallation 

yields depend on the target nucleus, hence if the chemical composition 

of the solar nebula was not uniform, it might give rise to differences 

in the formation ratios of the L-nuclei. As mentioned earlier, 

fractionation of the isotopes could also result from chemical and 

physical processes and since the meteorites are thought to have been 

relatively chemically inactive, the primordial isotopic ratios would 

be better preserved in them than in the earth, especially the crust, 

which has undergone a great deal of chemical and physical modification. 

On the other hand, the meteorites could have been subjected to cosmic 

ray bombardment for some time during their flight through space and 

11 10 . 
further spallation would occur. The B IB rat10 can thus be altered 

again, but it is not at all certain in which direction- the change will 

occur. If there is any observable effect at all, it should be a 

function of depth within the meteorite. 
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Lh SCOPE OF PRESENT WORK 

(a) Introduction 

From the foregoing suntrnary of the main theories and experimental 

resul ts on boron, it i s quite obvious that ' the problem of the isotopic 

composition 'of boron on the one hand and its elementa l abundance on 

the other hand is far from settled . I t is mainly because of this 

si tua tion that this research \vas und er taken. 

( b) Meteorites and Tekti tes 

It was the prime purpose o~ this work to determine as accurately 

as pos sible both the isotopi c and elemental composition of boron in 

meteorites and tektites , and to make a ccimparison ,with terrestria l 

values . 

There is a disagre emen t about the origin of tektites too; bo th 

terres trial and extra-terrestrial ( specifica lly meteoritic , and even 

lunar) origins have been proposed . Short notes on these enigma tic 

obj ects are given in Appendix III. They appear like coloured glass 

when broken , but are quite dark and opaque otherwise , and contain 

between 70 and 80 per cent ,SiO?. In one theory t ektites are thought to 

have been formed by the fusion of terres tr ial sedimentary rocks , by 

lightning, comets , or meteorit ic impa ct ; \vhi le i n other theories 

they are der ived from m.eteorites or the lunar s urfa ce by fusion . 

. 11 10 
Hence , compar~son of the B IB r at io and boron content in meteorites 



and tektites might give clues about the origin of tektites 

(Appendix III). It is now accepted that meteorites have an extra

terrestrial origin. 

(c) Terrestrial Samples 

A number of terrestrial samples were also analyzed. W-l, a 

diabase geological standard was analyzed carefully in order to test 

the extraction efficiency of boron for the technique which was 

developed f~r this work. In addition, some National Bureau of 

Standards steel samples were also analyzed. Hawaiian basalt, Finland 

tourmaline, and South African kimberlite were investigated as well 

in order to make comparisons of the results of this work with other 

published results. Other terrestrial samples were included, both to 

test the merit of the experimental procedure and as a contribution 

to the collection of pertinent experimental data for boron. 

(d) Sea Water and the Clay Experiment 

The isotopic ratio of boron for Tokyo Bay water has been 

reported by Shima (1962), and Agyei and McMullen (1968) to be 4.040 

and 4.041 respectively. Shima (1963) has published the result for 

Pacific Ocean water to be 4.071 but did not indicate the exact source 

of the sample. These ratios appear to be very close to the average 

of the measured terrestrial Bll/BlO ratio and, therefore, seem to be 

19 



quite reasonable, if one considers that the oceans serve as a l arge 

reservoir. However, in an effort to determine whether the Bll/BlO 

ratio was the s ame in different parts of the oceans additional sea 

water samples were ana lyzed. In an attempt to find out a possible 

mechanism giving rise to the results observed for sea water, the clay 

experiment was performed. 

(e) Difficulties 

A major problem with this project was to find a suitable 

extraction procedure for the trace quant ities of boron, especially 

in meteorites. It was knoHn tha t the boron content in meteorites 
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was "about 0.5 ppm. Therefore, it \vas necessary to reduce natural 

contamina tion to a very lmv l eve l. After carefu l blank runs, it was 

found that the conventional chemical t echnique of me thyl borate 

distillation was unsuita ble. " Blanks up to 2.5 pg of boron were obs erved , 

whilst the expected boron from the samples was about 5 pg. Since an 

all-quartz apparatus was used for the extraction, the boron in the 

blank must have come from the analytica l grade reagents , all of which 

were further purified before use, except the sodium hydroxide. This 

extraction procedure wou ld have been quite workable for boron-bearing 

minerals, since they contain a great deal of boron (tourma line: 

,...,3.5 per cent, boraciterJ 23 per cent). In the ppm range a better 

technique vlas necessary. Shima (19 62) , hO\vever , was able to obtain 



very pure reagents \\'hich gave blanks as 1m\' as 0.09 pg, as compared 

to the expected amount of boron of 10 to 15 pg. 
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Since a considerable part of the time for this work was spent 

in developing the extraction and de tection procedures which are 

relatively new, they will be described in- some detail. It can be seen 

in the next chapter that the method is applicable to a wide variety 

of samples. Readers not interested in the -details of the detection 

and extraction may pass over Chapter II, Sections 2 -and 3. As mentioned 

previously, both the extraction and detection were checked by analyzing 

standards viz. W-l, diabase, geological standard and National Bureau 

of Standards sta inless steel. The curcumin method vias compa red with 

the isotope dilution me thod. Possible isotopic fra ctionations at 

various points in the analytical procedure, including the mass 

spectrometric analyses, were also checked using synthetic standards 

(s ee Chapter II, Sections 3 and 4). 

After these preliminary calibrations, the samples were 

analyzed and the results are recorde d in Chapter IiI. In Cha-pter IV, 

attempts are made to interpret the ex perimenlal results within the 

framework of the theories on nucleosynthesis and various physicochemical 

processes . In the appendices, details are given on the synthetic 

standards, borax A and borax B~ the isotope dilution, and all the 

samples analyzed. Brief notes are also given on meteorites, tektites, 

the earth, and sea water. 



C HAP T E R II 

EXPERIMENTAL PROCEDURE 

1. PURIFICATION AND PREPARATION OF STANDARD SOLUTIONS 

The only reagents that were directly involved in the extraction 

of the boron in this work are water, uranium oxide used as a catalyst, 

and the ion exchange resin.s. It will be described in Section 3 (b), 

(iii) how the catalyst and the resins were purified. All the other 

reagents to be mentioned in this section were used after the 

extraction, for either the detection of the boron in an aliquot or 

for the mass spectrometric determination of the Bll/BIO ratio. It 

will be shown in the appropriate sections how the use of these 

reagents was found to be satisfactory. 

Unless otherwise stated, all co~nercial reagents were 

analytical grade and all glassware was made of quartz. All s tandard 

solutions and reagents prepared for this work were stored in 

polyethylene bottles, except the curcumin reagent which was stored 

in a quartz Erlenmeyer flask. There is no particular reason for 

this latter exception. 

(i) 95 per cent Ethanol: This was purified by re-disti11ing it over 

sodium hydroxide, discarding the first one-fifth of the distillate 

and collecting the next three-fifths. 

22 
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(ii) Distilled Water: The distilled water supplied in the laboratory 

was re-distilled using a quartz flask or a tin-lined can, discarding 

the same fractions of the distillate as in (i). By employing the 

detection method to be described later it was found that the level 

of boron in the distilled water could be reduced from 0.0008 ppm to 

0.0003 ppm. It will be seen that this purification was not absolutely 

necessary, since the amount of water used was small. However, this 

re-distLllation was always done as a precaution, in the event that 

the distilled water supplied in the laboratory became contaminated. 

Alternatively, the level of boron in the original distilled water 

could be checked and if found suitable, could then be used. 

(iii) Curcumin Reagent: 0.01 g of curcumin powder and 1.25 g of 

oxalic acid crystals were dissolved in a solution containing 20 ml 

of the purified ethanol and 5 ml of the re-distilled water. 

(iv) Sodium hydroxide (1) ~aOH(lD: About 1.06 g of sodium hydroxide 

was dissolved in re-distilled water and made up to 1 litre. 

(v) Sodium hydroxide (2) [NaOH(2)J: This contained 4.2 pg of sodillm 

hydroxide per ml and was prepared by making lip to 1 lilre an nliquoL 

of NaOH(l), using re-distilled water. 



(vi) Boron Solutions: Standard solutions of borax A, borax Band 

analytical grade boric acid C were prepared, each containing a known 

amount of boron per mI. These solutions were to be used for 

calibration purposes. 

2. DETECTION 

(a) The Curcumin Method 

Although the isotope dilution method of measurement could 

provide a higher precision than the curcumin method, the latter was 

used in this work, primarily because of its speed and convenience. 

It was necessary however to perform some preliminary tests before 

employing it. The curcumin method which is described below was 

modified from that of Dible et al. (1954) to suit this particular 

research. This is a well known technique, the theory of which can be 

found in many quantitative analytical chemistry books (e.g. Vogel, 

1963). However, the experimental procedure used, including the 

precautions taken and the precision attained will be described. 

(i) Calibration Curve: 

To determine the boron content a boron-curcumin complex 

cnlibration curve was first prepared as follows. 

An aliquot of the boric acid C solution was put into a 100 ml 

platinum evaporating dish and the volume made up to 10 ml with 
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re-distill ed water . One rol of the NaOH(l) solution containing 

0.00106 g Na OH was then added to the solution in the dish . The 

resultant solution was slo~vly evapora ted to .dryness on a steam bath, 

inside a fume hood, the dish being covered with a 3 litre pyrex 

glass beaker. The beaker was heate d at the top by a Glas-Col heating 

mantle to prevent any drops of the condensed ' wate r from falling ba ck 

into the dish. This .operation norma lly took from fifteen to t,.;renty 

minutes. 

Four ml of the cur cumin reagent were then added to the contents 

of the platinum dis h , wa shing down the walls of the dish in the 

process . The mixture was ther: evap.orate d slo\vly to dryness on a 

wa ter bath maintained at 55±20 C for fifteen minutes) using an ordina ry 

kitchen timer for timing. The '-7a ter bath consis te d of a 2 . 5 litre 

pyrex beaker and dist illed water which were heated gent ly with a hot 

plate . The t empera ture of the bath, mea sured by a mercury-in-glass 

thermome ter, \vas controlled manua lly . 

Exa ctly 10 ml of the purified ethanol was then added and the 

con tents stirre d thorough ly with a silver spa tula , w.aking certa in 

that all of the boron-curcumin complex was dissolved . The solution 

was then filtered through a No . 42 Wha tman filter paper into a clean 

Erlenmeyer flask . The transmittance and absorbance of the compl ex 

were rea d on a Beckman DB Spcc:trophotometer, usi.ng 1 em square 

absorption cells (cuvettes) at a wave l ength of 550 mp ,,,he r e 

max imum absorption occurs . The reference solution was a sample of 

25 



the purified ethano l which was used as the solvent for dissolving 

the boron-cUl"cumin complex . Repeating this oper ation for different 

amounts of boron, the calibration curve sho\VI1 in F i g. 2 \Vas obtained. 

In this figure, the dots are the original value s obtained for the 

boric acid C standard solution. The three squa res correspond to the 

three means of the absorbance (or transmittance) in Table 1. The 

results in this table which were t aken f or aliquots of the standar~ 

solution of borax B, about o~e year later, give an estimate of the 

precision of the curcumin method . The average precision at the 

95 per cent C.L. is 9 per cent, but it is evident that the rela tive 

precision is poor for very l ow values of boron content « 0.05 J.lg) . 

This. was proba bly due to contaminants in the l a boratory. However 

it can be sta ted that the det e ction limit is pro bably about 0.05 pg. 

(i i) Precaut ions 

Results of this kind are possib le only if certain precautions 

are taken. For example, for several months it was not possible to 

obtain consistent results from which to draw a satisfactory calibration 

line until it was found that the efficiency of the curcumin reagent 

was a function of its a ge . This is shmvn in Fig . 3. 

To obta in Fig ·. 3, a 100 ml. stock of curcumin reagent was 

prepared as described earlier . The absorbance (or transmittance) of 

boron-curcumin comp l ex , for 0.5 pg boron, using cUl"cumin reagent from 

the s ame stock solution at different times was measured . It can be 
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TABLE 1 

PRECISION OF CURCUMIN METHOD 

Amount Mean Absorbance Relative 
of Boron + std. dev. Precision 

(pg) Absorbance 
- a 
(95 70 C. L.) (0/0) 

0.05 0.038 

0.037 

0.035 

0.040 

0.042 0.038 ± 0.006 16.0 

0.5 0.304 

0.294 

0.306 

0.297 

0.290 0.298 ± 0.014 4.6 

1.5 0.90 

0.95 

0.89 

0.89 

0.88 0.90 ± 0.06 6 . 6 

Average relative precision 9 per cent 
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seen in this figure that the absorbance levels off after about 

24 hours. Subsequently the reagent was aged for 24 hours before use 

and discarded after the 7th day, although as the figure shows it is 

still good after 14 days, and might even be so for a longer period of 

time. The reagent was kept in a dry cool place away from any direct 

light. 
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As has been advised by other workers (e.g. Dible et al., 1954; 

Spicer and Strickland, 1958a) the spectrophotometric reading was to 

be taken immediately because of the decay of the colour of the complex. 

Fig. 3 illustrates how the colour of the boron-curcumin complex decays 

with time. In this figure, after the formation of the complex the 

absorbance or transmittance of the same complex was taken at intervals 

of one hour, keeping the solution in the same cuvette for the whole 

time. The experiment was done with the cuvette covered and uncovered, 

and both cases were repeated. It is obvious that the decay depends on 

various local conditions, such as temperature, illumination etc.; for 

example, it depends on whether the container is covered or uncovered. 

In cases where the spectrophotometric reading could not be taken 

immediately such curves could be used to apply rough corrections to 

the readings. 

Since it was difficult to obtain accurately graduated quartz 

measuring apparatus, the pipettes used for measuring the curcumin 

reagent, ethanol, boron standard solutions, and the measuring cylinder 

for measuring re-distilled water and ethanol were made of pyrex glass. 

It was quite safe to use these, as indicated by the small absorbance 
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(high transmittance) for the blank (0 pg) and the small deviation 

of the points from the line in Fig. 2. This was possible because 

the liquids with which the pyrex glass came in contact were neither 

alkaline nor hot. It is known that alkaline or hot solutions will 

leach boron from boro-silicate glass. Moreover, they were in contact 

with the solution for a very short time. As an extra precaution a 

quartz pipette was used for the sodium hydroxide solutions. 

In applying the curcumin method to the determination of 
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boron from the samples care was taken to treat the samples under the 

same conditions as those for which the calibration curve was prepared. 

The average time for one measurement was about one hour. With 

isotope dilution this may take more than two days, since, apart from 

knowing the isotopic ratio of the standard (spike), the ratios for 

the target and the blend must be determined. After considerable 

experience, the worker can estimate with the naked eye to within 

20 per cent or better the amount of boron present when the boron

curcumin complex is formed and dissolved in ethanol. Although the 

isotope dilution technique may give higher precision, when the sample 

to spike ratio is not correct the error can often be significant. 

The results can however be improved by repeating the measurement as 

many times as is necessary, using the previous result as an estimate 

to choos~ the sample to spike ratio. In the case of the curcumin method, 

if it happens that the absorbance of the colour formed is outside the 

calibrated range, this solution can be diluted to reduce the absorbance 

and thus make an estimate of the boron content. The process may then 
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be repea ted , t ak ing a smaller aliquot of the boron solution. 

(b) Comparison of Curcumin and Isotope Dilution Results 

Although a ttempts were made to remove all other ions apart 

from boron, it is quite conceivable that some foreign ions and 

particles, such as resin fines, would still be present in the boron 

solution. The effect of this on the determination was found by 

comparing the curcumin method results with those of the isotope 

dilution method. It can be seen that these results agree within 

experimental errors as indicated in Table 2. 

The equation used for the isotope dilution measurement is 

(De Bievre and Debus, 1965a). 

1 + 
( 1) 

1 + 

where: 

MT mass of the target (sample) 

MS mass of the spike 

R/ 
T 

observed Bll/BIO of the target (sample) 

R/ = observed Bll/BlO of the spike S 

R/ = observed Bll/BIO 
of the blend n 

11 10 
Y = absolute mass ratio of B to B 

( = 1.0995; see Everling et al., 1960) 



TABLE 2 

COMPARISON OF ISOTOPE DILUTION AND CURCUMIN RESULTS 

Test boron solution from Measured amount of boron (pg) 

Sample Code Cur cumin method (a) Isotope dilution method (b) (b) / (a) 

W - 1 W12 0.60 0.60 1. 00 

Dalat T2 2.02 2.22 1.10 

Tourmaline MIl 0.80 0.87 1.09 

Abee C10 0.44 0.50 1.14 

Bruderheim (M) C5 0.66 0.65 0.98 

NBS No. 1163 S5 0.76 0.73 0.96 

Vulcan C18 1.03 0.99 0.96 

Sea water E1 0.81 0.68 0.84 
0.81 0.83 1. 02 

Mean ± standard deviation (95% C.L.) 1.01 ± 0.18 



K instrumental mass discrimination (correction) factor 

( = 0.9961 ± 0.0002, see Table 6) 

Since ~ was known from the curcumin method, it was possible 

to choose ~/MS so as to approach the optimal precision. With the 

exception of the first result in Table 2, for which highly enriched 

11 11 10 . 
B (B /B = 99.50) was used, all the spikes were elther standard 

11 10 . borax A or borax B (B /B = 4.287 and 3.971 respectlvely, see 

Table 6). No more highly enriched spikes were used because of the 

possible memory effects and the fact that they were not really 

necessary in this experiment. 

A derivation of equation (1) which applies to a bi-isotopic 

sample and the attainable precision is reproduced in Appendix 1. 

The case for a poly-isotopic sample and/or spike can be found 

elsewhere (De Bievre and Debus, 1965b). 

Tables 3 and lIon standard solutions of borax A and borax B 

give additional support that foreign elements at the concentrati()n 
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level encountered in this work did not affect the results significantly. 

In Table 3 the standard borax A and borax B were pyrohydrolyzed in a 

complete fashion as described in Section 3 (c), (i). On the other 

hand, in Table 11 the standards were merely passed through the ion 

exchange column, just as for the sea water samples (Section 3 (c), 

(iv) and (v). 



3. EXTRACTION 

(a) Lhnitations of Conventional Methods 

The importance of a complete separation of boron (or any 

other element) from interfering ions for the chemical determination 

of its content, and mass spectrometric measurement of its isotopic 

composition (except perhaps in a spark source mass spectrometer) in 

a material, is well known. An incomplete separation, not only gives 

the wrong boron content, but it may also give rise to incorrect 

isotopic ratios as a result of isotopic fractionation . Foreign ions 

may also interfere with the chemistry of the boron determination 

36 

and the mass spectrum for the isotopic measurement , thereby producing 

incorrect results. When trace quantities of boron, say below th~ ppm 

range are involved, this requirement, as well as the precaution 

against boron contamination in the laboratory, becomes even more 

important and is usually difficult to achieve. Above the ppm range, 

existing methods of extraction are quite satisfactory. 

For example, consider the application of the conventional 

methods: (a) methyl borate (Hillebrand and Lundell, 1955; Spicer 

and Strickland, 1958b; McMullen et al., 1961; Shima, 1962, 1963; 

Shergina and Kaminskaya, 1963); (b) ion exchange (Martin and Hayes, 

1952; Wolszon and Hayes, 1957; Callicoat and Wolszon, 1959; Finley 

et al., 1962); and (c) pyrohydrolysis (Williams et a1 .• 1959; 

Wiederkehr and Goward, 1959; Finley et al., 1962) to the separation 

of boron from meteorites which are known to contain about 0.5 ppm of boron. 
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Assuming 5 pg of boron will be needed f or analysis, 10 g of the 

meteorite will have to be fused with at least 60 g of sodium hydroxide, 

dissolved with hydrochloric acid, and then distilled with methanol in 

the case of (a), or passed through an ion exchange column in the case 

of (b). Two ion exchange resins are needed for the separation, a 

cation e.g. Dowex 50 to remove the cations and an anion e.g. Amberlite 

IR-45 to romove the anions from the solution. The two resins could 

be mixed together or used one after the other. The column must be 

very long because of the large total ion content in the resultant 

solution. The chances of contamination in both cases will be high 

because of the many steps and large amount of reagents involved. 

Good reagent grade sodium hydroxide obtained commercially may contain 

as much as 0.01 ppm boron or more, as was estimated with the cyclic 

pyrohydrolysis technique devised for the present work. The boron 

contamination due to the sodium hydroxide alone will therefore be 

about 0.6 pg (12 per cent of the expected boron) or more. Contamination 

due to water, methyl alcohol, hydrochloric acid, etc. will complicate 

matters even further. As was mentioned in Chapter I, Section 4, (e) 

a blank run using method (a) gave a value of 2 . 5 pg of boron, which 

represents 50 per cent of the total boron expected from a meteorite 

sample. However, by careful choice or preparation and purification of 

reagents it may be possible to obtain reasonable results using these 

methods. For example, Shima (1962) has reported the analysis of 

meteorites using the methyl borate method. 



The conventional pyrohydrolysis method appears to be more 

suitable, but in this case ions other than boron might distil over 

and subsequent ion exchange separation becomes necessary. In this 

method the boron is extracted by passing steam over the sample which 

is heated at a high temperature (llOOoC to l400
0

C) in the presence of 

a catalyst, usua lly U
3

0
8

• In all three methods, in order to achieve 
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a complete extraction of the microgram quantities of the boron, 

approximately 1 litre of distillate or eluant will have to be collected. 

For subsequent analyses therefore, a great deal of evaporation will 

have to take place, since in both mass spectrometric and colorimetric 

measurements the samples have to be in a dry form. Such evaporation 

is definitely undesirable because of the possible loss of boron and the 

attendant possibility of isotopic fractionation. 

(b) Cyclic Pyrohydro1ysis 

(i) The Method 

Attempts made to satisfy the requirements and solve the problems 

mentioned above led to an extraction technique which makes use of the 

following two major modifications to the conventional pyrohydrolysis 

and ion exchange methods: 

(1) A small ion exchange column is placed in series with the 

pyrohydro1ysis apparatus to remove foreign ions after pyrohydro1ysis. 

Finley et al. (1962) passed the pyrohydro1ysis distillate through a 
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cation ion exchange column, but the two apparatuses were not put 

directly in tandem. Pyrohydrolysis eliminates the need for a long 

ion exchange column and for reagents except for the possibility of a 

catalyst, since the ions that eventually go into solution are 

relatively few in number. 

(2) The problem of large quantities of distillate or eluant is 

solved by a re-cycling process, thus permitting the use of a minimum 

amount of water. The condensed steam which has gone through the ion 

exchange column is returned to the steam generating flask, and the 

process repeated over and over again, leaving the boron behind in 

the flaflk. 

It is known that boron is volatile in steam and this is 

probably one of the reasons why pyrohydrolysis is possible. Another 

reason is the closeness of the pyrohydrolysis temperature to the 

o boiling point of BZ0
3 

at 1500 C. However, only a very small fraction 

of the boron, which depends on the concentration in the flask, should 

be carried back into the loop as a result of the volatility of boron 

in steam. This should be negligible in the microgram range and for 

the long steam column employed here. However, in the case of large 

boron concentrations where the "carryover" may be considerable, one 

or both of two precautions could be taken. Sodium hydroxide could be 

added to the flask to suppress the volatility of the boron in steam 

and/or the distillate could be taken off at intervals, thereby working 

towards smaller boron concentrations. 

Alternately, the sample size could be reduced so that there 
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will be no need of sodium hydroxide in the flask. This is very 

convenient for the subsequent mass spectrometric work as the excess 

sodium hydroxide will have to be separated before a stoichiometric 

amount of it is added to the boric acid to convert it to bor~x, which 

is the final form required for the mass spectrometer. 

A simple calculation will demonstrate that the use of sodium 

hydroxide containing as much as 1 ppm of boron, in the way indicated 

above and in the chemical (curcumin) determination of boron described 

in section 2, will introduce negligible contamination. / If X pg of 

boron is expected from the extraction, addition of lOX pg sodium 

hydroxide is more than sufficient to suppress the steam distillation 

of the boron from the flask. This gives a boron contamination of just 

10-5 X pg, i.e. 0.001 per cent. In the conversion of the X pg of 

boron to borax for the mass spectrometric analysis about 2 X pg sodium 

hydroxide is required and this gives only 0.0002 per cent contamination 

(see section 4, (b), (i). 

(ii) The Apparatus 

After a great deal of experimentation the version of the 

apparatus shown schematically in Fig. 5 was decided upon for the 

extraction of boron. 

Furnace: 

This is a Sentry silicon carbide furnace, Model V, size 2, 

o 
which has a maximum operating temperature of 1400 C and has a physical 
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leng ~h of 50.8 cm. The temperature measuring unit consists of a 

Pt-PtRh thermocouple and a calibrated Hoskin millivoltmeter. 

Combustion Tube: 

Except for the tygon tubing the whole loop is constructed 

from quartz. However, a recrystallized alumina tube of 3.2 am outside 

diameter, 2.55 cm inside diameter, and 61 cm long, was also used and 

found to be satisfactory. Its use was discontinued mainly because 

of the difficulty with the special joints that had to be made to fit 

it to the rest of the apparatus. The larger portion of the quartz 

combustion tube has an outside diameter of 2.54 cm and the smaller 

end 1 cm. Because the quartz combustion tube devitrified each time 

the furnace was shut off, it had to be replaced a number of times 
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(the lifetime of the heating element of the furnace is about 40 days). 

The alumina tube could survive more of this abuse, provided the 

temperature changes were not too rapid. 

Condenser: 

The Liebig condenser is about 91 cm long, and the inside tube 

has an inner diameter of about 1.5 cm and the outer jacket 2 cm inside 

diameter. The condenser is longer than required, but this is an 

extra precaution taken to ensure that no steam escapes. A Graham 

condenser of physical length of about 25 cm was also used and found 

to be adequate. The path length of the condensation coil, whieh was 

made of 8 rom inside diameter quartz tubing was about 91 em, and the 
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diameter of the outer jacket was about 5.5 cm. Actually, only one 

half or possibly one third of the length of the condensers is sufficient, 

provided that the flow rate of the steam is not too fast. 

Ion Exchange Column: 

Following the condenser is a V-tube ion exchange column, also 

made of a 1 cm ID quartz tubing. By means of this V-tube arrangement 

it is possible to keep the resin wet at all times, while this cannot 

be guaranteed with a straight column. The effective size of the column 

can be made as small as required with a rough knowledge of the major 

constituents of the sample to be pyrohydrolyzed. For example, in 

tektites, meteorites and rocks the silicate and the iron-nickel content 

together are over 90 per cent, but these will not be in solution. 

Moreover since some of the remaining elements may be soluble in hot 

water but not necessarily soluble in cold water, the ion content of 

the distillate may be of the order of only a fraction of a per cent of 

the total sample. Hence a few grams of the ion exchange resin should 

be more than sufficient for the separation of a sample of 10 g or less. 

In this work two ion exchange columns of approximate capacities 10 ml 

and 30 ml were used. The resin employed in this separation is about 

1:1 (dry weight) mixture of Dowex 50 AG, X 8, 50 - 100 mesh cation 

resin and Amberlite l R-45 ~20 - 50 mesh anion resin. The Amberlite 

lR-45 is of regular analytical grade, while the Dowex 50 AG is the 

analytical Dowex 50 which had been further purified by the Bio-Rad 



Company. Ordinary analytical grade of Dowex 50 was also tried and 

found to be equally satisfactory. The method of mixed resin bed ion 

exchange for the separation of boron has already been studied by 

Wolszon and Hayes (1957), and Callicoat and Wolszon (1959). Quartz 

wool and foam plastic were both found to serve the purpose for use 

as a plug in the ion exchange column, but quartz wool was used for 

most of the extractions. 

Between the condenser and the ion exchange column there is an 

opening, marked E in Fig. 5, through which a thermometer can be 

inserted to check the temperature at the bottom of the condenser to 

determine whether or not all of the steam has condensed. Through 

this opening water can be added to the top of the column, or the 

resin can be agitated to remove any bubbles. 

Connectors: 

Two pieces of tygon tubing, one from the top and the other 
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from the bottom of the column, connect the ion exchange column to the 

steam generating flask through a quartz connector of which the quartz 

outer joint J forms a part. This connector is coo led by tap water 

flowing through a rubber coil wound around it, to stop any steam from 

flowing in that direction. When the connector is long this extra 

cooling is not required, since the connector will be cooled sufficiently 

by the air. The tygon tubes provide the only real flexible part of 

the apparatus. The tube from the bottom of the column is the regular 
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path for the eluant to the flask. The other tube serves two purposes: 

in case the column plugs up (gas bubbles), or if the rate of steam 

generation surges up and there is an "overflow", the extra liquid 
• 

will return to the flask through the small tube that projects inside 

the top of the column via this tygon tube. It also serves as an 

exhaust to prevent pressure build-up below the ion exchange resin 

which tends to push the resin up the column. 

The final path of the boric acid solution to the flask is 

through a small quartz tube of 5 rom ID, the tip of which dips into 

the solution about one millimeter from the bottom of the flask. 

The steam is generated at a constant rate by heating the 

100 ml flask with a Glas-Col heating mantle, controlled with a 

110 V variac. It rises up to the combustion tube through a 1 cm ID 

quartz tube (steam path M), which joins the flask to the combustion 

tube to complete the loop. The steam path is also heated by a 9 . 1 m 

insulated nichrome resistance wire (0.054 Ohm per cm) coiled around 

its entire length. The heating is controlled by a variac which was 

set at about 75 V. 

Joints: 

The sample to be analyzed is introduced through the entrance 

(marked A) which is made of a 29/42 standard joint. This is tilted 

slightly so that very little condensed steam is trapped in the cap. 

(The small amount of condensed steam was shown to contain no boron.) 



The joints F, J, and K are 24/40 standard joints. Since F and J are 

cold at all times they are greased lightly with Apiezon grease; 

however, A and K, which are at steam temperature, are made tight by 

sealing them with teflon tape. Springs are also put on all four of 

thes ,~ joints to ensure a tight fit. When the alumina combustion tube 

was used the joints between the tube and the rest of the apparatus 

were made by means of outer quartz cups, which fastened on the ends 

of the tube, around which teflon tape was wound to make the fittings 

tight. On top of the joints was wound more teflon tape. No extra 

precautions are taken for the joints between the tygon and the 
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quartz tubes, since reliable fitting is easily made by careful choice 

of tube sizes. The opening at E is made of 10/30 inner quartz joint 

to fit a mercury-in-glass thermometer. Originally it was used to seal 

the whole system from the atmosphere and thereby prevent loss or 

contamination of the boron. Since it was experienced that running the 

system under this condition was very difficult, the thermometer was 

replaced by a polyethylene cap with a pin hole in it. The pressure 

build-up due to the evolved gases tends to disrupt the other joints, 

if the system is made air tight. 

Combustion Boat: 

A number of different materials were tried. Porcelain was 

ruled out on account of its high porosity and its high boron content 

(,." 40 ppm). 

Alumina boats had the disadvantage of a poor resistance to 
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heat shock and broke if the boat. was introduced or withdrawn from the 

hot combustion tube quickly. A quartz boat is unsatisfactory for iron 

samples as it reacts w'ith them, but it is quite good for silicate 

samples such as tektites, stony meteorites and rocks studied in this 

research. A 10 ml platinum boat was therefore selected for the 

remainder of the work as it does not have any of the disadvantages 

mentioned above , except that it is slightly attacked by iron samples 

at working temperatures over l200
0

C. To overcome this the bottom of 

the boat is lined ~'lith some of the catalyst used, viz. uranium oxide 

(s ee section 3, (c) (i ii), Steel Samples). It a l so possesses the 

advant age that it is not attacked by hydrofluoric acid with Hhich the 

ana lyz e d sample is removed , thus making it possib le to use the same 

boat over and over again. However) two boats were used alternately 

since it takes considerable time to dissolve the sample residue in 

s ome cases . 

The size of the cyclic pyrohydrolysis apparatus described 

can be considerably reduced since some of the components are ·much 

bigger than ~vhat is required. In the first place a much smaller 

wire-wound furnace can be used. The volume of the ro und bottome d 

flask can be reduced to 50 mls or even 25 mls. As mentioned above, 

the l ength of the Liebig conde~ser can be reduced to 30 cm and that of 

the Graham condenser to only 8 cm. The Various joints and connectors 

could also be reduced in size. The size of the combustion tube and 

boat and the ion exchange column ho~vever ) ~vill be determined by the 

kind of samples to be studied. A slnaller apparatus may also increase 



the extraction rate and reduce memory effects. 

(iii) Catalyst 

The rate of extraction of the boron from a material depends 

partly on the pyrohydro1ysis temperature (Williams et a1., 1959) and 

partly on the kind of matrix containing the boron. For example, it 

was found that the extraction rate for iron turnings or small chips 

of steel was higher than that for silicates. The use of a catalyst 

speeds up the extraction considerably. Williams et a1. (1959) after 

trying a number of catalysts, decided to use a mixture of U
3

08 and 

Na 2Si0
3

.9H
2

0 for the analysis of bora-silicate glasses. Wiederkehr 

and Goward (1959), too, were able to analyze successfully uraniUM 

alloys. Therefore it was decided to use uranium oxide for the 

catalyst after trying vanadium pentoxide and tungstic oxide and find

ing them to be unsuitable. A catalyst was not required for the steel 

samples. Since the amount of boron to be expected in this work was 

very small, it was necessary to purify the catalyst before use. The 

uranium oxide was itself pyrohydro1yzed for some time in the furnace, 

wi. th the ion-exchange column disconnected from the appnratus, Ilt <l 

temperature slightly higher than that used for the sample. The oxide 

would no longer be in the form of U
3

0a but still it accelerated the 

extraction considerably. Actually the uranium oxide was derived 

from uranyl nitrate first by heating it in a nickel crucible till it 

formed a dry yellow cake, which was powdered and then pyrohydro1yzed, 
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turning black in the furnace. This was done partly because uranyl 

nitrate was more readily available than the oxide, and partly because 

it was hoped that if it contained any boron, it would be completely 

removed following this procedure. Since the uranium oxide is a 

catalyst itself, it is clear to see why it was not difficult to 
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remove the boron from it by pyrohydrolysis. Pyrohydrolysis of the 

catalyst was normally performed for about one hour. When vanadium 

pentoxide and tungstic oxide were pyrohydrolyzed in this way, they were 

completely carried over with the steam, making it impossible to purify 

them and hence render them useless as a catalyst. 

The ion exchange column, filled with water but no resin, 

was then connected and cyclic pyrohydrolysis continued for at least 

another hour. Meanwhile, the ion exchange resin was being soaked 

and washed several times outside the system. After this the column 

was filled with the resin and pyrohydrolysis carried on further for 

as long as required to cut down the blank to a satisfactory level. 

A 24 hour blank run, after flushing in this way for about 12 hours, 

will yield on the average a value of about 0.05 pg if done carefully. 

If desired, a blank run can always be done on the same catalyst 

and resin to be employed before they are used. 
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(c) Extraction Procedure 

(i) Introduction 

The cyclic pyrohydro1ysis technique described in this work 

had to be tested for blank and memory effects, loss of boron, 

isotopic fractionation, extraction efficiency, and reproducibility, 

before applying it to the samples to be analyzed. The results of the 

analyses of some of the quartz material used for the apparatus showed 

no detectable quantity of boron (Table 10). The re-disti11ed water 

contained only 0.0003 ppm boron. As discussed in section 3, (b) (iii), 

most of the blank comes from the catalyst and the ion exchange resin 

but this can be reduced to about 0.05 pg in 24 hours. It was a 

practice to always check the blank before a sample was introduced. 

There was a small loss of water which could be attribut~d 

partly to the dissociation of the water in the furnace and partly to 

the reaction of the water with the sample. Therefore, the loss 

depended on a number of factors such as size and nature of the sample. 

However, more water could be added to the top of the ion exchange 

column via the point E (Fig. 5) if required. It was also observed 

that some gases escaped through E. A U-trap containing sodium 

hydroxide attached at point E indicated no boron in the escaping 

gases. 

Possible loss of boron and incomplete extraction may give 

rise to isotopic fractionation and also account for poor reproducibility. 



To check these a number of standards were analyzed. For the 

fractionation test, borax A and borax B with known isotopic ratios 

(see Appendix II) were pyrohydro1yzed. 
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After flushing the apparatus with the resin and catalyst in 

place, the boat was taken ou t and 1 ml of NaOH(l) containing 0.00106 g 

sodium hydroxide added. Since the catalyst was normally hot at this 

time it dried very quickly. Then an aliquot of standard solution 

of borax A or borax B was added and the boat replaced very quickly 

in the furnace, and the cap of the combustion tube replaced immediately. 

Without taking these precautions some boron might be lost before the 

cap was put on. W-1 was analyzed several times on different dates in 

the same way as stony meteorites, tektites and other silicate samples. 

The three NBS steel standards (NBS No. 1165 and 465 are supposed to 

be identical as far as the chemical composition is concerned) were 

also studied since this research involved extraction of boron from 

iron meteorites. In the analysis the sample size was chosen in such 

a way that the total extracted boron did not exceed about 30 pg. 

Some of the samples were analyzed several times and these are 

indicated in the tables ·of results. The rate of passage of the steam 

during the pyrohydrolysis of the samples was on the average 

about 1.5 ml/min. 
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(ii) Silica te Samp l es 

The sample Has first broken into very small pieces in an 

iron mortar, then the pieces were Hashed in a mixture of re-distilled 

water, hydrochloric acid and methanol , to etch awa y any fingerprints 

and tiny pieces of iron from the mortar that may have been added to 

the sample. The pieces w"ere then dried in an oven and pOwdered in a 

Diamond mortar , if the sample 'vas not too hard to run the risk of 

adding contamina tion from th~ mortar. If the sample was too hard, 

such as Abee, it was left in sma l l pieces. (H-l Has received in 

powder form). This made very little difference to the extraction 

rate, since most of the samples melted at the extr action temperature . 

A Heighed amount of the sample thus prepared was then mixed 

thorough ly with up to 25 g of the ca ta lys t 'vhich had been pyro

hydrolyzed and purified. Heamvhile , about 10 ml of re-distilled 

water 'va s being heate d in the flas k and the furnace termperature Has 

set at about 1330
o

C. As soon as the steam started to arrive at the 

combus tion tube the pla tinum boa t \ .JaS pushed into place with a quartz 

pusher , the cap put on, tied up with teflon tape and the spring clamp 

applied. The same procedure was used to join the flask to the bot~om 

of the apparatus. For the majority of the samples the boric acid 

collected in the flask was removed at intervals of about three, six 

and t'"7elve hours . The idea 'vas to prevent loss of boron which could 

result in fractionation, since on t he average over 80 per cent of 

the t otal yield of boron would have been in the flask after the 
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first three hours. The extraction was performed for about 24 hours 

to ensure approximately 100 per cent yield. The three extracts 

together were made up to a known volume in a quartz volumetric flask 

(pyrex glass flask was a l so found to be suitable and used for some of 

the samples since r e -d i stilled water stored in it for one day indica ted 

no detectable boron). An a liquot of this was pipetted and the amount 

determined by the curcumin method. In the preliminary analysis, 

each extract was determined separa te ly to determine the rate of 

extraction. In t his way i t was possible to observe the effect of the 

catalyst on the extr action rate. Figure 6 shows the yield curve as 

a function of time for boron from 0 . 75 g of W-l usingno catalyst, 

0.89 g of W-l using a catalyst, and 0.365 g of NBS No. 1164 steel. 

As discussed in section 2 (b), the boron content in a number 

of samples determined by the curcumin method was cross-checked by 

the isotope dilution method. To another aliquot of the sample the 

content of which had already been determined by the curcumin method 

was added a spike, normally borax A or borax B and the boron content 

determined as discussed elsewhere (section 2 (b), and Appendix I). 

(iii) Steel and Iron Samples 

Since very small amounts of the NBS No. 1163 and 1164 samples 

were required, they were analyzed as turnings, whereas because a 

large amount of NBS No. 1165 or 465 was required they were analyzed 
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as pieces as were the iron meteorites. If the starting meteorite 

specimen was small it was possible to saw it into smaller pieces 

using an ordinary hack saw. To break big specimens into small 

pieces, they were frozen in liquid air and immediately broken with a 

steel hammer when removed from the coolant. The prepared samples 
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were cleaned in the same way as the silicate samples, except that in 

this instance the cleaning was done more quickly so as not t o dissolve 

away the sample. Although no catalyst was necessary here the bottom 

of the platinum boat was lined with the uranium oxide to prevent 

reaction of the steel sample with the platinum. Moreover, the 

pyrohydrolysis was performed at about 12000C instead of about l330
o

C. 

In preparing the iron meteorite sample, care was taken not to include 

any of the outside rust which had been in contact with the soil. 

(Lv) Sea Water Samples 

For these samples it was assumed that all of the boron was 

in solution so that each sample was put on top of the ion exchange 

resin directly and the elution carried out hy re-cycling of steam as 

in the case of cyclic pyrohydrolysis. Ench of the sea water s,lmplps 

was made up to 10 ml before extraction. To verify that the extraction 

of boron by thi.s method did not cause any fractionation, the boron in 

borax A and borax B were extracted in exactly the same way as was the 

boron from the sea water. 



(v) Clay Experimen~ 

To a mock sea water sample, obtained commercially under the 

name "Instant Ocean", was added 100 ppm of bOron as boric acid . 

The bori c acid ~vas obtained coumercially from the HcArthur Chemical 

Co. Ltd., Hontreal (Shawinigan Lot No. F7 4766G2). The original 

boron content in the Instant Ocean was about '1 ppm. To 17 ml of 

the resulting boron-sea water solution was added 30 g of API 

(American Petroleum Institute) project ill ite No . 35 clay which 

had been leached by 0 . 1 N HCI to remove most of the boron which 

might have been absorbed by the clay. The original boron content of 

the clay was about 200 ppm. The clay to hydrochloric acid ratio 

was about 1 :5000. The clay and the sea water were thoroughly 

mixed and centrifuged for many hours and the supernatant sea water 

collected . The process was repeated for 32.3 g of clay and 21.5 ml 

of sea water . The boron in the three artificia l sea wa.ter samples 

were extiacted and its amount and isotopic ratio measured as in the 

case of natural s ea water . 

4. NASS SPECTROHE TRY 

(a ) Jhe Instr~ment 

The ma ss spe c trometer used in this r es earch work is a first 

order direction focu s ing, single stage instrument with a homogeneous 
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magnetic field of rr./2 sector shape and radius of magnetic deflection 

of 10 inches. + The source of positive ions, which are Na 2B02 ' was 

a rhenium triple filament. The detection was made by means of a 

4 
l4-stag'~ electron multiplier having a gain of about 6 x 10 , and 

a vibrating reed electrometer coupled to a recorder. There was no 

shunt selector used in connection with the recorder, however the 

two boron peaks were measured on different voltage ranges of the 
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vibrating reed electrometer. The scanning of the peaks was performed 

by varying the magnetic field. This instrument is exactly the same 

as used and described by Agyei (1965), except that almost all the 

electronic units had been replaced and also some drastic shifting 

of the magnets had been done to improve the peak shape. Slight 

modifications wer.e also made in the source and collector. 

(b) Analytical Procedure 

(i) Sample Loading 

A portion of the extracted boron solution was transferred into 

a flat teflon evaporating dish. This was normally between 1 and 2 pg 

of boron in 20 ml or less of water. To every 1 pg of boron in the 

dish was added 2.5 pg NaOH of the sodium NaOH(2) and the resultant 

solution evaporated slowly to a tiny drop under an infrared lamp. 

The teflon dish was covered with a pyrex glass beaker to keep out dust. 



Actually, only 2 pg of NaOH was required to convert 1 pg of boron 

to borax, but the extra 0.5 pg was added in case there were other 

ions present in solution. Tests with borax A and borax B showed 

that excess sodium hydroxide of this order did not affect the 

isotopic ratio. Usually the evaporation took about three hours if 

the starting solution was 20 mi. Preliminary tests showed that the 

isotopic ratio of the boron did not depend on the amount of the 

starting solution in this range of volume. 

58 

Using a tygon-t i pped s yringe, the last drop was transferred 

onto the two side filaments which had been pre-treated (see section 

4 (b), (ii)). The sample was slowly dried by passing current through 

the filaments. Then the current was increased slowly until the 

resin fines in the sample became charred. The temperature was raised 

still further to a very dull red for a few seconds to burn off some 

of the carbon. This step seemed rather drastic and could suggest 

that isotopic fractionation would occur. However, comparison of 

results showed that if there is any fractionation at all it is 

negligible. If the resin is not burned off in this way the hydro

carbons would interfere with the peaks and make it difficult to 

take any measurements. 

One hour after putting the sample into the spectrometer the 
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source end was baked for about 15 minutes at about 60°C. Then the 

liquid air dewars were removed to allow the traps to warm up to 

about oOe while the pumps were still functioning. Baking of the source 

end was started again when the liquid air traps were replaced, increas-

ing the temperature to about 100oe. At this time the pressure in 

the instrument was about 1 x 10-5 mm Hg. The current supply for the 

ionization filament of the source was turned on and the current 

increased gradually to about 5 A. Initially the pressure surged up 

but soon started decreasing again. After about another hour the 

current through the filament was decreased to about 4 A and the 

baking temperature reduced to about 60°C again. Usually, after 

about an additional a~o hours the pressure was down to about 

2 x 10-
6 

rom Hg. Then the ionization filament current was increased 

to 5 A again, and the current through the two side filaments in 

parallel turned on to about 1 A. Meanwhile, the remainder of the 

electronics had been turned on and the baking system shut off. The 

sample current was increased to 2 A slowly, at which value the peaks 

+ corresponding to the Na 2BO
Z 

ions started to appear on the 1 V. and 

300 mV scales of the vibrating reed electrometer with a grid leak 

resistor of 109 Ohm. 

(ii) Hydrocarbon and Strontium Interference 

Although all new filaments were pretreated, some hydrocarbon 
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+ and other peaks appeared when the Na
2

B0
2 

peaks from the sample 

were first observed. These interfering peaks probably came from the 

sample filament which had been relatively cool. However, these peaks 

quickly disappeared except that occasionally the peak at mass 86 

which suggests another peak at 88 and corresponding to Sr persisted 

for longer periods. It was observed that baking the source end again 

at times increased this peak at mass 86, but with time it disappeared. 

Hence it was made a practice to do this final baking and checking of 

the peak at mass 86 before measurements were begun. 

(iii) Pretreatment of New Filaments 

Before a new filament button was used it was pretreated in 

the mass spectrometer with the ionization current set at 5 A and the 

sample filament at 8 A for about one day, applying a high voltage of 

5 kV for about one quarter of the time. When the filament currents 

were first turned on peaks were observed at every mass in the region 

11 + 10 + 
of masses 88 and 89 which correspond to the Na 2B 02 and Na

2
B 02 

ions. Most of these which were probably due to hydrocarbons disappeared 

quickly, but the Rb peaks at mass 85 and 87 and the Sr peaks at 86 and 

88 persisted for a long time. After some time however, the Sr peaks 

were not observable, even with the sample filament current set at 

about 4 A and ionization current at 5 A. When the sample current was 

increased above 4 A the Sr peaks re-appeared. 
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(iv) Operating Conditions 

-7 The operating pressure was about 2 x 10 rom Hg. The ionization 

o , 
filament current was set at 5 A (corresponding to about 2000 C) and 

the current through the two sample filaments in parallel 2.5 - 3.5 A 

(corresponding to about l20
0

C - 240
o

C). Any analysis requiring sample 

88 
current of more than 4 A was rejected as interference from Sr peak 

was very like ly. 

The accelerating voltage and the electron multiplier voltages 

were +5 kV and -2.5 kV respectively. With a grid leak resistor of 

911+ 
10 Ohm the Na

2
B 02 peaks were measured on the lV scale and the 

10 + 
Na

2
B O

2 
on the 300 mV scale on the vibrating reed electrometer. 

With the instrument thus set the isotopic ratio was measured 

by scanning up and down the two masses. The four peaks of one 

complete cycle of a scan gave one ratio. About 35 such ratios were 

obtained for each sample loaded and the mean computed. The experimental 

error was calculated as the standard error by considering the whole 

35 ratios as a samp l e population. Fig. 7 shows an example of the peaks 

obtained for Pacific~water boron, sample E6 in Table 12. This is 

typical of the peaks obtained in this work. In this work there was 

no observable fractionation of the isotopes during the mass spectrometric 

analysis (Agyei, 1965) as a result of the evaporation of the sample 

from the filament, since for several hours the isotopic ratio did not 

change with time. It must be mentioned that when the analysis was 
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first started the ratio could be very low or high, and very erratic 

because of the hydrocarbon or Sr interference. However, when 

conditions were stabilized the ratio remained constant during the 

analysis. 

Although much of the sample remained upon completion of 

most runs it was not possible to analyze the small samples from 

the iron meteorites. This was because the ratio of the amount of 

resin to the boron content was too high to be able to burn the 

resin off as described in Section 4 (a) , (i). In these samples, 

not only would one require a tremendous amount of burning but also 

the sample tended to flake off the filaments and be lost. This 

unfortunate situation occurred for a number of other samples too, 

which also happened to have too much resin fines in them. In the 

tables of results these are indicated as having been lost. At 

times the boron isotopic measurement was repeated for the same 

extracted boron solution and these are indicated as such in the 

results. Such results demonstrate the reproducibility of the mass 

spectrometric analyses. 

(v) Calibration 
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To calibrate the instrument borax A and borax B with known 

isotopic composition were analyzed from time to time during this work. 

The instrumental discrimination correction factor K defined in 

Chapter 3, Section 2 (a) (iv), was computed from the observed and 



calculated ratios. All the observed isotopic ratios were therefore 

corrected by multiplying them by K to give the absolute ratios. 

(vi) Baking and Cleaning 

On completion of a run the rest of the sample was burnt off 

by increasing the sample filament current to 8 A, still applying the 

high voltage. After three hours the high voltage was turned off and 

the burning continued for three or more hours, after which the 

instrument would be ready for the next sample. 

After ten to twenty analyses, the source became very dirty 

64 

and the peaks were no longer stable. Usually high voltage breakdowns 

occurred. The entire SOllrce was then dismantled <1nd cleaned as 

follO\"s. Most of the dirt which included soot from the resin was 

removed by brushing. The metallic components of the source were 

soaked in a solution containing about 100 ml of water and 74 ml nitric 

acid (sp. gr. 1.420) at a temperature of 2loC to J80 C for about one 

hour. 'lore of the dirt was removed by rubbing with tissue paper 

when the metallic parts were removed from the solution. The sonrce 

plates were then put back into the solution and cleaned in an ultra

sonic bath for about five minutes, after which they were washed with 

distIlled water. They were then dried in an oven. 

The quartz spacers were cleaned in a similar fashion using 

cleaning soluti.on (11 mixture of 70 gm sodium dichromnte ilnd 1 litre 

of concenLr<lLed sulphuric neId). 



CHAP TER III 

EXPERI}~NTAL RESULTS . 

1. INTRODUCTION 

Unless oth en.;rise stated, all errors included in the experi-

mental results are expressed .as the standard error at the 95 per cent 

confidence level , considering all the individua l measurements 

together as a sample population. The standard error is given by: 

L (X - X .) 2 
m 1 

om N (N - 1) 

where X and X. are the mean and individual values respectively of the 
m 1 

quantity measured . N is the number of analyses . The errors indicated 

in the results are therefore 2 o-m . In the Tables , the dashed lines 

indicate that either the sample ~.;ras lost as pointed out in Chapter II, 

Section 4, (b) (iv) , or were not considered suitable and therefore 

meaningless to analyze using the method developed in this work . 

The precision and accuracy of results Here not high enough to 

17 make corrections due to 0 necessary at mass 89 . As de s cribed in 

Chapter II" Sections 4 (b) ( ii) and' 4 (b) (iii), efforts were made to 

reduce the contribution due to background peaks, such as Sr88 , to a 

negligible level so tha t cor r ections for these peaks were unnecessary . 
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The absolute isotopic ratios indicated in Tables 4, 5, 7, 8, 

9, 10, 12 and 13 were obtained by multiplying the corresponding 

observed ratios by K = 0.9961 ± 0.0002. K is the correction factor 

for the instrumental discrimination and this data is presented in 

Table 6. 

The a-values in the tables mentioned above are defined 

as follows: 

o a /00 = x 1000 

where (nIl/BID) is the absolute ratio. 
sample 

The value 4 was chosen as the reference because it is very 

11 10 
close to the mean value of the B /B ratio for tektites, meteorites 

and terrestrial rocks. Otherwise the choice is quite arbitrary, unlike 

the case of sulphur isotopes, where the meteoritic sulphur ratio, which 

is constant from one meteorite to the other, is taken as the standard. 

Except in Table 6, where the samples can easily be identified 

by the date on which they were analyzed, all samples are given code 

numbers. 

2 • TIlE RESULTS 

(a) Calibrations 

(i) Borax A and borax B 

Table 3 shows the results of the yield of boron and boron 



isotopic ratio of the two standards, bcrax A and borax B which were 

pyrohydrolyzed. The yield of sample Al may be low because excess 

67 

NaOH was not added when it was placed in the platinum boat. This could 

have resulted in loss of boron outside the apparatus. Despite the loss 

of boron, isotopic fractionation was negligible. 

(ii) ~v-l 

In Table 4 are shown the results of the analysis of the W-1 

diabase standard. The average boron content obtained in this work is 

10.6 ± 0.6 ppm and the absolute isotopic ratio is 4.074 ± 0.002. 

The a-value is 18.4 ± 0.4. The spread of the experimental results in 

this table also demonstrates the reproducibility of the analytical 

procedure. 

(iii) NBS Steel 

Table 5 records the results of the analyses of the National 

Bureau of Standards stainless steel. The NBS No. 1165 and No. 465 

results are put together because they were reported to be identical 

in chemical composition (see Appendix IV). 

(iv) Instrumental Discrimination 

The observed isotopic ratios of the borax A and borax B 

standards determined concurrently with the analyses of the unknown 

samples are exhibited in Table 6. These also include the ratios of 

borax A and borax B which had been pyrohydrolyzed (Table 3), and those 



68 

vlhich were passed through the ion exchange column (Ta ble 11) . From 

h 1 1 · 1 d· .. . f h Bll / BlO . d t ese va ues t1e lnstrumenta lscrlmlna tlon or tIe ratlo an 

the discrimina tion correction factor K are calculate d. 

The relative instrumenta l discrimination error for the 

Bl l / BlO ratio is defined here 

[ 

Bll I BI O 
( ) obs erved 

Bll BIO 
( I )ca lcula t e d 

a " · '" . 

1 J = ( 1 - K) / K 

standar d 

s tandar d 

The discrimination correction factor K is the f actor by which 

the obs erved va lues of the ratio for the unknovlU shou l d be multiplied 

to give the absolute isotopic r at io : 

i.e . 
[ 

(Bll I BIO) J absolute = K 
(Bll IBIO) 

observed 1 
un (no~vn 
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TABLE 3 

BORON IN STANDARD BORAX (pyrohydr() Lysi.::.) 

Bor on Tested 

Standard Code (pg) Yield* (%) 
11 10 

Observed B /B 

Al 3 . 36 85 4 . 283 + 0 . 006 

A A2 3 .36 100 - - - -
A3 3.36 98 4.287 + 0 .006 -

Bl 3 . 5 109 3.96 7 ± 0.006 

B2 3 . 5 105 3 . 970 ± 0 . 006 

B BJ 3 . 5 100 3.977 ± 0.006 

B4 3.5 100 3.973 + 0.006 

* The ave r age precision (standard deviat ion a t t he 

95 per cent confidence leve l) of curc umin determin-

ntion of boron content is 9 per cen t, (Chapter 11, 

T,1 b 1 e l). 



TABLE 4 

Boron in W-1 

Code Sample Weight Boron Content Obs erved Bll / B10 II 10 Absolute B / B a 
5 100 

(g) (ppm) 

Wll 0.75 9 . 5 4.085 ± 0 . 014 4.069 ± 0 .014 +1 7.3 

W12 0.90 10.2 4.09 0 ± 0.014 4.07 4 ± 0.014 +18. 5 

W13 0.90 10.7 4.093 ± 0.014 4.077 ± 0.01 4 +19.3 

W14 0.90 9. 5 4 .09l ± 0.014 4.075 + 0.01 4 +18.8 

In5 0.90 12.3 - - - - - - - -
In 6 0.90 10. 9 4 .090 ± 0.006 -.-4.074 ± 0. 006 +18.5 

In7 0.89 11.3 4.090 + 0.006 4. 074 ± 0.006 +18. 5 

In8 0.89 10. 6 4.08 7 ± 0.006 4.0 71 ± 0. 00) +1 7. 8 

W19 0.89 10. 4 4.090 ± 0.006 4.074 ± 0 . 006 +18 . 5 

Hean 10. 6 + 0. 6 4.090 ± 0.002 4 .074 + 0.002 +1 8 . 4 ± 0. 4 

-_._---- -- -



TABLE 5 

Boron in Steel Standards 

NBS No. Code SaQP1e ~.Jeight Boron Content Obser ved B11 /B
1O 11 10 

Absolute B /B 
a o 700 

( g ) (ppm) 

Sl 0 .33 56 4.057 + 0 . 006 4.041 + 0.006 +10. 3 
1164 

S2 0 . 37 58 4.060 ±. 0.006 4.044 ±. 0 .006 +11.0 

S3 0. 77 9.3 4.090 ±. 0 . 006 4.074 ±. 0.006 +18.5 

1163 S4 1. 12 11.2 4 .0 70 ±. 0.006 4.054 ±. 0.006 +13. 5 

S5 0.82 10.6 4.080 ±. 0.006 4.064 ±. 0.006 +16. 0 

S6 6 . 7 0.83 4.170 ±. 0 . 006 4 . 15 4 ±. 0 .006 +38. 5 
1165 

S7 8.S 0.72 4.173 ± 0.002 4.1 57 ±. 0 .002 +3 9.3 

S8 6 .8 0.91 4.117 + 0 . 002 4.101 1 0. 002 +25.3 -
465 4.113 + 0 . 002 4 .097 -I 0. 002 +24.3 -

S9 0 . 9 0.82 4.173 + 0.002 1,. 1 57 -I 0 . 002 +3 9 .3 

4 .1 77 + 0 . 006 (I. H, l -I 0 . 006 +40 .3 -
-- -----_._-- ---' 

--..J 
t-' 



TABLE 6 

Instrumental Discrimination 

Calculated 
Rela tive Dis crimina t ion 

Bll/B10 Bll /B10 Discrimination correction 
Sample Date Observed error factor (K) 

Oct. 16/66 4.283 ± 0.002 

Oct. 23/66 4.287 ± 0.008 

Dec. 23/66 4.290 ± 0.006 

Feb. 3/67 4.287 ± 0.008 

Apr. 13/67 4.287 ± 0.012 

May 18/67 4.285 ± 0.006 

Dec. 21/67 4.290 ± 0.006 

6/68 * Standard A 4.270 Jan. 4.283 ± 0.006 +0.0040 0.9960 

Jan. 12/68 4.287 ± 0.006* 

Feb. 23/68 4.290 ± 0.002 

Apr. 10/68 4.290 ± 0.006 

4.287 ± 0.002 -...J 
N 

continued .•• 



Sample 

Standard B 

Mean 

Ca l culated 

Bll /B l O 

3.956 

TABLE 6 (continued) 

Ins t r ume n t a l Discrimination 

Da t e 
11 10 

Observed B / B 

Oct. 13/66 3. 973 ± 0.018 

Oct. 14/66 3.970 ± 0.016 

Dec. 20/66 3.970 ± 0.010 

Mar. 18/67 3.970 ± 0.010 

Ma y 11/67 3.960 ± 0.006 

Sept. 21/6 7 3 . 977 ± O. 008 

Nov. 8/67 3.963 ± 0.006 

Feb. 7/68 3.967 ± 0.006* 

Feb. 8/68 3.970 ± 0.006* 

Feb. 25/68 3.970 ± 0.006 

Apr. 8/68 3.977 ± 0.007 

Apr. 28/68 3.977 ± 0.006* 

May 2/68 3.973 ± O. 006~''' 

3.971 ± 0.002 

Relat ive 
Discrimination 

error 

+0 . 0038 

Dis crimi nation 
correct i on 
fa ctor (K) 

0.9962 

0 .9961 + 0. 0002 
------------ --------------- --------- -- _.-- _ .. ---------
* Boron sample prepared by pyrohydro lys i s -...J 

W 



(b) Meteorites 

(i) Chondrites 

Table 7 gives the results for boron in chondri tic meteorites. 

Square brackets are used to indicate samples which originated from 

the same parent sample powder or pieces. The parentheses indicate 

boron samples for which duplicate mass spectrometric analyses were 

performed. These indicate the reproducibility of the mass spectro

metric measurements. 

(ii) Irons and Stony-Irons 

It was possible to obtain values for only the elemental 

composition of boron in the five iron meteorites analyzed. These are 

recorded in Table 8. As described in the text, mass spectrometric 

measurements of the isotopic ratios were not possible. However, it 

was possible to analyze completely the silicate phase of Canyon 

Diablo, the results of which are also included in Table 8, along with 

the results of the two stony-iron meteorites which were analyzed. 

(c) Tektites 

In Table 9 are given the elemental and isotopic composition 

of boron in the four tektites analyzed. Duplicate analyses were made 

for each tektite. The square brackets again indicate samples from 

the same powdered material. 
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TABLE 7 
/' 

Boron in Chondri tic Meteorites 

Meteorites Code Sample \.Jeight Boron Content 
(g ) (ppm) 

11 10 Observed B /B 11 10 
Absolute B /B 0 

5 /00 

Bruder:heim (M) Cl 10.4 0.55 4.111±0.014 4.095 ± 0.014 +23.8 

C2 9.3 0.97 4.107 ± 0.014 4.091 ±. 0.014 +22.8 

C3 5.4 0 .80 - - - - - - - - - - - - - -
C4 6.0 0.70 e . 087 ± 0.006 4.071 ± 0.006 +17.8 

4.087 ± 0 . 006 4.071 ± 0 . 006 +17.8 

C5 7.1 0 .76 4.087 ± 0.006 4.071 ± 0.006 +17.8 

Bruderheim (0) C6 

l'O 
0.73 ~. 030 ± 0.006 4.014 ± 0.006 + 3.5 

4.023 ± 0.006 4.007 ± 0 . 006 + 1.8 

C7 4 . 6 0.70 4.020 ± 0.006 4.004 ± 0.006 + 1. 0 



Meteorites Code 

Peace River Cll 

Vulcan 

Gladstone 

Diunnitt 

C12 

C13 

C14 

CIS 

C16 

C17 

C18 

TABLE 7 (continued) 

Boron in Chondritic Meteorites 

Sample Weight 
( g ) 

5 .1 

' 5.6 

/5.4 

5.1 
r-

: 7 . 8 

17 .1 

6.4 

7.6 

Boron Content 
(ppm) 

0.77 

0.51 

0.57 

0.52 

0.48 

0.48 

0.47 

0.57 

' 11 10 Observeo B IB 

4 . 047 :!:: 0 . 006 

4. 047 ± o. 006 

4.040 ± 0.002 

4.060 ± 0.006 

4.040 ± 0.006 

4.040 ± 0.006 

4 . 027 + 0.006 

4 .040 ± 0.006 

11 10 
Absolute B IB 

4.031 + 0.006 

4.031 ± 0.006 

4.024 ± 0.002 

4.044 ± 0.006 

4.024 + 0.006 

4.024 ± 0 . 006 

4. 01] + 0.006 

4. 02tf ± O. 006 

0 
5 /00 

+ 7.8 

+ 7.8 

+ 6.0 

+11. 0 

+ 6.0 

+ 6.0 

+ 2.8 

+ 6.0 



Name 

Nadoc 

Skookum 

Toluca 
(Xiquipilco) 

Odessa 

Canyon Diablo 

Canyon Diablo 

Bondoc 

Da1ga ranga 

Neteorite 

Class 

Iron 

Iron 

I ron 

Iron 

Iron 

Silicate 
phase 

Stony-iron 

Stony-iron 

Boron 

Code 

Fl 

F2 

F3 

F4 

F5 

F6 

F7 

F8 

F9 

FlO 

F11 

in Iron 

Sample 
Height 

( g ) 

7.3 

7.7 

7.5 

9 . 6 

9.9 

8.0 

7.2 

7.2 

14.7 

7. 6 

3.8 

TABLE 8 

and Stony-iron 

Boron 
Conte)t 

(ppm 

0.03 

0.02 

0.02 

0.07 

0.03 

0 . 82 

0 . 43 

0.09 

0.13 

0 . 57 

1. 22 

~leteori tes 

Observed Bll /B10 

- - - -
- - - - -

4.083 + 0. 006 

4 . 077 + O. 006 

4.090 ±. 0.006 

4 . 170 ± 0 . 002 

4.177 + 0.00 2 

11 10 Absolute B /B 

- - - -
- - - -

4 . 067 + 0 .006 

4.061 + 0.006 

4. 074 + 0.006 

4 . 154 + 0 .002 

4.16J -I 0.002 

0 
5 700 

+16.8 

+15.3 

+18.5 

+38.5 

+40.3 



Tektite 

Indochinite 
(Dalat, South Vietnam) 

Indochinite 
(Northeast Thailand) 

Bediasite 
(Sommerville, Texas) 

Rizalite 
(Bugad, Luzon) 

Code 

Tl 

T2 

T3 

T4 

T5 

T6 

T7 

T8 

Sample 
Weight 
(g) 

1.05 

0.52 

G·
44 

0.55 

0.95 

0.60 

l·49 
0.43 

TABLE 9 

Boron in Tektites 

Boron 
Content 

(ppm) 

20.0 

19.0 

25.0 

27.4 

10.0 

10.0 

33.6 

38.0 

11 10 
Observed B IB 

4.043 ± 0.014 

4 .037 ± 0 . 006 

4.037 ± 0.006 

4.033 ± 0. 006 

4 . 041 ± 0.006 

4.040 ± 0.006 

4.037 ± 0.006 

4.043 ± 0. 006 

11 10 
Absolute B IB 

4.027 ± 0.014 

4.021 ± 0.006 

4.021 ± 0.006 

4.017 ± 0.006 

4.025 ± 0.006 

4.024 ± 0.006 

4.021 ± 0.006 

4.027 ± 0.006 

o 
5/00 

+6.8 

+5.3 

+5.3 

+4 . 3 

+6.3 

+6. 0 

+5.3 

+6.8 



(d) Terrestrial Materials 

(i) Rocks and Minerals 

Table 10 contains the results obtained from miscellaneous 

terrestrial samples. The porcelain and G.E. quartz cannot be 

considered as natural samples since they were produced artificially. 

Two samples were prepared from the same piece of G.E. quartz. 

(ii) Sea Water 

The results in Table 11 are for borax A and borax B which 

have been passed through the ion exchange column. 

The results for sea water are grouped separately in Table 12 

because of their peculiar Bll/B10 ratios. Again, the square brackets 

have the same meaning as in the preceding tables. The average 

density of all the sea waters was determined to be 1.03 g/ml. 

(e) Clay Experiment 

79 

In Table 13 are shown the results of the clay experiment. The 

density of the synthetic sea water was assumed to be unity in this 

experiment, since there were not enough samples of P2 and P3 available 

for an accurate determination of the density. 



Name 

Beryl 

Ha,.,rai ian 
Basal t 

G. E. Quar tz 

Por celain 

Slate (shale) 

Sample 
Code 

M 1 

M 2 

M 3 

M 4 

M 5 

M 6 

M 7 

M 8 

M 9 

TABLE 10 

Boron in Terrestrial Rocks and Minerals 

Weight (g) 

2 . 0 

1.2 

2 . 5 

3 . 2 

3 . 6 

U·2 

9 . 1 

0 . 35 

0. 1 

Boron Content 
(ppm) 

7. 3 

6 . 6 

1.8 

1.5 

2.0 

0 

0 

40 . 0 

105 

11 10 Observed B / B 

4 . 053 ± 0. 014 

4 . 040 ± 0 . 006 

4 . 047 + 0 . 002 

4 . 047 ± 0 . 014 

4 . 050 ± 0. 006 

4. 060 ± 0 . 006 

11 10 
Abso lute B / B 

4.037 ± 0. 014 

4.024 ± 0. 006 

4 . 03 1 ± 0. 002 

4 . 031 ± 0 . 014 

- - - -

4. 034 ± 0 . 006 

4 . 044 ± 0 . 006 

a o /0 0 

+ 9 . 3 

+ 6 . 0 

+ 7. 8 

+ 7 . 8 

+ 8.5 

+11. 0 

continued 
00 
o 



Sample 

Name Code 

Kimberlite M10 

Finland 
Tourmaline 

1 Mll 

2 M12 

3 M13 

TABLE 10 (continued 

Boron in Terrestrial Rocks and Minerals 

Weight (g) 

2.4 

5.1 x 10 -3 

2.1 x 10-3 

2.3 x 10-3 

Boron Content 
(ppm) 

4.0 

3.5 x 10 4 

3.3 x 104 

3.0 x 104 

11 10 
Observed B IB 

(4.057 ± 0.014 

~4.057 ± 0.014 

C.013 :!: 0.006 

4.013 ± 0.006 

4.023 ± 0.006 

3.993 ± 0.006 

11 10 Absolute B IB 

4.041 ± 0.014 

4.041 ± 0.014 

3.997 ± 0.006 

3.997 ± 0.006 

4.009 ± 0 . 006 

3.977 ± 0.006 

o 
5 /00 

+10.3 

+10.3 

- 0.8 

- 0.8 

+ 2.3 

- 5.8 



TABLE 11 

Boron in Standard Borax (ion exchange) 

Boron Tested 

Standard Code 

A A4 

B B5 

Yield (%) 

14.9 95 

11.1 93 

11 10 
Observed B IB 

4 . 290 ± 0 . 006 

3.977 ± 0.006 
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TABLE 12 

Boron in Sea Wa t er 

Sample Boron 11 10 11 10 0 
Conten t Observed B I B Absolute B I B o /0 0 

Name Code We5_ght (ppm) 
( g ) 

E1 r40S 4 . 13 ~ . 243 ± 0 . 006 4 . 226 ± 0 . 006 +56.5 
4 . 240 ± 0.006 4 . 223 ± 0 . 006 +55 . 8 

Pacifi c Ocean (1) E2 l40S 4 . 42 4 . 233 ± 0. 006 4 . 216 ± 0.006 +54 . 0 

(Mexi co) E3 1. 24 4 . 30 4 . 237 ± 0 . 006 4. 220 ± 0 . 006 +55 . 0 

Arctic Ocean E4 2.27 4 , 10 4 . 253 + 0 . 006 4 . 236 ± 0 . 006 +59 . 0 
(Resolute Bay). 

Pacific Ocean (2) E5 2 . 27 4 . 40 4 . 24·0 + 0 . 006 4 . 223 ± 0 . 006 +55 . 8 
(Peru) 

Pacific Ocean (3) E6 4 . 54 4 . 30 4 . 233 ± 0. 006 4 . 216 ± 0 . 006 +54 . 0 

Atlanti c Ocean E7 4 .5 4 4 . 10 (4 . 230 ± 0 . 006 4.214 ± 0 . 006 +53 .5 
4 . 230 ± 0 . 006 4 . 214 ± 0 . 006 +53 . 5 

00 
w 



Name 

Synthetic Sea Water 

+ 100 ppm B 

Supernatant of Clay 

- Sea Water 

Mixture (1) 

Supernatant of Clay 

- Sea Water 

Mixture (2) 

Sample 

Code Weight 
(g) 

PI 0.22 

P2 0.44 

P3 0.44 

TABLE 13 

CLAY EXPERIMENT 

Observed 
B11/B

10 11 10 a Boron Content Observed Absolute B /B o /00 
(ppm) 

102 4.060 ± 0.006 4.044 ± 0.006 +11.0 

53.2 4.137 ± 0.014 4.121 ± 0.014 +30.3 

54.5 4.130 ± 0.006 4.114 ± 4.006 +28.5 
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(f) Distribution of the Boron Iso t ope Ratio in Nature 

Figure 8 shows the distribution of the Bll/BIO in nature. All 

artificial samples such as the NBS steel standards (Table 5), G. E. 

quartz (sample No. MG and M7, Table 10) and porcelain (sample No. M8, 

Table 10) are not included in the histogram. On the abscissa are 

11/ 10 plotted the B B ratios or the a-values, and on the ordinate 

the number of independent analyses. Considering the possibility that 

the isotopic r a tio can vary within the same material, all samples 

taken from diff erent locat i ons of the same material before preparing 

them for analysis are considered as independent. Samples from the 

same powdered specimen are not independent since their Bll/B IO ratios 

should be the same. Hence, in the tables the means of the ratio~ 

for samples enclosed by square brackets are counted as individual 

analyses. The same convention also applies to the sea water samples. 

The boxes containing a question mark correspond to the three 

values from the stony-iron samples F8, FlO and Fll in Table 8. It 

is uncertain whether or not these values are representative of the 

stony-iron meteorites, Bondoc and Dalgaranga, because they were badly 

weathered and oxidized. These meteorites, being small and having been 

in contact with the soil for such long periods, may have been 

contaminated even in their interiors. However, the ratios have been 

included in the histogram, put the reason for the anomalous ratio is 

unknown. 
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CHAPTER IV 

DISCUSSION 

1. ERRORS 

(a) Boron Content [B] 

From Table 1, the statistical error or precision associated 

with the curcumin method of determination of boron is, on the a verage, 

9 per cent (standard deviation at the 95 per cent confidence level) . 

The reproducibility (half-range) for the complete cycl ic pyrohydro

lysis extraction and determination of boron, can be estimated fr~m 

the results of W-l (Table 4), borax A and borax B (Table 3, excluding 

sample AI), the steel standards (Table 5, omitting sample S8) and 

from those samples enclosed in square brackets in Table 7 and 9, to 

be 5.1 per cent. The reproducibility f or the ion exchange extraction 

calculated from the results of borax A and borax B in Table 11, and 

the sea water samples E1, E2 and E3 in square brackets (TabJe 12) 

is 2.3 per cent. 

An est imate of the accuracy of the boron determination using 

curcumin can be obtained by comparing the curcumin results with those 

of the isotope dilution in Table 2. The mean value deviates by 

1 per cent from the mean of the isotope dilution results. Using 
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equation 14 or Fig. 9 in Appendix I and re-defining cr- as the standard 

error and E (= cr- (R/)/R/ = 0.17 per cent, see Section 1 (b» as the 

relative standard error or relative precision, all at the 95 per cent 

confidence level, the attainable optimum precision cr- (q)/q (standard 

error at the 95 per cent confidence) of the isotope dilution method 

itself is calculated to be about 0.08 per cent. The value for q, 

the sample to spike ratio of the number of atoms, is taken to be unity 

and the ratio and to be both 

about 0.25. 

(b) Boron Isotope Ratio Bll/BIO 

The average precision for one complete mass spectrometric 

determination of the isotope ratio of an aliquot of the extracted boron 

is 0.17 per cent (standard error at the 95 per cent confidence level). 

This is computed by taking the average of the precisions for all 

individual complete mass spectrometric measurements made in this work. 

The mean reproducibility of the mass spectrometric determination uf 

the absolute ratio 0.08 per cent (defined as the half-range) is 

obtained from the data in Table 6 for samples which were not pyro-

hydrolyzed and the data from samples S8, S9 (Table 5), C4, C6 , 

C8 (Table 7), MID, MIl (Table 10), El and E7 (Table 12). The isotope 

measurement was repeated for different aliquots of the same extracted 

boron for each of these samples. 
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The reproducibility for the whole pyrohydrolysis extraction, 

together with the mass spectrometric measurements, is computed to be 

O.OS per cent and is determined from the results of W-l (Table 4), 

the steel standards (Table 5, excluding samples SS and S9), borax A 

and borax B (Table 3) and those samples enclosed in square brackets 

in Tables 7 and 9. The corresponding value 0.12 per cent for the ion 

exchange extractions and the subsequent mass spectrometric measurements 

is obtained from the results for the sea water samples El, E2 and E3 

in Table 12. 

In addition to the statistical error in the absolute Bll/BIO 

ratios there is also a systematic error of about 0.05 per cent due 

to the instrumental mass discrimination (see Appendix II, Section 2). 

2. COMPARISON OF RESULTS 

Some of the samples analyzed in this research have already 

been studied by other workers and their results are quoted in Appendice s 

III and IV. 

Within experimental errors, the boron content 10.6 + 0.6 ppm 

of W-l obtained in this work agrees with the values 11.1 ppm, 12 ppm 

and 10 ppm reported by Mills (1966), Lerman (1966), Clark and Swaine 

(1962) respectively and others listed in Appendix IV, however, it 

disagrees with the value 17 ppm apparently accepted by Fleischer (1965) . 

o 
The isotopic ratio 4.074 :t 0.002 (5 '/00 = lS.4 :t 0.4) is only 



0.7 per cent higher than that reported by Shima (Appendix IV). 

The mean values of the boron content 57 + 2 ppm, 

10.4 ± 1.0 ppm and O.B ± O.OB ppm for the NBS steel standards Nos. 

1164, 1163 and 1165 or 465 (excluding sample SB) respectively are 

14 per cent, 13 per cent and 20 per cent lower than the NBS values 

(see Appendix IV). There are no known published values for the boron 

isotope ratios for these steel standards. 

The results of sample SB were excluded in taking the mean 

of the boron content [B] for NBS No. 1165 or 465, because although 

the duplicate isotopic ratios are quite consistent with each other, 
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they are not at all in agreement with the data for samples S6, S7 and 

S9 which are reported to be identical materials. Moreover, the [B] 

in SB appears higher than the rest, which suggests that this sample 

may have been contaminated during the sample preparation. 

The results obtained for the Hawaiian basalt can be compared 

with those reported for Hawaiian and Mohole basalt by Shima 

(Appendix IV). The Bll/B10 ratio obtained in this work for Finland 

tourmaline samples are also in agreement with the value 4.007 ± 0 . 002 

reported by Agyei and McMullen (196B). The mean [BJ for tourmaline, 

3.3 per cent (3.0 per cent - 3.5 per cent) agrees with the average 

value of 3.34 per cent calculated from the formula, 

(H, Li, Na)9 A13 [BOH]2 S14 019 (+ Fe 203 , FeO, MgO, MnO) for 

tourmaline. It is again remarkable that the [B] , 105 ppm obtained 

for slate (shale) agrees exactly with that reported by Shaw and 



Bugry for the same sample (Appendix IV). The results mentioned in 

this section, together with those on borax A and borax B in Table 3 

indicate that the extraction yield of boron is about 100 per cent. 
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No enrichment in the heavy isotope was detected in kimberlite 

samples as observed by Cherepanov in Siberian kimberlite (Appendix IV). 

The [BJ of 4 ppm is about two orders of magnitude smaller than that 

obtained by Cherepanov. The value 4 ppm seems more probable since 

kimberlite is igneous as are basal t (1.8 ppm), gabbro (10 ppm, Agyei 

and McMullen, 1968; Shi ma, 1963) and W-l (10.6 ppm). 

3. METEORITES 

The Bll/BlO ratios for all the chondrites analyzed in this 

work fall within limits having a range of 22 0/00 (Table 7). The 

results show that in the same chondritic meteorite, the isotope ratio 

may vary. This can clearly be seen in the isotope ratios for 

Bruderheim. The Bruderheim (0) obtained from Ottawa has a lower 

Bll/BlO ratio than the Bruderheim obtained from McMaster University. 

Since the piece of Bruderheim (M) from which the sample was taken 

included a fusion crust, this piece must be part of the outer portion 

of the Bruderheim meteorite. If it is assumed that Bruderheim (0) 

comes from the inner portion of the meteorite, one possible cause 

of the change in isotopic ratio is cosmic-ray radiation during the 

flight of the meteorite through space. 



According to the theory of BFH (1965 ) the spallation yield 

of Bll/BlO i s about 0.4 and this would tend to decrease the Bll / BlO 

r atio in the outer portion of the meteor ite~ This is contrary to 
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what is observed . However, a ccording to the theory of Bernas et al. 

(19 67) the Bll/BlO from spallat ion can either be greater or l ess than 

the average natural Bll/BlO ratio depend ing 'on the target nucleus. 

Hence the overall spallation yield of Bll/BlO will depend on the 

chemicn l compos ition of the i rradiated material. Assuming that the 

outer sample ( Bruderhe im (N» initia lly ha d a [ B] of' say 0. 5 ppm 

(compare with values [or other meteorites in Table 7), it ",'ould require 

about 0.3 ppm more boron to give the observed concentration of about 

0.8 ppm. 
11 10 . 

This will require that the B / B produced by spallatlon 

due to cosmi c rays be 4.226, providing that the inside samp l e 

(Bruderheim (0» did not receive any i rradiation . This ratio agrees 

with the value 5 ± 3 given by Bernas et a1. (1967). By comparison 

with the yield of cosmic-ray produced 1i6 of 1 .1 x 1016 atorns / g to 

16 
6.2 x 10 atoms / g in stony meteorites (Fir eman and Schwarzer, 1957), 

the extra 0.3 ppm boron expected fr om spallat i on due to cosmic rays 

is a real possibility . 

11 10 
The average B / B ratio 4 .045 (4 . 008 - 4 . 095) for the _ 

chondrites is only 0.45 per cent different from the average value 

4.027 (3 . 977 - 4.074) for terrestrial rocks and minerals, and only 

0.1 per cen t different from the va lue 4.023 (4.019 - 4.027) for t ektites . 

Thes e r esults are in disagreement with those reported by Shima for boron 
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(Appendix III), but agree with the r esults of Krankowsky and MUller 

(1964, 1967) and others that the terrestrial lithium isotope ratio 

is essentially the same as the meteoritic lithium isotope ratio. 

The average [B] for all the chondrites is 0.67 ppm (0.47 ppm -

0.97 ppm), whereas for iron meteorites the average [BJ is 0.03 ppm 

(0.02 ppm - 0.07 ppm) in agreement with the geochemical fact that 

boron is lithophile and hence will tend to concentrate in the stony 

meteorites. This also disag~ees with Shima's results (Appendix III). 

As explained in Chapter II it was impossible to measure the isotopic 

ratio of boron in thes e irons . However, the silicate nodule of Canyon 

Diablo was found to pos sess a [~ and Bll/BIO ratio similar to that of 

stony meteorites. The observed variation of the [B] in the same nodule 

is probab ly due, in part, to the fact that sample F7 contained some 

of the iron phase which contributes a negligible amount of boron, 

thus giving rise to an apparent lo~,T [BJ. The results for the 

two stony-iron meteorites analyzed cannot be given much credence, 

because of their possible contamination from t errestr ial boron during 

the ir contact with the earth's surface . Such a contamination of the 

order of 10 ppm is observed for the rusty coating of Canyon Diablo, 

whereas the fresh interior has a [BJ of only 0.03 ppm. 

4. TEKTITES 

The four tek ti tes studied have a very narrOlv range of boron 

. . . ( Bll/BIO 4 010 4 025) h b' L 021 l.sotop 1.C ratl.O = • J -. t e mean el.ng f. , 
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supporting one view that although they are found in different 

geographical locations, they may have originated from a counnon source. 

The [B] which ranges from 10 ppm to 35.8 ppm suggests that they 

probably have sedimentary rock origin (e.g. [BJ for slate = 105 ppm, 

Table 10) rather than igneous rock (e.g. [Bl for W-l = 10.6 ppm, 

Hawaiian basalt = 1.8 ppm and kimberlite = 4 ppm, Tables 4 and 10» or 

chondritic origin (average [BJ = 0.67 ppm, Table 7). The fact that 

some boron may have been lost with the loss of water during the fusion 

of the rocks to form the tektites cannot be discounted. 

5. SEA WATER AND THE CLAY EXPERIMENT 

I h b ' 'Bll/BlO I' , h n sea water, t e oron 1sotope rat10s 1e 1n t e 

narrow range 4.214 to 4.236. The average value, 4.222 is 4.8 per cent 

greater than the value for terrestrial rocks and minerals (4.030). 

The isotope ratio for sea water disagrees with the results obtained 

by Shima (1963). Parwel et al. (1956) have also measured the 

isotopic ratio of boron in Pacific Ocean water and many other terrestrial 

minerals. Although they did not observe any variations in the Bll/BlO 

ratios of the minerals, they observed that sea water was about two 

parts per mil enriched in Bll. The average [B] of sea water is 

4.22 ppm (4.10 ppm - 4.40 ppm). 

The results of the clay experiment indicate that absorption 



of marine boron by certain types of clay is one of the principal 

processes which cause the observed large isotopic fractionation in 

sea water. In this experiment absorption of about 50 per cent of 
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the boron gives rise to a 1.8 per cent enrichment of Bll in the 

residual boron. If it is assumed that the present day oceans are 

capable of holding in solution as much boron (~100 ppm) as is found 

in sedimentary rocks (Appendix IV), it is possible that the absorption 

of about 96 per cent boron could give rise to the observed 4.8 per cent 

isotopic fractionation. 

As will be noted in Appendix III, it is logical to expect 

the absorption and hence the fractionation to depend to some degree 

on other factors such as the pH, temperature and salinity of the 

water. The fact that both isotopic composition and elemental 

abundance of boron in sea water are constant might mean that the 

oceans are thoroughly mixed and that the differences between the 

factors mentioned above are not large enough to have any appreciable 

effect. 

It has already been suggested that the boron content in 

sedimentary rocks may be used as a paleosalinity indicator (e.g. Fleet, 

1965). The results therefore suggest that the isotopic ratio of boron 

may be used to supplement the [B] as a paleosalinity indicator. 
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Since most of the earth's crust is made up of igneous rocks 

(Fig. 11, Appendix III) and sedimentary rocks are derived from them, 

a rather crude average of the [BJ for the earth's crust may be taken 

as the mean value of the boron concentration in the igneous rocks, 

W-l, Hawaiian basalt and kimberlite (Tables 4 and 10) i.e. 5.5 ppm. 

It is difficult to see how the [BJ in the ocean, minerals and sediments 

could make any significant change in this mean value. The value 

0.67 ppm determined for chondrites may be considered as representative 

of the mantle and the average value of iron meteorites, 0.03 ppm of 

the core. 

It is assumed at this point that meteorites are fragments of a 

single disrupted planet .which once existed in the asteroidal belt. 

This is one of the three main theories proposed for the origin of 

meteorites. In general, one of the remaining two is quite similar 

except that the meteorites are pieces of smaller parent bodies. The 

third theory supposes two successive generations of parent bodies, 

primary and secondary objects. The primary objects were broken up 

into fragments by collision between thems~lves and the secondary 

objects accumulated from the primary debris. A brief outline of these 

theories is given by Mason (1962, Chapter 12). It is further assumed 

that the meteorite parent body underwent melting and subsequent 

cooling and geochemical stratification just as it is supposed for the 

earth. 



By using Figure 10 in Appendix III and assuming a uniform 

density for the earth, the mean value of the [BJ for the earth can 

be estimated to be 0.65 ppm. If similar structura l and geochemical 

composition is assumed for the meteoritic parent "body, its average 

[BJ will also be very probably close to 0 . 65 ppm, whereas the average 

[BJ for chondrites "is 0 . 67 ppm and for irons 0 . 03 ppm. Using the 

11 10 . 
s ame argument, it appears that the average B / B rat10 for both 

the earth and the meteorites will not be t oo different from the 

11 10 . 
average of the B / B rat10 for chondrites, and t errestrial rocks 

r "] 11 10 and minerals viz . 4.036 . Probab ly the mean ~B and B / B ratio of 

other plane ts too is not very different from these estimated values . 

It should be emphas ized that the mean values are only approximate 

because of the many assumptions made . For instance , if the density 

of the earth is taken into account the mean values may change some-

what. Also, considera t ion \vill have to be given to the other types 

of meteorites such as stony-irons, achondrites and carbonaceous 

chondrites . 

7. CONCLUSION 
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This research conclu~es that there are no differences to within 

0 . 45 per cent between th e average terrestrial and meteoritic (parent 

body) isotopic and elemental composition of boron as a consequence 

of nucl ea r synthesis of the element. As discussed in Chapter I, 
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Section 3 (c) and (d), this implies that no slow neutrons are 

. d . h . 1 d . . Bl1/BIO . requ1re to g1ve t e terrestr1a an meteor1t1c rat10S . 

However, there may be local isotopic and elemental anomalies due 

to other chemical and physical phenomena such as those a ccoun t ing f or 

the results of the sea water and Bruderheim (M) anomalies. 

Tektites could not have been produced by fusion of chondritic 

meteorites or igneous rock because of the large [BJ of tektites. It 

is possible they are derived from sedimentary rocks. 

[ ] 
11 10 . 

The estimated Band B /B rat10 for the planets and 

meteorites to be employed in such theories as the synthesis of the 

L-nuclei are 0.65 ppm and 4.036 respectively. 



APPENDIX I 

PRECISION MASS SPECTROMETRIC ISOTOPE DILUTION ANALYSIS 

1. INTRODUCTION 

It is known that the use of mass spectrometry in isotope 

dilution measurements is one of the powerful analytical tools for 

determining minute quantities of elements. By careful choice of the 

parameters involved, high precision can be attained in this method 

of analysis. 

The technique consists of blending an unknown amount of the 

element to be determined (target) with a known amount of the sam~ 

element, having a different isotopic ratio (spike). The amount of 

element in the target can be calculated by using the appropriate 

formula (derived below), if the isotopic ratios of the target, spike 

and blend, are measured mass spectrometrically. If the target is 

too small to allow direct determination of its amount and of its 

isotopic ratio, two different quantities of highly enriched spike can 

be used in order to determine both the isotopic ratio and the amount 

of the target. Several aspects of the isotope dilution method have 

been treated in the literature and are referred to by de Bievre and 

Debus (1965a). 
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The formulas used in isotope dilution determinations) involving 

a bi-isotopic sample and spike, are derived by de Bievre and Debus 

(1965a) and are reproduced here. The general relations for a poly-

isotopic sample and/or spike are given by the same authors elsewhere 

(de Bievre and Debus, 1965b). 

2. SYMBOLS AND BASIC RELATIONS USED 

A absolute mass of an isotope 

M = t ota l ma ss of the element considered 

N number of atoms of element or isotope 

B, T, S = subscripts referring respectively to the ~lend) 

to the sample (larget), and to the ~ike. 

R N2/N
1 

= true ratio of second to first isotope 

. 
measured isotope ratio 

NOTE that the symbols Rand R/ have been interchanged to make them 

consistent with those used in Appendix II. 

K R/R/ = mass discrimination factor 

This linear relationship between R) R/ and K is assumed to be 

sufficiently accurate for the purpose of this derivation. 

y A
2

/A
1 

absolute mass ratio of second to first isotope 

p MT/MS = sample to spike mass ratio 

q NT/NS sample to spike number of atoms ratio 

cr- standard deviation 

McMASTER UNIVERSITY LIBRARY. 



€ (J (R/)/R1 = the relative standar.d deviation or 

relative precision of an isotope ratio measurement. 

€ is assumed to be constant. 

The following basic relations apply: 

= 

= 
[N2] S + [N2JT 
P\] s + [NIJT 

KR/ 
B 
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( 1) 

(2) 

(3) 

By definition, the total amount of sample expressed in number of atoms 

is: 

(4) 

and expressed as total mass: 

= (5) 

Hence knowledge of the spike and p or q defines the unknown sample 

size. 



3. CALCULATION OF P and 9 

q = 

in both sample and spike 

1 + KR~ 
1 + KR/ s 

is calculated from (1), (2) and (3) 

and = 

Using equations (6) and (7) 

q 
1 + KR~ 
1 + KR~ 
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(6) 

(7) 

(8) 

which is only a function of the measured isotope ratio in blend, sample, 

and spike, and of the mass discrimination factor. 
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P is calculated from: 

MS = [N1l A1 (1 + y KR~) 
- s 

}1.r [Nl] T 1 + y KR~ 
( 9) p ---

MS [Nl] S / 
. . . . . . . . . . . . 

1 + Y KRS 

Using equation (7) 

R/ - R/ 1 + y KR~ S B 
p 

R/ R/ 1 + y KR~ B T 

(10) 

q can be derived from p by putting y 1. 

4. ATTAINABLE PRECISION 

For ~ = pMS and assuming the determination of MS to be 

i ndependent of p, the statistical error is: 

2(M ) 2 2 "+ M2 2 ( 11) 0- p () (MS) () (p) . . . . . . . . . . 
T S 

or 

lO- (>lrlj 2 r a- (Plf lO- (>lSl ]2 
HT L--p + 

MS 
. . . . . . . . (1 2) 

r 
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Similarly, for a spike given in number of atoms: 

(13) 

The relative errors [i- (p)fpJ2 and r- (q)fq]2 can be calculated 

from equations (8) and (10) according to the normal law of propagation 

of statistical errors. 

After elimination of R~ with the aid of equation (8), and 

taking into account the constant relative precision on an isotope 

ratio measurement G!- (R) = €~, the following result is obtained: 

+ 

.J.. 
2 

p 

(1 + p)2 (1 + y KR~)2 

(R~ R~)2 (1 + y KR~)2 



+ 
(1 + Y 

.. 

2 
€ 
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(14) 

Equation (14) expresses the expected dependence of the relative 

precision on p from all isotope dilution parameters, of which one has 

an approximate knowledge before starting an isotope dilution meas urement . 

The relative precision on q is obtained by replacing p by q in 

equation (14) and putting y = 1. It is graphically presented in 

Fig. 9 for R~ 20/80 (approximate case for boron if R is defined as 

B10/B ll), and K = 1. [0- (q)/qJ2 is given in units of €2 as a function 

of q for different values of R~. ~ (q)/~2 for other values of R~ 

can be found in the original report (de Bi~vre and Debus, 1965a). 

NOTE: 
. 11 10 . If R is def~ned as B /B the same f~gure is applicable 

provided the values of R~ on the graph are changed to their 

reciprocals. 

The precision on the spike and that indicated by the graphs 

give a knowledge of the expected precision by the isotope dilution 

technique. To attain high precision, a proper choice of the sample 

to spike ratio has to be made. This means that the sample size has 

to be estimated before the isotope dilution procedure is begun. 
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APPENDIX II 

SYNTHETIC BORON STAl~DARDS 

1. .lNT.RODU.CTION 

For the purpose of reference, the theory and prepara tion of 

the 0,,0 boron standards of kno\.ffi isotopic composition borax A 

(B
11

/ B
10 = 4.270) and borax B (B

11
/ B

10 = 3. 956), used to ca librate 

the mass spectrometer used in this research are reprodu ced here. 

This has been reported by Agyei ( 1965). 

The preparation of the synthetic boron standards provided by 

McMullen et a 1. (1961) Has made in this l aboratory using the 

following three steps : 

(a ) The isotopic composition of boron samp l es enriched in Bll 

and BIO , which ,,,ere obtaine d from the Oak Ridge National 

Laboratory in the form of boric acid, was determined. 

(b) The enriched s amples were converted into a s uitable chemica l 

form (borax) for quant itative combination. 

(c) Accurately kno,vu amounts of th e BIO and Bll were then blended 

to obtain the synthetic mixtures of borax A and borax B. 

2. THEORY 

Using the notation of Bentley and Hamer ( 1958), the BIO 
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concentration of the mixture will be given by: 

where 

C is the B
10 

concentrati on of the mixture, 
m 

Cd is the B10 
concentra tion of the B10 depleted (or B11 

enriched) blending material; 

C . h B10 . f J BIO . h d ( Bll 1S t e conccntrat10n 0 t1e enr1C e or 
e 

depleted) blending material ; 

f is the molar fraction of the deplete d material used in 

the mixture. 
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( 1) 

The quanti ties Cd and C
e 

are determined approximately on the 

mass spe ctrome ter to be calibrate d. The calculated BIO concentration 

i n the prepared s tandard will be in error depending on the errors 

associa ted \vi th the measurement of Cd and C e ' From equa tion (1) the 

error ~C is given by : 
m 

b,C 
m 

(2) 

It should be noted that, usually in ma ss spectrometr i c meastlre-

ments the quantity that is determined is the isotopic abunda nce r~tio. 

Errors arising from instrumen t a l Ill..ass discrimina tion will affect this 

ratio which will be assumed to be related to the absolute ratio by 

the expression: 

R = 



where, 

11 10 
R is the absolute B /B ratio 

R/ is the observed ratio 

K is a constant for all values of R 

The error due to the instrumental discrimination: 

AR 

R/ 
is given by: 

= = 1 - K 

The concentration of an isotope can be written as: 

C = 1 . . . . . . . . . . . . . . . . . . . . 
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(3) 

(4) 

I The error in C arising from the use of R in place of the true value, 

R will be: 

AR 

and from equation (3) 

llC (1 - K)R1 

(1 + R/)2 

From equations (1) and (6) the error llC can be computed . 
m 

This 

(5) 

(6) 

corresponds to an error 6~ in the calculated isotopic ratio Rm. It 

will now be shown that the error in the calculated value of the 



no 

flR 
constituents of the standard mixture , ~m is alw'uys smal ler than the 

cor r esponding ~R ( = (l-K» which ar ises from the mass discrimination 
R 

in a direct measurement on the constituent materials or the isotopic 

ratio of the standar d is calculate d to a greater accuracy than that 

of the blending mater ials. 

Accura cy of the preparation of the boron ' standards 

From equat ion (6) 

(1 - K) R~ 
(1+R / )2 

d 

can be written for the deplete d blending materia l, and 

.6c 
e 

= 
(1 -

(1+ 

for the enriched blending materia l. 

and 

In the preparation of the standards us ed in this work , 

and R/ ~ O.Ol. 
e 

Substituting these in equations (7) and (8), 

6Cd ~ -0. 033 (1 - K) •.••..• • •.•• 

6C p;::;. -0.01 (1 - K) 
e 

Substituting ~Cd and 6..C in egua tion (2) 
e 

Llc f x O. 033 ( 1 - K) - ( 1 - f) x O. 01 ( 1 - K) 
m 

(7) 

(8) 

(9) 

(10) 
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-0.023 f (1 - K) + 0.01 (1 - K) 

-(1 - K) (0.023 f + 0 . 01) ( 11) 

f • 

For the 

write : 

From equation (6), the associated error R is given by: 
m 

t.R 
m 

b.R 
--1!! 
R 

m 

blend 

L.R 
-1!! 
R 

m 

6R 
-1!! 
R 

m 

C (1 + R ) 2 = (1+ R ) 2 (1 - K)(0.023 f + 0.01) 
ill m m 

(1 + R ) 2 
m 

(1 - K)(0 . 023 f + 0.01) 
R 
. m 

,,,here f is chosen to be ~ 0.2 to give R ~4 \ve can 

25 
4 

x 0.0146 (1 

0.091 (1 - K) 

m 

K) 

. • . ' . ' . . . . . . . ( 12) 

Comparison of equation (12) with equation (3) ind icates that the error 

in the ca lculated isotopic ratio of the standard mixture is about ten 

per cent of the instrumen tal discrimina tion error in the approx ima te 

determination of the quantities Cd and Ceo 

The next step is to ana l yze the prepared standards on the mass 

spe ctrometer to be ca librated and from the measured isotopic ratios 

R/ an estimate of th e constan~ K is made . This is used to adjust the 
m 

values of R~ and R~ needed in the calculation of Cd and C
e 

so that 

C is determined with a greRter accuracy . This procedure can be 
m 

r epeated as many times as required by the a ccuracy needed for the 

standards. 



For the particular standards used in this experiment 

(MCMullen et a1., 1961), it appears that the process was done only 

once. To estimate 
6R ---m we assume the value of K obtained by the 
R 

m 

authors viz. , 1.005 • SUDstituting in equation (2): 

.6R 

R 
m 

= 

0.091 x (1 - 1.005) 

- o. 091 x o. 005 

•• per cent error i n R 
m 

0.091 x 0.005 x 100 

~ 0.05 per cent 

It can also be shown that the difference between the 

concentrations of either of the isotopes in standards A and B as 
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determined by measurement should be equal to the difference obtained 

by calculation. This will serve as a further check on the calculations 

and measurements on the prepared standards. 

C . d h B10 .. h b d d onS1 er t e concentrat10n 1n t e two oron stan ar s 

A and B. 

CA 
1 

= · · · · · · · · · · · · · · · · · · · · 1 + RA 
(13) 

C
B 

1 
=< · · · · · · · · · · · · · · · · · · · · 1 + RB 

(14) 

CI = 1 
A RI · · · · · · · · · · · · · · · · · · · · 1 + A 

(15) 



1 . . . . . . . . . . . . . . . . . . . 

All the symbols have the same meaning as before. The subscripts 

A and B refer to the standards A and B. Using R = KR/, equations 

(13) and (14) can be written as: 

C
A 

1 
= 

1 + KR~ 

C
B 

1 
= 

1 + KR' 
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(16) 

(13a) 

(14a) 

The difference in the B10 concentration in the two standards 

is given by the difference be t ween equations (15) and (16) • 

= 

AC 
measured 

.t.C measured 

1 

LlC ca1cu1a ted = (13a) 

1 = 

1 

(14a) 

1 

(17) 

(18) 

K is generally ~ 1. Therefore, put K = 1 + € where € «1 

and in this work particularly 



. . .t.C 
calculated = 1 

/ 1 + (1 + €)R
A 

1 
/ (1 -

1 + RB 1 + 

Therefore, t.C -;:::; 6C • 
calculated measured 

. 3. CHEMICAL PREPARATION 

1 

1 1 

The boric acid was converted to methyl borate (Archibald, 

1932) by heating the acid with methanol and taking off the methyl 

borate-methanol azeotrope through a glass-helix-packed fractionating 

column. The azeotrope boils at 55 0 C and the reaction was considered 

o 
complete when the temperature at the top of the column reached 64 C. 

Titrations of the distillate, in test runs, with sodium hydroxide 

indicated that the yield of this step was greater than 95 per cent. 

The methyl borate-methanol solution was then mixed with a 

stoichiometric amount of 1 N sodium hydroxide solution. When this 

solution was seeded with a small crystal of borax and stirred, 

crystals of borax were precipitated. 

The methanol was expelled with a minimum loss of boron as 

methyl borate by allowing the solution to evaporate to dryness at 
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room temperature. The borax was purified by two re-crystallizations, 

using distilled water, aftl~r which the borax crystals were washed 



with ethanol and ether, and stored in a dessicator over a saturated 

agueous sol'ltion of sucrose and sodium chloride. 

Samples of the pure borax produced from BIO-enriched boric 

acid and Bll-enriched boric acid were weighed on an analytical 

balance and combined to form the synthetic standards borax A and 

borax B. 

Small amounts of the pure borax from the enriched samples 

were set aside for mass spectrometric analysis. To ensure uniform 

isotopic mixing in the synthetic standards the borax was dissolved 

in a minimum amount of hot water, held in solution and stirred for 

about half an hour, then chilled and allowed to evaporate to dryness 

at room temperature. 
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APPENDIX III - - = ----

GEOLOGICAL NOTES 

There is extensive literature on meteorites, tektites and 

the earth, including sea Hater . Be lo,v are some i mportan t definitions 

and notes, some of vlhich are .mentioned i n the body of the thesis . 

These are mostly t aken from Nason ( 1962), "lvho has given a compre-

hensive introduction to the study of meteorites and tektites, and 

to Ahrens (1965 ) "lvho has g iven an in troduction to geochemistry . 

They a l so record an extens ive list of reference s . 

1. METEORITES 

A meteorite is a meteoroid "lvhich ha s survived the passage 

through the earth ' s atmosphere and arrived on the earth as a solid 

body. 

A meteoroid is an extra-terrestrial solid body passing through 

the earth ' s atmosph ere , which produces a l uminous streak in the sky , 

called a meteor . A meteoroid may or may not reach th e earth 's surface . 

Since meteorites are the only t ang ible objects reaching us from 

outer spa ce, they are of special in terest to scientists , e.g. 

astronomers , astrophysicists, geo chemists , geophysicists , nuclear 
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physicists and biologists . The study of their externa l and internal 

s tructure has given useful information regarding astronautical 

problems such as the design of space ships and t he problems of re entry 

i nto the earth ' s atmosphere. 

A fal l i s a meteorite which was picked up after i t was seen 

to fal l. 

A find is a meteorite whi ch was not seen t o fall but was 

r ecognized as having the chemical, minero l ogical and struc tura l 

properties of meteorites. Normally falls are more reliabl e for 

meteoritic studies than finds, since they are l ess l ikely to have 

been contaminated by t errestria l materia l. 

Classifica tion of Me teorites: 

Meteorites can be divided into three main groups : 

1. Aerolites or stones, which are made up of s i l icate minerals, 

main l y olivine ~Mg ,Fe) 28iO J and orthopyroxene ~Mg ,Fe) 8iO~ 

or a mixture of these. They a l so contain some ni ckel-iron . 

The stones which have chondrules or chondri i n them are 

ca lled chondritesi those wi thout chondri are ca l led a chondrites . 

These chondri are s pheroida l incl usions of ol ivine or pyroxene , 

usua l ly 1 nUll in diame ter . 

2. Sideri tes or irons which are made up of about 90 per cent Fe 

and 10 per cent Ni, with a sma ll amount of o ther minerals . 

3. Siderolites or stony-irons which consist of about 5 0 per cent 

of nickel-iron and 50 per cent silicates . 



These three groups are further subdivided according to their 

mineralogical content. Such a division is shmvn in Table 14. 

Publ ished Isotopic and Elementa l Composition of Meteoritic Boron 

(a) Irons 

Stones 

0 .9 ppm) 
) Goldschmidt and Peters ( 1932 ) 

1.6 ppm) 

Breitscheid ( chondrite) 5 ppm, Vilcsek (1 959) 
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(b) The isotopic and elementa l composition of boron in meteorites 

reported by Shima (1962) are quoted in Table 15. 

2. TEKTITES 

Tektites consist of a silica-ric.h (70 - 80 per cent Si0
2

) 

glass w'hich on the outside resembles obsidian glass, but quite distinct 

from any terrestrial obsidian. They differ from one another in shape; 

size and colour, yet tektites from different loca l ities r esemble each 

other in internal structure and chemical composition. They have small 

(up to 200 - 300 g) rounded to e longated form and are found in differ F" t 

geographical localities , which tend to preclude volcanic origin. 

When broken, the small flakes are translucent like coloured glass btl ' 

they look dark and opaque when unbroken. Usually the tektites are 

named after the geographical locations in which they are found . 

Unl ike meteorites, tektites have not actua l ly been seen to fall, yel 

some of the theories about their origin suggest an extra-terrestrial 

source . 



Group 

Chondrites 

Achondrites 

TABLE 14 

CLASSIFICATION OF THE METEORITES 

(Figures in parentheses are the numbers in each class) 

(Mason, 1962) 

. Class 

Enstatite (11) 

Olivine-bronzite ) 
) (900) 

Olivine-hypersthene) 

Olivine-pigeonite (12) 

Carbonaceous (17) 

Aubrites (9) 

Diogenites (8) 

Chassignite (1) 

Ureilites (3) 

Angrite (1) 

Nakhlites (2) 

Eucrites and howardites (3 ~) 

Principal Minerals 

Enstatite, nickel-iron 

Olivine, bronzite, nickel-iron 

Olivine, hypersthene, nickel-iron 

Olivine, pigeonite 

Serpentine 

Enstatite 

Hypersthene 

Olivine 

Olivine, pigeonite, nicke l- iron 

Augite 

Diopside, olivine 

Pyroxene, plagioclase 

. .. con tinued 



Group 

Stony-irons 

Irons 

TABLE 14 (continued) 

CLASSIFICATION OF THE METEORITES 

(Figures in parentheses are the numbers in each class) 

(Mason, 1962) 

Class Principal Minerals 

Pallasites (40) Olivine, nickel-iron 

Siderophyre (1) Orthopyroxene, nickel-iron 

Lodrani te (1) Orthopyroxene, olivine , nickel-iron 

Mesosiderites (22) Pyroxene, plagioclase, nickel-iron 

Hexahedrites (55) Kamaci te 

Octahedrites (487) Kamacite, taenite 

Ni-rich ataxites (36) Taenite 



TABLE 15 

BORON IN METEORITES (Shima, 1962) 

Sample 

Toluca, iron 

Richardton, chondrite 

Ehole, chondri te 

Achilles, chondrite 

Shallow water, achondrite 

Pasamonte, achondrite 

B (ppm) 

0.45 

0.38 

0.41 

0.50 

0.42 

1.25 

3.850:±: 0.03 

3.815 :±: 0.05 

3.820 :±: 0.03 

3.902 + 0.02 

3.960 + 0.02 
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Below are listed the recognized true tektites: 

Australites 

Bediasites (Texas) 

Billitonites 

Indochinites 

Origin of Tektites 

Ivory Coast tektites 

Javaites 

Moldavites 

Philippinites (or rizalites) 
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A state of controversy exists regarding the origin of tektites. 

There are two main groups of theories on the origin of tektites: 

terrestrial and extra-terrestrial. These can be sub-divided as shown 

below. For the discussion on these the reader is referred to Mason 

(1962) and to additional references given by him. 

A. Tektites have been formed from terrestrial materials by: 

1. Impact (a) of meteorites; (b) of comets. 

2. Lightning (a) fusing soil; (b) fusing dust particles in 

the atmosphere. 

3. Natural fires: burning straw, forest fires, coal seams, 

etc. 

4. Volcanic activity. 

5. Human activity: furnace slags, artificial glasses, etc. 

B. Tek tites are of extra-terrestrial origin; they came from: 

1. The moon: from (a) lunar volcanoes; (b) splashes from 

meteorite impact. 

2. Comets. 
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3. A disrupted planetary body having a glassy surface layer. 

4. Meteorites consisting of free Si, Al, Mg, etc. 

5. Stony meteorites. by fusi on in the earth's atmosphere. 

There is also a controversy between proponents of an igneous or 

a sedimentary rock origin for tektites. The study of boron in tektites. 

which i s known to be enriched in certain marine sediments might help 

to resolve this controversy. 

Reported Boron Contents of Tektites: 

3 - 22 ppm, Preuss (1935) 

<: 10 ppm (in 14 australites). Taylor and Sachs (1960) 

3. GEOCHEMISTRY 

The earth is thought to have solidified from a parent body 

which was at one time mo l ten. On solidifying. the earth became 

stratified as shown in Figure 10 according to the geochemical prop

erties of the elements and their compounds. 

The Core consists of a metallic mass, mainly iron. plus some of the 

rarer metals which are not chemically very active: gold, platinum 

and nickel for example. The inner section of the core is probably 

solid, surrounded by a metallic fluid forming the outer section. 

The Mantle, which is the major component of the earth, is made up 

of dense silicates of Mg and Fe mainly. The division into different 



sections is due to the different chemical and physical properties 

of the silicates in these layers, such as the melting points and 

densities. One interesting indicator of the composition of the 

upper mantle is from cognate xenoliths, which are found in basalts 

and in kimberlite pipes. 

The Crust Some of the main features of the crust are shown in 

Fig. 11. The crust is mainly made up of igneous rocks, basalt, 

diorite and granite, plus grandiorite. 
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The following geochemical properties control the distribution 

of the elements in the different layers. 

Term 

siderophile (iron phase) 

chalcophile (sulfide phase

troilite) 

lithophile (silicate phase) 

atmophile 

Tendency 

tendency to be associated with 

metallic iron 

tendency to be bound to sulfur 

(affinity to sulfur) 

tendency to be bound to oxygen 

(affinity for oxygen) 

tendency to occur as a gaseous 

component of the atmosphere 

Sea Water Sea water forms only a small part of the crust. The major 

proportion of the several constituents of sea water, including sodium 

chloride, the principal salt, has originated from the slow weathering 

of rocks and also from volcanic activity. 



Fig /0 

. ..- 0-40 km } Crust 
460 rn 

Mantle 

Core 

Struc,'urdl components 0"( t.he earth ( Ahrens 1965) 
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Urey (1953) has shown that boron in the earth's crust is 

concentrated in the sedimentary rocks, but it can be shown that the 

oceans are capable of dissolving an amount of boron equivalent to 

that in sedimentary rocks. It is believed that the boron in the 

oceans must have been removed by absorption of the boron by cer ta i n 

types of clays, e.g. illite. The amount of absorption depends on 

several factors, e.g. salinity, temperature and pH, (e.g. see Harder, 

1961; Fleet, 1965; and Lerman, 1966). This can be seen by comparing 

the boron content in the ocean to that in clays. 

ocean ~ 4.5 ppm 

i 1li te '" 200 ppm 
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APPENDIX IV 

DESCRIPTION OF SAMPLES 

In this appendix are given all of the available pertinent 

details about the samples which have been given code numbers in the 

text. They are presented in the same order in which they appear in 

the results except for samples A4 and B5. 

Photographs in this appendix were taken with a Pen tar S.P. 

Macro Takumar lens camera, using a Kodachrome II, type A, 3400
0

K 

film and two No . 2 photoflood (3400
o

K) lights . 

1. STANDARDS 

Al to A4 (borax A) 

Synthetic boron standard in the form of borax. See Appendix II 

for its preparation. Calculated Bil/BIO = 4.270. Stock 

standard solution contains 0.67 ?g of boron per ml (see 

Chapter 2, section 1). 

Bl to B5 (borax B) 

Synthetic boron standard in the form of borax. See Appendix II 

for its preparation. 
11 10 

Calculated B /B = 3.956. Stock 

standard solution contains 0.5 pg of boron per ml (see Chapter 2, 

section 1). 
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Hll t o W19 (W-1 ) 

Sl ) S2 

S3 to S5 

S6, S7 

Geological rock standar d , obtained from the United Sta tes 

Geological Survey in the form of a po,.7der. W- 1 is a diabase 

containing about 53 per cent of Si0
2

• In Tables 16 , 17 and 

18 are some of the va l ues determined for the boron content 

in W-l . The values of the boron content in G-1 (diabase, 

73 per cen t Si02), also a geo 1gica 1 rock standard, are 

also r ecorded. 

U. S. National Bureau of Standards No . 1164 steel standard . 

Supp lied as a disk 3 . 18 cm in diameter and 1.9 cm thick. 

Boron content certified by NBS : 50 ppm, probably determined 

by spectrochemica l analysis . 

U. S. National Bureau of Standards No . 1163 stee l standard, 

supplied as a disk 3.18 cm in diameter and 1. 9 cm thicl<. 

Boron content certified by NBS : 12 ppm, probably determined 

by spectrochemica l ana l ysis . 

U. S. National Bureau of Standards No . 1165 steel standard 

s upp lied as ~ disk 3.18 cm i n diame ter and 1.9 cm thick . 

Cert i f i e d boron content : 1 ppm, probably determined by 

spectrochemical ana lysis. 
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S8, S9 

U. S. National Bureau of Standards No. 465 steel standard, 

identical with NBS No. 1165 in chemical composition but 

supplied as a rod 0.56 cm in diameter and 10.2 cm long . 

Certified boron content: 1 ppm, probably determined by 

spectrochemical analysis. 
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TABLE 16 

BORON CONTENT OF W-l and G-l (ppm) (Ahrens and Fleischer, 1960) 

W-l G-l Method Reference 

17 1.5 chem. color Haln-Weinheimer (1959) 

2.6 1 spectrochemical Eugster (1954) 

20 30 11 McBurney (1956) 

10 20 11 Chodos (1957) 

10 11 Murata (1951) 

7 11 Hall (1958) 

<12 11 Shaw, Filby, Siroonian and Yip (1958) 

12 1.2 11 Harder (1959) 



TABLE 17 

BORON CONTENT OF W-l and G-l (ppm) (Fleischer, 1965) 

W-l G-l Method Reference 

l7? 1.5? colorimetry Ahrens and Fleischer (1960) , 

Fleischer and Stevens (1962) 

17 spectrochemical Taylor and Koble (1964) 
avo of 20 

17 trace II Pavlenko and Popova (1964) 

18* 2.8* spark source Brown and Wolstenholme (19 64) 
mass spectrometer 

* In the authors' own words, IIResults can be in error by as much as a 

fact or of 3. Experience has shown that the majority of the elements 

do not have the same sensitivity.1I 

Silicon is used as the internal standard. 

? l~e magn iLudes were taken by Ahrens and Fleischer (19 60) from the only 

colori met ric result (see Table 16). ...... 
W 
N 



-; 

Content (ppm) 

9 (av. of 22) 

10 (av. of 4) 

20.3 

12 

11. 1 

10.6 (av. of 9) 

TABLE 18 

BORON CONTENT AND ISOTOPIC RATIO OF W-l 
(published) 

4.046 

4.074 

Method 

spectrographic 

spectrographic 

methyl borate dist. 
and colorimetry 

methyl borate dist. 
and colorimetry 

methyl borate dist. 
and colorimetry 

cyc1ic-pyrohy~ro l ysis 

and colorimetry 

Reference 

Govindaraju (1961) 

Clark and Swaine (1962) 

Shima (1963) 

Lerman (1966) 

Mills (1966) 

This work. 

----~---~----~-----=-
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eM 1 2 3 

Pla t e 1. Polished sur face of Bruderheim 

Plate 2. Polished surface of Abee 



2. CHONDRITES 

Cl to C5 

C6, C7 

Bruderheim (M): grey olivine-hypersthene chondrite, fall, 

1960. About 200 g piece obtained from W. B. Clarke, 

McMaster University. This sample included the black fusion 

crust. 

Bruderheim (0): grey olivine-hypersthene chondrite, fall, 

1960, Alberta, Canada. 20 - 30 g piece obtained from 

J. A. V. Douglas, Geological Survey of Canada, Ottawa, 

Ontario. A polished surface of this piece from which 

samples C6 and C7 were taken is shown in Plate 1. 

C8 to CIO 

Abee: black polymict brecciated, enstatite cho~drite, fall, 

1952, Alberta, Canada. 20 - 30 g piece obtained from 

J. A. V. Douglas, Geological Survey of Canada, Ottawa, 

Ontario. A polished surface of this piece is shown in 

Plate 2. 

Cli to C13 

Peace River: olivine-hypersthene chondrite, fall, 1963, 

Canada. 20 - 30 g piece obtained from J. A. V. Douglas, 

Geological Survey of Canada, Ottawa, Ontario. See 

Plate 3 for a picture of a polished surface of the piece. 
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c 1 2 
Plate 3. Polished surface of Peace River 

(Y) , 

Plate 4. Polished surface of Vulcan 



C14 to C17 

C17 

C1S 

Vulcan: olivine-hypersthene chondrite, fall, 1962, Canada. 

20 - 30 g piece obtained from J. A. V. Douglas, Geological 

Survey of Canada, Ottawa, Ontario. Plate 4 is a picture of 

a polished surface of this piece. 

Gladstone: Black veined crystalline sphereica1 olivine

bronzite chondrite, find, 1936. Slightly oxidized. 

Although a find, the piece which was obtained from Jan 

Monster, McMaster University, looked fairly well preserved. 

The slice probably came from the interior of a big 

meteeorite. A polished surface of this slab is shown in 

Plate 5. 

Dimmitt: olivine-bronzite chondrite. Recognized as a 

distinct fall, 1950, Texas, U.S.A. Very slightly oxidized. 

3S.5 g slice obtained from the American Meteorite 

Laboratory. Plate 6 shows a picture of its polished 

surface. 
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Plate 5. Polished surface of Gladstone 

Plate 6. Polished surface of Dimmitt 
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3. IRON AND STONY-IRON METEORITES 

F1 

F2 

F3 

F4 

F5 

Madoc: fine-octahedrite iron, find, 1854, Hastings County, 

Ontario. A 20 - 30 g piece obtained from J. A. V. Douglas, 

Geological Survey of Canada. A picture of its polished and 

etched surface is shown in Plate 7. 

Skookum: Ni-rich ataxite iron meteorite, find, 1905, 

Canada. 20 - 30 g obtained from J. A. V. Douglas, Geological 

Survey of Canada, Ottawa, Ontario . A polished and etched 

surface is shown in Plate 8. 

Toluca (Xiquipi1co): medium octahedrite iron meteorite, find, 

1776, Mexico. Obtained from Jan Monster, McMaster University. 

Plate 9 shows a polished and etched surface of the specimen 

weighing about 15 g. 

Odessa: coarse octahedrite iron meteorite, find, before 1922, 

Ector County, Texas, U.S.A. A 40 g rough specimen obtained 

from the American Meteorite Laboratory. 

Canyon Diablo: coarse octahedrite iron meteorite, find, 1891, 

Arizona, U.S.A. A large piece weighing about 500 g was obtained 
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1 2 
Plate 7. Polished and etched surface of Madoc 

Plate 8. Polished and etched surface of Skookum 
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Plate 9. . Polished and etched surface of Toluca (Xiquipilco) 

. / 
·c • 
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eM 1 2 3 4 

Plate 10. Polished and etched surface of Canyon Diablo 



F6, F7 

F8~ F9 

from Jan Monster, McMaster University. It was procured 

from the American Meteorite Laboratory. The polished and 

etched surface shown in Plate 10 does not include the 

portion analyzed since the sample was selected be fo r ~ the 

picture was taken. 

Canyon Diablo: Silicate phase. Nodule containing a great 

deal of FeS and some of the iron phase. The specimen which 

was unoxidized was obtained from W. B. Clarke, McMaster 

University, Canada. 

Bondoc: mesosiderite, stony-iron meteorite, find, 1959, 

Philip?ine Islands. A 34.1 g fragment, which was slightly 

oxidized, was ob t ained from the American Meteorite 

Laboratory. 

FlO, Fll 

Dalgaranga: rough pit specimen, find, 1923, Western 

Australia. A 36 g of badly oxidized and weathered specimen 

was obtained from the American Meteorite Laboratory. 
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4. TEKTITES 

Tl, T2 

T3, T4 

T5, T6 

T7, T8 

Indochinite tektite (Dalat, South Vietnam): Original weight 

44 g. Part of the specimen which was obtained from the 

American Meteorite Laboratory is shown in Plate 11. On the 

right and at the bottom of the picture it can be seen that 

pieces have been broken off. 

Indochinite Tektite (Northeast Thailand): A 20.5 g specimen 

obtained from the American Meteorite Laboratory is shown 

in Plate 12. 

Bediasite Tektite (Sommerville, Texas): A 25 g specimen 

obtained from the American Meteorite Laboratory is shown 

in Plate 13. 

Rizalite tektite (Bugad, Luzon): In Plate 14 is shown the 

14.9 g specimen obtained from the American Meteorite 

Laboratory. 
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Plate 11. Piece of Indochinite (Da1at, South Vietnam) 

III I 1II1I ill 11\ IIII II 1\ I I ! 11\11 I 
c 1 2 345 

Plate 12. Indochinite (Northeast Thailand) 



145 

Plate 13. Bediasite (Sommerville, Texas) 

Plate 14. Rizalite (Bugad, Luzon) 



5 • TERRES TRIAL ROCKS AND MINERALS . 

Ml, M2 

M3 . to M5 

M6, M7 

M8 

M9 

MlO 

Beryl: Obtained from the Department of Geology, McMaster 

University. Origin unknown. 

Hawaiian Basalt (Oahu Island): Obtained from the Department 

of Geo logy, McMas ter Uni vers i ty. Reported boro:) con ten t 

is 3.26 ppm (Table 19). 

Quartz: Ordinary quartz tubing obtained from the General 

Electric Company, U. S .A. According to General :Slectric 

the boron content is 0.6 ppm. 

Porcelain: From ordinary porcelain pestle procured from 

Fisher Scientific, Canada. 

Slate (Shale) Littleton Quadrangle, New Hampshire: Obtained 

from the Department of Geology, McMaster University. 

Published boron content: 105 ppm, by emission spectroscopy 

(Shaw and Bugry 1966, Sample LlO, Table III). 

Calcareous kimberlite. Swartruggens fissure Nooitgedacht 

381 Swartruggens District, Transvaal, South Africa. 
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M12 

M13 
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Obtained from the Department of Geology, MCMaster University. 

The results of the boron content and isotopic ratio should 

be compared with those of Siberian kimberlite. 

Finland Tourmaline 1. Ylojarvi, Finland. Raw material. 

Made available by Olavi Kouvo, Outokumpu, Finland. 

Finland Tourmaline 2. Ylojarvi, Finland. Purified 

tourmaline. Made available by Olavi Kouvo, Outokumpu, 

Finland . 

Finland Tourmaline 3. Tourmaline granite. Kiihtelysvaara, 

Finland. Raw material made available by Olavi Kouvo, 

Outokumpu, Finland. 

6. SEA WATER 

E 1 to E3 

Pacific Ocean sea water (1). Surface water 100 miles off 

the coast of Central Mexico, between San Diego and the 

Panama Canal. Collected on October 27, 1960 by R. N. 

Spencer and V. Baird. It contained a little mercury bromide 

which had been added for sulphur work. Made available for 

this work by Jan Monster, MCMaster University. 
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TABLE 19 

BORON IN BASALT (Shima, 1963) 

Sample B (ppm) 

Hawaiian 3.26 4.051 :t 0.02 

Mahale 4.22 4.042::!:.0.06 



149 

TABLE 20 

BORON IN SIBERIAN KIMBERLITE (Cherepanov, 1966) 

Sample B con ten t (ppm) Bll IBIO 

A
2

B
2

C
2 31 4.119 

A1B
1
C

1 125 4.107 

A
I
B

2
C

1 595 4.120 



E4 

E5 

E6 

E7 

Arctic Ocean (Resolute Bay). Sample diluted very slightly 

by ice. Obtained from Jan Monster, McMaster University. 

Pacific Ocean sea water (2). A sample collected off che 

coast of Peru. 

Pacific Ocean sea water (3). Surface unfiltered sample -

latitude 43°, 16'S; longitude 113°, L~8°W. Sa.mple 

provided by Prof. Karl Turekian, Department of Geology, 

Yale University, Ne~., Hampshire. 

Atlantic Ocean Eea water: depth 70 In, unfiltered, 

latitude 60°, 8'S; longitude 14° 49'W. Sample made 

available by Prof. Karl Turekian, Department of Geology, 

Yale University, New Hampshire. 

7. CLAY EXPERIMENT SAMPLES 

PI 

Synthetic sea water plus 100 ppm of boron. Boric acid 

obtained from the McArthur Chemical Co. Ltd., Montreal 

(Shawinigan Lot No. F7 4766G2). The synthetic sea water 
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P2 

P3 

originally contained about 1 ppm boron. See Chapter 2 , 

Section 3 (e), ('1). 

Synthetic sea water: supernatant of clay- sea water mixture. 

Original boron content of illite clay 200 ± 10 ppm. See 

Chapter 2, Section 3 (c), (v). 

Same as P2, except that the clay to sea water ratio is 

slightly different. See Chapter 2, Section 3 (c), (v). 
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