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The abundance of copper was determined in four to six one-

gram specimens separated by a distance of several inches from each

of 23 large chondritic fragments (greater than 1 kg) via instrumental

neutron activation analysis and counting of the annihilation N-rays of

64Cu. It is believed that an accuracy of better than 5% in absolute

Cu abundance and a precision of better than 3% in relative Cu abun-

dances was achieved.

The olivine bronzite (H5) falls exhibited a Cu homogeneity dis-

persion range of 2.7% to 4.5% for the large individual meteorites.

The Cu dispersion for the olivine bronzites (H5) finds consisting of

nine fragments ranged from 3.1% to 9%. The olivine hypersthene

(L6) falls showed a Cu dispersion of 5. 3% to 12%. The olivine hyper-

sthene finds showed a Cu dispersion range of 8.2% to 22%. The Cu

dispersion for the single enstatite find was 26%.

On the basis of the abundance and homogeneity of Cu in olivine



bronzite finds, no distinct subgrouping was found. No significant

correlation was established between Mn and Cu and between Na and

Cu.

Although the abundance of Cu in the falls and finds imply that

terrestrial fractionation was not significant, the increase in disper-

sion from falls to the finds does imply that terrestrial fractionation

might have occurred as a result of weathering in the chondritic finds.

No significant concentration gradient for Cu was established.

Assuming chondrites represent the initial accretion products

from the primitive solar nebula in the asteroidal volume of the solar

system, the homogeneity of Cu suggests that the nebula was homo-

geneous within 8 percent.
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COPPER HOMOGENEITY STUDIES IN METEORITES

INTRODUCTION

During the past decade a great interest has developed in space

exploration. Since meteorite s are the most abundant specimens of ext ra-

terre stial material available, the study of them has provided much

information about outer space. Specifically the determination of ele-

mental abundances in meteorites are of great value in understanding

the cosmochemistry of our solar system. Although there is a vast

amount of chemical data available in the literature concerning the ele-

mental abundances in meteorites, limited data exists on the homo-

geneity of copper in these extra-terrestial bodies. Therefore, this

homogeneity study of copper in meteorites was undertaken to provide

information essential in understanding the cosmochemistry of meteor-

ites. Since there is a limited supply of meteorites, instrumental

neutron activation analysis was chosen because of the non-destructive

nature of this method.

The research objectives of this study are as follows: (1) To

determine the homogeneity of copper in 23 large (greater than 1 kg)

chondritic meteorites, (2) To demonstrate the utility of coincidence

gamma spectrometry in the determination of trace amounts of copper

in meteorites, (3) To compare copper homogeneity in meteorites with

sodium and manganese homogeneity in meteorites as determined by

Osborn (15).
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THE CHONDRITIC METEORITES

General Classification and Naming

Mason in 1962 (11) classified meteorites using the Rose-

Tschermak-Brezina (R. T. B.) system as modified by Prior in 1920.

The classification is primarily based on chemical composition,

mineralogy, and macroscopically observable morphology. The

three fundamental classes of meteorites are irons, stones, and

stony irons. Since this study was concerned with the stones, only

this class will be discussed further.

The stones are subdivided into chondrites or achondrites

depending upon the presence or absence of chondrules. Chondrules

are spheres or spheroids of silicate and other minerals. The chon-

d rites are further classified into enstatites, olivine-bronzites,

olivine hypersthenes, and carbonaceous on the basis of their chemi-

cal composition and mineralogy (which reflects increasing content of

oxidized iron and decreasing free iron in the order listed above).

In addition to the above classifications of meteorites, an impor-

tant distinction is made between falls and finds. A fall is a meteorite

collected after having been seen to fall. A find is a meteorite which

was recognized as such by its chemical composition, mineralogical

composition, and structure but not seen to fall.

A meteorite is named from the locality in which it was found.
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For example New Concord, an olivine hypersthene chondrite fall, was

found in Muskingum County, near New Concord, Ohio on May 1, 1860

soon after it fell (5).

Chemical Composition and Mineralogy

The chemical composition of chondritic meteorites is illustrated

by data in Table 1.

Goldschmidt (3) classified the elements geochemically accord-

ing to its "affinity" for one of the meteoritic phases (metallic, sulfide,

or silicate).

Siderophilic elements are those elements tending to concentrate

in the metallic-iron phase of meteorites. The second group chal-

chophilic elements are those elements tending to concentrate in the

sulphide phase. The third group lithophilic elements are those ele-

ments tending to concentrate in the silicate phase.

The mineralogical composition of the chondritic meteorites is

shown in Table 2.

Ramdohr (16) has observed native copper in at least 50 percent

of the 135 chondritic meteorite specimens he examined. The Cu was

present as very small, thin, irregular aggregates in the taenite,

kamacite, and plessite (intergrowth of taenite and kamacite) minerals.

He also found copper in the troilite associated mineral chalcopyrrho-

tite, a cubic high-temperature solid solution, (Fe, Cu, Ni, Zn, )S.
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Table 1. The Average Composition of Chondritic Meteorites

PPM (21) Atoms/106 Si (21) Affinity (3)

Na 6800 4.6 x 104 L

Mg 146,000 9.4 x 105 L

Al 11,200 6.5 x 104 L

Si 180,000 1.0 x 106 L

P 1050 5.3 x 103 L

S 22,500 1.1 x 105 S, C

K 900 3.6 x 103 L

Ca 12,600 4.9 x 104 L

Ti 850 2.6 x 103 L

Cr 2900 8.6 x 103 C, L

Mn 2600 7.4 x 103 L

Fe 246,000 6.9 x 105 S

Co 520 1.35 x 103 S

Ni 14,600 3.9 x 104 S

Cu 90 2.2 x 102 C

Zn 54 1.28 x 102 C

S, siderophile
C, chalcophile

L, lithophile
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Table 2. Major Minerals in Meteorite s, Wood (24)

Mineral Composition Crystal System

Silicates

Olivine (Mg, _fFed2SiO4

Forsterite f ^ 0
Fayalite f 1

Orthopyroxene (Mgi _fFef)SiO3

Enstatite f < 0. 1
Bronzite 0. 1 < f < 0.2
Hypersthene f > 0.2

Clinopyroxene General formula:
(Including augite, (Ca, Na, Mg)(Mg, Fe++, Mn, Al,
pigeonite, diop- Fe +++ )(Al, Si)Si06side, clino -
hype r sthene , etc. )

Plagioclase (NaAlSi308 )1-AnC aAl2Si 208 )An
Feld spar

Albite An < 0. 1
Oligoclase 0.1 < An < 0.3
And e sine O. 3 < An < 0.5
Labradorite O. 5 < An < O. 7
Bytownite O. 7 < An < O. 9
Anorthite 0.9 < An

Non- silicate s

Nickel-iron
Kamacite < 8% Ni
Taenite > 20% Ni

Orthorhombic

I?

Orthorhombic

Monoclinic

Triclinic

Cubic
" (b. c. c. )
" (f.c.c.)

Troilite FeSx(x 1) Hexagonal

Chromite FeCr204
Cubic

Schreiber site (Fe, Ni)3P Tetragonal
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Duke and Brett (1) have also shown that copper is associated with

troilite in meteorites.
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NEUTRON ACTIVATION ANALYSIS

Instrumental Neutron Activation Analysis

The basis of the Instrumental Neutron activation analysis

(INAA) technique as applied to the chondrites and reported by

Schmitt et al. (17) and Osborn (15) is gamma-ray scintillation spec-_
trometry using a multichannel pulse height analyzer. Since copper

is a trace element with ^-90 ppm abundance in chondrites, it is diffi-

cult to detect in the presence of other major constituents. To reduce

the background due to other radioactive nuclides, the basic INAA

technique has been modified to utilize the fact that
64Cu decays by

the emission of positrons. The positron decay can be measured by

gamma-gamma coincidence counting of the two 180-degree correlated

0.51-MeV gamma rays which result from positron annihilation. A

peak area ratio 0.51-MeV/2.75-MeV in the gamma-spectrum of a

24Na standard was used to correct for the contribution of 24Na to the

0.51-MeV annihilation peak of 64Cu in the gamma spectra of the

meteorite samples. This modified technique is similar to the tech-

nique used by Schmitt (18) and Michelsen (12).

The Coincidence Technique

The phenomenon of positron annihilation is too well known to be

described here (2), and it may be assumed that annihilation takes
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place when an energetic positron has been reduced to a thermal

energy level by collisional interactions. To conserve momenta, the

two resulting gammaphotons of 0. 51 MeV from positron annihilation

are emitted in opposite directions. The annihilation radiation is then

detected by two NaI(T1) scintillation crystals at 180° on a common

axis. A block diagram of the coincidence detection system is shown

in Figure 1.

When the gamma photon interacts with the NaI(T1) crystal it

does so by one of three processes: (1) photoelectric absorption, (2)

Compton scattering, or (34 prix, production. Each of these processes

results in the production of highly ionizing electrons which then

excite the atoms in the luminescent center of the crystal. The

excited atoms then emit a quantum of light in a transition to the

ground state. The size of the light pulse is essentially a linear func-

tion of the incident gamma-ray photon energy (Ey). A photomultiplier

consisting of a photocathode, several metal plates called dynodes,

and a collector plate called an anode, converts the light pulse

to an electrical pulse. This electrical pulse is also proportional to

Ey.

A preamplifier then integrates the electrical pulse from the

photomultiplier for presentation to the pulse shaping linear amplifier.

Following amplification the pulse is then examined by a timing single

channel analyzer (TSCA). If the pulse occurs between the values
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Figure 1. Coincidence Detection System
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given by the lower discriminator and upper discriminator, a logic

pulse with a timing signal to mark the time of occurrence of the

nuclear event is generated. Similarly the other gamma photon is

detected. Both TSCA output logic pulses with timing marks are then

routed to a coincidence module (COC), which gives a logic pulse when

the two pulses from the TSCA occur within a given resolving time.

The COC output pulse is then counted by a scaler-timer. In this

manner the detection rate of two coincident gamma photons is greatly

enhanced when compared to most other activities.

Correction for Unwanted Coincidences

If radionuclides have gamma rays in coincidence with positrons,

the positron coincidence can be distinguished from true gamma-

gamma coincidences by decay analysis (23). The selectivity can be

improved by increasing the distance between the detectors, since the

positron annihilation efficiency is proportional to the solid angle w,

while the Compton coincidence effects are proportional to co 2 (23).

The limit to which the distance between the detectors can be in-

creased is dependent on the positron activity and the available count-

ing time. By reducing the coincidence resolving time, the random

coincidence background can be reduced.
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EXPERIMENTAL

Irradiation

The specimens were obtained from the Meteorite Collections

at the Center for Meteorite Studies, Arizona State University (see

Table 3). Following sampling and preparation by Mr. T. W.

Osborn (15), they were irradiated in the rotating rack of the Oregon

State TRIGA Reactor at a power level of 20 kW for ten minutes. Two

dram vials containing the specimens were centered in plastic TRIGA

tubes to minimize the effect of the radial neutron flux gradient in the

reactor.

The standards were prepared by using 1.00m1 of 1. 00mg/m1

Cu++ standard sealed in a two dram polyvial and placed in a TRIGA

tube in the same manner as the specimens. The sodium interference

monitor consisted of 1.00m1 of 5.13mg/m1 Na+ solution. Also a

simulated meteorite solution of approximately 5,000ppm of sodium

and exactly 100 ppm of copper in 1 ml was made up to check the

coincidence system and overall analytical procedure.

Since the flux in the reactor is very inhomogeneous, the speci-

mens and standards were placed in the rotating rack of the TRIGA

reactor. This rack, which rotates at 1 rpm, insures that all

samples receive a uniform flux. The degree of flux homogeneity in

the rotating rack has been discussed by Osborn (15). It was found
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Table 3. List of Meteorites Analyzed, Moore (13)

Meteorite Catalog Weight of
Number Fragment (g) Date Type Specimens

Acme 516.1x 4,1659.7 1947 Cb 5

Atlanta 427.1x 1,480.8 1938 Ce 6

Beardsley 134Ax 4,401.8 10/15/29 Cb 6

Bruderheim 705 3,880 3/30/09 Ch 5

Channing 317.1x 2,538.7 1936 Cb 4

Covert 22Ax 1,136 1929 Cb 5

Harrisonville 174.24 16,879 1941 Ch 5

Haskel 527.1x 16,896.9 1909 Ch 5

Holbrook 57.75 3,572 7/19/12 Ch 5

Holbrook H52 3,365 7/19/12 Ch 3

Holbrook 57 G 2,491 7/19/12 Ch 5

Ladder Creek 505hx 5,385 1937 Cb 5

Leedey 489.14x 3,502 11/19/12 Ch 5

Miami 399.1x 29,024 1937 Cb 5

New Concord 202b 2,301 5/11/60 Ch 5

Plainview 92F 8,833 1937 Cb 5

Plainview 92qq 5,209 1937 Cb 5

Plainview 92.995 4,983 1937 Cb 5

Plainview 92EE 4,983 1937 Cb 5

Potter 476.67 23,556 1941 Ch 8

Potter 476.19 15,061 1941 Ch 5

Richardton 100H 5,775 6/30/18 Cb 5

Tex line 415.1x 7,455.7 1937 Cb 5

Key: Ce enstatite
Cb olivine bronzite
Ch hypersthene
Exact date indicates a fall
Year indicates a find
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that the error can be no more than a few tenths of a percent.

Since the reactor produces delayed neutrons after shut down,

the rotating rack was kept in operation until 99.9 percent of the

delayed neutron flux had died. This occurred in approximately.fif-

teen minutes after shut down. Thus a uniform delayed neutron flux

was received by the samples.

After irradiation the samples were stored for twenty hours to

allow 2.58-hr5 6Mn and other short lived activities to decay. Then

the liquid standards were transfered by cutting the polyvial near the

solution surface and pipetting to clean polyvials for counting. The

exact aliquot transfered was determined by weight. This procedure

minimizes the effect of vertical flux gradient in the two dram poly-

vial if a splash were to occur and deposit a few drops in the top of

the vial. Thus the part of the standard solution that received a

different flux would be discarded.

Each solid specimen polyvial was wiped with a damp Kimwipe

and then dried by a Kimwipe. Both Kimwipes were monitored by a

GM detector to see if any activity existed on the exterior of the vial.

If any activity existed on the exterior, the vial was washed with dis-

tilled water until no appreciable activity was detected on the Kimwipe.

This procedure removed all exterior activity that could be caused by

handling.
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The following reaction was considered in the analysis:

63 64Cu(n, y) Cu t1/2 = 12.8 hr.

The decay scheme for unstable 64Cu is shown in Figure 2.

Counting

To allow for decay of short lived isotopes, the samples were

not counted until twenty hours after end of bombardment. The block

diagram of the coincidence detection apparatus used is shown in

Figure 1.

Two 3"x3" NaI(T1) integral line scintillation detectors were

used. Each unit was mounted on a cradle to permit adjustable

sample-to-detector positions. The signal from each detector was

fed into a preamp and from there to a linear amplifier for signal

amplification. Bipolar shaping was found to give the best results.

From there each signal was then fed into a timing single-channel

analyzer. The window of each analyzer was adjusted to cover the

0.51-MeV annihilation peak, and the logic output of each analyzer

was fed into a coincidence circuit which gives a logic signal output

when the two input pulses occur simultaneously in the 0, 51 -MeV

region in each detector. The logic signal from the coincidence

module was then recorded on a timer scaler.

To determine the amount of sodium interference, a 512-channel



0, 7p

Figure 2. Decay scheme of 64Cu into 64Ni and
64

Zn (8).

15
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pulse height analyzer was connected to one of the linear amplifiers

to record the gross gamma spectra as seen by one detector. This

permitted a determination of the sodium interference by counting the

2.75-MeV gamma-ray of 24Na and then multiplying that photopeak

area by a previously determined ratio of .51-MeV coincidence

gammas to 2.75-MeV gammas in order to obtain the sodium inter-

ference due to pair production and coincident gamma-rays derived

from Compton interaction of one 1.37-MeV and 2.75-MeV gamma-

rays of 24Na. The sodium contribution to the .51-MeV coincidence

photopeak is then subtracted from the gross coincidence peak to give

the coincidences due to 64Cu decay by positron annihilation.

Prior to sample counting, the coincidence detection instrument

was calibrated for .51-MeV positron annihilation by counting a

standard 22Na source which also decays by positron annihilation.

This source was used due to the long half-life (2.58 years) which

allows instrument stability checks without decay corrections. The

standard was placed in the sample holder which also cradles the

detectors at 180 0 with respect to each other. The window of each

timing single channel analyzer was adjusted to span only the .51-MeV

annihilation peak. By comparing the window integral count rate of

each detector as recorded by a timer scaler with the integral count

rate of the .51-MeV photopeak of each detector as recorded by a 512 -

channel pulse height analyzer, a check was made of the adjustment.
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To determine the optimum timing for simultaneous pulses, a

cable curve was taken. This is done by holding one signal fixed with

regard to delay time while varying the other signal delay time. A

plot of the count rate versus the delay time should show a maximum

range. The delay time range that gives the maximum count rate is

then the optimum time. A cable curve is shown in Figure 3.

The resolving time is the time within which the two counters

have to be tripped for a coincidence to be recorded. The resolution

of the fast coincidence system was variable from 10 to 100 nano-

seconds. For optimum coincidence counting, a resolving time of

100 nanoseconds was used. Resolving times of less than 60 nano-

seconds did not give 100% relative coincidence efficiency.

For each irradiation the counting was done as follows:

1) A 22Na standard was centered vertically in the sample

holder, which was located equidistant from the two detectors

with 180° angular correlation. The optimum detector to

sample distance was found to be 5 cm. The coincidence rate

of the
22Na standard was measured and compared with previous

rate to determine instrument stability from day to day.

2) The coincidence rate was measured for two copper stand-

ards. The counting interval for this sample and succeeding

samples was chosen to obtain reasonable statistics.
243) A Na interference standard was counted to determine the



1$

TSCA (A) Fixed
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B

Figure 3. Cable Curve (TR = 50 n sec).
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ratio of .51-MeV coincidences to 2.75-MeV gamma pair

production.

4) A simulated meteorite solution with 100 µg copper and

5,000 p,g sodium, the approximate concentration of these

elements in 1 gram of chondritic meteorite was counted. The

copper abundance was then calculated to determine if the over-

all coincidence detection system was functioning properly.

5) Then a set of specimens from one meteorite, usually about

5 to 8 samples, was counted. Before a second set of specimens

was counted, one of the copper standards was counted to check

the instrument stability and experimental half life.

Due to the inherent low efficiencies of coincidence detection

system, the counting intervals for the specimens were about 4000

seconds to obtain reasonable statistics. If the total counting time

was to be approximately one half-life or less, the number of speci-

mens were limited to about 10 to 13 per irradiation. All counting of

the standards and specimens were done in the same fixed geometry.

Sample Calculation

The calculations were performed by comparing the net cor-

rected integral 0. 5 1 -Me V annihilation photopeak areas for the sample

and standard. The net corrected photopeak was determined by sub-

tracting 7% of the corrected photopeak as background from the
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corrected photopeak. The corrected photopeak was determined by

subtracting the sodium interference from the gross integral 0.51 -

Me V photopeak. Since the chance coincidence rate was low (less than

0. 02% of the photopeak) and the Comptom background was low, no sub-

traction was made for these contributions. The sodium interference

was determined by using the product of the ratio of 0.51-Me V coin-

cidences to the net 2. 75 -Me V photopeak of
24Na in a pure 24Na

sample and the net 2. 75 -Me V photopeak of the specimen. This inter-

ference was usually about 20% of the gross coincidence count. The

net 2. 75 -Me V photopeak was obtained by summing the total number

of counts in each channel under the 2. 75 -Me V photopeak of
24Na and

subtracting the Compton from the photopeak by the base-line method

(15). The corrected integral 0.51-Me V photopeak was then corrected

for decay (12.8 hr. half-life) to a common time with the copper stand-

ard. The following is a sample calculation for a typical specimen.

Net corrected area = Corrected area - Background

Corrected area = Integral 0.51-Me V peak - Sodium interference

Ratio of 0.51/2.75-Me V Net 2.75-Me V peak
Sodium interference = x iin 24Na standard in specimen

Net 2.75-Me V peak

right channel count + left channel countPeak area - width
2



Net 2. 75-MeV peak = 171, 000 - [800
+ 200 ] 90 = 126, 000 counts.
2

Corrected area = 4200 - (. 006)(126, 000) = 3444 counts.

Net corrected area = 3444 - (. 07)(3444) = 3203 counts.

Net corrected area per min. = 3203/70 = 45. 8 counts/min.

Time counted after standard = 5. 93 hr.

Activity of specimen at to

Ao = AeX t

= (45. 8) e
(. 693/12. 8)5.93

= (45. 8) (1. 38)

= 63. 3 counts/min.

Specimen weight = 500 mg.

Specific activity of specimen 63. 3 counts/min.
500 mg.

= 0. 127 counts/min/mg.

Cu standard area = 1400 counts/min

Cu standard weight = 1. 00 mg.

Specific activity of standard = 1400 counts/min/mg.

specific activity specimen
ppm = specific activity standard

127 6x 101400

= 91 ppm Cu

x 106

21

In Figure 4 the effect of applying coincidence gamma-gamma
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spectrometry as compared to simple gamma spectrometry is il-

lustrated for a typical specimen.

Decay curves obtained from corrected coincidence counts of a

typical specimen and a standard are illustrated in Figure 5. The

experimental half-life of the Cu standard and the Cu in the specimen

were the same within the experimental error and agreed with the

reported value of 12.8 hours (8).
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Figure 4. Single and coincidence gamma spectra of a sample one
day after irradiation.
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Data

Olivine Br onzites

Table 4. Olivine Bronzite Chondrites

FALLS

RICHARDTON 100H (H5)

SAMPLE WT (G)
ABUNDANCES

CU(PPM) ERROR (PPM)

1 1.2404 92 2

2 1.2255 95 2

3 1,1970 88 2

4 1.0795 96 3

5 1.2150 119 3

BEARDSLEY 134AX (H5)

SAMPLE WT (G)
ABUNDANCES

CU(PPM) ERROR (PPM)

1 . 8218 93 3

2 . 5597 97 3

3 . 9856 95 2

4 . 9275 95 3

5 .8878 96 3
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Table 5. Olivine Bronzite Chondrites

FINDS (A)

PLAINVIEW 92.995 (H5)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 . 8986 95 3

2 . 3227 83 3

3 . 9137 95 3

4 . 5300 91 3

5 .3654 86 3

PLAINVIEW 92F (H5)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1.3348 93 2

2 . 7720 93 3

3 . 6049 89 3

4 . 5060 92 3

5 .7650 86 3

PLAINVIEW 92QQ (H5)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1.1456 102 3

2 1.0642 101 3

3 .8484 91 3

4 . 5549 101 3

5 1.0416 100 3

PLAINVIEW 92EE (H5)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1.1357 88 2

2 1.0930 89 2

3 1.0669 88 2

4 1.1647 99 2

5 1.0291 91 3

TEXLINE 415. 1X (H5)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 . 9929 95 2

2 1.0256 94 2

3 1.1385 96 2

4 1.0160 96 2

5 . 62 52 91 3
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Table 6. Olivine Bronzite Chondrites.

FINDS (B)

CHANNING 317. 1X (H5)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1.1763 89 2

2 , 6849 83 3

3 . 9757 99 3

4 . 7733 89 3

COVERT 22AX (H5)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1.2344 76 2

2 . 4170 86 3

3 1.0498 94 3

4 1.1655 81 2

5 .7320 82 3

ACME 516. 1X (H5')

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 . 9790 83 2

2 . 6775 93 3

3 1.0630 85 2

4 1.1156 93 2

5 . 9226 91 3

MIAMI 399. 1X (H5)

SAMPLE WT (G)
ABUNDANCES

CU(PPM) ERROR (PPM)
1 1.1016 78 2

2 1.0995 85 2

3 . 9621 82 2

4 1.0026 86 2

5 . 9798 90 2



Olivine Hyper sthenes

Table 7. Olivine Hypersthene Chondrites.

FALLS

LEEDEY 489. 14X (L6)
ABUNDANCES

SAMPLE WT (G) CU (PPM) ERROR (PPM)
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1 . 5150 91 3

2 1.1123 100 2

3 1.0262 87 2

5 1.0500 99 2

NEW CONCORD 202B (L6)

SAMPLE WT (G)
ABUNDANCES
CU (PPM) ERROR (PPM)

1 . 8382 88 3

2 1.1804 91 3

3 . 9396 100 3

4 1.2815 91 2

5 1.2940 95 2

HOLBROOK 57G (L6)

SAMPLE WT (G)
ABUNDANCES
CU (PPM) ERROR (PPM)

1 . 9294 83 3

2 1.0226 109 3

3 1.1290 96 3

4 . 5854 86 3

5 . 7976 89 3

HOLBROOK 57.75 (L6)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1.1358 86 2

2 1.0482 86 2

3 1.1521 98 2

4 1.0325 96 3

5 1.1893 87 2
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Table 7. (con't).

HOLBROOK H52 (L6)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1.0762 111 3

2 1.0663 86 3

3 . 7027 86 3

4 . 7515 83 3

5 1,2112 87 3

6 1.0448 90 3

BRUDERHEIM 705 (L6)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1,4322 100 3

2 . 8461 85 3

3 . 8436 95 3

4 1.4128 99 3

5 1.5678 104 3
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Table 8. Olivine Hype r s the ne Chondrite s .

FINDS

LADDER CREEK 405 HX (L6)
ABUNDANCES

SAMPLE WT (G) CU (PPM) ERROR (PPM)
1 1. 1008 90 2

2 1. 0636 75 2

3 . 8425 82 3

4 1.0368 87 2

5 1. 1327 89 2

HARRISONVILLE 176. 24 (L6)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1. 0210 85 2

2 . 2582 69 3

3 . 9982 76 2

4 . 7879 162 4

5 1. 0468 79 2

HASKELL 527. 1X (L6)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1. 0262 75 2

2 . 9956 90 2

3 1. 0488 96 2

4 . 8728 81 2

5 1. 1169 81 2

POTTER 476. 19

SAMPLE

(L6)

WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 1. 0917 71 2

2 1. 0912 94 3

3 1. 0936 115 3

4 1. 0534 73 2

5 1. 1450 81 2

6 .8516 76 3
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Table 8. (con't).

POTTER 476. 67

SAMPLE

(L6)

WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 . 9050 83 3

2 1. 1032 77 2

3 1. 1535 88 2

4 1. 0343 96 3

5 1. 0470 100 3

6 1. 0131 95 2

7 1. 1573 98 2

8 1. 1089 87 2
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Enstatites

Table 9. Enstatite Chondrites.

FINDS

ATLANTA 427. 1X (E5)

SAMPLE WT (G)
ABUNDANCES

CU (PPM) ERROR (PPM)
1 .3358 92 3

2 .7586 50 2

3 1.1535 67 2

4 .2554 79 3

5 .2030 76 3

6 1.3004 72 2



Statistical Calculations

Population Means and Fractional Standard Deviations

Olivine Bronzites (H5)

Table 10. Olivine Bronzite Chondrites - Falls.

SETS
Cu MEAN PSD

(PPM) (PPM)

33

FSD

1. Richardton 93 4.1 . 044

2. Beardsley 95 2.5 . 026
Grand Value 94 3.4 . 036

Table 11. Olivine Bronzite Chondrites - Finds (A).

Cu MEAN PSD
SETS (PPM) (PPM) FSD

1. Plainview 92.995 91 6.2 . 068

2. Plainview 92F 91 3.7 . 041

3. Plainview 92qq 100 5.3 . 053

4. Plainview 92 EE 91 5.0 055

5. Tex line 95 2.9 .031
Grand Value 93 5.8 . 062

Table 12. Olivine Bronzite Chondrites - Finds (B).

Cu MEAN PSD
SETS (PPM) (PPM) FSD

1. Channing 90 7.3 . 081

2. Covert 22AX 83 7.5 . 090

3. Acme 89 5.6 . 063

4. Miami 84 5.4 . 064

Grand Value 86 6.6 . 077
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Olivine Hyper sthenes (L6)

Table 13. Olivine Hypersthene Chondrites - Falls.

SETS
Cu MEAN

(PPM)
PSD

(PPM) FSD

1. Leedey 95 6. 9 . 073
2. New Concord 93 5. 0 . 054
3. Holbrook 57G 93 11.2 . 120
4. Holbrook 57.75 90 6. 6 . 073
5. Holbrook H52 87 4. 6 . 053
6. Bruderheim 98 8.3 . 085

Grand Value 93 7. 6 . 082

Table 14. Olivine Hypersthene Chondrites - Finds.

SETS
Cu MEAN

(PPM)
PSD

(PPM) FSD

1. Ladder Creek 85 7. 0 . 082
2. Harris onville 79 7. 7 . 097
3. Haskell 84 9. 1 . 108
4. Potter 476. 19 84 18. 5 . 220
5. Potter 476. 67 90 9. 1 . 101

Grand Value 85 11.4 . 134

Enstatites (E5)

Table 15. Enstatite Chondrites - Finds,

SETS

1. Atlanta

Cu MEAN PSD
(PPM) (PPM)

66 16. 9

FSD

. 256
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Correlation Coefficients

Inverse Square Weighted Mean

Table 16. Correlation Coefficients of Olivine Bronzite - Falls.

SETS Mn-Cu Na -Cu

1. Richardton -0. 36 -0. 60
2. Beardsley -O. 22 O. 25

Grand Value 0. 28 -O. 41

Table 17. Correlation Coefficient of Olivine Bronzite Finds (A).

SETS Mn-Cu Na -Cu

1. Plainview 92. 995 0. 02 -0. 79
2. Plainview 92F -0. 18 -0. 55
3. Plainview 92qq O. 32 -0. 17
4. Plainview 92EE -0. 04 -0. 61
5, Texline 0. 19 O. 47

Grand Value 0. 19 -0.36

Table 18. Correlation Coefficient of Olivine Bronzite - Finds (B).

1.

SETS

Channing

Mn-Cu

O. 76

Na -Cu

O. 73

2. Covert 22AX 0. 73 0. 57
3. Acme -0. 17 -0. 15
4. Miami -0. 46 O. 24

Grand Value O. 26 0. 45
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Table 19. Correlation Coefficients of Olivine Hypersthene Falls.

SETS Mn-Cu Na-Cu

1. Leedey -0. 12 0.35
2. New Concord -O. 93 -0.81
3. Holbrook 57G -0.74 O. 10

4. Holbrook 57. 75 0.31 -0.35
5. Holbrook H52 -0. 98 -0. 83
6. Bruderheim -0. 68 -0.71

Grand Value -0. 15 -0.30

Table 20. Correlation Coefficients of Olivine Hypersthene - Finds.

SETS Mn-Cu Na -Cu

1. Ladder Creek 0. 18 O. 29

2. Harrisonville 0. 58 -0. 62
3. Haskell -0. 84 -0. 63
4. Potter 476. 19 -0. 49 -0.71
5. Potter 476. 67 -0.75 0.36

Grand Value -O. 38 -0. 06

Table 21. Correlation Coefficients of Enstatites - Find.

SETS Mn-Cu Na-Cu

1. Atlanta . 75 . 38
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RESULTS

Statistical Calculations Used in Discussion

The statistical calculations used are discussed in Osborn's

work (15). Only the inverse square weighted values are reported

since they have both the greatest physical and statistical significance.

A commonly used indication of the homogeneity of a set of

abundances is the fractional standard deviation (FSD) or dispersion.

It is determined by dividing the population standard deviation (PSD)

by the mean.

FSD = PSD/Mean

The grand dispersions and the grand correlation coefficients

are based on the grand abundances which are the mean abundances of

the means for the large individual chondritic fragments.

Comparison with Previous Work

Since copper is a trace element in meteorites, it is not usually

determined. Smales, Mapper, and Wood in 1958 (20) found via radio-

chemical neutron activation analysis a range of 72-111 parts per

million (ppm) of Cu and an average of 90 ppm in chondritic meteor-

ites. Schmitt et al. (18) via INAA and coincidence method has deter-

mined the Cu abundances in 103 chondritic meteorites. The
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comparison of Cu abundances in six chondrites with the above works

agree quite well with this work (see Table 22). Most of the Cu

values in this study are lower, while the Cu values of Holbrook are

higher. The mean Cu value of Potter in his work agree very well

with the results of Linn and Wakita (9, 22) via radiochemical neutron

activation analysis (RNAA) similar to the method of Smales et al.

(20). Hey (5) has reported the Cu abundances in Holbrook to have a

range of 96-114 ppm, which overlaps the range of 83-109 ppm in this

study.

As shown in Table 23, the internal consistency and precision

of the values obtained in this work indicate that instrumental neutron

activation analysis with coincidence gamma-ray spectrometry can

be a precise analytical technique for determining copper abundances.

While precision and accuracy are not interchangeable terms,

the accuracy attainable with this technique is comparable to the

precision (18).

It should be mentioned here that the Cu abundances reported in

this study include a 7 ± 2% background subtraction from the experi-

mental values first obtained. The basis for this correction was

determined by Schmitt and Wakita (19, 22). Their study showed that

the contribution of
48Ti(n,p)48Sc, 55Mn(n, 58

)56Mn, and Ni(n,p)

58 Co contributed a 7 ± 2% background in the coincidence spectra of

these chondrites. Even if there is a systematic error introduced by
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Table 22. Comparison of Copper Abundances (ppm) with Previous
Work.

Meteorite This Study INAA(18) RNAA(9, 22) Chem(5)

Richardton 93 ± 4 105 ± 7a

Beardsley 95 ± 3 108 ± 13a

Holbrook 93 ± 11 80 ± 13 105 ± 10

Leedey 95 ± 7 118 ± 11

Bruderheim 98 ± 8 98 ± 17b 107

Potter 90 ± 9 90 ± 8

Atlanta 66 ± 17 94 ± 8

aMean value from two specimens, not corrected for 7% background
due to interferring reactions.

bMean value from four specimens.

Table 23. Precision of Determinations of Copper (ppm).

Meteorite and Specimen

Number of Individual
Determinations
I II

Channing #1 89 ± 2 91 ± 2

New Concord #3 100 ± 3 102 ± 3

Holbrook H52 #1 111 ± 3 111 ± 3

Bruderheim #2 85 ± 3 88 ± 3

Ladder Creek #2 75 ± 2 79 ± 2

Harrisonville #4 162 ± 4 162 ± 4
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this background subtraction in this work, the values are internally

consistent and relative within the established error associated with

measurement. Consequently, any conclusions made concerning the

homogeneity of these meteorites will be valid within the stated error

limits.

Schmitt et al. (18) found the average corrected Cu abundances

in olivine bronzite (H5) and olivine hypersthenes (L6) to be 90 ± 24

and 95 t 18 ppm respectively. Average Cu abundances of 91 ± 7 and

89 ± 12 ppm for corresponding classes of this work agree well with

the work done by Schmitt et al, (18). The author further believes that

the narrower Cu dispersion of ±7 to 12 measured in ordinary chon-

dritic groups by the improved techniques of this work are the more

accurate dispersion values for Cu abundances.

Only one enstatite, Atlanta, was analyzed. It was inhomogene-

ous giving a mean Cu abundance for six specimens of 66 ± 17.

Schmitt et al. (18) found a corrected value in one specimen of 86 ± 9

for the same meteorite. Since this enstatite class is inhomogeneous,

the difference in values bears out the previous observations (15, 18)

of heterogeneity in these chondrites.

Homogeneity

Individual Meteorites

The two olivine bronzite falls (Tables 4 and 10) had a Cu
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dispersion (FSD) ranging from 2. 6% to 4. 4 %. The Cu dispersion for

the first group of olivine bronzite finds (Tables 5 and 11) ranged from

3. 1% to 6. 8 %. The second group of olivine bronzite finds (Tables 6

and 12) show a dispersion range of 6. 3% to 9%. For the olivine

hypersthene falls (Table 7 and 13), the Cu. dispersion ranges from

5. 3% to 12%. The olivine hypersthene finds (Table 8 and 14)

showed a Cu dispersion of 8. 2% to 22%. It should be noted that the Cu

abundance in specimens #4 of Harrisonville and #5 of Richardton were

not used in the statistical calculations because of their abnormally

high Cu abundance values. These anomalies can be attributed to the

possible contamination of the specimen by residual bronze (an alloy

with Cu) from the masonry saw blade used to cut the meteorites. The

Cu dispersion for the enstatite find was 26%.

Marked variations in the Cu abundances in a particular

meteorite, such as in the enstatite chondrite Atlanta, may be

attributed to contamination or sampling of a single large crystal if

the meteorite was a fall. In finds, weathering as well as the above

circumstances, may cause large variations.

Osborn (15) using INAA determined the homogeneity of Na and

Mn in the same specimens. In comparing the homogeneity of Na,

Mn and Cu, the degree of homogeneity for the olivine bronzite falls

is Mn > Cu. > Na. For the first group of olivine bronzite finds, the

degree of homogeneity is Mn > Na > Cu. The degree of homogeneity
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for the second group of olivine bronzite finds shows Cu > Mn >

The olivine hypersthene falls show the degree of homogeneity as

Mn > Na > Cu. The olivine hypersthene finds show the degree of

homogeneity as Mn > Na > Cu. For the enstatite find the degree of

homogeneity is Cu > Na > Mn.

Meteorite Classes

Schmitt et al. (18) has determined the homogeneity of Cu in

three or more specimens of the same chondritic meteorite via

instrumental neutron activation analysis and counting the annihila-

tion gamma-rays of 64Cu. For five olivine bronzite (H5) fragments,

Schmitt et al. (18) observed a Cu dispersion range of 1% to 40%, with

an average dispersion of about 15%. For eleven fragments (falls and

finds) of the same class of meteorites, this work found a Cu disper-

sion range of 3% to 9%, with an average dispersion range of about 6%.

On the basis of Cu abundances the olivine bronzite finds cannot be

separated into two distinct sub-groups, but for comparison with the

work of Osborn (15) they were separated into two groups.

In five olivine hypersthene (L6) fragments, Schmitt et al. (18)

found a Cu dispersion range of 3% to 17%, with an average dispersion

of about 7%. In eleven fragments (falls and finds), this study found a

Cu dispersion range of 5% to 22%, with an average dispersion of

about 11%. The fragment primarily responsible for the 22% Cu
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dispersion for the hypersthene class in this work probably had an

increase in dispersion due to weathering. Schmitt et al. observed

an overall average dispersion of 11%, while this work showed an

average dispersion of 8%.

From the abundance data of Schmitt et al. (18), Osborn (15),

and this work, the author concludes that the degree of homogeneity

for the three elements of interest is Mn > Na > Cu and that the

homogeneity index for Cu is about an 8% dispersion in ordinary,

equilibrated chondrites.

Correlation of Copper with Manganese and Sodium

The grand correlation coefficients of the groups of meteorites

have been calculated and are shown in Table 24. The Mn and Na

data used were determined by Osborn (15).

Table 24. Grand Correlation Coefficient

Class
Inverse Square Weighted
Correlation Coefficient
Mn-Cu Na-Ca

Olivine Bronzites (H5) falls 0.28 -0.41

Olivine Bronzites (H5) finds
Group A 0.19 -0.36
Group B 0.26 0.45

Olivine Hypersthene (L6) falls -0.15 -0.30

Olivine Hypersthene (L6) finds -0.38 -0.06

Enstatite (E5) find .75 .38
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Since the effects of weathering in finds may influence the cor-

relation coefficients, the interpretation of the correlation coefficients

will include only the falls. From these results no significant corre-

lation was found between Mn and Cu and between Na and Cu. This

conclusion is reasonable since Na and Mn are lithophilic while Cu

is chalcophilic . Greenland (4) also found no correlation between Mn

and Cu in his work. The work of Schmitt et al. (18) and Osborn (15)

also imply the same conclusion. Osborn (15) suggested that meta-

morphism might have destroyed any correlation if one did exist.

Terrestrial Fractionation

From the average abundance values of Cu in falls and finds as

shown in the following table, terrestrial leaching by water was not

significant.

Table 25, Copper Abundances

Class Fall Find Find/Fall

Olivine Bronzite

Olivine Hypersthene

94 + 3 89 + 8_

93 +8 85 + 11_

0. 95

0. 91

The general trend of increased dispersion in Table 26 from

falls to finds was evident and implies that terrestrial fractionation
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Table 26. Copper Dispersions

Class Fall Find Find /Fall

Olivine Bronzite 3.6% 7.0% 1.9

Olivine Hypersthene 8. 2% 13.4% 1.6

might have occurred as a result of weathering in the chondritic finds.

Other workers (14, 18) have observed a general trend of decreased

abundance and increased dispersions in finds due to weathering.

Weathering affects the finds in three ways: (1) leaching, (2)

ground water contamination, and (3) elemental migration. Leaching

tends to deplete the abundance while ground water contamination

tends to increase the abundance. The net result of these two affects

and elemental migration is to increase the dispersion without decreas-

ing the abundance. Since the effects of weathering on a meteoritic

find are a function of its terrestrial age which is not known very

accurately, it is difficult to correlate data for finds to the initial

processes which occurred in meteorites.
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SUMMARY AND CONCLUSION

The homogeneity of Cu was studied in twenty-three large

1 kg) meteorite fragments (falls and finds) of the olivine bronzites,

olivine hypersthene, and enstatite classes. The abundance of Cu

was determined in four to six one-gram specimens with a precision

of ±3% via instrumental neutron activation and integral counting of

the 0.51-MeV annihilation gamma-rays of
64Cu by the coincidence

method.

The olivine bronzite falls had a Cu dispersion ranging from

2. 6% to 4.4%. The Cu dispersion for the first subgroup of olivine

bronzite finds ranged from 3.1% to 6.8%. The second subgroup of

olivine bronzite finds showed a dispersion of 6. 3% to 9%. For the

olivine hypersthene falls, the Cu dispersion ranges from 5.4% to

12%. The finds of the olivine hypersthenes showed a Cu dispersion

of 8.2% to 22%. The Cu dispersion for the enstatite find was 25.6%.

On the basis of Cu abundances and dispersion, the olivine

bronzite finds cannot be separated into two distinct subgroups, but

for comparison with the work of Osborn (15), they were grouped into

two subgroups.

This study found the average Cu abundance in olivine bronzite

(H5) and olivine hypersthene (L6) to be 91 ± 7 and 89 ± 12 ppm,

respectively. The single enstatite find had a mean Cu abundance of

66 ± 17 ppm.
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From the abundance and homogeneity data of Osborn (15) and

this work, the author concludes that the degree of homogeneity for

the three elements of interest is Mn > Na > Cu and that the homo-

geneity index for Cu is about an 8% dispersion in ordinary equili-

brated chondrites.

No significant correlation was established between Mn and

Cu and between Na and Cu. The experimental work of Schmitt et al.a- -
(18) and Osborn (15) also imply the same conclusion.

From the abundance values of Cu in the falls and finds,

terrestrial fractionation was not significant. The increase in dis-

persion by a factor of 2 from the falls to the finds does imply that

terrestrial fractionation might have occurred as a result of weather-

ing in the chondritic finds.

No significant concentration gradient for Cu was established.

Assuming chondrites represent the initial accretion products

from the primitive solar nebula in the asteroidal volume of the

solar system, the homogeneity of Cu as determined by INAA with

coincidence gamma spectrometry suggests that the nebula was

homogeneous within 8 percent.
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