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Statement

The meteorites and the Lunar samples constitute two
mportant classes of samples where the hisStory of the cosmic
édiations are preserved in relatively undisturbed form. These
bjects are continuously bombarded by galactic cosmic rays
'163) and solar high enérgy-particles (SCR) 1leading to the
rbduétion of a number of stable and radioactive isotopes
,énd ionisation tracks of heavy nuclei. The determination and
’ﬁélysis of these isoctopes and tracks give information on a
afiety of subjects, such as the life history and origin of
eteorites, the exposure history of Lunar rocks, and the
fehSity, energy spectrum, spatial distribution and possible

ime variations of the GCR and SCR particles.

In this thesis the primary concern is the study of radio-

ctive species supplemented by analysis of nuclear tracks to
. A ‘ p=
get information on the history of SCR and GCR. The Lunar rocks

~_were used as monitors for detecting possible changes in solar

diation over the time scale of a few million years and a

?rge group of meteorites were studied for getting information

ﬁﬁ/thé nature of interaction of GCR and their temporal and
S?@£ia1 variations.

‘ Cﬁapter I gives a brief introcduction to the objective

nd nature of the work carried out in addition to a summary
f:the salient features of contemporary cosmic rays, Specific
details of the work include:

A. Measurement and analysis of radioisotope 26Al activity

in Lunar rocks to derive long-term parameters and



relative variation of solar cosmic rays.

,B; Analytical calculation of production rates of low

26 53

energy radioisotopes like Al,

26 5% o .
and measurement of - “Al, 7 “Mn activities in a large

Mn, in meteorites

L

number of meteorites.

C. Measurement of a suite of radioisotopes ranging in
half-life from 5.6 days to 3.7 m.y. in & meteorite,
Dhajala, which fell near Ahmedabad, Gujarat in
January 1976 and was recovered within a day of the

fall.

2 , .
The measurement of 6Al in Lunar rocks was carried out

by a non-destructive beta-gamma coincidence spectrometer.
'° Ihis method, in contrast to destructive analysis, preserves
f Ehe integrity of the samples and allows a fine depth resolu-
 tion in deducing the activity profile. Several Lunar rocks
kwere studied and the description of the samples and counting
vnéﬁhods are given in chapter II. This chapter also includes
the experimental techniques used for (1) non-destructive gamma
counting of meteorite samples, (2) radiochemical separation
>of elements in the Dhajala meteorite and the counting of beta,
pray and gamma emitters, (3) neutron activation analysis of
 53Mn in spot and core-samples of several meteorites and the
 ,éounting of irradiated samples using the Ge(Li. detector

_ Systems.

The results of the variouS measurements are given in

hapter ITT. 1In addition to measurement of radiolsotope



‘actiﬁities, the Sampleé from the Lunar rocks and the meteo-
~£iteskwere studied for nuclear_tracks. The track densities
  iﬁ the core-samples taken from four chondrites, St. Severin,
  Bansuf, daipur and Madhipura are also presented in this
chapter.

’ A meaningful discussion of the resultsof various investi-
igétions carried out in this work 1s posSsible only when they
Jérerﬁupplemented by analytical calculation of production rates
fﬂﬁhé isotopes. These calculations are well established for
.Hé éaSe of Lunar rocks and were followed for comparing the
~méasured 26A1 activities with those expected on the basis of
 §arious SCR. parameters, target chemistry and exposure historiés
;éf‘the rocks. The exposure age and the rate of erosion of the
_rocks on the Lunar surface are two particularly important
’ iﬁputS for deciding the best choice of SCR parameters on the
 basis of the observed activities. An indepepdent estimation
 of’these two is essential to avoid potential circularity in
\hé dérivation of SCR parameters. In this work, the exposure
”agéﬁ\and erosion rates for the rocks were estimated from
’meaSurements of nuclear tracks and in one <ase by supplement-—

Sry Study of microcrater densities.

For meteorites there is as yet no consensus on the pro-
 §uction rate calculations. A semi-empirical approach was
¢ déveloped by closely following the model applicable to the
':CaSe of the Moon. A detailed discussion of the assﬁmptions
"agd the methods used for deriving the model is given in

apter IV. Available experimental data on isotopic activities



from this work and the litérature were compared with the

predictions based on this model.

The results of destructive analysis of the Dhajala meteo-

_rite are also discussed in chapter IV in context to the pre-

dictions from the meteorite model and- alsco relative comparison

péiween isotopes having similar modes of production (in respect

ofHenergy and target elements).

Chapter IV also contains a discussion of the results from
ﬁfack density and 53Mn'activity measurements carried out on the
fsamples from cores of the four chondrites, mentioned earlier.
jihe track density data were used for deriving the shapes and
 51268 of the meteorites and deducing the shielding depths of

53

_the samples in which- Mn activities have been measured. These
data provide BDMn activity profiles in chondrites of four

different sizes ranging from 6 to 20 cm.

The last chapter presents the conclusions of the studies
undertaken in this work, which can be briefly summarised as
_ below: .

1. The 26A1 activity measurements in Lunar rocks show

that the solar activity has remained constant within
the limits of the experimental errors (+ 20%) for

the last 2 million years.

2. The activities of the suite of radioisotopes measured
in the Dhajala meteorite are consistent with the
expected levels based on the present day GCR flux

except for significant excess in two radioisotopes,



22, 54 . 5 :
"Na and © "Mn, having half-lives of the order of

years. A detailed analysis implies that this is
due to @ significant gradient of GCR fluxes perpen-+
dicular to the plane of the ecliptic during the

solar minimum.

3. The activity profiles of 53

Mn, & low energy isotope,
are now firmly established for chondrites of différ«
ent sizes., The profiles show thét for chondrites
having effective radius less than l5vcm the increase
in activity from near éﬁrface region to thé cenfre
ié Small (1eés than 10%). For St. Severin (20 cm)
the increase is about 45 % thus indicéting that the

cascade of secondaries becomes important only for

Sizes greater than 15 cm.

A discussion on the future experiments in the field: of
cosmic ray effects in the Moon and meteorites is given at the

'énd.of the thesis.
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Chapter I

Introduction

The solar system is pervaded.by high energy cosSmic rays

m g\from.ail directions of the galaxy and moderately ener-

etic solar flare pafticles derived from sporadic OutburSts
the surface of the Sun. These two classes of energetic
,articles, galactic cosmic rays (GCR) and solar cdShic rays
1SCR), have been extensively studied over the past feW'deéades,
by a variety of methods. Thesé studies have led to a vast

store of information regarding the contemporary cosmic rays.

“th has been established that the cohtemporary'galactic
‘oémic rays‘éonSiStxof about 93 % protons, 6% alpha particles
nd small amount of heavier nuclei (Pomerantz, 1971). The
7differential enefgy spectrum of GCR in free épace can be

;represented by a power law of the form:

dg = (@ + )" VaE (for E > 100 MeV)

?Where J is flux, & is shape parameter (MeV) (about 1000
Mev for the free space flux at 1 2.U.), E is energy in MeV
'néxYY\iS the spectral index. The value of Y ranges from
,fgﬁo 2.7. The integral flux of GCR at 1 A.U. (B> 1 Gev)
"S’éfound (1.7-1.9) protons/cn?.Sec (4m) which fluctuates

With the solar cycle. The average energy of primary coSmic

_rays is around & few GevV.
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  fﬁe‘énérge£ié:paftiéleé from the suﬁ are emitted only
ufiﬁ@’violeﬁt solar flareé, the bulk of the particles being
miﬁtedvin flares clustered near the sun-spot maximum. Studies
;fjfigrés during solar cycle 19 (1954-1964) and solar cycle
(i965—1976) have showﬁ that the intensity,\Spectral"Shape\ :,
n@{éompoSition vary from flare to flare (Reedy, 1977, and
reférences therein). On thebaverage, SCR consist of about
ffprotOns, iOz;alpha particles and less than.l ¥ heavier
'uélei.i These particles have average energies of ‘the order

£a few tens of Mev and fluences (for E > 10 MeV) of'ﬁhe'order
£ lQBelog particles/cn?. (4) over the short duration of a

lare. The energy distribution of SCR particles can be des-

ribed approximately by an exponential rigidity relation:
AJ « exp (—R/Ro) dr

,Where J is flux, R is rigidity (= pc/ze) i.e. momentum
/périﬁnit charge in MV, and RO is shape parameter in MV. . The
value of R for contemporary flares varies between 40 and

2@0 MV. If the solar protons emitted during different flares
;QVer a solar cycle are/diStributed uniformly over the whole
éil‘yrs cycle, one can Calculate an average equivalent steady-
iétate flux. Such an average flux J (E > 10 Mev) for the last
EWQ cycles varied between 90 and 125 prOtOnS/Cn?.SeC (4m)

Reedy, 1977).

. The above summary of GCR and SCR characteristics refer to
the past few decades of direct ohservations and periocdic or

aperiocdic variations in these characteristics over the time
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cale of tens of years have been well established. For

’ ﬁp1e, the numoer of Spdts on the surface of the sun vary
’about eleven year period. All solar activities, includ-
'h¢ flares, tend to follow this eleven year periodicity
nd. oiaf:fléres occurrihg near the maximum of the sunspot:

cycle are usually most intense. The intensity of GCR particles

éQVVarieS with this eleven year cycle due to the variation
n the mcdulation of GCR by solar magnetic field frozen into
he plasma (solar wind) streaming radially away from the sun.

¢r example, the intensity of the nucleonic component recorded

y neutron monitor at a high latitude station increased by
bpt‘ZQz from solar maximum to solar minimum during the 19th
argcycle (Pomerantz, 1971). This phenomenon is now well
egtébiished and called as 'solar cycle modulation of galactic

cosmic rays',

Variations in SCR and GCR characteristics beyond the time-

Sdale Spanned by direct observations have peen suspected from
several independent studies. For example, over the time-scale

"pra‘few hundred years, historical reporis on Solar activity

afé available. Recently, Eddy (1976) has reviewed the obser-—
 at;Qna1 reports on sunspots, auroral activities, and coronal
tivities during solar eclipses to show that the sun was
,,mﬁafatively'inactive from 1645 to 1715 -~ the 'Maunder

14

Minimum'. Measurements of ~'C activities in tree rings are
cnsistent with the low Sclar activity for this period, and
;indicate that the sun was also inactive from about 1460 to

;550 (the ‘'Sporer Minimum'), was more active from about



le

to'1250 (the grand maximum). Indications exist for

lar variations in solar activity in the past.

variations in solar luminosity over a much larger time-

,le of a few million years have been invoked to explain (i)

 fféquent occurrence of terrestrial glaciation (Opik, 19507
a£d Cameron, 1972) and (ii) the low flux of solar neutrinos
  (Fow1er, 1972 ; Rood, 1972; Ezer and Cameron, 1972;
r,ic;h,[” 1975). Davis (1972) and his colleagues (Davis and
*,'l973) have observed a flux of solar neutrinos coming
om the interior of the sun which is too low to be consistent
tﬁ the standard solar model. To explain this discrepancy,
wiéf (1972) proposed a variation in the standard solar model
hnéﬁ~inVOlves a sudden mixing in the interior of the Sun.
aléulations carried out by Rood (1972) and Ezer-and’Cameron
ﬁ?)rshpwed that such a mixing ¢an explain a low neutrino
\énd predicts luminosity variation over the time-scale of
a fe%\million years,

The above discussion refers fo the evidences relating to
p0$$ible variations in the solar activity in the distant past.
vtaiS'possible, though not imperative, that changes in the

Qlar activity are also reflected in the emission of SCR

parﬁicles from the sun.

‘ 7The most direct observational evidences regafding the
-ent of variations in the STR and GCR intensity over the
me-scale of a few million years come from the Study of
These

nduced isotopes in the Lunar samples and meteorites.

objects have been continuously pombarded by SCR and GCR for
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Oﬁsiof‘YearS} ' The high energy of these particles is

iciént to induce nuclear reactions by spallation and
“Ohrcapture processes and pfoduce a wide variety of stable
raalodetlve isotopes depending upon the available target
me“te; The heavier component of these particles also pro-
ﬁisaﬁion tracks in minerals of these samples. Arnold
i961) have Shown from a Study of a wide variety of

genic radioi otopes in iron meteorlte Aroos that GCR

nSlty varlatlon did not exceed a factor of 2 compared to

reSent day level durlng last b.y. Though this has ruled
‘nyrdrastic variation in GCR intensity in the time-scale
der consideration, a case for variation was made by‘Voshage

FHiﬁtenberger (1963) from the cbserved discrepancy between

cosmic ray exposure ages based on 36Cl—36Ar and 4OK~41K
ds. Schaeffer (1975) has recently reviewed the arguments

oncluded that the GCR intensity was 50% higher in the
f'0.4‘m.y. than in the previous 600-900 m.vy.
 The variations in GCR and SCR characteristics in the long

past are not yet unarbiguously resolved. The present investi-—

'atlons were undertaken to augment the studies on the intensity
energy spectrum of SCR and GCR over the "ast few million
eafs based on measurement of long-lived cosmogenic radio—
SdﬁQpeS. In most of the cases, the radioisotope studies
upplemented by simultanecus analysis of nuclear tracks in
.aﬁe samples. Track studies are crucial for a correct
terpretation of radioisotope data since they provide valuable
Hfbfmation regarding the exposure history and exposure geometry

ffﬁhe samples.
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In addition to above, the activities of a variety of
isotopes were studied in a fresh fall, Dhajala meteorite.

simultaneous measurement of short and long-lived radio-

pes'provided a comparative analysis and the extent of

r,éYCle effect on GCR intensity along the Dhajala orbit

d be evaluated.

S adz of 26Al activity in Lundar rocks
unar rocks are ideal detectors for monitoring any

es in the intensity and energy sSpectrum of SCR. They are

addcumented hand-picked samples from a body maintaining a

own distance from the sun. The nuclear reaction products

S R protons and alphas are confined within the first few

. ~ ;
. s < 0. . ‘
abundant production in Lunar rocks. Al is produced in

Al (p, pn) 26Al; 28g; (p, 2pn) 26A1726Mg(p, n)26A1

:. o
A1 (n, 2n) Al ; Si (n, p2n) a1

The cross-sections for these reactions have heen dis-

'ed by Reedy and Arnold (1972) and tabulated by Dr. Reedy
comm.). With these cross-sections and production

‘:S“developed by Reedy and aArnold (1972) and Bhattacharya
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t1ai} (1973) it is poésible to célculate the production rate
26 |

Al in Lunar rocks.
(i
; 2 6 ) , . . P ‘,,.\;‘ \/
. The GCR produced Al activity is nearly independent of |
. . / | | \
jepth near the surface region whereas the SCR component falls |
off steeply and is many timesgreater than the GCR component j

= i

‘, B : ‘ 2 . '. ' g {
near the surface, A comparison of 6Al activities near and |

kY
\7

t the surface of several Lunar rocks having varying exposure |

times on the Lunar surface with the activities expected on the|

béSiS of model calculations can delineate the maximum extent
f”éolar flare variation over this range of exposure timeS._Aﬁz
on-destructive @B- Y coincidence technique having\fine\depth,x

. : 26 , - g
resclution was developed for measurement of 6Al in a suite

Of suitable Lunar rocks. The results and their implications }

are discussed in chapter III and IV. B /

i : Z
B. Study of production profile of 26Al and 5)Mn‘activiw‘:v in

Meteorites

Meteorites suffer large and variable amount of ablatiOQ
*1n atmosphere during their entry and thereby thé region con-
ftaining SCR effects is usually lost. The activities found
ﬁ\méteorites refer to interaction of GCR particles only. A
fypical meteorite orbit extends from little less than 1 A.U.
to about 3 A.U. in space. Hence, the particle flux experienced
Cﬁy”it refer to the integral ovef this orbi%t. Meteorites, thus,
;éCntain valuable reéordS of éCR particleé extended over a

ldrge domain of space and time. For ewxample, a comparison of
 jradioactivity in Lunar rocks and meteorites can elucidate the

_ extent of modulation of GCR in space and time.



*'The production rate in a sample from a meteorite depends,
amoﬁg other things, upon the shape and size of the meteorite

ﬁd also the shi depth of the sample. For any valid

nterpretation of measured activities in terms of cosmic ray
tensities and energy Spectrum, detailed profiles are essen-—
;jél~which should take into account (i) the target element
aﬁundances, (ii) the shape and size of the meteorite (i.e.
VChoice of proper equivalent sphere), (iii) the class of the
gteorite (the development of Secdndaries being different in
different classes for the same size depending upon density
and target element abundances), (iv) the cross-sections of
thé various reactions leading to the product isotope and (v)

the modulation effect in space and time.

A simple parametric model which can take into account
the above requirements independently from each other and
‘thus deconvolute the problem into its separate components

is desirable. 4An analytical method of calculating the pri-
mary and secondary particle fluxes inside a body was first
proposed by Ebert and Wanke (1957) and later improved upon
by Lavrukhina et al. (1969). 1In a different approach, Reedy
‘énd Arnold (1972) based on the work of Arnold et al. (1961)
have proposed a simpler model for the Moon. In the present
work, an extension of the Reedy-Arnold model coupled with
 the thick target approach (kKohman and Bender, 1967 ; Trivedi
and Goel, 1973) applicable to the case of chondrites has been
developed. The methods will be discussed in detail in chapter
‘IV. The validity of the thick-target approach of Kohman and

Bender (1967) was verified by measuring 531n activities in a



palléSite. A comparison with the experimental data on 26A1
aﬁé%53Mn is made to bring out the success and limitation of
thé model. Since the undérlyiﬁg assumptions in this moael

ana that of the Reedy-Arnold model are the same, one can now
écmpare the experimental results obtained in the case of Lunar
rocks and meteorites (chondrites) directly in terms of cosmic
ray‘intensities in a self-consistent way.

In additicon to this theoretical attempt, experimental

53

measurements were undertaken to get Mn activity profiles in
ChOndriteS. Cores from four different size chondrites were
studied simultaneously for cosmic ray tracks (to estimate the

lation and shielding depths) and 55

Mn activity at various
‘écationS. These studies bring out the essential features of
evelopment of secondaries inside & body as a function of size.
The shape of the production profiles and the absolute magnitude

_of the predicted activities from the above-mentioned model are

discussed in relation to the experimental profiles.

C. Radioisotope studies in Dhajala

On January 28, 1976 a meteorite fell in Gujarat having
;bfﬁduced shower fragments distributed around the village
Dhajala. The fragments of this meteorite were recovered with
ihigh efficiency and speed. An extensive multidisciplinary
:Study was undertaken on this fresh fall which involved radio-
 adtivity measurement, rare gas investigation, nuclear track
 éﬁalySiS and calculation of orbit. This work reports the
'Studies on radioisctopes ranging in half-life from a few

days to a few million years. The results are presented in
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ptér\III and discussed in chapter IV in terms»pf gal%qﬁic

radig%sotopes_

The theoretical and experimental studies reported in

is thesis lead to an overall picture of GCR and SCR chara-
teristics over the past few million years and give = inter-

ting information on the GCR intensities in the recent past.:



Chapter II

Experimeéntal Techniques

aThe experlmental procedures employed 1n this study

1 ed sampling of. Lunar rocks and meteorltes, radiochemical

gpafétidn and purification of elements, neutron activation

anéiYSis and counting of activities of various radioisotopes.
Saéplementary studies on nuclear tracks were carried out i@c
tﬁé:track laboratory of P.R.L. by our colleagues. The des-—
Cription of samples studied and the above-mentioned experil-

ental methods are described below.

I;A. Sample description

ﬁ Two types of extraterrestrial samples were studied in

t ;S\WOrk for determining the activities of cosmogenic radio-
Lsotbpeé. These are (1) Lunar rocks and (2) meteorites. The
.sélection criteria and description of these samples are given

below.

II;A.l. Description of Lunar rocks studied

Lunar rocks were studied for determining the content of
. 2 : : : ~
cosmogenic radioisotope “6Al. The Selection criteria for the
choice of rocks from among the variety of rocks brought by

astronauts were based on the following requirements :

i

(i) Concordance of rare gas and track exposure ages

for a simple exposure history. This will be dis-



cuSSed‘ingdétail in‘chéptér_lv.l

”ii)lThe isotope of interest in\this work is 2§A1A
‘which is produced abﬁﬁdantly'from 27Ai,(p/pn)
reaction. High abundance of target elemeht‘Al was
the second major consideration for rock selection.
For a nondestructive B-Y bcoincidence counting of
the positrons from 26Al decay the daughter products
of Uand Th cause interference{ Low concentrations
of U and Th in the selected rocks was an.additional
‘criterion.

ki&} The radiocactivity at the tunar top surface of a r§¢k \
is expected.to deérease\With increésing zenith éngle;
Therefore at surfaces away from éenith, appropriate
solid angle corrections have to be made. For esti—

mation of this correction only rocks having unambi-

guous Lunar surface photo-documentation were suitable.

(v) Large size of the rocks to minimise the geometry

corrections.
. Ih\addition, déta on microcfatef size;distgébution Qn\tbe;\\\
~:giﬁ\surfaces and tracks were used to select rdeks Qifh‘a
;@ﬁle cosmic ray exposure history and preserved exterior
rféces. Four Apollo 16 rocks and one Apollo 17 rock chosen
ﬁs on the basis of the above considerations and allotted 
TNASA for these studies are described below (Interagency
fPOrt: Astrogeology 51, 19727 Apollo 16 Preliminary Science

port, NASA SP-315, 1972; Apollo 17 Preliminary Science



port, NASA SP-330, 1972).

ayléy'Plain (station 1) near the eastern rim of Plum
raﬁér. The’piece 61016,287 (Parenf No.40) weighed 35.04 g;
aihad 3.3 e of preserved top surface. The thickness of
he slice varied between 9 to 18 mm. The rock has a smooth
g¢as§ysurface and the anorthosite crystals in the rock are
evépely\shocked. Zap pits are present on all faces except
b§t£qm¢ Cur sample is from a face having a mean zenith

nglé»for exposure to coSmic rays. =~ SOO.

The piece 61616,287 was sliced at a depth of 4 mm with
'he help of a slow speed Beuhler diamond saw with a O.1 cm
"hick blade. This exposed two new internal faces at depths
Of 4 mm and 5 mm from the top. The saw dust was utilised for
track measurements.

We also received a slice 61016,300 from a depth of about

6

8 ¢m from the surface for determination of ~"Al due to GCR

This is a small (318 g) recryétallisedibreccia collected
from the LM/ALSEP area. near the bottom of a very subdued 150 m
Crater. The rock has vastly different crater densities from
'Side to side indicating complicated surface history. We.

received a slice 60335,103 (Parent No.12) containing Tunar



(face S) and weigﬁing:2{34 g.
Rock 64435

This 1s a large breccia weighing 1.08 kg collected from
station 4 on a high point on Stone pountain. This region has
an appearance which suggests derivation from South Ray Crater.

our sample was a small piece 64435,95 (Parent No.15) weighing

.27 g. This had 3.2 Cm2 of Lunar top surface,

Tbis anorthosite rock weighing 1.19 kg was chipped from
‘big boulder at station 6 near the base of the Stone Mountain
Qﬁ the Cayley Plain. This region had probable ejecta from
Séuth Ray event. The face B had many zap pits and almost none

on other faces thus establishing the Lunar orientation. our

sample 66095,145 (Parent No.6) weighed 5.74 g and had about

2
2,1 cm of preserved Lunar top surface.
1

79215 is a brecciated troctolite of 553%.8 g collected
ffrom a distance of about 60 m (South East direction) away from
’aVan Serg Crater, station 9 in Apollo 17 mission. The piéce
received by us 79215,78 (Parent No.3) was.3.32 g having a

Lunar top surface of about 2.1 cn?,

The details of the five rocks along with their major

element composSition are given in Table 1.

'II.A.Z Sampling of rocks for nondestructive B=v counting

The non-destructive B-y coincidence counting method

26

used for determining the Al activity in the above-mentioned
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cfccksnﬁinimizes the loss of the virgiﬁ surface of the rock
that faced the sun and provides a high depth resolution in
;ﬁfofile. It has been sShown by studies of nuclear tracks,

’ and destructive analysis of radioisotopes (Wahlen
1972) that any major labofatory handling of rocks

in non-uniform abrasion of the surfaces. The extenﬁ

loss is difficult to determine (especially for fine-

breccias) and hence the surface activity may not
aiWays refer to zero depth. The present method enables one\
to determine the 26Al activity precisely at the top face.

_The depth resolution is determined by the half-thickness of

26A

the positrons emitted by the decay of 1.

The decay scheme of 26

26

Al 1s given in Samworth et al.
{(1972). Al emits a positron 82% time in coincidence with
a4 gamma ray of 1809 keV. The positron has a maximum energy
cf\l.l7 MeV. The B+ annihilates into two 511 kev y's on

26Al was

interaction with matter. The half-thickness of the
caétermined by external absorption of‘betas from a 26A1 stand-—
ard and also by self-absorption method. These results will
_be given in Chapter III. The best value is measured to be

~ 60.5 mg.cnf2 in Al metal. This value corrected for the com-
position of an anorthite rock like 61016 implies that about

90 % of the emerging positrons are emitted from a layer of

200 mg.cmM2 thickness.

The signal strength in this method is limited by the
available surface area of the rock facing the beta counter.

~ All the samples provided by NASA were in the form of roughly




'eétéﬁéﬁlaf bloéks having 1-3 cﬁ? of virgin Suffaée. The
;;mples were packed inside plastic boxes with slots to match
:hé exposed areas of the Samplés. The plastic box was care-
,gily;placed on top of the beta counter, so that the exposed
réa of the sample is in flush with the beta counterywindow
yﬁhrough the slot,  The area of the slot is the measure of the
'éunting surface area. The plastic box without the sample

nside was used for determination of background.

II.A.3. Sampling of meteorites for Y counting

Five meteorites Bansur, Parsa, Udaipur, Bruderheim and
Dhajala were studied for gamma emitters using a simple

aI(Tl) vy -ray spectrometer.

Bansur is a 15 kg stone belonging to 15 or L6 group
which fell in Rajasthan in 1892. This meteorite has-a S ymme —
lfrical conical shape which resulted from its oriented descent
into the earth's atmosphere. This type of entry also resulted
‘in’its front face having pits like thumb prints 'and & thick
;quion crust. The back face on the other hand has a crust of
‘bnly a fraction of 1 mm. This meteorite has been extensively
studied for rare gas (Gopalan and Rao, 1976) and tracks

26

(Bhandari et al., 1978). sl on 3 faces of this big stone

was studied (face #2, #4, #1) using a vy -ray Spectrometer.

Udaipur is another Indian meteorite (1.2 kg) belonging
to H4 or H5 group. It fell in Udaipur, Rajasthan. It also
_has a conical shape (Figure 3) indicating a possible oriented

'7entry. This was also studied for rare gas and tracks. The



e of apex and baseAWaskput on Yy -ray spectrometer for
1. Both these meteorites were loaned fo us by Dr. R.C

afwala, Director of Archaeology and Museums, Rajasthan.

?afsd and Dhajala‘are two cther Indian meteorites.
faaifell in Patna, Bihar and Dhajala in Gujarat. Several
agmenﬁs from thé fresh fall of Dhajala were studied within
£t 2 days after the fall. The fall and\aampling ofau

Dhajala will be described below. A sample Qf’Bfuderheim was.
COunped in the same system to serve as a étandard and all thé

qtivities were normalised to the published 26A1 value of

10n January 28, 1976 a meteorite shower fell in Gujarat,

[ndia at 8,40 p.m. around the village of Dhajala (22C?2'4O“N:

925 '38"E) . It was accompanied by brilliant light flashes

nd Sound of detonations, A large number of fragments sur-

vived the ablation and dispersed over an e]llptlcal area of

bout 50 kmz. About 500 fragments welghlng a total of about

kg have been recovered so far. The phenomena asscciated

ith the fall of the meteorite, field observations and orbital

Haracteristics havé been described in detail by Bhandari et
ir (1976 a), Lal and Trivedi (1977) and Ballabh et al. (1978).
feW'fragmento of the meteorite arrived 1n PRI, within a day

£ the fall.

A multi-faceted Study involving particle tracks, rare

gases and radionuclides was undertaken to characterise the

Meteorite. Six big fragments T-16, T-17, T-67, T-78, T-92




31

dfGQiléaéh weighihg between‘l.5 kg to 6.5 kg were used for
‘pﬁdestructive gamma-ray analysis. In addition, three’sele~
éd;fragments, T-11, T-67 and T-68 were analysed using des-
g¢£ive'methods for radionuclide concentrations. = Aliquots
' (141.5 gm) from T-11 and T-67 were analysed by Gopalan et
(1977) for cosmogenic and radiogenic ncble gases.

11 these fragments were investigated by Bagolia et al. (1977)

or nuclear tracks.

53

i,A,S. Coring of meteorites for Mn and track profile

Three Indian meteorites Bansur, Udaipur and Madhipura
and one French meteorite St. Severin were studied extensively

o ascertain the Mn production profile in chondrites;

Five cores taken from St. Severin have been studied by
Cantelaube et al. (1969) and Lal et al. (1969) for nﬁclear
;tracks. These studies have established that the core A-III
is a near-radial core. The core CB4 is not quite as radial
but the decrease in track density from the surface to the
centre 1is ébout a factor of 250 which i8 nearly the same as.
:for core A-ITI (Lal et al., 1969, Amin et al., 1969). Five
"Samples from core CB4 and three samples from A-III were

53

 kindly provided by Prof. Lal for n studies.

Cores were taken from Bansur, WWaipur and Madhipura by
:an electrometallic diamond drill-corer. Before coring spot

:'Samples from all the faces of these meteorites were studied

for nuclear tracks to ascertain the faces which are least

ablated. Coring locationsand directions were decided on the




2

asis of these data so that they were along the direction of

akimum gradient. Figures 1, 2 and ‘3 are the coring plaps of

three meteorites and Table 2 gives the description of
:é,Cor:S and samples taken from variocus depth of the Cores
long with their weights.

Thirteen samples from these three meteorites were pro-
53

essed for °“Mn determination. Aliquots from all these

thirteen samples were also analysed for nuclear tracks.

11.B. Radiochemical methods

The vy —-emitting radionuclides like 26Al, 4OK in meteo-
Qtes,and lunar samples can bé counted non-destructively for
eteﬁmining their activities. For example, in case éf fresh
fail Dhajala radiolsotopes 22Na, 54Nm gave clear signals in
‘Singles Y counting. But fof some isgtopes the decéy
involves low B energy or X-ray emission. For determining

}Such species a detailed radiochemical investigation was

undertaken on three Dhajala fragments (section II.B.1).

Determination of 53Mn in a number of meteoriteé by
 heutron activation analysis was als) underﬁaken. This
involves separation of Mn from metal or silicate phase
T~ 1lg sample) of meteorites, irradiation to a highly

thermalised dose of neutrons and post-irradiation radio-

chemical purification of Mn for determining 54Mn activity

broduced by 27 (n, v ) 54Mn reaction. The technique has
improved considerably by the work of Tokyo and Ia& Jolla

groups. Details of the methods are given in section II.B.2.
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' II.B.1. Radiochemical investigation of Dhajala

Three fragments T-11, T-67 and T-68 of Dhajala were

analysed destructively for radioisotopes 7Be, lOBe, 26,

35, 51 55, 54wy 57 60

1, *p,

o}
Cr, 5~Mn, ° M, Mn, Co and Co.  These elements
’Were Separated and purified by following standard radiochemical

procedures (Finkel, 1972 and references therein) outlined below

briefly in case of Sample T-11.

550 g of sample T-11 was crushed to less than 230 u (601
ﬁésh). 30 g of this was preéefved as aliquot for mass spect-
‘meetric, fossil track and chemical composition measurements.
%20 g was dissolved using HF, HNO3 and HCl. About 45 g remained
ﬁndissolved, which was fused with Na2003 and the melt was
/‘diSSOlved‘and mixed to the main solution. An aliquot was
taken for the chemical estimation of elements. Carriers of

Be, P and Co were added and equilibrated by vigorous boiling.

Fe was removed by ether extraction-in 9N HCI. Al,\Na and
Mn were precipitated as chlorides by Gooch-Haven's method. = Mn
was. separated as MnQ2 in a HNO3—NaBrO3 medium. Al, Be, Cr and
P were separated from Fe, Ni and Co by hydroxide precipitation
in a Na,0,-NaldH medium. Final separations were done by ionQ
exchange columms. The radiochemical purification was performed
using characteristic precipitations or ion-exchange methods

(Finkel, 1972).

14 g of sample T-68 and 13 g of sample T-67 were processed

only for Al and Be to determine the activities of 26A1 and

195,
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;iI.B.E; Neutron'activétiOH,analySis of 53Mn in meteorites

53

Mn in meteorites was determined by intense neutron

53Mn (n, v ) 54Mn (Millard, 1965). The tech-

activation via
nique involves pre and post-irradiation separation and puri-
fication of Mn following the detailed procedures of Imamura

et al. (1969.1973), Nishiizumi (priv.comm.) on meteorites and

Lunar samples.

Twelve chondrites, two pallasites, one mesosiderite and

were crushed to 50 ~ 100 mesh size powder in an agate mortar,
In 5 chondrites the samples available were large and for themx

,the metal phase was separated by a hand magnet u81ng 1sopro—j\

panol to wash away the fine dust fraction. The metalllc fra~

ctions, so cbtained were washed with dil HCl, water and iso-
PrGi in an ultrasonic bath and inspected under microscope for
Silicate contamination. Metal blocks from non-chondritic
meteorites (ca.300 mg) were also washed similarly before

chemistry.

a. Pre-irradiation chemistry

After dissolution of the metal and other Solublé minerals

in stone (ca.500 mg) with a few ml of 1:1 HNOB, the undissolVedum

Silicates were decomposed with 4-5 ml of 48% HF in a 50 ml
teflon beaker. After dryness the residue was dissolved with
2-3 ml of 60% HClO4 and fumed to dryne$s to remove fluorides.
The fuming process was repeated three or four times by adding

- 40-50 mg of Boric acid to mask any residual fluorides., The

_one iron meteorite were analysed. Chondrite samples (ca.500 mg)
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afy’brOWniSh cake was dissolved in 8N HCl. About one percent

aliquot by weight was taken for chemical analysis.

Fe, Mn and Ni in these samples were determined by atomic
fabSQrption Spectrophotometer (EErkin—Elmef model 305 A), Most

éfkthe Fe was extracted from the solution with isopropyl ether.
;ihe aqueous fraction was taken to dryness, and dissolved in

mildly acidic solution. The solution was warmed and hydroxides

4 \
{HZO2 (30%). The solution was allowed to rest for about 2 hrs

yére precipitated with NH,OH at pH: 8~9 and é few drbps\df
for completion of Mn precipitation. The thick brownish pre-
éipitate was separated by centrifuge and washed 2 times in
_ammoniacal water. This step removes most of the Mg,‘Ca, Na
and paft of Ni, Cb. The precipitate was dissolved in a few
drops of 9N HCl and loaded on & 7 ml anion exchange column
(Dowex-1 x 8, 100-200 mesh, 0.5 cm2 x 14 cm 9N HCl medium).
The alkaline earths, Ni, Cr were sSeparated in the first one
_colum volume of 9N HCl. Mn was then eluted with the £ollow-
ing 2.5 column volumes of 9N HCl, Co and remaining Fe were

eluted with % column volumes of 0.5 N HCL.

In some cases, instead of a simple 9N HCl anion exchange
column the medium used was a 'mixed solvent' (conc.HC1l :
iso-PrOH : HQO =45 : 40 : 15 by volume, Fritz and Pietrzvyk,
1961) . 1In this case the Mn fraction was taken in about 2 ml
of 'mixed scolvent' and loaded on a 7 ml anion exchange
column in ‘mixed solvent' medium. Ni, V, Ti were removed in
_the first 3 column volumes of the elute. Mn was then eluted

with 2.5 column volumes of TN HCl. The Mn fraction was



evaporated and converted to nitrate with about 10-15 drops of

conc. HNO3 by heating. The residue'was dissolved in one or
of water and transferred to a 2.5 cm x 2.5 cm square

Aluminium (Nippaku Al 99.93 Z Al, Mn =

ppm) and evaporated under an IR-lamp.
vThiS brocess was repeated four or five times in order to
fﬁranSfer all the Mn on to the foil. The foil was heated on a

ot-plate for complete dehydration and to a high temperature

to form dark coloured oxide, Nm304. Finally the foil was
folded and doubly wrapped, with another foil. Wherever
’required, Mn recoveries at the various steps were followed

by atomic absorption Spectrophotometer.

For iron meteorites or metallic phaéé of stony or
~ Stony—irbn meteorites, the samples were dissolved with aqua
regia, and about 2004 g of Mn carrier was added. Chemistry

r:was followed as described above except for the step of

hydroxide precipitation.

b. Neutron irradiation

The JRR-Z2 and JRR-3 reactors of the Japan Atomic Energy
Research Institute, Tokai, Ibaragi prefecture, were used for
the neutron activation analysis of 53Mn in meteorites. The

VT-4 position of JRR-2 (¢ ~ 3.7 x 1012 n/cn?.sec) and VG-T7-6

position of JRR-3 (¢ ~ 2.7 x 1O12 n/cn?.sec) were utilised.
The irradiation times were 11 days in both the cases. Though
JRR-2 has a higher flux, the VG holes of JRR-3 provide a

higher thermal to fast neutron ratio which proved more

satisfactory to reduce interferences from the 55Mn(n,2n)
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‘EANm‘énd 54Fe(n,p) 54w reactions. A set of samples wrapped

;ﬁ aluminium foil was irradiated with 53Mn standards and Co
ééuflux monitor, along with 5—io mg of Mn metal and 2 -10 mg
'dfffe:métal for estimating interferences of (n,2n) and (n,p)
lgeactioné respectively. The Standards of 53Mh, Co, Mn;metal
éhd Fe-metal were put on both sides of the samples arranged

in the form of ‘'sandwich stack' and the whole Stack was packed
'in a big aluminium foil to make a package of about 1.5 cm x
1;5 cm x 2.5 cm. The 59Cb standard measured the thermal
tneutron flux and the flux gradient across the stack. The flux
variation from the top to the bottom of the stack was found

to be within 5%.

c. Post-irradiation chemistry

The irradiated samples were usually cooled for 20-30
days before processing. The sample contained many radio-
S : i a 46 _ 51 (o

active impurities such as Sc(tl/g— 84 a), Cr(27.7 4);
5% (44.6 @), Pco(5.26 yr) Pz @44 a), Pse (120 @),

1 :
110m “921r (74 d). These were various (n, Y )
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Ag(250 4d) and

products and particularly high activity of Sc was formed from
Sc impurity in the Al foil. The purpose of post-irradiation

chemistry was to effect the radiochemical purification of

54
5JrMn from these radiocactive impurities,

Extreme care and safety precautions were taken in
handling the irradiated sample. The manganese oxide was
dissolved from the inner aluminium foil using dilute I—INO3
and about 0.2% H202 in a beaker using IR lamp. 2About 1 mg

cach of hold back carriers of Fe, Co, ¢r, Ir and Sc were




addéd’tb the'solutibn.  The foilvwés reﬁoved from the solution
 after complete dissolution of the manganése oxide; After
’évaporating offvthe Solution, the residue was dissolved in a
]few drops of 6N Hdl and made upto O.5N HC1l by édding water,

The solution‘wasgloaded to.a 5 ml.éation exchange columh‘

(ﬁpwex 5OW_X 8, 1064200 mesh, 0.5 cn? x iO cm; 0.5N HCIL

'medium) and then 5 ml of:2N HC1 was passed through the column.
 Mn:wa$ collected in the next 13% ml of 2N HCLl along with Co and
 Fe. In this step yellow ééldured iron fraction eluted slighti?

faster than Mn.

The manganese fraction was evaporated and loaded on a

- 5 ml-anion exchange column (Dowex-1x8, 100-200 mesh, 0.5 cm? X
10 cm, 9N HCl medium) with a few erﬁs.ofi9N HC1, >After;5_ml
”OE\QN HC1 was passed, Mn was collected in the next 13 ml of

9N HCl. Co was eluted with next 10 ml of 4N HC1 and then Fe
with 10 ml of O.5N HCl. This iron fraction was evaporated in

3 plastic vial and the amount of iron was determined from the
gamma activity of 59Fe with a 3"x3'"' NaI(T]) scintillation
detector. The iron content in the irradiated sample was
necessary to know for correcting the contribution due to
54Fe(n,p) 54Mm reaction. The final purification of Mn was
done by TTA (thenoyl trifluoroacetone) extraction. The TTA

~Solution was made by dissolving 2.5 g TTA in 10 ml ethanol.

The manganese fraction from anion exchange step was evapor-

ated to dryness and dissolved with a few drops of 2N HC1.
The solution was diluted with 5 ml of 10% ammonium tartrate
‘as a masking agent and 5 ml of 20% ammonium acetate. About

100 mg of 1- ascorbic acid was added and the pH was adjusted
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'fé~9lwith'a fewrdroﬁs {1;1) NH4OH. At fhis stége 1.5-3 ml
 iTTA solution was added which formed yellow precipitate of
Mn-TTA complex. The complex was extracted into 10 ml of
thylacetate and the organic phase was washed with 10 ml of
pH:8~9 buffer solution. Mn was back extracted into 10 ml of
dil HNO3' The back extraction was repeated. After drying
ﬁhe'combined extracts the remaining ammonium salt was decom-—

posed by boiling with aqua regia.

From the purified manganese solution a few pércent aliquot
was taken by weight for chemical yield determination. The
remaining solution was transferred to a small plastic vial
(counting sample holder) and evapcrated to dryness under an

iR lamp. The chemical yield was determined by atomic\absorQ

ption spectrometry (Perkin-Elmer model 305).

'II.C. Counting techniques and track measurement

The activity levels of the radioisqQtopes in samples of
meteorites and the Moon are very low and hence require the
_use of special counting systems to yield high signal to back-
ground ratios. The background of counter from environmental
radiocactivity and muons and their interactions is reduced by
the use of Pb shielding and anti-coincidende guard counters
(Ceschger and Wahlen, 1975) while the efficiency is maximiséd

by the choice of detectors. For isotopes decaying by emitt-

ing two coincident radiations e.g. 26Al, 6OCC the specificity

~of detection is improved by using two detectors in coincidence

with each other. Five high sensitivity counting syStems were

~used in this study. The B- Y coincidence gystem developed
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:tﬁisistudy is described in detail hefe; In addition} the
‘;;Y end X-ray counters ueed for thie work will also be

;Séribed' The 54Mn counting for the irradiated 53Mn samples
_done in the Ge(Li) system in Prof. Honda's laboratory in

OKYO- A brief description of this is given. In addition, a

short outline of the methods of nuclear track analysis is

given for the sake of completeness.

ii?c'l' The B-Y coincidence'spectrometer

Radionuclides which emit B particles in coincidence
with Y radiation can be measured by the B-y coincidence
spectrometer following the design by Bhandari (1969),
Réjagopalan (1969) and Wogman and Brodzinski (1973).-.Three

QCh radioisotopes were measured which included 6OCo (EY =

2
1,17, 1.33 Mev) and the positron emitters 26Al and °°Mn where
the coincident <y rays were the annihilation photons (0.511

 Mev) of the B* after its interaction with matter.

The Schematic of the system is shown in Figure 4. The
112.5 cm X 12.5 cm NaI(Tl) Scintillator'Supplied by Horiba Co.,
Japan was coupled to a EMI (9709 QKB) quartz face photomulti-
plier. The photomultiplier was run at 1200 v. The beta
counters were flat rectangular Gelger-Muller counters. They

o 2
were made of plexiglass (methyl—methacrylate) with 0.9 mg/cm

gold-coated mylar windows and S.S. central wire of dia.0.005 crm.
For non-destructive analysis of Lunar rocks five such counters
were made with different sizes and active areas to suit the
available rock surfaces since larger surface area means a

larger signal. The beta counters were placed flush against
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e £bp surface of thenscihtillator cfyStal. They were
péféfed as flow gas counters with érgon ethylene mixture
thylene 1.25%) as counting gas. Commercial argon gas was
ognd.to be quite suitable for the purpose., The active area
_ithé beta counters were between 4 to 12 cn?. The beta
,éﬁﬁters had stable plateau of greater than lOO-V and were
'élly operated at 70-80 V higher than the starting volﬁage.

40

;adic checks on starting voltage were done by using a K
eté'éténdard,

A large (34 cm x 24 cm) Geiger-Muller counter was placed
 n top of this B- Y assembly to act as an anticoincidence
mu-meson umbrella. It was also made of plexiglass aﬁd had‘

9 wires separated by 2.3 cm from each other. Tﬁe winaow was
made cf aluminium coated mylar. This was also operated as a
flow counter with (Ar + ethylene)gas mixture. The poSition'Qf
Ehis guard was adjustable to accommodate various rock speci-
@éﬁérqn top of the beta counter. Use of this guard reduced
ktﬂé\background of“the system by a factor of about 3 in the
bresent geometry. The whole system was placed inside a 15’¢m.
thick lead shield and housed in the ground floor'of a 8*stofey’

~laboratory.

Signals from the three counters, beta, cyard and Scinti-

llator were monitored in a multi-purpose unit which also

recorded the pure beta signal in anticoincidence with the
guard and gamma signal. The gross count rates from the
three detectors were checked to determine the stability of

the system, Scintillator pulses in coincidepce with beta
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gnal were stored in a 400 channel ECIL multi-channel ana-

YSer whose gate was opened by the output of beta pulses from
the above mentioned multi-purpose unit. The schematic of the
‘1ectronics is alsc shown in Figure 4.

The efficiency of the system was obtained by using 22Na

26 2

. 22
and »1 standards. The ~“nNa standard (SMN ~“Na) was made

 from NBS standard (4921, parent solution had 1.09 x 104 5+/

26,
A

”éc/gm on 6 August, 1964). The 1 standard was made in the

La Jolla laboratory of Prof. Arnold and intercalibrated with
22

‘Na standard. The backgrounds were counted by activity-free
”perSpeX pieces cut to fit the size of the counters. Typical
efficiency and background of a system, Aries on Horiba, are
 giVen in Table 3. Activities for 26Al were calculated uSing~ 
the 511 keV annihilation peak only. Integral rates at higher
energies in the analyser spectrum were used as additional
checks on the system stability. In the non—destructive
counting of Lunar rocks the activity of the samples was low
\and it was necessary to count them for more than 5,000 minutes.
Background and samples were usually counted alternately. The
total background data for 30,000 minutes were pooled and usgd:
as mean background over the entire period. Individual back-=
ground runs were found to be stable during the &hole counting

period.

ITI.C.2. The beta, X-ray and gamma counters

3 33

. , O . .
The radionuclides 1 Be, P, 7P were measured in the

Dhajala meteorite after radiochemical separation of these

elements. These isotopes are pure f emltters and the
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LtiQitiewaere measuféd in é Geiger-Muller counter following
e design of lal and Schink (1960), Briefly, the beta counter
'é$:a rectangular counter with 2m - geometry and 4.1 cn? active
é~and operated with Q-gas (98.7% helium + 1.3% isobutane):
Th? beta counter was used in anti-coincidence with a big rect~‘
ngular guard counter and housed in a 10 cm thick lead shield.

vhe.background and counting efficiency are given in Table 8.

A duplicate sample of lOBe was also measured in a\lower
aékground system designed following Bhandari (1969). This
onsisted of a rectangular G-M counter in anticoincidence with
'é;NaI (T1) scintillator. The scintillator has a well of 7.5

m x 2.5 cm in which the G-M counter is placed. The counting
gés was (Ar + Ethylene) mixture and the System was housed in a
15 cm thick lead shield. The background and efficiency of

this system are also given in Table 8.

Radioisotopes 53Mn and 57Co were measured in the Dhajala
¢hondrite after radiochemical separation of these elements.
These are X-ray emitters and were counted in a big cylindrical
X-ray counter, The proportional counter was made by
Venkatavaradan (1970) and described in detail in his thesis.
It was operated by P-10 gas as a flow gas counter. The
'Signals were amplified by a Canbéerra spectroscopic amplifier
and fed to a MCA for enerdy analysis. The efficiency was
determined by a plated 55Fe Scurce. The bhackground and

efficiency are given in Table &,

A simple Y -ray spectrometer was used for rapid non-

destructive determination of 26Al from various faces and
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ragménts of a meteorite. .This method was first used by Van
Dilla et al. (1960). The system consists of a 7.5 cm x 7.5
m NaI(T1l) detector coupled with an ECIL multichannel analyser

26A

1e predominant y -activities in chondrites are due to 1

iﬁ 511 kev and 4OK in 1460 kev channel. In the case of fresh

fall Dhajala, the peaks due to 22Na and 54Mh were also very
prominent. A simple iterative procedure was followed to cél~
éUlate the net signal ratio of 511 keV to 1460 kev by cqunting
standards of 26A1 and 4OK along with the sample. ﬁinal calcu-
iations of 26A1 activity were done on the basis of this ratio
felative to the ratio foundvin the case of meteorite Bansur
WhOSe 26A1 was determined by vy -y Spectrometry. The K-
thent of the sample was determined by atomic absorption

Spectrophotometry (Perkin-Elmer Model 305).

II.C.3. The Ge(Li) counting systems

The activation analysis of 53Mn requires high resolution
’counting of 834.8 kéV gamma of 54Mh to discriminate from
traces of several radiocactive impurities carried through the
3post—irradiation chemistry. Solid statg semiconductor
‘detectors are lideally suited for this purpose. Three Ge (Li)
“qetectorS, located in Institute for Solld State Physics,
”Tbkyo, were used in this work. One detector was supplied by
Princeton Gamma-Tech (No.1292)., It has a diameter of 49 mm
and a length of 48 mm and a ﬁominal active volume of 80 cm3.
It is encased in a stainless steel ‘acket and kept at liquid

nitrogen temperature on a horizontal dip-stick cryostat. The

Other two detectors were supplied by Horiba Ltd., Kyoto, Japan.
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1 these detectors are housed in a room where temperature
s controlled at 20° ~ 22°. The efficiency, background,

esolution and other details of these 3 detectors are gilven

n Table 4.

T1.C.4. Measurement of nuclear tracks

All the samples of meteorites and lunar rockSs studied in
his work were analysed for nuclear tracks to eStimate the
re-atmospheric depths and cosSmic ray exposure ages;’\The
dé%&iled description of sampling, etching and counting in
optical and electron microscopes have been described in several
‘Dﬁblications from this laboratory and summarised in Tamhane
»1972), Bhandari et al. (1972) and Goswami (1977). 1In this
work only the abundant minefals i.e. feldspar and pyroxene
minerals were uSed for Lunar rocks and olivine and pyroxenes
‘were used for metecrites. Standard procedures of mounting;
etching and counting (Bhandari et al. 1975) were used and will

not be described in more detail here.
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Chapter III

ReSults

Radiocactivities induced by solar and galactic cosmic rays
Lunar rocks and meteorites have been measured in the present
o) k'by a variety of techniques discussed in the previous cha-
te?. Most of these activities are feeble and.the signal
réﬁgths are only a few times higher than the backgrbunds of

the systems. The methods of analysis of signals and the cal-

culation of activities for each isotope are described in this
apter. In addition, the results of measurements of track

densities in samples from meteorites are also presented.

-A. Analysis of f-7Y coincidence counting data in Lunar rocks

All samples of the Lunar rocks studied in this work for
their 26A1 activities were counted at least 2-3 times in the
_B— 'Y Spectrometer interspersed with background runs. The
counting data was pooled up and the analysis was done on the
:Cumglative Spectrum thus obtained. A typical coincidence:
spectrum obtained in the top face of rock 61016,287 is shown

26a1 activity in

in Figure 5 alongwith the background. .The
the samples were ascertained from the 511 kev region in the
 measured Spectrum, after making appropriate subtractions for

other contributing nuclides like 22Na and the daughter nuclides

~
of U and Th. In the present case the contribution of C2Na to

the positron peak is estimated to be only 5 # of the total
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o

gnal. The estimation is based on the following: (1) ""nNa

5duction rate in all the chosen rocks is only about one-

ril-September 1975 and the dates of collection of Apollo 16
d:Apollo 17 rocks are April 22, 1972 and December 14, 1972

eépectively. The decay of 22Na in this interval range from

max = 550 keV)

Q to 60 % (3) 22Na has a low energy B+ (B
hich makes its contribution significant only. from a layer of

~ 30 mg.cm~2 thick compared to ~ 100 mg.cm‘2 layer for 26A1.,

. . 2 . ) '
The exact amount of contribution from 2Na is difficult
o estimate, but on the basis of the above three considerations

e adopt a value of 5% of the total signal for its contribu- . |

A more significant interference in deducing 6A1 activity

is caused by the U, Th decay series nuclides. The estimation
of this interference was done by a first order iteration Pro-
cess. The representative energy range for the positron was

taken in 9 channels (511 + 50) keV and for the Th, U series

208T

nuclides 1 and 214Bi in 5 channels (610 i'25) kev. The

(610 + 25) region is separated by 24 keV from 511 kev tail and one

ZOST

can use the high energy side of the peaks of 583 keVv ( 1)

232

. 5 ,
and 609 keVv ('14Bi) which are the decay products of Th

238

and © %y respectively. The iteration process was based on

2
the ratios of count rates obtained for the standards of “6A1,
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rrestrial granite and basalt given. below:

Nyet counts in (610 + 25) kev o6
: ’ = 0,07 for ~ Al std.

in (511 + 50) keVv

Net counts in (511 # 50) kev
et counts in (610 + 25) kev = 1.37 for terrestrial granite

Net counts in (511 + 50) keV
= 1.41 for terrestrial basalt

Net counts in (610 + 25) keV

The U/Th activity ratio in the granite and basalt is 1:3
and equal to that in the Lunar rocks studied here (Table 1).
o the final net count rate in (511 + 50) keVv per 1000 min,
yaénoted by FNCR, is given by lst order iteration,

 FNCR=(Net count rate in 511) - 1.37 (Net count rate in 610-0.07
(Net count rate in 511))

Since the signal is proportional to counted area of the rock
face, a parameter CPTA, counts per 1000 mins per 1 cn? area 1is

defined

FNCR
area

CPTA =

The positron activity A_ of & thick sample, when the observed
‘activity is A, is given by,

& A
efpt at = —2
o Yo n

S0 A= A
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AC = activity in dpm/kg
PTA = net count rate in 511 keV after correcting for U,
Th interferences

N = positroun counting efficiency

0.6%5 , . .
1= S2872  and t .~ = half-thicknesg of positrons in
' t ,r l/r

1/2

o 2
L1 mg.cim

Half-thickness, t1/9

Since the half-thickness values of BT marticles from 26Al
atoms in the rock determines the effective mass contributing
to the signal, it was very important to know this value accu-
iétely in the present gecm=try. Half-thickness, t1/2 of B8

in Al metal are related to the udcer energy limit of the beta

spectrum E__ (MeV) approximatelv hv (Libby, 1956),

) = /0
fd _ - vy
tl/g_(mg/cm ) = BS(mwag
Libby also noted that for most highly forhidden spectra
" ‘
4OK and 26
26

like Cl tne formula underestimates tne tl/? by about

10 20%, Al has a uniguz second forbidden spectra (I = 3,
b=
, , = . B ~ —
No) emitting B . To determine t, » accurstely we parformed
;

~

an external absorption experiment by 2lacing Al-:Zoils of

/) -
<0,
41, We also per-

varying thicknesses on the standard of
formed self-absorption experiment bv using varying thicknesses
of powder standard. In Figure 6 the count rate obtained in the

B-v mode is plotted against thicknesses of absorbers, The

0

data points fall on & stralght line indicating thai the absor-

ption is exponential in nature. It also gives a best f£it value




10:0

50
64
| T
’ (o]
E.
QL
(8]

e

05

100

T 50
g
e
%)
)
=
%)
P
Z
0 ed
-

10

1gure 6.

L !\l (Al Absorber) s
7 7]

58

F- T 171 I [T T 71 [ 1T 7777 r T 777 T T 1T ] '
_\ . 26y, :
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Determindtion of half-thickness of positrons from
26A1 decay by external and self-absorption methods.
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:Qf £1/2 to be 60.5 mg;cm;gfl This contrésﬁs with‘48 mg.Cm_2
btained by using Libby formula and E . = 1.17 Mev. The data
VOr self-absorption in A1203 plotted in Figure 6 also fit a
alf-thickness value of 60 mg.cmgz. For calculation of acti-
_Vity of 26Al we take a value of 60.5 mg.cn? for t1/2 in Al
“ﬁetal. The half-thickness value in & rock of anorthositic
édomposition like 61016 (mean atomic weight = 21) is calculated

“Sing the relation of Lerch (1953),

1

t:L/2 ¢ 15 wi00

where M is the mean atomic weight of the absorbing material.
This value is 63.5 mg.c:m—2 and is used for calculation in all

the rocks since small variations in composition in anorthosites

is not found to be important.

The Table 5 gives the details of the sample depths
(available faces), counting data along with data for terres-
trial granite and basalt and the 26Al activity in dpm/k¢. The
activity of 26Al in the bulk samples, reported by other investi-

__gators, are also shown. The counting efficiency was 0.4 % in

the 1lst set and 11.6 2 for the 2nd set.

There are some differences between the data presented here’
and our earlier published data in Bhandari et al. (1376b). In
most of the cases the difference is due to improved counting
statistics and is well within the Quoted uncertainties, except
for two samples of 61016,287 from depth (1.1-1.2) &nd (1.5-1.6)

-2 ) ,
g.cm . In these two cases, we counted the faces in two other
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iyStems‘..-In the third system much larger CPTA values were

fdbserved. The published data in Bhandari et al. (1976b)wer§
eighted average of these three éets of values. In the pre-
‘ ent table we have rejected the high CPTA values encountered

n the third system because the background of the sysStem was

ot stable and the previously adopted value may not be reliable.

‘Error analysis

The count rates in all the cases are small due to the

_smallness of the surface area counted. This fact is respon-

Sible for the large associated errors. The background was

 fairly steady for the duration of the counting period and the

error in the background is taken to pe 1 0 statistics from the

total counts accumulated (in 511 + 50 kev = 7.6 + .5 CPT, in

610 + 25 kev : 2.8 + .3 CPT; CPT denotes counts per 1000 mins).

The error iSs square root of the quadratic sum oOf errors in

‘ sample and background counts in (511 + 50) kev.

ITI.B. Results of gamma counting in meteorites

Di fferent faces of 4 Indian meteorites were counted in a

gamma system to look for a possible depth variation of 26Al

activity. The results are given in Table 5 for Bansur, PbParsa
_and udaipur. The data for the fresh fal,, Dhajala, will be

presented in section I11T.8B.1.

For old meteorites in which ZQN& was decayed, the positron
signal is entirely due toO cosmogenic F6Al and the 1460 keV
signal is due to 4OK inherently present. The ratio of these

two Signals can be used to calculate the 26Al activity if the
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ik K content of the meteorite and 26Al/4OK activity ratio

4 suitable meteorite standard are known. The meteorite
ﬁderheim was used for this purpose. The ratio 1.67 found
;Bruderhéim was taken to represent 26Al value of 60 dpm/kg
ghd by Honda et al. (1961). Table 6 lists the faces counted
a the net signal ratio of 511 keV to 1460 kev. The K content
kneaSured by AAS is also given in Table 6. With these data the

26Al activities in the faces are calculated (Table 6) .

The validity of the normalisation was checked by studying
_piece of Bansur by Y-y spectrometry, (Bhandari et al.,

/979) which gave values consistent with that found in this work.

The errors guoted are due to 1 0 counting statistics. The
:rrors due to K content and original normalisation data (10 %)
‘frBruderheim have not been included. These data are represen-
tative of relative variation of 26Al activity with respect to

the Bruderheim value of 60 dpm/kg.

IIT.C. Radionuclides in Dhajala

In this section, initially the results of non-destructive
5gamma counting of six fragments of Dhajala are presented. The
results of destructive analySis in three fragments will be

presented subseduently.

III.C.1. Results of gamma counting

In the gamma sSpectrum clear signals were obtained at 511,

2
8%5, 1460 and 1810 kev due to positron emitters (_zNa and

2 2 .
6Al), 54Mn, erOK and 6A1 respectively. The method of calcu-

o 20
lating gamma activities of “6Al, o Na and 54Mn from the gamma
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'ay spectrum 1s outlined here. The 1460 keV signal due to

40

“K was used as a relative internal standard for estimating
the effective mass contributing to the sSignals. The Compton

contribution of 1810 keV to 1460 keV was estimated by usSing a

26Al standard. After this correction, the ratio of 1810 kev

ignal (268) to the 1460 kev signal (408) is calculated for

ach fragment of Dhajala. The ratio in Bansur was used as the

26

steorite standard. The average " “Al activity of Bansur has

peen found. to be 50 + 5 dpm/kg from Table 6 and also by Y=Y
measurementS. The K contents of Bansur and Dhajala are measured
. 2

to be 870 ppm and 840 ppm respectively. The “6Al activity of

the Dhajala samples is then calculated by,

26 . _ S . (840) . 50 dpm/kg
Al activity =

Wﬁére the subscripts 'S' and 'B' denote ratios in sample and
Bénéur respectively. The activity of 22Na was calculated from
"the total 511 keV signal using Compton corrected signals and
,Sﬁbtracting the 26Al contribution. The 54Nm activity was
'détermined from the 835 keV signal using the same procedure.
The average of the ratios of the 8%5 keV signal to the 1460 kev
Signal. was taken to correspond to 144 dpm/kg, the value

Mmeasured in T-11 by destructive analysis,

The Table 7 gives the results of these calculations along -
with the weight of the fragments, their distances along the

fall-out track, the track density values in the fragments and
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he deduced shielding depths (by taking exposure age of

Dhajala as 6.2 m.y. Gopalan et al., 1977).

T.C.2. Results of radiochemical analysis in Dhajala

In 3 fragments of Dhajala, T-11, T-68 and T-67 eleven
;radioisotopes (7Be, 1OBe, 26A1, 32p, 33p' 51lap, 52Mn, 53Mn,
;54Mn, 57Co and 6OCo) were measured after their radio-chemical
'separation. Table 8 lists the details of the chemical and
counting data of these samples. Carriers of Be, P and Co

were added during dissolution and the amount expected is the

sum of the added carrier plus the naturally occurring amount. .

The elemental abundances in Dhajala were measured in PRL
in two samples taken from T-11 (Sarin, priv. comm. 1976) and
also by Noonan et al. (1976). These are given in column 2.
(Noté the changes in Co and Cr concentration from the values

adopted in Bhandari et al. (1978). Co was taken as 0.04%.

The bulk value obtained in PRL is 0.08 % and has been
remeasured and checked to be correct. The Cr concentration
found in P.R.L. was 0.215 ¥ whereas Noonan et al. (1976)
reported a value of 0.383 % which is in agreement with the
average value 0.34 + .05% (Mason 1971) found in H3 chondrites.
The HF digestion method adopted in :PRL measurement 1S now
considered to be the reason for the discrepantly low value

and Noonan et al's value is adopted now to be true. Column

% 1ists the chemical form of the salt in which the elements

were counted.

6

26A1, 52Nm and OCo were counted in the B-Y Ssystem

described earlier. The 52Mn has a short half-life of 5.6 days
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nd its decay was followed by counting over a long perionﬁill
fthe gross signal became nearly equal to the background. Figure
7 shows the plot of gross counts (in B-Y mode) against the

Mﬁ 52Nm activity was

decay factor (e .  The net activity
derived from the best fit line to these data points.

33
33

10 %52

Be, P and P were counted in two low-background G-M

counters. 32P and P activities were calculated from the net

ount rates obtained over an extended period and from the
analysis of the data by the method of Biller's plot.

54

Mn was counted in a well-type NaI(Tl) scintillator for

its 8%5 kevV gamma activity.

Combined X-ray activity of 53Mn and 54Mm was obtained by
g 53

~ X ray counting of Mn-fraction an Mn activity was determined

by subtracting from it the activity of 54Mn measured by gamma
57

counting.

7

Co was counted by the same X-ray counter. The
Be and 51Cr samples were counted in a well type Ge (Li)
detector by Dr. C,P. Kohl in Prof. J.R. Arnold's laboratory

at La Jolla.

The activity A& (dpm/kg) for each nuclide in each sample

was calculated according to the formula,

/
A=Pye.fwu fon. fa. for. w

where N = Net counﬁing rate (counts per)min)
€ = detector efficiency
fsa = self absorption factor
foh = chemical efficiency factor
£

d = decay factor
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= branching ratio

h
o
H

e
il

sample weight (kg)

The net counting rate (N) is obtained by subtracting

Eé coﬁnt rate of the blank or background from the count rate
of the sample (gross count rate). The error in N is given by
;thé square root of the sum of 1 0 errors of the gross signal

and the background.

The efficiency of each detector system was deterwmined by
running appropriate standards. The counting efficiency ( €)
is given by the ratio of the observed count rate to that
'éxpected. The self-absorption factor (fsa) is required to
correct for the attenuation of the radiation due to the finite

 thickness of the sample. For B emitters (loBe, 26Al, 32P,

1 BBP, 52 60

Mn and -~ Co) fsa is calculated by the formula for

exponential absorption from a plain Source,

-ut
£ _ - e M
sa = o
where no= %Légé
1/2
. . 2
t1/2 = the half thickness in mg/cm
. , 2
t = sample thickness in.mg/cm

In most of the caSes_(loBe,~25Al, 32P and 69%o) the
half-thickneSs valﬁes werg\déterminediexperimentql;y by
external absorbers. 1In othér cases like 52Mn, ti/2 fin
mg/éﬁ?) in Al-metal is found out by‘using the Liﬁby formula

(Libby, 1956).




7i

Ly 1.5
€y s (x1) = 38 (& __ )

where Emax = the maximum energy-of the B spectrum (in MeV)

of the emitter.

_The t1/2 value in the compound actually counted is then deter-

1ined by using the relation of Lerch (1953),
tyyp 1/(1 + 0.01 M)

where M is the mean atomic weight of the compound. The values
calculated were (by taking E -y V@lues from Lederer et al.,

1967)

1%e¢ in Beo t1/2 = 22,7 mg/cn?
26

32
33

52 L _ 2
Mn in MnO, t1/2 16.3 mg/cm

Al in Alzo3 tl/2 = 63.3 mg/cn?
. 2
P in Mg, B, 0, tl/2 = 88.9 mg/cm

2
P in P@2Eécb t1/2 = 8.0 mg/cm”

60 . 2
Co in Cq203 tl/2 = 6.2 mg/cm

The X-ray self absorption of 53Mn, 54

Mn and 57Co in M‘nO2 and
 C¢?O3 respectively was calculated by using mass-absorption
coefficients given by Compton and Allison (1968). The values

Are given below

o
57co (6.4 keVv) in COZO3 t1/2 = 11.0 mg/cm”

54 9.2 mg/cn?

I

Mn (5.4 keV) in Mno2 t1/2

~ The branching ratios used were taken from Lederer et al.

(1967) except for 26Al which was taken from Samworth et al.
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(1972) and were 'Be (0.103), % (1.0), 2641 (0.@2), Pp (1.0,

53p (1.0), ®lcr (0.09), 52,4 (0.34), 23w (1.0), 5Tco (1.0),
60 :

Co (1.0),.
The efficiency of the X-ray counter was determined using

~a plated 55Fe Source.,

53

The fluorescence yields for 55m ana 2%mn

(decaying to °“cr ang 2%

Cr and giving Cr - X-rays)were taken
0.229 and for 57Cd (decaying to 57Fe giving Fe - X-rays) was
taken 0.293 for calculating the efficiencies for these isotbpés

(also from Lederer et al., 19¢7).

The calculated activities are presented in Table 8.. In

Table 9 a summary of the results obtained for various radio-

1sotopes is given alongwith the values cbtained by other

investigators on other fragments of Dhajala.

IILD. Neutron activation analysis of 53mn in meteorites

IIT.D.1. 53Mn data from Spot-samples

Of the 12 samples, 7 Samples were taken from the separated

metal phase and 5 samples from bulk of the meteorites. Fe, Ni

and Mn contents of Samples were determined by AAS and the

data are presented in Table 10.  The Table 10 also includes

average Fe, Ni and Mn content of the core samples from 4 meteo-

rites whose 53Mn data will be presented in ITI.D.2

.

The spot samples were processed in two batches of
n-irradiation in two Japanese reactors JRR-2 and JRR-3.

Tables 11 and 12 give details of these two irradiations and

counting data. A brief explanation of the contents of the

tables are given below.
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vThé neutron fluences were determined from Co-standards.

Tﬁe variation in n-fluence between the top and the bottom oﬁ
the stack was less than 1% for JRR-3 irradiation. For JRR-?
thé extent of variation was not determined. ~54Mn activities
induced in Mn-metal by (n, 2n) reaction and in Fe-metal by
’(n, p) reaction were estimated by irradiating two standards
of each metal placed at the top and the bottom of the stack.
The data for each metal are averaged and are given as 54Mn

4 54

cpm/mg Mn an Mn cpm/mg Fe. These values are used to esti-—

54

mate the contribution to the Mn signal in each sample from
Fe contamination and stable Mn. Fe contamination in irradi-
ated sample was determined by post-irradiation separation of
Fe (by adding Fe-carrier) and counting the separated Fe i@ a
NaI(Tl) scintillator for the 1099 and 1292 keV 59Fe gamma —
rays. Stable Mn in irradiated and counted samples were
determined by AAS. The 9th column in the tables gives the
54Mn count rate in each sample, after correcting for the

(n, 2n) contribution from stable Mn, the (n, p) contribution
from Fe contamination and applying small corrections due to
decay and counting efficiency variations during the counting

period. All samples were counted twice and the error in the

9th column is due to 10 counting statistics.

53

is done by the following method. Twd standards of

(made from Bogou iron meteorite and suvplied by Dr. K.
53.
Nishiizumi) of known 33Mn dpm/mg Mn were irradiated in each

set. After irradiation, these were processed in the same way

The conversion of 54Mn cpm in each sample to 53Mn dpm/kg Fe
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as the samples and 54Mn_activity in them determined. The
‘average of these two standards determines the ‘amplification

factor' by (n, y) reaction of 53Mn. This is expressed as

54Mn cpm/BSMn dpm. From the ‘'corrected signal' of 54Mn in a
sample and the 'amplification factor' one gets the 53Mn dpm
in that sample. Since the Fe-content in the irradiation

sample is known (by AAS) one can get the final value expressed
as 53Mn dpm/kg Fe. The uncertainty quoted in the 10th column
is cbtained by square root of the sum of squares of the per-
centage errors due to (i) 10 counting statistics, (ii) 3 %
error in estimation of Fe, (iii) 3% error in determination of

Mn in irradiation sample and another 3% in counted sample.

53Mn dpm/kg Fe

The final column in the tables gives the
in the sample if & small contribution from Ni in the sample
is corrected for by using the relative value obtained by

Nishiizumi, (1978) given below,

531 dpm/kg Ni = & x 531 dpm/kg Fe

g

53

ITI.D.2. Mn data from core-sapples

The locations, depth and other details of the samples
from cores of Bansur, Madhipura, Udaipur and St. Severin
meteorites are given in Table 1%. The St. Severin samples
were taken from core CB4 and AIII dgscribed in Lal et al.
(1969), Amin et al. (1969) and Cante.aube et al. (1969). The
2nd column of Table 13 gives the sample ccde with reference

to the Figures 1,2 and 3 and the 3xd column gives the
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Jirradiation code. The table also includes weight of each
sample, depth along a specified direction (the direction along
hich track density decreases). Fe, Ni and Mn contents were
etermined from two independent aliquots. The mean values

?ré given in Table 13. The maximum deviations from the mean
ere: + 1.8% for Fe, +2.1%7 for Ni and + 1.9% for Mn. We
ave assigned uncertainties of + 2% for each of Fe, Ni and Mn

ontents.

The n-irradiation was done in VG-7-6 position of JRR-3
reactor. Two Standards each of 53Mn,4Mn—metal and Fe-metal
_and 3 standards of Co were put in the stack in symmetrical
/faShion. The irradiation characteristics determined from these
éﬁandards are given in Table 14, The thermal neutron fluence
in position 1 was 6 % higher than in position 2 as seen from
Co—daﬁa and also 53Mn standard data. The errors assigned in
these numbers are log counting statistics plus the propagated
errors of Fe and Mn content. For 53Mn standard the difference

between the two determinations divided by 2 was taken as uncer-

tainty on the average value of 54Mn dpm/53Mn dpm since that

is larger than the statistical error.

Table 15 gives the 54Mn activity found after post-irra-
diation chemisStry in the samples. The Fe-contamination in the
_ Samples ranged from 0.6 to 7.4 ug @s determined by 59Fe
_activity) and small corrections duge to (n, p) reaction from
‘Fe—contaminatioh was applied using Fe-metal data from Table

14, The Mn-contents in the counted samples were determined

by taking aliquots from the final counted samples. The con-
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y using Mn-metal data. After these two corrections one

t 54Mn activity per mg Mn in the 7th column. The

54

£ains the ne
mplifidation factor' expressed as Mn dpm/SBMn dpm obtained
om Table 14 and the Fe/Mn ratio in each sample then give the
ﬁh dpm/kg Fe in the samples. The errors in the final numbers
e calculated by taking square root of the Sum of percentage
:ffors due to (1) 1o counting statistics (2) 2 % uncertainty
in Fe content (3) 2 % uncertainty in Mn-content (4) 2 % uncer-

tainty in the Mn-content of counted samples and (5) the propa-—

ated errors of all the standards,

I1I.D.3. Track data in core samples

Samples from several locations of the cores and also from
arious faces of each meteorite were analysed for nuclear
~tfacks to find out the pre-atmospheric sSize and shape of the
meteorite. In addition, these data are used to find out the

53

shielding depths of the samples in which Mn activities were

determined.

a. St., Severin

The cores of St. Severin used in this work are CB4 and
ATIII and a detailed description of these are given in

antelaube et al. (1969).

Track data in these cores were téken from Lal et al.
(1969) and Amin et al. (1969). The exposure age, as discussed
in Marti et al. (1969) is 11.2 m.y. The recovered mass of the

St. Severin is 271 kg. These three data viz. track densitiésL \




86

ggpbsure age and recovered maés are used tobfind oﬁt the pre-
;mOSpheric size and shielding depths of the samples by the
rethod of Bhattacharya et al. (1973). The pre-atmospheric
shape of St. Severin has been shown to be similar to an ellip-
s0id of axial dimensions 40 cm x 45 cm x 75 cm(Cantelaube et
sal., (1969)). But the directions of cores CB4 and AIII are
;élong the Shorter axes and the best choice of equivalent
 spherical size for the present work 1S a sphere of radius

20 cm. The core AIII has been shown to be a near-radial core
(ILal et al., 1969). The ablation for the high density face
fof this core is estimated to be 1.8 ¢m. The 'equivalent
;fadial depths ' (henceforth called 'effective depth') for

three samples from this core were cbtained by using 1.8 cm
ablation of a sphere of 20 cm radius. The effective deptﬁs of
5 samples from non-radial core CB4 are discussed and given in

Amin et al. (1969).
b. Bansur

Track density was measured in olivines taken from several
locations of the core 1% and core 14. These data are given
in Table 16. The depth is measured along ABC (Figure 1) with
the highest density face taken as Zzero. These data are plotted

in Figure 8 and the best fit line 1S Shown by dotted curve IT.

Samples from several faces of BanSur have been investi-
gated by Bhandari et al. (1978). Taking the exposure age of
Bansur to be 10 m.y. (Gopalan and Rao, 1976) Bhandari et al.
(1978) estimate the pre-atmospheric size of Bansur equivalent

to a sphere of effective radius 15 cm.
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The expected radial prdfile of track density in olivines
“or a spherical chondrite of 15 c¢m rédius is also shown in
TFigure 8 by curve I. The track density in olivines is lower
:by a factor of 2 than in pyroxenes in case of Bansur. This
_factor has been obtained by measurement of tracks in olivines.
and pyroxenes from the same location. Using this scaling

. factor 2 and an exposure age of 10 m.y. the theoretical pro-

file was obtained from Bhattacharya et al. (1973).

A comparison of the measured profile with that expected
for a spherical chondrite of 15 cm radius shows that the pre-
atmospheric shape of Bansur was not spherical. The effective
depth for each sample of 53Mn was cbtained by taking the
measured track density from curve II and reading off the depth
corresponding to that density value from curve I, which corr-

esponds to an effective radius of 15 cm.

c. Udaipur

Track densities were measured in pyroxenes taken from

several locations of core 9 and also from various faces of

Udaipur. The data are given in Table 17, where the depth is
measured along EF direction shown in Figure 3. These data
are also plotted in Figure 9 as a function of depth, and the

best fit line 1is shown as curve II.

A detailed analysis of track data from various faces
along with the adopted exposure age of 22.0 m.y. (Gopalan

and Rao, 1976) show that Udaipur can be approximated by an

equivalent sphere of radius 9 cm. The expected track profile
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in pyroxenes for a body of 9 cm radius and 22.0 m.y. exposure

age is shown as curve I. (from Bhattacharya et al., 1973).

A comparison of curve I with curve II shows that the
core 9 is a near radial one., The effective depth for each
sample of 53Mn is obtained by the same method as outlined in

_case of Bansur.
d. Madhipura

Track densities were measured in olivines from samples
taken from the core-M and in pyroxenes from surface samples.
These data are presented in Table 18, The depth is measured
along XYZ direction shown in Figure 2. The core data are also
plotted in Figure 10 as a function of depth and the best fit

line is shown as curve II.

The exposure age of Madhipura has been recently determined

in P.R.L. and the value is 15 m.y. (Rao and Venkatesan, priv.

comm.). An analysis of surface track densities with 15 m.y.
age shows that the core-M is a near radial one. The similar
values of densities found on all faces also support this fact.
The analysis also Shows that Madhipura can be approximated by
an equivalent sphere of 6.5 cm radius, and the aplation near
zero depth of core-M is about 3.0 cm. The effegtive depths

of the samples for 53Mn were obtained by adding 3.0 cm to the

physical depths in the core.
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Chapter IV

Discussions

The results of measurement of 26A1 and variou$ other radio-

‘isotopeS-in Lunar rocks and meteorites are useful in deriv-=
ing information on the flux and energy spectrum of solar and
galactic cosmic rays over different periods of time in the
past. The discussions of the data presented in chapter IIT
/are motivated by these considerations. We will firSt discuss
26

~ the results of Al studies in Lunar rocks and derive the SCR

parameters from these data. In the next section the nature of

interaction of GCR in meteorite bodies and possible time and

space variation of GCR fluxes will be discussed.

-2 .
IV.A, 6Al studies in Lunar rocks

2
The purpose of the measurement of ‘6Al in ILunar rocks was

to derive information on the solar cosmic ray (SCR) character-
istics in the past few million years. For the interpretation
of 26Al activity of a rock it is essential to know the exposure
period of the rock on the lunar surface and thg erosion rate
under micrometeorite bombardment. The surface exposure age

or 'sun-tan' age is to be distinguished from the integral
galactic cosmic ray exposure age, which is8 derived from rare

gas analysis. In the present study nuclear tracks induced

by solar and galactic cosmic rays were used for the deter-
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ination of surface exposure ages. The method has been des-
ribed in detail in Bhattacharya and Bhandari (1975) and will

pe discussed here only in brief.

V.A.l. The surface exposure age and erosion rate

Tracks induced by SCR and GCR VH nuclei in feldspar group
minerals were measured and track density profiles were con-
ructed in all the 5 rocks. Track production rate in 27
»ebmetry applicable to the case of a spherical rock on Moon
wés calculated using the energy spectrum discussed in
attacharya and Bhandari (1975). From these data we consStruct

sidence time, T(x), as a function depth using the relation:

T(x) = Pobs (x) / P(x)

here T(x) = residence time at present depth x
Pobs (x)= track density at x

P(x) = track procduction rate at x.

Since the rocks are subject to a variety of effects, like
bntinuous erosion, occasional fragmentation and turn over,

he residence time curves have positive slope in near surface’
2gions. It has been shown in Bhattacharya and Bhandari (1975)

hat a plateau in residence time curve represents one stage exposure
W4th negligible shielding whereas absence of a plateau can be

aken as an indication that the rock has undérgone complex
~rfédiat10n history on the Lunar suyrface, with small surface

Xposufe in the final geometry. Sihce the track production

éte is a steep function of depth, the slope of the residence
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'time cur&e also givés erosion rate for short exposure ages.
iFor ages greater than a few million years the slope attains
erosion eduilibrium value and cahnot be used for estimating
erosion rate. The major error in the age estimate from tracks
is due to the uncertainty in the enérgy Spectrum which is

7 30% in this energy region.

In the present study, three rocks 61016, 66095 and 79215
showed well developed plateau in residence time curves
(Bhandari et al., 1976b)indicating simple Surface exposure
ages of 1.5, 1.0 and 3.7 m.y. respectively. In rock 64435,
rarity of transparent crvstals in the small sample available
made it difficult to obtain a continuous track profile. Two
data points indicate that the exposure age is duite low, close
to 0.5 m.y. 1In the case of 60335, the data show a burial (sub
decimeter) age of ~ 50 m.y. with a surface exposure age of

~ 0.5 m.y. but these estimates are only approximate because

of its complex exposure. The estimated erosion rate for these

rocks is about (0.5 - 1.0) mm/m.VY.

An attempt was made to measure the microcrater density
in the surfaces of the rocks to get independent estimates of
surface exposure ages and erosion rates. The model production
rates given by Hartung et al. (1973) were used for this purpose.

In 61016, the methocd was successful and the data have been

presented in Bhandari et al. (1975). For other rocks only
approximate estimates were obtained. The erosion rate for
61016 from microcrater data is consistent with (0.5 - 1.0)

mm/m.y. as deduced from nuc.ear tracks,
Y &
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2 , : ’
IV.A.2. 6Al activities and SCR parameters

The activities of 26Al reported in the chapter III have
large associated errors ranging'from 10% to 80%, due to the
small Sufface area of the rock samples available (1.3 to
7.0 cn?). Depth profiles constructed from these data can
only be used to put a large range on the solar flare para-
meters. Calculations were carried out towards this end and

are outlined below.

The adopted model was from Reedy and Arnold (1972) and
Bhattacharya et al. (1973). The energy distribution of SCR
particles 1is represented by

I -y e“R/Ro

where J flux in units of particlES/cn? sec (4m)
R = rigidity of particles (pc/ze, momentum per unit
charge) in units of MV.

k = normalisation constant

RO = shape parameter in units of MV

This free space flux attenuates in Lunar rocks mainly due to
ionisation energy loss, and the modified energy distribution
at any depth inside a spherical rock on Moon can be obtained
by summing up the contributions from various directions in
this 21 geometry.

26Al is produced from nuclear reactions induced by these

particles on the targets of A1, Mg and Si. These cross-sections

have been summarised by Reedy and Arnold (1972). The production
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rate P (x) at a point x, is calculated by the formula:

N W,

pe0 =2 2= JJJ 2 (x,E) o) sind & df dE
_where N, = Avogadro's number
Wi = Weight percentage of the target element 1i.
Ai = atomic weight of the target element i.
%% (x,E) = differential energy Spectrum at a point x inside
the rock
E = kinetic energy of the particles
géE) = cross section of production from target element i
¥ = zenith angle
© = azimuthal angle
For 26Al production, i refers to A1, Mg and Si. & finite‘

5 :
contribution of ”6Al activity also comes from GCR particles.
The model adopted for this computation again follows closely
that of Reedy and Arnold (1972). It will be described in

detail in section IV.B. dealing with prcduction rate in
e

meteorites. The mairf dhffererrce=between the case. of Lunar -
rocks and metsorites is due to 271 and 4n geometry respectively.
The calculations of 26Al activity dye to SCR and GCR particles
were carried out for composition of 61C16 and the production
function P(x) was constructed. Theg effect of erosion on P(x)

is given by

T — .
(X)) = é P (x(t)) e AT At
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X + €t =‘depth'(mm)

where x(t)
X = the present depth (mm)
¢ = erosion rate (mm/m.y.)

production function at x(t)

4]
X
o+

1

y = decay constant for 26p1 (m.y._l)

T = exposure age of the rock (m.y.)

Q(X) activity at the present depth X

This integration was carried out by fitting the preducti on

function P(x) with a 5 degree polynomial in X. ;

Figure 11 Shows the activities of 26,1 found in the
samples plotted against their depths from the Lunar top surface
for all the five rocks. The production profiles for rock 61016
(taking the composition from table 1 and the exposure age
1.5 m.y.) with erosion rates g = O and 1 mm/m.y. are also
shown for the SCR parameters, RO = 150 MV and J = 140 protons/

cn? sec (4m, E > 10 MeV).

For a comparison with the theoretical production profile
drawn, the differences in chemical composition of the five
rocks have to be taken into account. The other main correction
is due to the difference in exposure ages. If we correct all
rocks in the exposure age 1.5 m.y. of 61016 we have to multiply
the activities by the factors given in bracket for each rock:
603%5 (2.0), 64435 (2.0), 66095 (1.23) and 79215 (0.80).
Following this analysis we see that the solar flare proton

fluxes can bhest be represented by

(Ro, J) = (150, 140)
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 Figure 11, (bserved activity of 6A1 as a function of depth
. in various Lunar rock®. The solid lines indicate
calculated profiles for the rock 61016 with
erosion rate 1mm/m.y. and without erosion.
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The surface activifieS of all the five rocks studied here

vities for which signals were larger. The deviation '§'! given
in the final column indicatesthat the values of J can at most
, the average being about 130. This

value is consistent with J=140 deduced from the depth profiles,

as discussed in the previous paragraph.

These values of R_ and J are higher than those (100,70)
deduced by Kohl et al. (1978) based on the radiocactivity
measurements of rocks 68815, 12002, 14310 and 143%21. For
68815, the method adopted by La Jolla group is destructive
nalysis of samples prepared by grinding layer after layer
ifrom the upper region of the Lunar top surface., The resolution
of the grinding method is about 150 mg/cn?, In the present
Study the resolution is essentially given by the value of
mean-thickness of positrons from 26Al decay and corresponds
to about 100 mg/cn? (1/p = 92 mg/cn?). In addition, in the
present method there is no risk of possible loss (attrition)
df Surface material during grinding. This is especially
{troublesome for friable rock like 14321 for which estimated

attrition is about 120 mg/cn? (Wahlen et al., 1972).

The SCR parameters.based on radiocactivity data are most
Sensitive to the surface exposure age of the rock. It has
_ been established from studies of nuclear tracks and rare gases,
that GCR ages do not refer to the Ssurface exposure, (Bhattacharya

and Bhandari, 1975; Rao et al., 1979). The plateau method,
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deScribed'in detail in Bhattachérya and Bhandari (1975), show
that rocks 12002, 14310 and 14321 do not have simple exposure
history and hence their surface exposure ages cannot be iden-
tified with GCR ages. Dust and Crozaz (1977) meaSured track
densities in 68815 and cbtained three profiles. They conclude
\that though large scale chipping did not occur for this rock
the three profiles and the variations among them indicate that
small scale chipping cannot be ruled out. The data of Dust
and Crozaz (1977) treated by the plateau method do not yield

a simple surface exposure age of 2.0 m.y. as assumed in the

. calculations of Kohl et al. (1978).

Only in the present work the surface exposure ages of the
rocks have been properly evaluated and appropriate corrections
for the growth of radioactivity have been applied. Further-
more, in view of our better depth resolution with no loss of
virgin surface and the consisfency in five SampleSAanalysed,r

these parameters should represent the average solar proton

spectrum reasonably well.

The five rocks, studied in this work, Span different
windows of time, namely 0.5 m.y., 1.0 m.y., 1.5 m.vy. and
3.7 m.y. in the past. The ratio Q of the obsaerved surface
activity of 26Al to that expected (on the basis of exposure

time, exposure geometry, erosion and chemicdl composition of
Y

the rocks) is directly proportional to the variation in the
average solar flare activity over the period oI exposure.
These computations are given in Table 19. AS shown in Figure

12 the surface activities are mutually consistent within #0gy
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and agree with the expected activities based on (J,RO) =
(140, 150) within experimental errors. TheSe obServations
exclude major changes in solar flare particle fluxes over the

last few (2-3) m.v.

Recently, Fowler (1972) and Ezer and Cameron (1972) have
invoked the possibility of a variation in Solar luminosity
‘based on solar neutrino experiment. To explain low neutrino
fluxes from the sun observed by Davis (1972), these authors
have postulated 'sudden mixing' in the solar core whose con-
Seduence 1is a decrease in solar luminosity over the time scale
~of a few million years. The manner in which the average sélar
flare activity and the solar luminosity may be related is not
known at the present time. The solar constant appears to have
only slight dependence on the sun-spot activity. It, however,
appears reasonable to assume that the solar luminosity, solar
flare activity and solar wind efflux would be significantly
affected by any major structural changes in the Sun. If this
reasoning is valid, our observations rule out any appreciable
change in Solar luminosity over the time-sc¢ale of a few million

years.

IV.B. Production rates of radioisotopes in meteorjtes

The activity of radioisotopes induced by galactic cosmic
rays in meteorites (and also in Lunar rocks) depends, among
other things, on the primary cosmic ray flux and the energy
spectrum of the Secondaries inside the bodyv. The latter in
turn depends upon the size and shape of tKe meteorite and the

shielding depth of the sample.
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A comprehensive review of the methods adopted till 1967
has been given in Kohman and Bender (1967). Basically there
are three approaches to this problem: (1) calculations based
on particle fluxes and nuclear cross-sections (2) Monte Carlo
calculations of cascade generation (3) translation of thick-
target bombardment data to spherical bodies in an isotropic

flux,

The first method has the advantage that once the fluxes
of primary and Secondary particle are correctly evalﬁated pro-
duction rate of any stable or radiocactive isotope can be.cal—
culated by plugging in the appropriate thin-target cross-
section data and the target element abundance. This allows
- for more and more refinement as and when improved and new

cross-—-section data become available.

A simple analytical method of calculating the particle
fluxes inside a body was first proposed by Ebert and Wanke
(1957) and later improved upon by Lavrukhina et al. (1969).
Lavrukhina et al. (1969) calculated the integral fluxes of
primary and secondary particles in a spherical stone meteorite.
Using Rudstam type of formula (Rudstam, 1966) for cross-section
these authors calculated production profiles of several
isotopes in stones of various radii (Lavrukhina and Ustinova,

1972).

Reedy and Arnold (1972) (hereafter called RA), based on
the work of Arnold et al. (1961), proposed a semi-empirical
model for calculating the energy spectrum of all nuclear

active particles inside a large size body like Moon. Thelr
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'éhape parameter «, which is depth dependent. The relevant

equations are:

, 2
g% (E, d) = X (¢ + B) 2 for B > 100 mev ... (1)
where E = energy in MeV

d = depth in the body
K = normalisation constant

& = spectral shape parameter

The spectra of secondary neutrons with 2.5 < B < 100 MeV

- at depth d is given by

dJg 2. . .

F5 (B, @) = (@ + 100) 2 {M(E) - (@50)8(E)}... (2)
where K, & are the depth dependent parameters of eqn. (1) and

M (E) = 94E"1 + 603E“2 - 300 E‘3 e (3)

5 (E) = 0.387 126 _ §. 00091 e (4)

The genesis of these particular expressions have been outlined

in detail in RA.

This model has been applied in the Interpretation of data

26

on radioisotopes, like Al and 53Mn, and &lso rare gas isotopes

in Iunar cores and rocks. It was shown that the model predicts
the shape of the depth dependence of the production accurately
but as far as absolute magnitude is concerned 55Mn production

26A

is under-predicted by about 407 (Kohl etz al., 1977) and 1
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22 ;
and ~Na productions are over predlcted by about 15y (Ranci-

telli et al., 1975). The implication of these results will be

discussed later.

In this work an attempt has been made to extend the flux
model of RA to the case of chondrites. There are two basic
differences in the calculations made for Moon and for meteo-
rites. Firstly, for a meteorite, the attenuated primary flux
1nSlde the body originates from a 47 isotropic 1rrdJ1atlon
whereas for moon it is 27. Secondly, the depth dependence
fand magnitude of the shape parameter « is different from that
'for Moon while the geometry effect is straightforward (Bhatta-
¢harya et al., 1973), The derivation of & for stony meteorites

(chondrites) is done by a logical extrapolation of thick target

calculations. The rationale for estimation of ¢ is based on -

the results obtained for the pallasite Marjalahti. It is shown
bglOW'that the depth profile of 53Mn in the pallasite Marjalahti
yagrees redsonably well with that predicted from thick-target
'calculatlons of Kohman and Bender (1967) (hereafter KB), giving
credence to the thick-target approach. The thick-target calcu-
lations for 22Na profile by Trivedi and Goel (1973) are, then,
used for estimation of &, The discussion on the results of 53Mn

measurement in Marjalahti is presented in the following Section.

Iv.B.1. 53Mn activity profile in Marjalahti

Marjalahti has been studied in detail for track

(Kolesnikov et al., 1977), and for rare gas isotopes (Megrue,

38

1968). Based on 3He, 2lNe and Ar cosmic ray exposure ages of

205, 204 and 178 m.y. respectively were calculated (Megrue,
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1968). However, these ages may need revision in view of better
estimates of prcduction rates and shielding corrections deter-
mined for chondrites (Cressy and Bogard, 1976). Begemann et al.

(1976) determined the exposure age to be 180418 m.y. by 3661 =

36Ar method which is in good agreement with thé value of 174+11
m.v. determined by Kolesnikov et al. (1977) using the 39Ar~38Ar
ﬁethod. An exposure age of 180 + 18 w.y. is adopted here for

the purpose of calculating the pre-atmospheric radius and thé \‘
Shielding depths. &n uncertainty of +10 % in age introduces

only about +3 % uncertainty in the value of shielding depths of

‘the samples of Marjalahti A,B,C studied here.

Using the exposure age of 180 + 18 m.y. and the published
track data a pre-atmospheric radius of 20 cm for this meteorite
can be calculated following the metnod of Gupta and Lél (1978).
This is consistent with the estimate of 135 kg (+30¢) given by

iKoleSnikov et al. (1977), which is equivalent to an effective

radius of 19 cm (density = 4.9 gm/cc).

The three samples A,B,C were selected from the exterior‘
'Surface of the Marjalahti. The large olivine incluSionS pre-
sent in the samples were analysed for ruclear tracks and the
metal phase was processed for 53Mn. The 53Mn data have been
presented in Tables 11 and 12. The tréck data have been pre-
Sented in Bhattacharya et al. (1979) and used for calculating
the shielding depths of these three samples. The samples

A, B and C have shielding depths (cmw),

6.3 (A) , 11.8 (B) and 14.9 (C)
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and the 53\ activities (dpm/kg Fe)

457 + 40 (A), 522 +28 (B) and 515 *28 (C)

respectively. Based on these shielding depths the depth pro-

file of 55Mn is plotted in Figure 13,

The calculated profiles of 55Mn for pallasites of differ-

ent radii are not available. Kohman and Bender (1967) from an

54

_analysis of thick iron target data calculated the ‘Mn produ-
: ction rate in iron meteorites of various radii. 53Mn prOdu—
' ction.profile in pallasites can be obtained from these Curves
in the following manner. We assume that

A

= X Piron pall

Xpall iron x X
Ppall Airon

where X is the depth (cm), p is the density (g/cc) and X is

(o]
the absorption mean free path (g/cwf) of high energy protons

(~1 Gev). The subscripts iron and pall refer to iron meteo-

rites and pallasites respectively. The adopted values are;

Piron = 7.9 g/cc 5 F;a" = 4.9 g/bd’

Using the expression (Venkatavaradan, 1970),

A in iron and pallasite are calculated to be 141 ana 127
o
g/cm respectively, where N _ is avogadro's Number, ¢ 1S the

proton absorption cross-section (Booth, 1957), A is the atomic
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'umber,‘and w 18 the weight percentage of various elemental
1¢onStituents.' The bulk composition of the Marjalahti type
pallaSite is taken to be 55% iron-nickel and 459 Mg-rich

olivine (Mason, 1962).

The 54Mn profiles, thus translated to the case of palla-
Sites, Show that for bodies less than about 23 cm radius, pro-
duction at any depth increases with the size of the meteorite,
reaching a peak production at the centre of a pallasite of
radius about 23 cm. For bigger bodies the production rate is
smaller and the depth profile shows a brocad maximum around a

depth of 15 cm. 53

Mn depth profile is expected to be similar
within + 10 z to that of 54Mn from @ consideration of their
cross-sections (Reedy, priv. comm., 1976; Gensho et al., 1977).

In Figure 13 the depth profiles of D4Mn for pallasites are: thus

-
assumed to apply to the case of JBMn.

A comparison of the observed data and the depth profile
for a 20 cm pallasite indicates that the KB calculations are

about 5 7% higher than the observed values, which is well within\\

the uncertainties discussed above,

Thus the present study leads to the conclusions that (a)

the KB calculations predict reasonably well the magnitude of

=
)SMn production in 15-30 cm size irons or pallasites and (b)

the data are also consistent with the shape of the depth pro-

file predicted by KB for 1520 cm size bhody.

IV.B.2. Cosmic ray flux in meteorite orbits and the shape
parameter «

In the earlier section the validity of thick-target
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calculations was established within certain limits. Using
similar thick-target approach, Trivedi and Goel (1973) (here-
after TG), have determined the productiOn profiles of 22Na in

| chondrites. Their calculations forfggNa have been found to
agree well with the observations in Some meteorites. In this
work, these 22Na profiles of TG were uéed to deduce the RA

_ shape parameter @ for chondrites of various sizes as a furc tion

depth. The method is briefly described below.

The production integral P(x), at a depth X, inside a

spherical meteorite is,

NOW ag
P(x) = — [/ [ F5 (BE.X) o(E) sind A0 d¢

The calculations were done by & computer program. The cross-—

23

sections for 22Na production for the reactions
22 2 27

Na (n,2n)

Na, Si(n,x) 2Na, A1 (n,x) 22Na and Mg (n,x) 22Na were
taken from a literature survey and Dr. Reedv (priv. comm.).

The composition for H-chondrite was assumed as that of Dhajala,
Si = 17.2%, Mg = 14.2%, Al = 1.13%, Na = 0.6%, Fe = 27.16%

and Mn = 0.25%. The expressions for fluxes at two energy

ranges, 2.5 < E < 100 Mev and E > 100 MeV, have been given in

section IV.B. The normalisation for flux i8 discussed below.

The long term average flux, J, of GCR protons (> 1 GeV)
taken by Ra is 1.7 prOtonS/Cn?.Sec (47) and this also probably
represents the cbservations made during sclar cycle 19 near
the earth (at 1 A.U.). However, observations of GCR spectra

during solar cycle 20 (1965-1976), aralysed by Potdar and
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'\Bhandari (1979), yieid an average value of 1.9 protonS/cn?.Sec
f(4n). sllowing @ maximum of +7% per A.U. increase with
aphelion distance (Bhattacharya‘and Bhandari, 1976) over the
value 1.9 one can at most expect a value of 2.1 protons (unit
omitted) for the flux applicable to meteorite orbits. The
values of 1.7 and 2.1 protons are adopted to represent the
range of average long term flux. The values of the shape
parameter o depend on the cholce of this normalisation flux
~and were derived by fitting TG profiles of 2ZNa forvboth these
fluxes and are given in Figures 14 and 15 as a function of

depth for six different sizes.

The flux of particles above 1 GeV was calculated as a
function of depth (J(d)) using the same approach as in RA,
and is shown in Figure 16 for the case of free-space flux of

1.7 protons.

Based on these values of ¢ and normalisation flux J

(> 1 GeVv) and the reaction cross-section (Reedy, priv. comm.)

53

: o 2
the production rates of three radioisotopes 6Al, Mn and

54Mn were calculated for the composition of H-chondrite. The

activity profiles for these three isotopes (along with the
fitted 22Na) are shown in Figures 17 and 18 for the free-space

fluxes of J = 1,7 and J = 2.1 respectively,

Iv.B.3. Comparison between calculated and experimental values

For a proper compari$on between the Yredicted values
from the above model and the measured activities in the mete-

orite the pre-atmospheric size of the meteorite musSt be known.
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Figure 14, Depth dependence of the shape parameter ¢ deduceg
for the GCR flux, J (B> 1 gev) = 1,7 protons/cm .
gec (4n) for chondrites of different radii.
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'Recently; Bhandari et al. (1978) have‘estinated the equivalent
pre-atmospheric radii (Ro) of a large number of meteorites.
From a survey of literature data in addition to the present
work on 26Al and 53Mn activities in chondrites, 30 chondrites
were found for which R_ have been estimated. This compilation
. is presented in Table 20, Confident estimates of RO are avail-
_able for eleven meteorites from this group of 30, The quoted
iist of activities is not a complete 1list of measurements
available, Selection of activity data, when more than one
measurement- is available, was done by the following criteria:
(a) the measurement with the lowest quoted error was taken,

(b) usually more recent measurements for the same wmeteorite

were found more reliable, (c) if several measurements agree

within errors one representative value was taken. Small vari-
ations in chemical compositions among the chondrites do not

affect the conclusions in any major way.

The activities of 26A1 and 53Mn are plotted in Figures 19
and 20 as a function of Ro of the meteorites. The hatched band
shows the range of 26Al values predicted for depths greater
than 2.5 ¢m for various radii. 2.5 cm is taken to be a repre-
sentative lower limit for shielding depth in chondrites.

Several interesting trends follow from these figures,

Comparison for 26Al

The 26Al activities are best predicted for the long-term

average flux of J = 1.7 p/cn? sec (4m). This is also supported
by the 26Al data in cores of the Keyes chondrite (Cressy,

1975). Lorin (1975) and also Bhandari (priv. comm.) have shown
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that Keyes had an oblong pre-atmospheric shape given by

lengths (a,b,c)

along core (3-5) a = 61 cm
along core (2-4) b = 65.4 cm
along core 1 c = 37.4 cm

The 26A1 data for cores (3-5) and (2-4) (Cressy, 1975) should

thus correspond to an equivalent radius of about 20-25 cm.

26

The calculated depth profile of Al for this spherical size

(Figure 17) agrees very well with the cbservations.

For large size bodies (greater than ~ 15 cm) the agree-
ment is reasonably good while for smaller bodies the 26Al
activities are overpredicted by about 257. But an accurate
estimate of the extent of over-prediction cannot be made
unless shielding depths are taken into account. For Udaipur
(R_ =9 cm) the ablation values are known and the comparison
Shows an excess of about 27%. For San Juan Capistrano (RO =
8 cm) the average ablation is 6 cm (Finkel et al., 1978) and
the comparison shows an excess of about 2%%. These comparisons
Suggest that for smaller bodies the development of secondary
particles is not as much as predicted, i.e. the Shape parameter
& should be increased by about (25-30) 7z for agreement with

the observation.

For very large bodies like Allende, Kirin etc. the model
, 2
predicts 6A1 values less by about 18%. The reason for these
departures i.e. over-prediction for lower sizes and under-—

prediction for very large sizes are suspected to be due to the
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Jiimitation in size of the original thick silicate target
experiment of Trivedi and Goel (1973). Their targets were of
medium size (equivalent to about 20—30 cm meceorite) so the
diffusion parameters deduced from this size range iS not
applicable to the small size (less developed secondaries) and
the very large size (extremely developed secondaries). In con-
clusion, we can say that the model (i.e. shape parameter &) 1is
applicéble for 26Al activity in the size range 20-40 cm chon-
drites. For the size range around 10 cm the &'s havé to be
increased by about 25% and for sizes greater than 50 cm Q'S
have to be decreased by about 207%.

53

Comparison for Mn

53

The Mn activity expressed in dpm/kg Fe between meteorites

is directly comparable since iron is the major target element
for production of 53Mn (with a few per cent contribution from
BSNm and Ni). In Figure 20 the saturated activities of 53Mn
(dpm/kg Fe) are plotted against the equivalent pre-atmospheric
radius RO of the meteorites., The hatched bancé represents the
range of 53Mn activities (calculated from the Jresent model
with J = 1.7 protons) for various radii expected with an
ablation or shielding of 2.5 cm. In addition to the present
work, the experimental data have been taken from various pub-
lications (listed below Table 20) of Tokso group, W. German group
and Dr. Cressy. The earlier work of Cressy (1964) was done
by X-ray counting while the other three by neutron activation
and there may be problem of intercalibration of standards as

discussed later in section IV.B.5. The exparimental points
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iie mostly above the hatched bénd indicatiné under-predictiOn
by about 45% for moderate size range. It is to be noted
that the same magnitude of discrepancy has been seen in the
case of Lunar core data on 53Mn (Kohl et al., 1977). Since
26Al data in this size range 1S in reasonable agreement with
the calculations we assume that the model 1S applicable. To

explain the discrepancy in case of 53Mn we investigate two

possibilities:

(1) The flux value of J = 1.7 protons is lower than that
applicable over 53Mn time scale (Rancitelli et al., 1975) .
This point could be checked by comparing the expected activi-
ties for short exposure d4age meteorites (< 2 m.y.). From this
work and that of Englert and Herr (1978 a) we have 4 such
cases: Ladder Creek (0,95 m.y.), Murchison (1.% m.y.), Scurry
(1.3 m.y.) and Shaw (0.5 m.y.). The observed 53 activitiesl

o
are (from Englert and Herr, 197&) (in 22 Mn dpm/kg Fe) :

Ladder Creek 8549
Murchison 121+8
Scurry 92 +9
Shaw 4.3+7

The value for Ladder Creek obtained in this work is 87+7
dpm/kg Fe (Table 11), in excellent agreement with that of

Englert and Herr (1978 a).

When corrected for exposure ages given in Englert and
Herr (1978) the saturated activities for these meteorites lie

about 40-507 higher than fthe hatched band shown in Figure 20.
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This comparison shows that time variation in the flux cannot
explain the observed discrepancy with theoretical prediction.

Deep samples (> 20 g.cm“2

) from under-saturated (exposure age
< 4 m.y.) Lunar rocks will be useful in establishing this point
still firmly. From the available exposure ages, the rocks

61016, 64435, 66095, 68815 and 79215 having exposure ages of

1.5, 0.6, 1.1, 2.0 and 3.7 mnm.y. could be used for this purpose.

(2) The second possibility is that the cross-section have been
underestimated by about 45%. For high energy the proton induced
cross section is applicable to GCR interactions but the same
may not be true in the low energy region. In the high energy
range there is a small discrepancy in the literature values.
Perron (1976) have reported o =45 + 4 mb for reaction

Fe (p, x) 53Mn at E = 600 MeV which is slightly higher than
the value of Honda and Imamura (1971): ¢ = 37 + 15 mb at

E = 730 MeV. Gensho et al. (1977) have given the best fit
curve for proton induced reaction Fe(p, x) 53Mn over the

large range 10-1000 MeV. AS a check, this &urve was run in
the present model, but still the predicted activities were

lower by at least 257.

From the above discussions it is clear that from the
limited amount of data we cannot still makxe a case for either
of the two possibilities. More experiments for the determiQ
nation of cross-section and 53Mn activity in short exposure
age meteorites and Lunar samples are needed to settle this
point. In the subsequent discussion we will apply & normali-

sation factor of 1.45 for 53Mn production rates for moderate
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Size bodies like Dhajala. This factor is identical to the

one used by Kohl et al. (1977) for the cdse of Lunar samples.

IV.B.4. Radionuqlides in Dhajala

Twelve radionuclides of half-lives ranging from 5.6 days
(52Mn) to 3.7 m.y. (53Mn) were measured in Dhajala. These can
be conveniently divided into 3 groups according to their half.

D
lives: (A) half-lives less than about 60 days (52Mn, 3"P, 33P_,

51Cr, 7Be), (B) half-lives in the scale of vyears (57Co, 54Mn,

P
‘ZNa and 6OCo), (C) larger half-lives (26Al, lOBe and 53Mn),

a+ Short-lived activities and solar cycle effect

Radioisotopes in groups A and B can be used for estima-

ting the magnitude of the solar cycle effect. For example;\
Be, mainly produced from oxygen by high energy GCR can be
ideally used for estimating high energy cosmic ray fluxes
during different phases of the solar cycle. Its value of

132 * 12 dpm/kg in T-11 is 14% higher than 116 + 12 dpm/kg
for Canon City meteorite (Kohl, 1975), which fell in 1973
during soclar maximum. This suggests that the solar cycle
effect is atmost + 20 % over the mean. Fireman (1967) consi-
dered 22Na/26Al ratio in six falls and came to a similar con-—
clusion that the production of low energy isotopes does not
vVary by more than + 15 % from the mean value (see Figure 2 in
Fireman, 1967). The data of 7Be dctivity will be further

discussed in the next Section in relation to lOBe activity.

The value of 2lcr in our sample (91 + 25 dpm/kg) is in

excellent agreement with that found by Dr. Rancitelli (priv,
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~comm.) in another sample. This value is lower than 132 + 28

‘ dpm/kg (quoted in Kohl, 1975 from Ranﬁitelli priv. comm.)

found in Canon city. This isotope is a medium energy product
from Fevand production rates in a medium sSize body like

Dhajala (~50 cm) and a small body like Canon City are not

well known for a fine comparison. Simiiarly, considering the
‘uncertainty of shielding effects and prcduction rates the
activities of 33P (7.2 i.2'4) and 32P (22 + 1.7) dpm/kg compare

(32

favourably with 18 + 9 (SBP) and 14 + 5 P) dpm/kg found in

St. Severin meteorite which also fell at the time of solar

52

Mn acti=

minimum in 1966 (Marti et al.,, 1969). The 5.6 day

vity 103 + 15 dpm/kg Fe i< much lower than 177 + 30 dpm/kg Fe
in St. Severin (Tobailem 1967 and Cressy 1970) but closer to

123 + 40 in Lost City which fell in 1970 (Cressy 1971). These

differences may partially be due to the size effects but again

the production rates are not known. Once the production rate

is established this isotope is ideal for indicating the GCR

flux' ' near the earth.

b. Long-lived isotopes and comparison with calculations

\ , 10 \
The experimental values of five isotopes Be,S%m,

54Mn, 26Al and 22Na can be compared with the calculations

presented in Section IV.B.Z2. The observed average values are

105 = 17 dpm/kg

5 . .
“Mn = 284 dpm/kg Fe (from n-activation)

_ ‘

5%n = 144 dpm/kg

26,
Op1 = 53 dpm kg

22 Na = 111 dpm/kg
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The 53Mn éctivityvof 280*dpm/kg Fe by X-ray counting of Mn=-
fraction in T-11 is in excellent agreement with 284 dpm/kg Fe

found by n-activation.

To compare the @ébove mentioned activities with the calcu-
lations it is essential to know therpre—atmospheric radius of
~Dhajala. Bagolia et al. (1977) gave an estimate of 38 cm for
equivalent pre-atmospheric radius based on cosmic ray studies.
They studied samples from about 25 % of the total number of
recovered fragments. The lowest track density value observed
was (6.5 + 1.6) x 102.cm_2 which they assigned to the centre of
the meteorite., If this assumption is not made their data'give
a8 lower limit of 40 cm for Dhajala. A more reliable way for
estimating RO is from the measured 26Al activities in various
fragments studied in this work and by others. Table 2 gives

data of 8 measurements and 4 more measurements have been

reported by Bhandari et al. (1979). The measured values vary
from 37 to 62 dpm/kg with seven values being less than 50 dpm/kg.

The weighted average of all the measurements is 46 dpm/kg. The

shielding depths (AX) of all these samvles are not known (for
the known cases A X varies between 1C to 20 cm, except for a
single case, T-9 where AX is 31 cm with a low 26A1 activity
of 37 + 8 dpm/kg (Bhandari et al., 1979). If we adopt an
average AX of about 15 cm the calculated profiles discussed
in section IV.B.2 show that for Dhajala, an edquivalent radius
of 50 cm is the best choice. The range of values predicted
for a 50 cm radius is from (55-42) whereas the range of values

corresponding to 40 cm radius does not go below 5% dpm/kg. In
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the subsequent discussion we will use an equivalent radius of

50 ¢m as the pre-atmospheric radius of Dhajala,

TQ cbtain the expected activities we uSe the profiles
corresponding to 50 cm radiuS, obtainéd in section IV.B.2; the
shielding depths from Table 7 and an exposure age of 6.2 m.y.
(Gopalan et al., 1977). The mean calculated values for the

following 4 isotopes are,

53Mn = 276 dpm/kg Fe
Shn = 87 dpm/kg
26Al = 54 dpm/kg

22Na = 8 dpm/kg

of 55Mn, 54Mn, 26Al and 22Na differ

The cdbserved values
from the mean calculated ones by + 3% =+ 66 % 297 and + 35 9
respectively. For the high energy product loBe (also for 7Be)
produced from O, Mg, Al, Si and Fe the present model under-
estimates the production by a large factor. Aas discussed in
Kohl (1975), the same discrepancy is observed in casc of Lunar
samples. The reason for this discrepancy is still not clear,
though it was discussed by Kchl (1975) that the proton induced
cross—sections used for calculation of the production rates of
7Be and lOBe (particularly from the licht element 0O) are,
perhaps, gross underestimates for the 2ase of cascade neutrons
from GCR., The loBe/7Be (observed production ratio) in Dhajala
is 0.14 + .04 in gocd agreement with fthe values 0,13% + .03

reported by Kohl (1975) for Lunar rock 78481 and Canon City

metecrite. This shows that the activity of the short 1lived
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isotope (53 days) 7Be in Dhajala is consistent with the
expected flux sampled by a Lunar rock in Nov-Dec 1972 (at 1
A.U.) and a meteorite in 1973.

The levels of activities in case of 22Na and 54Mn are

affected by the solar cycle variations in the GCR fluxes
(Bhandari et al., 1979) which have not been taken into account
in the calculations given above. For these isotopéS; detailed
variations in measured GCR fluxes over’the‘yeaf,l§65¥l975 have
to be taken into consideration. ObservatibnS'Qf'GCR Spectra
over these years were used by Bhandari et al, 11979) to cal-
culate the modulation effect and the predicted activities for

Dhajala are

541n = 110 dpm/kg

22Na

il

98 dpm/kg

i.e. the net effect of GCR flux variation on 54Mn activity is
26 Zand on 22Na activity + 20% This analysis shows that the
magnitude of the solar cycle effect is too small to account

for the obServed excess activities of 22Na and 54Mn.

c. Excess activity of 22Na and 54Mn in Dhajala

Many uncertainties in the calculations can be removed
if we consider the ratio of activity of the isotopes, produced
in similar reactions rather than the individual radionuclides.
The 22Na/26Al (observed production ratio) in Dhajala is 2.1
and 54Mn/BBMn = 1.3. These are higher than those reported in
any other meteorites where 22Na/26Al is usually between 1.2

and 1.6 and 54Mn/53Mn is around 1.0. The excess of 22Na and
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54

Mn by about 152 and 407 over and above the solar minimum

effect, therefore, appears to be. genuine.

. 2
A comparison of the obsServed dctivities of 54Mn and ‘2Na

54

with other meteorites is made in Table 21, Mn 1s

Since
almost totally produced from Fe, a direct comparison of acti-
Vity per kg of Fe is possible if we ignore small corrections
due to the differences in the Shielding effects for various
meteorites. Table 21 shows that Dhajala has the hlghest
54Mn dpm/kg Fe value observed. The illende meteorite has a.
comparable value of 503 54Mn dpm/kg Fe and similar to Dhajala
it has a high orbital inclination (> 20°) . From the available
data presented in Table 21, it appears that the 54Mn activity

does not correlate inversely with the Solar cycle effect:but
depends on the orbital inclination of the meteorites.

. From the above discussion, it ca8n be concluded that the
long~term‘(m.y.) average GCR flux in the interplanetary sSpace
encompassed by the Dhajala orblt hdS been the same as around
the Moon The act1v1t1es of shorter llved 1Sotope (3—53 days).
also Seem to be con81Stent with the Same flux, dlthough for
Some of them‘the caleulations are not rel;able, nor do adequate
obeervations exist in other'meteorites,or the Moon to allow
an‘econrete comparison. The solar eyol effcct from ﬁlnima
to maxima is generally within + 207 of the mean flux adopted
here. For the 1sotopes 54Mn and ?Na with half llves of
drouno a yedr, however, there SeemS to be a clear excess above
tho values expected trom the GCR fluxes at tho tlmo of eolar

minimum near the ecllptlc.
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d. Spatial variation of GCR fluxes

To explain the excess activitiesof 54Mn and 2ZNa wWe now
consider the possibility of an ébnormally-high GCR flux over
the Space-segment of the Dhajala orbit during the last few
years. Ballabh et al. (1978) have ¢0mputed the orbhital
elements of Dhajala based on eyewitness accounts of the meteor
trail. It was shown that the inclination of the orbit was
28 + 4° to the ecliptic. Their best choice of orbital para-
meters are: a = 1.8 A.U. e = 0.59, g = 0.74, i = ?7.60,

W= 109.1°% and 2 = 307.8° and the orbital periocd was about
2.5 years. The heliographic latitude and the heliocentric
distance as a function of time before collision with the
earth, computed on the basis of these orbital parameters are
Shown in Figure 21. From this figure it appears that the
meteoroid spent a considerable fraction of its period off the
ecliptic covering 20° N to 38° s heliolatitudes. The aphelion
of the meteoroid is in the southern hemisphere and the high-
est heliographic latitude traversed is about 38°S. Tt is

estimated that the meteoroid spent 807 and 75 ¢ of the mean

2 .
life of 54Mn and ‘ZNa respectively, beyond heliolatitude
o . 1 . . B 33
1578 (Figure 21). For shorter-lived isotopes like P, P,
51 7

Cr, Be most of the observed activity was produced when the
meteoroid was close to the ecliptic in the northern hemisphere.
The meteoroid also covered 0.7-2.8 A.U. of heliocentric dis-
tance during its orbit. Over the last few years Pioneer 10
and 11 have made direct observations of radial gradient of

cosmic ray intensity in space. The results (McKibben et al.,
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.1977) iﬁdicate tﬁat.the'gradient (E > 70 Mev) is 1.4 + 0.2%

per A.U. during 1975-76 and about 3.57 during other pericds.
The aphelion of Dhajala was aboﬁt 2.8 A.U. and thus this radial
gradient can at most contribute 5% to the prcduction of 54Mn

and 22Na.

The data on all the radionuclides taken together can be
understood if there is a higher flux of GCR at high helio-
latitudes during a solar minimum. The measured values of
activities in other meteorites except Allende (i ~ 200) are
consistent with the ecliptic fluxes determined from Lunar
samples (Teble 21). The increase in GCR fluxes should,
therefore, occur beyond 150 heliolatitude. In view of the
exponential build up of the isotopic activity, it is hard to
estimate the gradient of GCR fluxes with latitude but a value
of + 307% above the ecliptic value may be consistent with the

observations of 22Na and 54Mn (Table 22).

Earlier estimates of the cosmic ray gradient perpendi-
cular to the ecliptic are based on neutron monitor data and
are confined to + 7° (Antonucci and Marocchi, 1976), above
and below the solar equatorial plane, as covered by the incli-
nation of the earth's orbit from September to March (Barker
and Hatton, 1971; Hashim and Barcovitch, 1972). According to
the analysis by Antonucci and Marocchi (1976) of data from
1962 to 1972, the cosmic ray intensity (E > 10 Gev) is higher
at higher latitudes at the time of solar maximum, and the
intensity minimum is obtained at the solar equatorial plane.

The situation is reversed around solar minimum when the cosmic
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ray makimum is detected near the solar equatorial plane while
minima exist at t‘7o latitude. There is also an asymmetrical
component in the gradient acroés the ecliptic. When the two
components are in phase, a gradient of the order of 20 % per
A.U. has been deduced by them. The asymmetrical component
alone gives a value of 2-8 7 per A.U. as deduced by Dorman and

Fischer (1966), Barker and Hatton (1971).

With the Dhajala meteorite we are able to cover a larger
heliolatitude band because of its higher inclination. Our
observations indicate that the situation is significantly
different at high heliolatitudes. The flux of GCR is much
higher at solar minimum at latitudes exceeding 15~2OOS, com-
pared to that at ecliptic. Such an increase in GCR flux is
qualitatively expected from sunspot activity and coronal green
line intensity which are less at high heliolatitudes, parti-

cularly in the south during the solar minimum.

-
IV.B.5. Measured depth profile of DBMn activity in cores

In section IV.B.2 production profiles of 53Mn activity
were derived by an extension of the Reedy-Arnold method to
chondrites and in Section IV.B.3 a comparison of the calcu-
lations with available data on 53Mn (in spot samples of
chondrites) was made. For an accurate evaluation of the
depth profiles it is essential to know the preatmospheric
size of the meteorite and the depth of the samples studied.
In the present Section we will discuss the results obtained

in the four meteorite-cores in this context.



142

The equivalent radii of the four meteorites were derived
from an analysis of the nuclear tracks and, as discussed in
chapter III, they are given below with the adopted exposure

ages in brackets:

Madhipura R =6.5 cm (15.0 m.y.)

9 cm (22.0 m.y.)

Udaipur RO

Bansur R, = 15 cm (10.0 m.y.)

St. Severin R_ = 20 cm (11.2 m.y.)
It is to be noted that only in rare cases a meteorite can be
expected to have a near spherical pre-atmospheric shape. From
the available studies, on St. Severin (Cantelaube et al.,
1969), keyes (Lorin, 1975) Bansur, Udaipur (this work) it can
be Seen that approximating the pre-atmosprheric shape by a
sphere of equivalent radius is to be done with caution. For
example, data from a core taken along the longest axis of an
ellipsoidal meteorite (like core 2-4 in Keyes) should be
interpreted in terms of spherc whose radius has a value inter-—
mediate between the other two axes and cloSer to the shorter
one. To obtain an equivalent radius for & meteorite, a recon-
struction of the meteorite from an analysis of track densities
at the surface samples is essential. After this is done, the
direction of the core will determine the effective radius

applicable to the interpretation of data.

The radii values assigned to the four meteorites in
this workwere done in the light of the above discussion.

The exposure ages adopted for the analySis and the procedure
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for getting effective depths of the samples have been dis-
cussed before. Table 2% summarises the effective depth and
the 53Mn activity of the Samples-for the four meteorites, The
depth profiles of 53Mn activity for the four cases are shown
in Figures 22 and 23, The solid lines in the figures show the
expected profiles for the corresponding sizeS and exposure

ages based on the model developed in section IV.B.2.

The figures show that for small size meteorites (Madhipura,
Udaipur and Bansur) the measured activity profiles are more or
less flat and the maximum variations are 10%, 7% and 127 i.e.
+5% + 3.5% and + 6% over the mean respectively. There is
a tendency for an increase in activity towards the.centre of
the meteorite (suggested by the dotted curves). For the
largest body St. Severin (R = 20 cm) the increase from surface
to the centre is 43% while for the smaller bodies the incre-
ment 1is 10% or less. These experimental profiles can be com-
pared to the theoretical ones (shown by $olid lineS in Figures
22 and 23%) for uUdaipur, Bansur and St. Severin. Madhipura has
a size (RO = 6.5 cm) which is too small for extrapolation
from the profiles available in Figure 17. For Udaipur
(RO = 9 cm) and St. Severin (RO = 20 cm) there is a goodragree—
ment in the shape of the experimental and theoretical profiles
while for Bansur (RO = 15 cm) there is no agreement. As far
as the absolute magnitude is concerned the deviation from
predicted values increases with the size of the meteorite and
they are about 5¢ (Udaipur, 9 cm), 20% (Bansur, 15 cm) and

17 ¢ (St. Severin, 20 cm). It was seen in section IV.B.2 that
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the aVérage discrepancy between the calculated values and the
cbserved data was about 457 for moderate sSize meteorites

(Z 20 cm). If one increases tﬁ@ Shape parameter ¢ for small
Size bcdies, as suggested by analysis of 26Al data, the under-
prediction of calculations for Small size bhodies (§2C)cm)
will increase to about 45%Z as in the case of moderate size
bodies.

These considerations suggest that with the same set of

2
« values and flux it is not possible to fit both °°al and

53Mn activities in meteorites. The reason for this discre-
pancy is still not clear but indications are that they are

53

due to underestimation of Mn prcduction cross-sections.
Till more confident estimates of cross-sections are available
the experimental profiles of 53Mn activity &s obtained in

this work should be used for analysing activities in case of

chondrites of size range (6-20) cm. The obServed profiles

for this purpose is to be corrected for undersaturation of

53

Mn determined from the exposure ages. Fpr Madhipura,

Udaipur, Bansur and St. Severin the correction factors are
1.06 (Madhipura, T = 15 m.y.), 1.02 (uUdaipyr, T = 22 m.y.),

1.18 (Bansur, T = 10 m.y.) and 1.13 (St. Severin, T = 11.2 m.y.)

respectively. (Schultz and Signer (1976) gives exposure age

~of St. Severin as T = 10.8 m.y. If this value is adopted the
factor is 1.15.) 1In the above discussion the half-life of

Z
5vn is taken as 3.7 m.y. (Honda and Imamgra, 1971).

Recently, Englert and Herr (1978 b) have analysed 13

samples from St. Severin core AIII. Thre¢ samples from AIIT
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ycdré wére aléo Studied?inntﬁis work; If we COmpafe the
absolute data in our samples taken from nearby locations of
samples studied by Englert and Herr (1978 b) there is some
aiscrepancy. Our 3 vélues are higher by (6-9)%. Though the
range'(6~9) % lie within the uncertainties, the discrepancy
kis perhaps due to the difference in 53Mn standards. The
'Koln standard' reported in Englert and Herr (1978 a) gave
an ‘'amplification facter! é.?z higher compared to'Tokyo 'GI!
and 'GII'" standard. The standard used in the presént work
was Tokyo Bogou II standard. In the present ifradiation,
another batch of samples was irradiated with GI standard and
gave an 'amplification factor' 4.0% higher than Bogou IT
standard (Imamuré, priv. comm.). It is, therefore, possible
that Bogou II standard, used in the present work, differs by
about 7y from the koln standard. This difference is in the
right direction (i.e. higher amplification factor for Koln
Standard leading to lower absolute 53Mn activity) to acéount
for the observed discrepancy. This difference can be resolved
by intercalibration of the four standards (GI, GII, B-II and

Koln standard).

The general shape of the profile obtained by Englert
and Herr (1978 b) is in good agreement with the present work.
The enhancement found by them in core AIIT is about 25% in
contrast to our enhancement of 43% from the combined data
of cores CB4 and AIII. The reason is that our samples CB4 -1
and CB4-2 are from locations closer to the pre-atmospheric

Surface compared to their sample A-IIT-6 (pre-atmospheric
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depth = 3.6 cm). The shape of the measured depth pfofile by .
Englert and Herr (1978 b) agreés excellently with the pre- |
dicted prcfile based on the present model and is shown in
Figure 23%. Based on the experimental data in Figures 22 and
2% and correcting for the exposure ages by factors mentioned
before one can construct the production profiles of 53Mn acti -
vity for chondrites of various radii. The depth dependence

of saturated 53Mm activity for radii 6.5, 9.0, 15.0, 20.0 cm.
'is shown in Figure 24 alongwith the profile for Moon given by
Tmamuira et al. (1974). The figure shows that the saturated
activity increases with size initially (5 to 15 cm range)
attaining steady value in the moderate size range (15 tOvQO
cm). The activity for a very large body is 1.5 to 2,5 times
lower compared to the smaller sized bodies (5 to 20 cm) due to
the effect of geometry. The activity profile for 15 cm size
lies a little above that for 20 cm size. This could be due

to an underestimation in the assumed exposure age for Bansur
(10 m.y.). A remeasurement of rare gas age for Bansur is

being done at P.R.L. to settle this point.
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Chapter v

Conclusions

Radioactive isotopes produced by solar and galactic
~coSmic rays in Lunar rocks and,meteorites have been studied

in this thesis. The main cbjectives of this study was to
obtain information about: 1) the 'long term' average charact-
eristics of solar flare protons i.e. their spectral shape (RO)
and intensity (J), 2), the average intensity and spectral para-
meter of galactic cosmic rays (mainly protons and alpha parf\‘
ticles) over various time pericds in the paét in the Spaée

>1~3 A.U. and 3) the nature of production profile of isotopes
induced by GCR particles inside meteorite bodies of different

sizes.

The work related to the solar cosmic ray (SCR) character—
istics was taken up in view of the continuing debate on the
conStancy of solar activity in the past (White, 1977) and
Solar-terrestrial relations (Ulrich, 1975). The longwdurations
of exposure of the Lunar rocks to SCR particles make them ideal
detectors for this study. Various rocks having different
periods of exposure give information about average SCR
characteristics in different windows of time in the past. A
Simultaneous study of such rocks could then be used to infer
the relative variation in these characteristics (J, RO) over

different time periods.
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Thé‘Study of conStaﬁéy of galactic cosmic ray. (GCR) in the
past is of considerable importance in Astrophysics. The GCR
particles having high energies répresent a substantial fraction
of the enérgy density in our galaxy. Any time variation in
the GCR intensity will have & considerable bearing on théories
of energy production in the galaxy. Cosmogenic radioisotopes
of varying half-lives span different windows of time in the
.past and thereby a relative variation in GCR intensity is
detectable by simultaneous study of different radioiéotopes.

A large group of meteorites has been analysed from'this point
of view in this work. A drastic variation in GCR intensity
has been ruled out by previous studies (Arnold et al. 1961).

However, fine scale variation owxlOS—IOB vr . has b&en sus-

pected from the study of 26Al~53Mn, 36Cl~36Ar, 4OK~41K, in
meteorites and Lunar samples (Ranc¢itelli et al. 1975:
Schaeffer, 1975). The uncertainty in the interpretation of

these data stems from the absence of accurate prcduction

rates of radioisotopes in meteorites and Lunar samples. A
semi-empirical approach is best Suited for this purpose.
Accurate measurement of radioisotope activity coupledzwith
information on shapes, sizes and shielding depths in meteoritél

bodies provides the starting point for such an approach.

The main results and conclusions arrived from the work

on these three topics are described below,

A. Average SCR parameters in the past

Five Lunar rocks having surface exposure periods, 0.5,

1,0, 1.5 and 3.7 m.y. were studied for cosmogenic radio-
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~ 5 | : ,
isotope 6Al produced by SCR and GCR. The depth dependent

activities are consistent with an average SCR flux
_ N 2
J (B > 10 Mev) = 125 + 25 protons/cm .sec (41)

and a spectral parameter
.
Ry 7 150 MV

over the last few (2-3) million years.

The data on the five rockS also show that Ehese parameters
are mutually consistent within + 20% (the quoted range on J)
over the periods of exposure of the rockS. ThesSe results
indicate that there has been no major long term (> 10° year)
change in the emission of energetic narticles from the sun
over the past 0.5 to about 3 m.y. If particle emisSsion and:
other radiations are reluted, these obsServations rule out any
major change in the solar activity over the past few million
rears, Larger variations in flux over time-scales shorter
than about 105 yrs are, however, not detectable by the present

method.

B. GCR intensity deduced from meteorite studies

i) A model has been developed for calculating the produ-—
ction rates of radioisotopes by a semi-empirical method based
on Reedy and Arnold (1972). Data on the activities of 26Al
(half-life = 0.72 m.y.) and 53Mn (half-life = 3.7 m.y.) in

meteorites, available from literature and this work, have

been analysed with the help of this model for detecting
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possible GCR variations. The @nalysis indicates that 26A1

53

activity and ““Mn activity are not mutually consistent with

2651 activities in the

the estimates of prcduction rateé.
meteorites-are overpredicted for small size bodies and agree
with the production rates for moﬂera£e size bodies. For 53Mn,
the model prediction agrees with obServed activities for Small’
gize bodies but deviates Significantly (by about -45%) fbr
hoderate Size bodies. These obServations indicate that the
production rates of these two isotopes cannot be fitted with
the same set of GCR parameters. This misfit was also noted in
earlier studies on Lunar rocks by La Jolla group and Battelle
group (Kohl, 1977 and Rancitelli et al., 1975). An analysis

of meteorites having short exposure ages show that this is not
due to a-variation in GCR flux over the mean-lives of these
two isotopes. The indications are that the cross—sections

53

used for Mn production rate calculations are under-estimated.

ii) A relative study of various radioisotopes ranging in
half-lives from 5.6 days to 3.7 m.y. in the fresh fall Dhajala
shows that (a) the average GCR fluxes over a period of million
years are sSame at heliolatitude upto 4OOS a8 near the ecliptic,
and .(b) during solar minimum the GCR fluxes enhance by about
307 at heliolatitude band 15-40°S over and above the 389
observed at the ecliptic due to solar modulation. This
implies that during the sclar minima the modulation of GCR
fluxes 18 smaller beyond 1508, and during the solar maxima,
the fluxes are correspondingly less, resulting in the same

average intensity.
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C. Acti#ity profiles of SBMn'in chondrites

Cosmic ray induced 53Mn activitiés and nuclear track
densities have been measured in sSamples from cores taken from
féur chdndrites ~ Madhipura, Udaipur, Bansur and St. Severin.
Track density studies establish that these four chondrites
had pre-atmoSpheric shapes equivalent to spheres to radii 6.5,
9, 15 and 20 cm respectively. The track densities in the core-
Ssamples are uSed for determining the shielding depths of the
samples. ASsuming that these meteorites have received typical

53

cosmic ray irradiation, Mn activity profiles in chondrites

of four different sizes have been cbtained.

The profiles show that for chondrites having effective
radius 1less than 15 cm the iﬁcrease in activity from near
surface region to the centre is small (less than 102).‘ For
St. Severin (20 cm) the increase is about 45% thus indicating
that the cascade of secondaries becomes important only for

sizes greater than 15 cm,
The important conclusionsS can be summarised as follows.

1. The solar activity, as evidenced by Solar flare protons,
has remained constant within + 20% over the last (2-3) m.y.

and the long-term SCR flux is characterised by

it

J 125 + 25 protons/cn? sec (4m)

]

R

o= 150 mv

2. The long-term GCR flux over the last few to about

. 2
10 m.y. has not changed significantly as evidenced by ®a1

and 53Mn activities in meteorites.
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3. The diserepaﬁcy between the dbsServed and calculated
53Mn activities in meteorites and Lunar samples is possibly
due to an under-estimation of BBMn prcduction cross-sections
(by about 40%) and further studies are necessary to establish
this firmly. |

4. The GCR flux at high heliolatitudes (© lSO)wes signi-

ficantly high, by about 30%, compared to that near the ecliptic
during the solar minimum of 1976.

5. The activity profile of 2 Mn is flat (within 10%) for
small size (less than 15 cm) chondrites. For larger sizes
(20-30 cm) the cascade of secondaries develop significantly
and the activity increases with the depth upto the centrekby

about 407%,

Further Scope

In the 1lght of the dlscu851ons presented above the
follow1ng StudleS Should be useful in extendlng the conclu—”
sions and eStabliShing some of the points mbre'firmly.'

LA L LY oe 9
The results on _6A1 actjvity on Lunar rocks clearly show

taken pldce over the past (9 3) m. V USiﬂQbﬁhéffadi0i55f5§éh:w

?621 (half-life = O 72 m.y. ) one cannot go beyond (2-3%) m.y.

TR

because of saturation effects.’ For extending the' time-span; i
theinextvprom131ng-1sotope*15n33Mn'(half—llfe =257 miy.)o It
is produced mainly from irén and the detection method by

53

n-activation~is.now well—estabhlished. ! The Mnactivity ih-

the near surface regions of Lunar rocks having surface
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exposure ages more than (2—35 m.y. can give information about
the relative intensity and sSpectrum of SCR particles over a
larger time-scale. The important point 1S to establish the
Surface exposure ages by nuclear tracks and rare-gas studies.
The plateau method using tracks described in the present work
can be used for this purpose. Recently, Rao et al. (1979) have
developed a method for determining surface exposure ages by
rare-gas analysis. These two methods can also be used for
determining the erosion rate of the rocks which is another
crucial parameter in the analysis of radioisotope data,

Recently, Kohl et al. (1978) have concluded from 53

Mn profiles
in three rocks 12002, 14321 and 68815 that SCR flux haé
remained constant within the past 10 m.y. But the exposure
ages uSed for their calculation are GCR ages and they need
not necessarily be the surface exposure ages as discussed
before. 1In fact, the track data of various rocks suggest
that on Lunar surface a rock face does not survive for more
than about 5 m.y. without chipping or fragmentation. Further
studies in tracks, rare-gases and SBNM activities are necess-

ary to establish the consStancy of SCR flux over the time-scale

of 5-10 m.y.

Regarding the GCR intensity in the past a drastic vari-
ation can be ruled out (Arnold et al. 1961). To detect any
finer variation it is now important to establish production
rates of 26Al and 55Mn as a function of size (effective
radius) of the meteorite and shielding depths of the samples.

In the present study the production rates for 53Mn has been
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established for chondrites of sizes ranging from 5 to 20 cm.
Bhandari et al. (1978, priv. comm.) have recently deduced
pPreatmoSpheric sizes of several meteorites from analysis of
nuclear tracks. 1In case of about 25 meteorites, the preat-
mospheric sizes are reliably known. Samples or cores from
these meteorites can be analysed for tracks and radioacti-
vities to establish the size and depth dependence of the
isctope production. It is especially important to study big
meteorites of sizes > 20 cm. The present study has established
that the cascade of nuclear active particles becomes important
only for bodies > 15 cm. Another interesting aspect would be
to foilow the development of cascade in bigger bodies and to
determine the size range where the production profile reaches
its peak. The extent of variation in activity of radioisotopes
due to the size and depth dependence in production has to be
isolated before any firm statement can be made regarding minor

variation in GCR fluxes in the past.

The core-samples from the meteorites studied in this

work are also available for destructive analysis to measure

26 26

the activity of Al. A simultancous measurement of Al

activity in these meteorites will establish the empirical
production rate of 26Al. These two sets of data can theéen be
used for detecting any fine Scale variation in GCR intensity

independent of model calculations.
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