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rocks because of precipitation in the sample solution and

consequent loss of boron. An HF dissolution followed by
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needs improvement to remove some interference elements.

Mass spectrometry of boron converted to potassium borate has
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Thirty six fragments of meteorite falls, never touched

by water or other possible sources of boron contamination

were analyzed for B by prompt gamma-ray neutron activation

analysis at McMaster University and at the U.S. National

Institute of Standards and Technology. Boron concentrations

are close to the sensitivity limit in both laboratories.

Results between the two laboratories agree well, but with

slight systematic differences attributable to blank and

background correction factors.

The mean B concentrations in different meteorites are
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similar, from 0.5 to 0.9 ppm, and the ranges in different

carbonaceous chondrite (CC), ordinary chondrite (OC) and

achondrite (ACH) classes overlap, mostly from 0.3 to 1.4

ppm. similar to previous measurements on falls. H, Land LL

ordinary chondrites overlap in B content with Antarctic

chondrites.

The solar system abundance, taken as the mean B content

of the matrix in all carbonaceous chondrites was calculated

from seven samples and is 0.69 ± 0.09 ppm. When normalized,

this abundance is 16.9 ± 2.2 (atoms/106Si). Normalized B

and S concentrations show a linear relationship in the CC;

the average OC lies on the sarne line, but individual OCs are

dispersed.

This solar system abundance supports a nucleosynthesis

model, in which boron was formed by continual bombardment of

interstellar medium (ISM) by the galactic cosmic rays

(GCRs), to which a very intense low energy is added.

The si and CI meteorite normalized abundances of

moderately volatile and low-refractory elements in

carbonaceous chondrites show a linear correlation with their

condensation temperatures. Compared with other elements,

the normalized boron abundances in eM, co, and CV meteorites

indicate that the boron condensation temperature is about

910 oK, similar to gallium.
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Boron is one of the light elements which are destroyed

in the stellar hyd~'">9en-burning reactions. Its abundance in

primitive meteorite types is therefore of particular

interest. In addition, boron is a moderately volatile

element, whose cosmochemical behavior in condensation

processes of the nebula is important.

The study of boron isotope ratios in meteorites is of

interest to geochemists for a number of reasons. Boron,

being a light element, has a proportionately high mass

difference between its two naturally occurring isotopes at

masses 10 and 11. Boron is known as a moderately volatile

element in the condensation process, thus isotopic

fractionation may occur in meteorites. Little is known,

however, about boron isotope ratios in extraterrestrial

samples. The only two analyses of boron isotope ratios in

meteorites by thermal ionization mass-spectrometry gave

different results. Shima (1962, 19~3) found that chondrites

are rich in lDB and611B ranqes from -36 to -58. Aqyei and

McMullen (1978) found that 611B for chondrites ranqes from

-8.2 to +2.2.

1

There were few reliable data on the concentration of B

in meteorites before the work of D. curtis (see later),

primarily due to the analytical difficulties and terrestrial

contamination. Matrix effects and difficulties with line

resolution hampered optical emission spectrographic (OES)

analysis, and the element does not lend itself to

instrumental neutron-activation analysis (INAA) because of

the short half-life. Several analyses usinq different

methods were pUblished, but the results now appear high.

For example, Harder (1961) observed 5.0, 5.0 and 3.5 ppm

(OES) in CI, H, L, chondrites respectively. Mills (1968)

employed a colorimetric method and reported 5.7 ppm in CI

meteorites. Quijano-Rio and Wlinke (1969) used a

fluorimetric technique and found 9.4 ppm for eM and 7.2 ppm

for co and CN meteorites. In the 1980s, a more sensitive

method, prompt qamma-ray neutron activation analysis

(PGNAA), was applied, the terrestrial contaminations were

taken seriously and the first reliable results were obtained

by D. curtis and collaborators (curtis et al., 1980). After

that, curtis and Gladney (1985) and Shaw et al. (1988 a,

1988 b) studied boron in meteorites usinq PGNAA, ion probe

and alpha-track imaqes (ATI), published boron contents in

clean samples of nineteen falls and thirteen Antarctic

meteorites, calculated the boron solar system abundance, and

discussed boron condensation temperatures.

It has been recognized since the mid-1950 I s that light

elements are characterized by fairly weak nuclear stability

and that during the normal course of thermonucleosynthesis

they are not formed (Burbidge et a1. 1957). Fowler et a1.

(1955) first suggested non-thermonuclear spallation

reactions as the mechanism of nucleosynthesis for light

elements. This suggestion was followed by a number of

papers in which the possible reactions were considered in

detail with a reliance on experimental data. However the

establishment of detailed procedure and mathematical model

needs reliable solar system abundances of light elements.

The big difference of boron solar system abundances

calculated from meteorites by different authors and the

difference between the boron abundances measured from solar

photosphere and meteorites made astrophysicists hesitate

(Reeves 1971, Walker at al. 1985).

Condensation temperature is an important parameter for

solar system cosmochemistry. Boron condensation is not well

understood because of the lack of accurate thermodynamic

data and knowledqe of boron behavior. Cameron et al. (1973)

estimated a condensation temperature Tc=750oK for boron at a

nebular pressure of 10-3atm. curtis and Gladney (1985)

calculated depletion factors for different types of

chondrites (the deqree of depletion of the silicon-



normalized abundances of elements relative to CI

carbonaceous chondrites, called si and CI normalized

abundance in this work); they concluded that the depletion

factors for boron in chondritic subgroups correlate with

sulphur, and this correlation indicates that boron, like

sulfur, is a moderately volatile element with a condensation

temperature between 400 and 900·K.

This dissertation introduces the effort I made to

analyze boron isotopes in meteorites, presents thirty six

new analyses for boron concentrations in interior fragments

of meteoritical falls, of which seven are achondrites, few

of which have previously been analyzed. This work also

presents a revised boron solar system abundance,

investigates further the relationship of boron and sulphur,

discusses its nucleosynthesis and estimates its condensation

temperature.

Table 1. Meteorite falls

Sample Source Sample
No. Name Source Number Type Cet!9.111

1 IVUNA USNM USNM6631 Cll 2
2 ORGUEll No. 234,251 CI1 2
3 COLO BOKKEVELO MNHN 290 CM2 3
4 MURCHISON" FMNH Me 2752 CM2 1
5 AllENDE USNM USNM3638 CV3 1
6 MOKOIA ASU 75.1 CV3 2
7 WESTON ASU 238sb H4 2
8 PANTAR ASU 503.3 H5 2
9 RICHARDTON ASU l00h H5 2

10 DRESDEN GSC 0408-1 H6 3
11 NUllES ASU 783 H6 2
12 BJURBOLE FMNH l4 2
13 SARATOV ASU 740 l4 2
14 FARMINGTON FMNH Me 346 l5 3
15 KNYAHINYA' FMNH Me 1823 l5 2
16 BRUDERHEIM GSC 022D-a 16 1
17 HOLBROOK FMNH Me 801 l6 1
18 l'A1GLE MNHN 15 16 3
19 lEEDEY ASU 489.1 l6 2
20 MOCS FMNH Me1447 l6 1
21 MODOC FMNH Me744 l6 2
22 PEACE RIVER GSC 1611·2 16 2
23 SUIZHOU CUG 16 3
24 PARNAllEE ASU 93sb ll3 2
25 INNIS FREE GSC 0906-6 ll5 2
26 ST. SEVERIN MNHN 28790 ll6 3
27 ABEE GSC 0117·9 E4 2
28 INDARCH FMNH Me 1404 E4 3
29 HV1TTIS FMNH Me 578 E6 3
30 BISHOPVIlle ASU 212s AUB 2
31 NORTON COUNTY ASU 523.3x AUB 2
32 TATAHOUINE FMNH Me 2651 OIOG 2
33 JUVINAS' FMNH EUC 2

JUVINASo MNHN 3
34 SERRA DE MAGE MNHN 1806 EUC 3
35 SIOUX COUNTY ASU 198.3 EUC 2
36 STANNERN" FMNH EUC 2

STANNERN" MNHN 3

ASU: Arizona State Univenllly.
CUG: China Unlve~lly of Geoscience.
FMNH: Field Museum of Nstul8l History, Chicago.
GSC: GeologlCllI Survey of Canada
MNHN: Museum National d'Hlstoll8 Natul8lle.
USNM: US National Museum, Smithsonian Instirutlan.
'III Sample ClIlegOIy.

1: Fusion crust aver entil8 lpeclmen.
2: Inlllflor part wItII ClUBhld surface.
3: Intlrior partwItIIl8WlI Inee.

• Twop~ of one meteorite from two IOU1C8I

CJUU'TBR 2. SAHPLE PREPARATION

We requested from participating museum curators

interior parts of chosen falls, never touched by water or

any other possible sources of boron contamination. Thirty

six were obtained from six museums (Table 1). This work

would not have been possible without the kindness of the

following curators: R.S. Clarke Jr. and G. MacPherson,

National Museum smithsonian Institution, Washington D.C.;

R.X. Herd, Geological Survey of Canada, ottawa; C.B. Moore,

Center for Meteorite StUdies, Arizona State University,

Tempe; E. J. Olsen, Field Museum of Natural History, Chicago;

P. Pellas and B. Zanda, MusCium national d'histoire

naturelle, Paris and X. Hua, China University of Geoscience,

"'uhan.

In terms of sample appearance, the meteorites can be

grouped in three categories:

1. fusion crust over the entire specimen;

2. interior part with crushed surface;

3. interior part with sawn surface.

All samples were trimmed in a clean room by a steel

5

chisel on a small steel anvil. The thickness trimmed was at

least 1. 0 mm for melted surfaces or 0.5 mm for other

surfaces. Then, the interior parts were crushed in a small

steel mortar and pestle until the diameter of the largest

parts was smaller than 3 mm. Finally, samples were sealed

in bags made of thin Teflon sheet and stored in

polypropylene tubes.



CHAPTER 3. ADLYS:IS OP BORON :ISOTOPBS :IN METEOR:ITES

3.1. :Introduction

study of boron isotope geochemistry in meteorites has

been severely limited by the difficulty of analysis.

compared with most terrestrial rocks, meteorites contain

less boron: the average is about 0.7 ppm (calculated from

table 7), but in the continental crust is about 10 ppm

(Taylor 1964). Therefore it is necessary to have a high

precision analytical method, which is highly sensitive,

needs only a small amount of sample and has a low blank.

have tried to determine the boron isotope composition in

meteorites, but I did not get enough reliable data. The

following sections of this chapter describe the effort I

have made to find a method to analyze boron isotopes in

meteorites, and the problems encountered.

The analysis procedure is composed of two parts: first,

to dissolve the meteorite sample, to recover boron from that

solution and to purify it; second, to determine the isotope

ratio by the thermal ionization mass spectrometer.

Two methods have been tried to dissolve rock samples

8

10

ppm boron, but the analytical grade K2C03 of B.D.H. Compo

has no detectible boron.

The fusion cake was dissolved in 2M HC1, and alkalized

to pH=10 by NH.OH. This solution was put through the boron

selective io1" exchange resin twice. Then mannitol was added

to the final eluate and dried. The purpose of mannitol is

to protect boron, because in water or acid solution, boron

may be lost when the solution is heated to dryness. KOH

solution was added to form dipotassium metaborate for

analysis by mass spectrometry. The simplified procedure is

showed in a flow diagram in Fig. 1. and the detailed

procedure is given in Appendix 2.

The major problem for 'this method is that after the

dissolution of the fusion cake in the HC1, when the solution

is changed from acid to alkali, some precipi-tation occurs,

and more than 50% of the boron is coprecipitated and lost.

In the original method of Kiss (1988), the fusion cake

was not dissolved in HC1, but in hot water. However it was

found that the fusion cake does not all dissolve in the hot

water; usually at least 20 per cent remains undissolved and

about half of the boron stays in the solid phases. Also,

the hot water solution is viscous and is rich in C03
2
-, thus

and to purify boron: the first is alkali fusion, followed by

boron-selective anion exchange resin purification; the

second is HF dissolution, followed by cation exchange and

anion exchange resins purification. -

In order to reduce the contamination in the chemical

procedure, some reagents were cleaned before analysis. The

preparation of these reagents is set out in Appendix 1.

3.2. Alkali fusion with boron-selective anion exchange

resin purification

This method was modified from Kiss (1988). The rock

samples and spike for isotope dilution mass spectrometry

(IDMS) were mixed with potassium carbonate and fused in a

platinum crucible. In the beginning of these experiments,

pure nickel crucible and super pure K2C03 (Johnson & Matthew

and Aldrich) were used for the alkali fusion, but later, it

was found that these two materials cause serious boron

contamination. The use of a platinum crucible and

analytical grade K2C03 (B.D.H.) give less contamination.

Isotope dilution mass spec-crometer analyses show that the

super pure K2C03 of Johnson & Matthew comp. contains 0.4 ppm

boron, the super pure K2C03 of Aldrich Compo contains 0.6

Pig. 1. Plow diagram of alkali fusion with

boron-selective anion exchange resin purification.
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Add spike
forlDMS

Dissolution in Hel

1.2

the ion exchange is difficult: some precipitation occurs and

blocks the column when the solution is loaded, and CO2 gas

is generated and blocks the column when the column is

leached by HC!.

However, if the boron in a sample can be transferred

into an alkali solution (pH>9) without significant loss, and

if this solution does not contain any C03-
2 anions, the boron

AddKOH

can be purified by a second boron-selective anion exchange

resin. Boric acid solutions containing 0.5 to 2 Ilg of boron

were treated with ammonia hydroxide and passed through the

resin twice. Their isotope compositions were readily

analyzed. The boron content in chemical K2C03 was analyzed

successfully in this manner.

The aforementioned experimental results show that

although this method is not suitable for the boron isotope

analysis in silicate rocks, it might be used to analyze

boron isotopes in calcite, and the purification procedure

using boron selective-resin can be adopted for the analysis

of boron in water samples if there is no precipitate when

NH.OH is added.

1.3

3.3. IfF dissolution vith cation exchange and anion exchange

resins extraction

The second method was adopted from Nakamura et al.

(1.992), and is based on the fact that mannitol can totally

suppress boron evaporation in water and acids (Ishikawa and

Nakamura 1.990). In this method, rock samples and the spike

for IDMS are dissolved in HF and then evaporated to dryness

with mannitol to remove most silicon. The residues are

redissolved in acid and passed through a cation exchange

column to remove most metal cations. Then the eluate is

passed through an anion exchange column twice (Fig. 2). The

detailed procedure is shown in Appendix 3.

This method is designed to avoid ti,e problem of

precipitation and takes place in acid solution. Although

the procedure of Nakamura et a1. (1992) was followed without

any significant cha,nge, no measurable boron peaks were found

in the mass spectrometry. I changed the concentration of HF

for conditioninq the anion exchanqe resin and in the first

two sp-'cs of samples qot some data on the TIMS (see appendix

5 for detail), but I could not repeat these results.

In order to find out the reason for this failure, I

added some boric acid solution (up to 1.0 Ilg B) to the K2B.O,

piq. 2. Plov diagram of IfF dissolution vith

cation exchanqe an4 anion exchanqe resins

extraction.



Rock sample

Dissolution in hydrofluoric
acid with mannitol
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To remove
major cations

Add potassium
solution
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solution just before the mass spectrometry, but I still

could not get any results. This made me think that the

reason for failure was not a loss of boron, but because the

boron extract I got was not pure enough and some elements in

the solution influenced the boron analysis. Therefore I

took two rock samples through the whole chemical procedure;

one went through the anion exchange resin only once, but the

other went twice. The two final eluates were dried under

the protection" of mannitol and the dried materials were

dissolved in HCl and analyzed using ICP-MS for several

elements. The results are listed in Table 2 and show that

much Ti still remains after anion exchange twice. Maybe Ti

and/or some other elements in the sample solution hindered

the boron analysis. Therefore further purification of the

sample solution is necessary. For example, using boron

selective anion eXchange resin as the last step may be

helpful to remove the interference elements. I have tried

to alkalize the sample solutions after anion exchange once

or twice, there were still significant or visible

precipitates respectively. Therefore my suggestion is to

try to remove more 5i before using the boron-selective resin

to purify boron.

17

3. .. • Mass spectro••try

Table 2. ICP-MS test for element extradion by ion exchange A variety of techniques have been used to determine the

Syenite 840714-3#
Element Amount Amount

in sample· extraded"
(us> (uS>

Grey wacke 830815-1.
Amount Amount

in sample· eldraded"
(uS> (uq>

isotopic composition of boron (Thode et a1. 1948, McMullen

et a1. 1961, Braman 1963, Nomura et al. 1973, Oliver et a1.

1976, Duchateau and DeBievre 1983, Cook et a1. 1985,
Na 7520 0.64 10200 0.12
Mg 5500 0.26 8050 0.03
AI 26600 178 33500 0.54
51 79000 160 132000 18
Ti 1130 972 1480 1060
Fe 13000 0.38 22900 0.3
Zr 29 29
W 372 60

• Element amount in the rock sample before HF dissolution•
.. Element amount remaining in the eluate from the anion exchange column.
• Anion exchange only once.
" Anion exchange twice.

Ramakumar et a1. 1985, Spivack and Edmond 1986, Duchateau et

a1. 1986, Gregoire 1987, Xiao et al. 1988, Nakamura et a1.

1992). Most workers use the metaborate of either sodium

(Na2B,O,) or cesium (Cs2B,O,), with or without graphite as an

activator, with thermal ionization mass spectrometry (TIMS,

Ishikawa and Nakamura 1989, Bassett 1990). The boron

species analyzed in these two methods are the molecular ions

Na2B02+ and CS2B02+• Sodium and Cesium have only one isotope

in nature, UNa and mCs respectively (Hodgman et al. 1961);

boron has two (lOB and 11B) and oxygen is mainly 160. Thus

the molecular weights for Cs2B02+ are 308 and 309, for Na2B02+

is 88 and 89. Because the Cs ions are much heavier than the

Na ones, the Cs method has higher precision (Nomura et al.

1982, spivack and EcbIond 1986). Uncertainty (20) for the

former is 0.012%, and for the latter is 0.2%. But the AW of

Cs is close to Kd (143 and 144) and Sm (150 and 151), so the

presence of Cs might raise the background and influence the

sm and Nd ion measurement. In our laboratory, because Rb,

Sr, sm, Nd and boron are analyzed on the same instrument, we
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must worry about these mass interferences. RUbidium is a

possible sUbstitute for cesium, but it would increase the

blank for Rb and Sr. Potassium was chosen here: it has

three stable isotopes: 3~, ~ and "K, their proportions are

93.08%, 0.012% and 6.91% respectively (Hodgman et a1. 1961).

The ion ratio analyzed here is molecular ion 121 (MI121) to

molecular ion 120 (MI120). The ions at mass 121 are

3~3~IIBI60160+, ~3~loaI60160+ and 3~3~loaI60170+; the ions at mass

120 are 3~3~loaI60160+; the ions contain 41K or 110 must be

heavier than 121. Thus only the corrections for 170 and 4lltl:

are necessary. Adopting Spivack and Edmond's (1986) method,

the liB/loa ratio can be calculated as follows:

(liB/loa) =(MI121/MI120) - (0.00079+0.00026)

= (MI121/MI120) -0. 00105

where 0.00079 is for the oxygen isotope correction

(Catanzaro et a1. 1970), and 0.00026 is for potassium

correction, calculated from the potassium isotope ratio:

(~/3~)X2= (0.012/93.08) x2=0. 00026

Boron isotopic compositions will be expressed as deviations

in parts per thousand from a standard as follows (Nakamura

et a1. 1992):

611B (%O)={ [(IIB/loa),../ (IIB/ loa)IIIDdord]-1}X103

The isotope determinations were performed on a VG

isomass 354 mass spectrometer, and the detailed procedure is

20
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given in appendix 4. The boron standard used for

concentration and isotope determinations is National Bureau

of Standards standard reference material (NBS SRM) 951, and

the spike is NBS SRM 952. Both of them are boric acid, .

certified for total H3B031 absolute abundance ratio 10B/"B,

lOB and "B atom percent. NBS SRM 951 was repeatedly

analyzed with varying sample sizes (0.1-1. 0 IJg) to determine

the analytical precision. The measured llB/ lOB ratios

corrected for oxygen and potassium isotopes are given in

Table 3 together with those of NBS SRM 952. Ten separate

analyses of NBS SRM 951 gave a mean "B/ lOB ratio of 4.050 ±

0.08% (2a). It seems that the limit of analysis of boron

could be as low as o. 1 IJg of boron.

The average liB/lOB value obtained for NBS SRM 951 is

slightly higher than the certified value of 4.04362 ±

0.00137 (Catanzaro et al. 1970) and those (4.045-4.046)

obtained by using the CSzBOz+ method without graphite

(Ramakumar et al. 1985, Spivack and Edmond 1986). But my

liB/lOB ratio is quite similar to that obtained using cSzBOz+

with graphite, e.g. 4.0512 for Nakamura et a1. (1992) and

4.05037 for Xiao et al. (1988). The higher ratios maybe due

to adding graphite, thus in any case the measured ratio

should be normalized by that of NBS SRM 951 ("B/ lOB =
4.050), to remove this bias.
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NBS SRM 951 boric acid
1 1 4.0501 4.0490 0.010
2 2 4.0495 4.0484 0.036
3 1 4.0517 4.0506 0.036
4 1 4.0498 4.0488 0.022
5 0.13 4.0533 4.0522 0.046
6 0.26 4.0535 4.0525 0.012
7 0.13 4.0499 4.0489 0.028
8 0.1 4.0500 4.0489 0.020
9 0.13 4.0533 4.0522 0.010
10 0.5 4.0499 4.0489 0.036

Average 4.0500 0.083

NBS SRM 952
1 0.2 0.05430 0.05325 0.030
2 0.2 0.05445 0.05340 0.026

Average 0.05333

• Using dipotassium metaborate method

Table 3. Measured 118110B otNBS SRM 951 and 952·

No.
Sample

size
(BI/g)

Standard
Mass 11B/10B deviation

121/120 (2 sigma)
(%)

S.D. tor
all measurement
(2slgma)

(%)

The relative standard deviation of the potassium

metaborate method for standard NBS SRM 951 measurement is

0.08%, which is lower than the sodium metaborate method

(Le. 0.2% for Agyei and McMullen 1978), but higher than the

cesium metaborate method (Le. 0.012% for Spivack and Edmond

1986) • The potassium metaborate method is considered

acceptable.

Boron isotope ratios obtained for silicate rock samples

and meteorites in the only two sets of samples which were

successfully analyzed, are listed in table 4. Generally

speaking, the whole procedure for boron isotope analyses of

meteorites is not successful, only five measurements in two

sets of samples (three silicate samples in each set were

analyzed) give reasonable results. In most case the boron

peaks are too small to be analyzed or absent.



Table. 4 Boron isotope measurement

Sample Boron Measured standard
Number Sample 118110B content· boron- Devlaliontt#tl

( ug) (ug> (%)

6705# Grey wacke- 0.83111 13.0 12.4 0.080
6707# Grey wacke- 1.05699 8.3 8.0 0.076
6708# Grey wacke- 0.88022 8.8 8.4 0.099
6903## Grey wacke- 4.0043 0.014
6911## Potier-- 4.0442 0.015

• Known by PGNAA analysis.
.. Measured using isotope dilution method.
- Terrestrial rock sample.
- Meteorile.
# Measurement of B abundance using isotope dilution mass spectromelly.
## Measurement of B isotope composition.
### Two sigma.

22

CHAPTER ... DETBIUaHATION OF BORON ABUNDANCE

4.1. AIlalytical aethod

Boron concentrations in our meteorite samples were

analyzed in the McMaster Nuclear Reactor (MNR) of Canada and

the National Institute of Standard and Technology (NIST)

nuclear reactor of USA by PGNAA (Prompt Gamma-ray Neutron

Activation Analyses) using the boron peak at 478 keV. PGNAA

is a good method for trace boron analysis in rocks (curtis

et a!., 1980) and the cold neutron beam of the nuclear

reactor of NIST can provide a good test for the data

analyzed in MNR. But for meteorite analysis, there is a

special difficulty compared with the analysis of terrestrial

rocks, which is the interference of nickel.

Fig. 3 shows typical PGNAA spectra of a standard

terrestrial rock, a meteorite and a blank from MNR.

Comparing the spectra of meteorites and terrestrial rocks,

the nickel peak (465 keV) and the small peaks, 1, 2 and 3,

made the measurement of backqround adjacent to the boron

peak difficult in meteorite spectra. But the measurement of

23
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(a)

Fig. 3. PGDA spectra of a standard (a), a

meteorite (b) and a blaDk (C) from HNR. The solid

R1 R2 R3

squares represent the chlUlDels of backgrounds and

the boron peak; 1, 2 and 3 are small peaks; peak ..

is cobalt. L1, L2 and L3 are three chosen left

bacJtqrounds of boron peak; 1t1, 1t2 and 1t3 are three

chosen right acJtqrounds. The straight liDes, L1

21, L2-lt2 and L3-R3, aarJted by bqd, vare used to

calculate the acJtqroWld Wlderneath the boron

peak. The vertical scale ia total cOWltS.

(c)

R1 R2 R3
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background seriously influences the precision and accuracy

of the analysis of small amounts of boron, so requires

careful correction. The method used to measure the

background is a "three point method". We chose three left

background points, L1, L2, and L3, (402, 426, and 443 keV

respectively) and three right background points, R1, R2 and

R3, (551, 541 and 525 keV), away from the boron peak (478

keV), Which show almost no interferences. Eac:. "point" is

an average of 5 or 7 channels. We calculate straight lines

between the three pairs of points, L1-R1, L2-R2 and L3-R3

respectively, and the background underneath the boron peak,

taking the average of the three. All counting data were

expressed as counts per second per channel (c.s-1
).

Two geological standards were used in this analysis:

BHVO-1 and W-l. They were sealed in teflon bags occupying a

volume similar to the meteorites. The standards were

analyzed many times and the average of measured counts per

second per microgram of boron (C.S-1.1£9-1) for MNR is 0.1051,

for HIST is 0.1159; these figures measure the analytical

sensitivity of the two facilities.

The magnitude of the analytical blank is important for

samples with less than 1 I£g boron. The samples are packed

in bags made of clean thin (0.001 inch thick) teflon sheet,

27
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which were suspended in the neutron beam. Teflon bags were

analyzed as blanks and we also analyzed the empty neutron

beam with nothing in it as the system background, Which is

mainly scattered y-rays from the environment of the beam.

The counts of blanks and system backgrounds were translated

into boron by dividing by the sensitivity. The blanks and

system backgrounds have been analyzed repeatedly and the

results are listed in table 5.

Table 5 shows that the blank is mainly from the

environment of the neutron beam. The boron in a teflon bag

is about 0.03 - 0.04 I£g and is less important. The system

background in HIST is about 0.1 I£g of boron lower than that

in MNR.

For analyses of low boron content, correction for

interfering elements must be considered. The boron peak

(478 keV) occupies the range of 468 - 487 keV (DlSppler

broadening). In this range, there is a strong peak of

sodium (472 keV), which is the' strongest peak of that

element, and a peak of cobalt (484keV, peak 4 in Fig. 3).

In order to avoid these interferences, only 11 channels (475

- 482 keV), were measured for boron (Fig. 3). Within this

field there are still four small peaks which should be

treated as interference: Ca (476), Fe (479), Mg (480) and

28

Table 5. The measurement of blank and instrument background

* Boron content in micro gram
- counts per second

Reactor

System backgroUnd
Teflon bag + system bg.
Boron in teflon bag

MNR
CIS" B*

0.0149 0.14
0.0174 0.17

0.03

NIST
CIS" B*

0.0045 0.04
0.0097 0.08

0.04

Ni (480) (Kitto 1987, Lone et a1. 1981). Four strong peaks

of these elements were chosen as reference peaks, and the

intensity ratio of interference peak to reference peak was

measured or adopted from Kitto (1987). For each standard or

meteorite, the reference peaks were counted, the counts of

interference peaks were calculated and subtracted from the

total boron counts.

For the evaluation of these interferences, we

calculated the equivalent boron for each standard and

meteorite by dividing the interference peak counts by the

c.s-1.1£9-1 boron of each reactor. The results are summarized

in table 6. The level of the interference mainly depends on

the difference of the equivalent boron between the

meteorites and the standards. In the analysis of 1 9

samples, a boron concentration of 0.5 ppm represents 0.5 I£g

boron. Table 6 shows that this difference for Ca does not

exceed 0.01 I£g and is negligible. The differences for Mg

and Fe may reach 0.08 1£9, thus corrections for high Mg

(>15') and Fe (>20') in meteorites are necessary. The

difference for Hi may be as much as 0.18 I£g of boron,

therefore the correction of Hi for most meteorites is

important. Both standards and meteorites were corrected for

these four elements.
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4.2. Analytical quality

4.2.1. Precision:

All analytical results are listed in Table 7. Some

samples (e.g. Ivuna, Orgueil, Murchison, Allende, Mokoia,

Nulles, Farmington, Knyahinya, Holbrook, L'Aigle, Mocs,

suizhou, Parnallee, Bishopville, Norton County, Tatahouine,

Juvinas and stannern) were determined more than once.

Samples were re-mounted for every irradiation, since the

counting geometry effect can be an important source of error

(the neutron beam is stronger in the center and the

sensitivity of the detector is higher). The differences in

mUltiple results of a sample in the same reactor are mostly

less than 0.1 ppm, usually less than 0.05 ppm; one pair

(Bishopville) differ by 0.2 ppm, and the B content is

hiqher, close to 1.5 ppm ('rable 7). The standand deviation

(10) for one reactor is usually about 0.05 ppm, that is

about 10% or smaller (Table 7, Fig. 4).

Most samples have been analyzed in both NIST and MNR.

Generally speakinq, aqreement of the data is good (Table 7,

Fiq. 5). The relative standard deviations, calculated from

all data, from both reactor systems, are usually close to

15% or smaller. But when the boron contents are close to or

Table 7. Boron abundances in meteorites 31

I'GNM BoRIn BoRIn Ave. -= 1'jpo -... CCnc. CCnc. BoRIn S.D. No. of
WoIght (NIST] (MNR] Cone. "'-(s1 hxxnl reem! Ippml ''''

0.57
0.53
0.78

3 COlDeoo<KEVEl.O CM2 1.0277

~::~ ~:: ~:~. MURCHISON" et.t2 (1) 0.9275

(2)
0.47

0.51
AllENDE ~:= ~:~ ~:~

(I' 1.0610 0.55 0.60
(2) 0.1222

g:~7
~~

H4 1::: 0.39 o.~
8 :: 0..0

~:~
MO Fig. 4. Analysis precision, with error l:lars

9 RlOWlOTON 1.3281 !:E ~:~:
1~

DRESDEN H6 1.2823 1.t5
NUU.ES HIS 1.3718

~::
0.85 for :!:1 s.4. Meteorite repeat analyses from Tele

i~ ~
L. i:: 1.20 1.23 i:L. O.~

~:*
4. Point "a" is the stan4ar4 BCSS-l.

FARMINGTON L5 o.~

0.35
0.38

L5 (1l ~:~ 0.85

(2) 0.88 ~:~
~::

18 eRUllEIM'IM ::: U~~
0.87

~::~
0.87

17 HOlSROOK 0.88 0.88
0.7.
0.47
0.53
0.53

19 lEEDEY 1.5409 0.38
0.51

0.40::: O.~

20 MOCS 1.3372 0.41 0.48 0.48

21 MODOC 1.21~ 1.07
0.50

1.08::: 1.08
22 I'EACeRlVER 1.3808 1.20 1.15 1.17
23 SUlZHOU L.8 1.5182 0.88 0.88

24 PARNALLEE- (I' 1.1944
0.84
2.18

25 INNIS FREE u.s
(2) 0.7111. 2.~

1.4497 0.51 0.82 0.88
28 ST.6EVERIN LL.8 1.4192 0.37 0.81 0.44
27 AIlEE E4 1.3959 1.22 1.17 1.19
28 INlAAQl E4 1.3048 0.81 0.18 0.113
29 HVlTT18 Ee 1.5048 0.84 0.88 0.56
30 IlISHDPYI1!; AUlI 0.7599 1.48 1.48 1.41

31 NCIRTDN COUNlY Aue
1.28

0.33 14.30.37

~:~
EUC 1.2250

0.08
II' 0.72 0.81 0.113 11.2

34SERR.t.CEIlAGE EUC
(2) 1.1450 0.82 0.85

0.9357 0.06 0.18 0.11
35 81OLO(COUNlY EUC 1.2100 0.88 0.88 0.88
38 ST_ EUC (1) 1.0893 1.10 0.18 0.92

(2) 1.0827 Il.95 0.78
·,.". .......___.......pIocool_

-,."....01..._ ......._
-ThoIlll....II._oI....-__p..,lIlt_lIl1lt_"*trit.
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0.1

Fiq. 5. comparison of !)oron contents

measured in JDlR and in nST. Point "aII is Serra

de llaqi (Bue.), II!)II is Tat:ahouine (Dioq.).
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0.01 0.1 1 10 100
BORON CONTENT (ppm) with error bar

data from NIST
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lower than O. 1 ppm, the relative errors become larger (about

50%) and demonstrate a small systematic error (Fig. 4 and

5) • This may be due to over-correction for blank in NIST or

4.2.2. Accuracy:

in MNR, and the measured boron concentrations 62.3 ppm and

The average })oron concentration, calculated from the

63.7 ppm are in very good aqreement.

under-correction in MNR. Table 5 shows that the teflon bags

gave slightly higher boron in NIST (0.04) than in MNR

(0.03), but such a small systematic error is negligible. A

high boron sample, standard BCSS-l, was analyzed in NIST and

data from both reactor systems, will be used as the boron

content in that meteorite (Table 7).
+-1i

+b

10

0.1

100 -::r-------------------""'"7I

/

0.01

+ METEORITE

Ell STANDARD BCSS-1

0.1 1 10
BORON CONTENT (ppm)

data from NIST

100

As mentioned a})ove, separate analyses of BCSS-l qave

results which aqreed well. Two meteorites (Murchison and

Knyahinya) were analysed in two different parts of the same

sample. Two others (Stannern and Juvinas) were analysed in

samples from two different museums. The analytical results

in Table 7 show similar mean values, except for one aberrant

result for Knyahinya. This indicates that the distribution

of })oron in meteorites is relatively homoqeneous and the

accuracy of analyses is probably acceptable. Therefore the












































