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CHRONOLOGIES FOR THE GALAXY
By
David N. Schramm

ABSTRACT

2
6Al—26Mg,

A particular isotope pair of astrophysical interest,
was investigated in detail. A high precision mass spectrometric
technique was developed whereby Mg isotopic compositions could be
analyzed to better than five parts in 1 h.

Feldspar (high Al, low Mg) mineral separates were carried out on
several meteoritic and lunar samples. No anomalous 26Mg values were
found. Thus, there is no evidence for theexistence of 26Al at the
formation of the solar system.

Upper limits on the possible amount of 26Al at solidification in
the extraterrestrial samples were calculated., These limits were used
to estimate the maximum change in central temperature of a planetary
object which could be produced by the 26Al decay.

A review is given of the production mechanisms for 26Al and it

18

has been shown that a flux of at least L x 10 protons/cm2 is re-
quired to produce enough 26Al to melt the cores of planetary objects.
The general problem of nucleosynthetic chronologies has been

investigated. Nucleochronologies for the galaxy have been calculated
uging 23SU/238U, 232Th,/238U, 2)")"P11/238U (or‘preferably.zthu/232Th),
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129 /127 I. The systematics of the nucleochronologic equations
are derived and it has been found that the mean age of the elements
can be found from long-lived radicactive nucleii in a manner which
is independent of the time dependent production rate. It has also
been found that the interval between the termination of nucleo-
systhesis and the time of formation of solid bodies in the solar
system can be determined model independently from the short~lived
nucleii, In addition, some information on the time dependent

shape of the production function can also be determined model

independently.
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1. Introduction

Radioactive elements have for a long time given us information
on astrophysical events (c¢.f. Rutherford, 1929, on the age of the
earth). This present work investigates some of the details involved
in finding information about the formation of the solar system and
the age of the elements from radioactive nuclides. A particular
isotope pair of astrophysical interest, 26A -26Mg, is investigated
in detail and the generalized problem is examined. To give a more
logical development to the problem, the generalized problems of
nucleosynthetic chronologies will be discussed first before going
into the details of the 26Al-26Mg problem.

The main body of this thesis is in Sections b, 5, and 6, which
are unmodified versions of published papers. Sections 1, 2, and 3A
are meant to be basically introductory material. Section 3B is a

review of the nucleosynthesis of 26A1. Section 6 is a complete

discussion of experimental limits pnfthe existance of‘zéAl in the-
early solar system and the possible implications., The first appéndix

to Section 3 is a discussion of the calibration of the Lunatic I,

mass spectrometer which was used for the 26Al—26Mg analysis. The

second appendlx to Seetion 3 goes into the mineral separation details

of the ?6 Mg work reported on in Section 6.

In congunctlon with the discussion of the generalized problems of

nucleosynthetic chronologies, calculations were performed using the

235238y, 232q 238y 1290 12T g 2hhp, 238y (1 preferably

zthu/ZBZTh), inferred to be present at the formation of the solar
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system, to calculate the mean age of the elements, along with
nucleochronologies for the galaxy. These calculations are sum-

marized in Section 2 of this thesis with the details shown in

Sections b and 5.



2. Sumary of Nucleochronological Calculations
This section provides a brief summary of the results shown in
Section ly , Nuclear Chronologies for the Galaxy by ¢.J. Wasserburg,

David N, Schramm, and J.C. Huneke, published in The Astrophysical

Journal (Letters) Vol. 157, (1969), p. L91-L96, and Section 5, Nucleo-

chronologies and the Mean Age of the Elements, by David N. Schramm and

G.J. Wasserburg, published in The Astrophysical Journal Vol. 162 (1970)

p. 57-69. Section i shows detailed calculations of nucleochronologies
using U232/238, m232 38 2l 238 g 12290127, hite Section
5 gives the systematics of the nucleochronologic equations and dis-
cusses model independent quantities.

The motivation for this work came from the work of Wasserburg,
Huneke, and Burnett (1969 a,b), when they found a correlation between

fission~-like xenon anomalies and excess fission tracks in whitlockite,

CaB(?Oh)S, from the meteorite St. Severin. This observation, in
conjunction with observations by other workers on excess fission
tracks and anomalies in neutron-rich Xe isotopes, showed that a
fissionable nucleus, Ry, existed at the time of formation of the

solar system. This nucleus, Ry has tentatively been identified as

Puzm"(‘l’l PRLELE 107

2M‘tPu/ZBBU ratio at the time when the whitlockite retained xenon

yr.). This result also yieldec %hat the

was 1/30 assuming no Pu/U fractionation.



- -
This data would not yield a consistant solution with the

2
235U/238U and 32’1‘11/238U chronologies for the simple models of

nucleosynthesis (e.g. YONI),

The work shown in Section )y was then carried out to find what
models would give consistant solutions for the new Ry data with the
z

350/238y ana 22128y data as well as the 2972271 gta dhsmined

5 4
from the * 9Xe anomaly (Hohenberg, Podosek, and Reynolds, 1967).

In working out a variety of meodels'> it was found that there
were cerbain systematics to the relevant equations., These systematics
are derived and discussed in detail in Section 2., The basic ideas
are briefly discussed in the following few paragraphs. For a more
complete, detailed discussion of these ideas and their qualifiers,
see Sections), and 5.

It is assumed that a nucleus (radioactive or stable), has been
produced in some time-~dependent manner, but always in the same pro-
portion to some other nucleus produced in the same process., This
productien presumably goes on throughout the history of the galaxy
until the mablter forming the solar system separates from the galactic
g25. The time period from onset of nucleosynthesis until separation of

the solar system is called T. The production raté (p(T)) during this

period is assumed to vary with time,
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Following the separation of the solar system and termination of
nucleosythetic activity, there is a time periodl& followed by the

separation and cooling of planetary objects in the solar system.

During this period A, there is no further production since the matter
has been separated from the galactic gas; but, the radioactive
nuclides will still be decaying. From meteorites, the relative abun-
dances of some nucleii (radioactive and s%able) can be determined at
the time of solidification. From theoretical calculations, (e.g.
Seeger, Fowler, and Clayton, 1965) estimates of the relative pro-
duction rates can be made. Note the these calculations are rather
uncertain as is demonstrated by Seeger and Schramm (1970), who showed

that the mean production ratio for r-process calculations from various
empirical mass laws was: approximately the same as the ratio of

progenitors.



For each radioactive species (taken relative to another species,
preferably a stable or long-lived isotope), an equation is obtained
with unknowns T, & , and the time dependent production function p(%).
(See Section lj, eq. 2 and, in more general terms, Section 5, eq. 3.)
Several radioactive species yield a system of simultaneous equations in
As T and p(’). Each equation in the system differs from the others
in that it has different decay constants ()«i) and different physical

constants:

Pi/Pj
R(1,J,)

N, ( T+A)/NJ. (T+4)

where Pj_/Pj is the relative production rate and Ni(T+A)/Nj(T+A) is the
relative abundance at the time of solidification of bodies in the
solar sjs’cem.

Section 5 derives certain general relations which can be ob-
tained from the system of equations independent of p(T). These
relations fall into three catagories: long-lived isotopes (AT€1);
short-lived isotopes (AT>>1); and intermediate lived isotopes. It
is shown that the long-lived isotopes, takm relative to stable iso-

topes determine T - <%” where:

EEP(E) af
j: p(F) af

K> =




- T -
Thus, T -<T) is the mean age of the elements at the time of separa-

tion of the solar system from the galactic gas. This average age is
determined completely independent of p(T) for AT<<lL. For most models
studied T-<T) has only small dependence (v10%) on p(%¥) even if AT~L.
The actual value of T, however, has been found to be extremely model
dependent,

Short~lived nucleii give information on the free decay time 4 and
the value of p(T) (production rate at the termination of nucleosynthesis)
relative to the total integral of p(?¥), T*{. If two or more short
lived nucleii are used, these two quantities & and p(T)/T*¢(p> can be
determined independent of p(¥). (Note in determining these quantities
an assmnptién must be made as to whether p(®) is spiked or smooth in the
neighborhood of ® = T. See Section 5.)

From an expansion of p(¥) about T, it is found that the inter-
mediate-life nucleii give information on the shape of p("t’). If a par-
ticular model is chosen and the equations examined for a consistant
solution, a solution will be found only when the model has built into
it the constraints found from the model independent analysis.

Section L is a discussion of the applicability of several models
to the 1291/1271,2)41‘?11/238& 235U/238U, and 232Th/238U equations
with selected R(i,j) values. These nucleii are all r-process nucleii.
The r-process pi'esumably ‘takes place in supernovae, (Hoyle and
Fowler, 1960); thus, the production function, p(r), would be the
distribution in time of supernovae,

The short-lived constraints affecting the end of nucleosynthesis
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and the free decay time come from 1291/1271 and 2thu/238U. (Note

Ll 23

that 16 would be bebier o taks < i rather Hhon

238

Pu relative to
U since 7°Th has a much longer half-life.) The long-lived con-

232 238U,

straint determining the mean age of the elements comes from Th/

An imtermediate-lived constraint comes from 2> U/20y,

Models are calculated for particular sets of parameters in
Section U, . The reasons why the constraints yielded those particular
results are discussed in Section 5. In particular, note the discussion
in part IV of Section 5 where it is demonstrated that for models with
‘A232 T= 1, the mean age remains approximately constant while the total
duration of nucleosynthesis, T, may vary considefably.

In part IV of Section 5, models are also discussed where)\232T>>1.
It is shown that there are no formal - difficulties in con-
structing models where the dominant amount of nucleosynthesis took
place over 100 billion years ago. Even with these long-time models,
it is still necessary that the last few billion years before the
formation of the solar system look approximately like the short-time,
Ap3pT€ 1, models so that the radioactive parent-daughter constraints
are satisfied.

A 1imit on these long-time models comes from the ratio of a
radiocactive nuclide to a stable nucleus. The stable nucleus acts as
a total time integrator. As was shown by Wasserburg, Fowler, and Hoyle
(1960), the 1291/1271, thus can provide an upper limit of~3 x 1043 Jyrs.
Even this upper limit is not firm since in the predeeding discussion
of models it has been assumed that the only way of reducing the den-

sity of a particular nuclide is by radioactive decay. To be more
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general , the nucleochronologic model calculations should include the
decay constant wg’ representing gas loss due to astrophysical pro-
cesses. (See discussion im part I, Section 5.) In particular, for
these long-time models, the density of a nuclide would decrease due
to the expansion of the universe. .In Fowler and Hoyle (1960), it
is shown that the effect of this expansion is equivalent to having

0 yr.-l. Therefore, all

g -3H, where H is Hubble's constant ~10
nucleii, including stable ones, have effective decay times and so,
there are no total time integrators. With no total time integrators,
it is virtually impossible to put an upper limit on the age of ele-
ments from nucleochronologies. Any constraint on the ipper limit
to the age of the elements must therefore come from other astrophysical,
cosmological or theological considerations, (In conjunction with non-
zero values of wg, it should be noted that calculations have been
performed for the exponential model, equation 19, Section 5, where
the model decay constant cva, and the gas destruction constant<dg
combine to yield an effective decay constraint w.)

The constraints of the calculations become much more strict if
the R(i,j)'s are known accurately and if more nucleochronometers are
used. At present, the uncertainities in the production ratios going
into the R(i,j)'s are very great. (For example, the r-process pro-

1291/1271 has been estimated to have values

duction ratio for
ranging from less than 1 all the way up to ~3 ; see Table 1, Sec, 5.
Such a change, even for a shori-lived isotope, has a profound effect

on the possibility of nucleochronologic models.) Possibly
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better methods for calculating these can be found,

Another current problem is the definite identification of B
2th
as + This can be done by measuring the Xe fission spectrum from
2L,

the spontaneous fission of Pu and eomparing it with the spectrum of
the observed fission Xe anomalies., It should be noted here, that the
R, is measured in meteorites enly through its fission yield. It is
also important to remember that in addition to the St. Severin fission
Xe spectrum (Wasserburg, Huneke and Burnett, 1969 a,b) another
fission type Xe spectrum has been reported (c.f. Rowe, 1968), and is
called carbonaceous chondrite fission (CCF). It is possible that
the St. Severin fission Xe spectra is not due to zthu, but to some
other $issioning nucleus with a half-life long enough so that it is
still around after the intervalA; for example, a long-lived super-
heavy (zZ~11L).

Measuring elemental ratios which are representative of the solar
system is a difficult problem. The uncertainities in the use of
232 /2381, are discussed in the appendix to Section §. Along this
line, there is also the problem of 21"}"P11/238U (assuming Ry is 2)")"Pu).
Wasserburg,et. al. (1969 a,b-), dztermined t@elqthu/238U ratio as
0.033 in the whitlockite mineral separate from the chondritic me-
teorite, St. Severin. Podosek (1970) determined the éthu/238U ratio

for the same meteorite, but a whole rock sample. The ratio he ob-

tained was 0.013, which agreed with whole rock measurements by Wasser-
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burg, et. al. (1969 a,b). Whether the ratio in the mineral whit~
lockite, which retains Pu and U or the ratio in the whole rock, is
representative of the solar system, is debatable. It also must be

remembered that these are just messurements on a single meteorite.

Work on the chondrite Guarefa (Huneke et. al. 1970), seems to in-
dicate results similar to those obtained fgr St. Severin. However,
much more work needs to be carried out on many objects before a
definite 2thu/BaU valuwe for the solar system can be stated with
confidence. It should be noted from the work shown in Sections | and
5, that 2b'b'Pu/QBBU ratios less than 0.033 make the nucleochreamglogic
equations less restrictive with respect to allowed models. For

example, for 2,4)4?11/238

U values near that of Podosek's 0.013, it is
possible, within the uncertainities of the relative r-process prew -
duction rates, to have a consistant solution for continuous uniform . .

nucleosythesis. It should be remembered that the better ratio’to ,

determine would be “pu/232mh rather than 24ipy/238y, since 232m

has a much longer life, (see discussion in Section 5).

The addition of a new chronometer with a half-life much longer

232

than Th would, of course, be beneficial, since it could then be

used to obtain the mean age of the elements in a model independent

18?RB_18703, (Clayton, 196}4) 9

manner. One promising possibility is
which is discussed in Section 5. This would be a particularly good

chronometer since all the quantities involved can be experimentally
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determined, unlike the other chronometers investigated where the

187

production ratio must be theoretically estimated. The Re life-

time is much longer than the age of the universe for all cosmologies
(other than steady state). Thus, the Re-0s. chronology would make

possible a determination of the mean age of the elements which is

model independent. -

The possibility of setting-up nucleochronologies for processes

other than the r-process, should be more fully investigated. Sections

26, 26

3 and 6 of this thesie investigate “ Al-""Mg which could possibly have

yielded a chronology for a special p-process type event in the early

26A

history of the solar system, (see Section 3B for a discussion of L

production). However, no evidence for 26Al was found. The peremial
L chronology

question of using a = K/is complicated by the fact that the production

Lo

mechanisms for ~ K are not clear-cut. Clayton, (196L), discusses

several other possible chronometers, including the lead isotopes

87, 87

and ~ 'Rb- 'Sr, as does Kohman, (1969). One possibility which has

not been discussed, is 176Lu GTi/2 s 2.2 x 1010yr.), which has p-
process as well as s-process contributions which could possibly be

separated to yield a chronometer,
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In sumary, it can be said that at present, with the four
nucleochronometers, it is possible to obtain to fair approximation,
the free decay separation time for the solar system and some informa-
tion regarding the shape of the production function, p(T), near the
time of separation of the solar system; and, with the assumptien
that A232 T=l, it is also possible to get a good estimate for the
mean age of the elements., It should also be noted that the numeri-
cal results are very sensitive to some of the relative production

rates assumed.,
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Section 3. The Existence of 26A1 in the Early Solar System.
34. Summary of 26Al-26Mg Problem
While the work of Sections lLi and 5 was being completed, Clarke
et. al. (1970), reported finding an anomaly in 26Mg which was inter-

preted to imply the existence of 26

0, - 7.0 2 1P o), ab the
formation of solid bodies in the solar system. These workers
attempted to define an early solar system chronology based on the
26Al/Si ratio. Due to the short half-life of 26Al, this would imply
that nucleosynthesis occurred within a few million years of solidifi-
cation of the meteorites. However, in Sections |} and 5, it was
shown that the time interval, /), between the end of galactic nucleo-
synthesis and the solidification of objects in the solar system was
~108 yrs. Thus, any 26A1 present in the solar system could not have
been synthesized in galactic processes. Section 3B will review
possible mechanisms for the production of 26A1 and discuss this
assertion more thoroughly.

Due to the special production mechanisms and short-time
scales involved, as well as the significance of 26Al as a possible
primordial heat source (¢c.f. Fish, Goles, and Anders, 1960), it was
decided to check the results of Clarke, et. al. (1970).

The details of the experiment are given in Section 6. The basic
idea is that 26Mg produced by the decay of 26Al will be associated with
Al-rich areas in primitive matter (meteorites). The mineral phase

feldspar is rich in Al with relatively little Mg, (see Section 6 on

terrestrial feldspérs). Thus, the experiment requires the separation
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of very pure feldspar. (It must be very pure since other phases in
meteorites are Mg rich.) Then, analyze the Mg isotopic composition to
high precision and compare with the composition of terrestrial
standards. It is important to note here, that if the 26Mg from the
decay of 26Al equilibrated with the rest of the Mg in the solar
system, it would then be impossible to detect any effect. An
observation of a 26Mg excess implies that the feldspar crystalized
before all the 26Al had a chance to decay. If the 26Al decayed
before crystalization, or if the feldspar melted after the decay,
the excess 26Mg would be equilibrated with the large amounts of
common Mg present., It is worth remembering here that 26Al is a
heat source. If there were enough 26Al to totally melt the object,
it would equilibrate all the radiogenic 26Mg up to the time of the
melting. If a melt did occur, in order te see an effect, there
would have to be enough 26Al still around after the object cooled and
re~-crystalized to leave a measurable 26Mg anomaly. Note that if only
the core of an object melted, feldspars from the unmelted outer layers
could still retain the evidence of 26A1.

Clarke et., al. found 26Mg anomalies as large as L to 6 parts

per mil. Thus, in order to adequately carry out the experiment,

it was necessary to run Mg isotopic
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compositions to better than one part in a thousand. As is shown in
Section 6, a technique of running Mg on a mass spectrometer was found
anch Yiah he “oHE i rablo could ba Geterrinsd 4o bebhes than

five parts in th. This accuracy was verified using isotopically
enriched standards, (see the part on enriched standards in Section 6).
This procedure represents a major improvement in the method of
carrying out isotopic abundance measurements on Mg, an element

which in the past has proven notoriously difficult to analyze.

Feldspar separates were made for several classes of meteorites
and three different lunar rocks. A brief discription of the separa-
tion procedure is given in Section 6., A more detailed description
of the mineral separation procedure for each object is given in
Appendix IT of this section.

In addition to the separations performed at Caltech, Clarke et.
al. (1970), were generous enough to send aliquots of some of their
samples including the sample in which they obtained their largest
effect.,

26

It is shown in Section 6 that no " Mg anomalies are found for

any samples including those received from Clarke et. al. (1970).

Limits on the maximum amount of 26Al at the time of solidifi=

cation are calculated for each object. From these limits, the maxi-
26

mum possible increase in central temperature due to Al heating is
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calculated for each object investigated. It is shown that there is

6Al to boil water, much less form a molien

no evidence for enough .
core , at the time when the feldspars solidified. This does not

rule out the possibility that a few million years prior to solidifi-
cation 26A1 could have been an effective heat source.

To further test the conclusions of Section 6, it would be in-
teresting to analy ze other meteorites, particularly meteorites of
other classes. Along this line of thought, an analysis of an un-
equilibrated (L3) chondrite Hallingeberg was attempted. It was
found to be impossible to obtain a low Mg, high Al separate from this
meteorite, see Appendix II. It therefore seems that the techniques
used in this work will not apply to the more primitive unequilibrated
meteorites.

It may be possible to improve the resulting limits by obtaining

purer feldspar mineral separates. However, from the work with large

single erystal terrestrial feldspars, (see Section6 ), it appears that

some feldspars have Mg in their lattice. The limit to a feldspar sep-
arate then would not have a Mg abundance of zero, but some finite
value (probably about a few hundred to a thousa~4 ppm).

o 2
The limits on 6Al for the meteorites studied probably could

not be improved by more than a factor of A5 by means of better mineral
separates even if all impurites were removed. (In the case of the

silica inclusions in Colomera and the large crystalled achondrites
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such as Moore County, the separates are probably already almost as
pure as possible.) The most important experiments to be carried
out in the future will probably revolve about finding somewhat
more "primitive" planetary objects rather than a further refine-
ment in technique. These objects would almost certainly have to
be from small planetesimals or comets rather than large >100 km
objects since the melting which would be generated by 26Al in
large objects would tend to destroy the evidence.

Further applications of the techniques discussed here might be
to investigate integrated cosmic ray exposures. If objects exist
with exposure age 2 1.5 x 107 yrs., and feldspar separates with
only a few hundred ppm Mg could be obtained, the exposure age
could be determined, (see Section 6). In a slightly different vein,
the precision mass spectrometric techniques developed here might
be applied to the determination of nuclear reaction cross-sections
when a Mg isotope is the final product. For the cases where the
target was not Mg, it would be possible to detect the production of
as few as 5 x 1012 atoms 26Mg.

In conclusion, from the current state of knowledge given in

Section 6, it can be stated that there is no evidence for the

existence of 26Al in the early solar system,
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3B. Review of Methods of Producing 26Al

Various estimates for the amount of 26Al synthesized prior to
the solidification of objects in the solar system have previously
appeared in the literature. Clarke et. al. (1970) gave a brief
review of some of these methods for estimating the 26Al production,
In this work, the problem will be discussed in somewhat greater
detail.

The following are the reactions,based on solar system abundances,
with their Q-values, which may be of -importance in synthesizing 26Al.
The Q-values were computed using mass excesses tabulated by Lederer,

Hollander and Perlman (1967).

26Mg (p,n) 26Al Q = -L.8 MeV
2711 (p,pn) %m Q = -13.1 MeV
2853 (ps2pn) 2641 Q = ~24.6 Me¥
325 (p,a2pn) 2m1 Q = -31.6 MeV
2T (n,2n) 2byy Q = -13.1 MeV
' 2851 (n,2np) 26Al Q = ~24.6 MeV
324 (n,a2np) 26A1 Q = =31.6 MeV
e, (asn) 26Al Q = =3.0 MeV
?bgg (a,pn) om Q = =1l.7 MeV
24y (a,p2n) 2°m Q = -22.0 MeV
26Mg (a,p3n) 265 Q = =33.1 MeV
2T (a,@) Xm0 Q = -13.1 MeV
2T (a,2p3n) ®m Q = -kl MeV
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Si (asapn) 26Al Q = -2L.6 MeV

]

288:: (a,3p3n) 26Al Q = =52.9 MeV

It is impdrtant to note that reactions leading to 26Si6t1/2=2 sec.,)

26

are not included, since the " 3i p+ decays all lead to the 0"

isomeric state of 26Al rather than to the 5+ ground state. The O+

2

isomer ,ﬁ+ decays to 6Mg (0") in ~6.L sec. and thus, would contriute

té 26Mg rather than 26Al, (see Fig. 1),

The above list of reactions includes p, n and g induced reactions.
Due to the short-life of 26A1 relative to the ~108 yr. interval be-
tweeﬁ the end of galactic nucleosynthesis and the solidification of
objects in the solar system (see Sections 2, i} and 5) the 26Al
searched for in the experiments of Section 6 would most likely have
been made, if it ever existed, by reactions in the early solar sys-
tem. These reactions would be primarily proton induced reactions
from some high energy proton irradiation. Neutron reactions might
also be of importance since secondary neutrons would be produced in
substantial amounts by very higi energy (greater than a few hundred
MeV) protons. High energy secondary neutrons could interact since
a 100 MeV neutron travels ~1 astronomical unit in a vacuum
before decay. Alpha particle reactions, though probably
not important in thris type of early solar system irradiation (5110%)9
would be important for 26A1 production by spallation in cosmic rays

and thus, have been included. Spallation reactions from iron group

nucleii have also been investigated but are not shown above since

contributions from. the iron peak gre found to_be small.
As mentioned above, it is known from 7T and 2UUpy that
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there was an interval niOs yr. between the last r-process nucleo-
synthesis and the retention of Xe gas in meteorites. The time of
Xe retention is usually assumed to be the time of solidification of
solid bodies in the solar system. In the heat source estimates
made in Section&f% it was shown that it takes at least a 26Al/@i

ratio of 2 x 1077

to melt the cores of a planetary object (radius
® 100 km.). It was also shown in Section 6 that it would be possible
at best (the Moore Co. case), to detect 26A1/Si=>158 by the tech-
niques shown there.In Section 34, it was mentioned that if an object
totally melted, there would be no 26Al record pnless the object
resolidified before 26Al/8i was <108° Note that if the core melted,
but the surface did not, then, the feldspars from the surface could
still show 26Mg anomalies, assuming no further equilibration occured.
Since the 26Al mean life is A&Oéyrs,, it would be impossible for there
to be enough 2émnaround to melt objects or to detect at the time of
Xe retention if the 26Al were synthesized at the same time as the r-
process nucleii, It therefore seems that 26A1 must be made by a
local process in the solar system if it is 1o be detected by the
method described in Section g, or if it is going to melt the cores
of objects near the time of final solidification.

Tt is possible, however, to invent models for the formation of
the solar system which would allow 26Al to be synthesized external
to the solar system and still be an effective heat source. One

possibility is to assume that final Xe gas retention occurs AlOB

yrs. after objects solidified. Another is that the last r-process
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contribution to the solar system occurred 4'108 yrs. before the last

nucleosynthetic event making 26Al.

It 26Al were made in an event prior to solar system formation,
then planetary objects would have to solidify out of the ejecta from
this event within a few million years, if 26A1 is to be an effective
heat source., Since this time interval is so short, it seems to imply
that for this model the planets formed during the conbtraction of
the sun rather than being thrown out from the sun at some later time.
If the event making the 26Al did not make r-process nucleii, this could
imply one of the following: 1. The interstellar gas, which mixed with
the ejecta from the nucleosynthetic event to make the sglar system,was
enriched in the r-process elements relative to the current solar system
abundances. Or, 2. The nucleosynthetic event also ejected r-process
elements which had not been effected by the event, (e.g. an outer
shell). This second case would imply the star formed with some r-
process material and evolved to the time of the nucleosynthesis and
ejection within 4108 yrs. in order to satisfy the r-process chrono-

logy constraint.

Assuming the interval implied from the Xe anomalies is represen-
tative of the time interval between the termination of galactic nucleo-
synthesis and the formation of solid objects in the solar system, then
26Al, if present, would have to be synthesized locally. If the 26Al
is made in the solar system rather than out of it, it is then neces-
sary to have a proton irradiation near the time when it is desired to

26

use Al as a heat source. Before going into these specialized mechan-

isms necessary to produce 26Al in the early solar system, it is



intefesting to review the praﬁu2t£6n of 26A1 in other astro-

physical situations. In conjunction with astrophysical production

of 26Al, it is interesting to note ratios can now be measured in stars
using MgH lines (c.f. Branch, 1970)., In fact, Branch indicates that
25M’g/thg and 26Mg/2hMg for sun spots seems to be greater than ter-
restrial and meteoritic values., If this isctopic composition is repre-~
sentative of the sun as a whole., the question then arises as to
whether the sun.spot mass spectrum for Mg or the meteoritic and ter-
restrial spectra is representative of the primordial gas out of which
the solar system formed. A study of the nuclear processes which
would be necessary to produce such a difference between the sun and
planets has not been done. It is interesting to note, however, that
if the sun spot isotopic collposition was representative of the pri-
mordial gas, this might imply a massive (much greater than any here-
tofore proposed), homogeneous proton irradiation of the planetary
material.

For most astrophysical circumstances, it is necessary to look into
thermonuclear production processes. For most .thermonuclear 26Al pro-
duction, the relevant reaction is:

26Mg + p 26Al +n - 4.8 MeV,
since this reaction determines the relative abundance of 26Al to the
stable nucleus 26Mg. In working out this reaction in detail, an

interesting point to note is that the 0.229 MeV state of 26Al decays

to 26Mg in 6.l sec. (see Fig. 1). Thus, even with an infinite ex-

cess of protons, there will still be some 26Mg in equilibrium with

26A1. This can be seen from the equilibrium expression for the abun-

26

dance of " Al relative to the abundance of 26Mg after a few times the
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half-life of the 0,229 MeV state:
Regd e®m) . exp [- (1.8 x 11.6/T,)]

(KMQ [} 6(*1g) {3_4-%% exp[- (5.03 x 11.6)/'139]}

where T9 is the temperature in 109°K and the G's are nuclear partition

functions; that is, G(%CAL) = 11 + 7 exp ('OMTLX 11.0) +,., . and

G (26Mg) =1+ 5 exp ('1'8lﬁx 11.6 ) 25 For cases of interest,
2

the equilibrium expression reduces to:

Eéﬁ_ll = 11 .&l 10 et /T9
[Foug] fn]

which is independent of the effect of the 0.229 MeV state.
let us now look at some possible locations for the synthesis of

26A1.

i. The Big Bang

The isotope, 26Al, from the Big Bang would, of course, not be
left over to the time when the solar system separated. (This duration
would be the order of at least several billion years as can be seen
from Sections it and5.) However, if sufficiently large quantities were
made in the Big Bang, there might'be some remaining when the clusters

formed 4114107 yrs., after the Big Bang, (Peebles, and Dicke, 1968),

It should, however, be impossible for any 26Al left from the Big Bang
to be around when the galaxies formed at ~108 yrs., (Peebles, 1967).
From Wagoner, Fowler, and Hoyle (1967), it is possible to
determine the temperatures and relative neutron-proton abundance for

nucleosynthesis in the Big Bang, so that the relative abundance of
2641 o 2OMg may be caleulated using the equilibrium expression

shown above., Assuming the 3° black body radiation is from the ex-
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panded fireball, and that the deceleration parameter a, is €3
(Sandage, 1961), we are then restricted to what Wagoner, Fowler,

and Hoyle, (1967) refer to as "low density" universes and only the
3 7 (no Mg or Al)
nuclei D, “He, hHe, and 'Li/are produced in significant quantities.,

The temperature when most of nucleosynthesis occurs is then ~0.5<T 5 1.

9

3

The relative aggndance of protons to neutrmsis 105 [p}/{n)s< lO7

which yields [ é} s 10—16. Thus, there is no 26A1 produced in the
Big Bang.

ia, Little Bangs

P

Little Bangs are explosions from states of high temperature and
density which may be associated with rapidly evolving supermassive
stars and could have produced violent events during the formation
and early history of the galaxy. These explosions are discussed by
Wagoner, Fowler, and Hoyle, (1969), and by Wagoner, (1969). For
these explosions, Wagoner (1969), finds that relative abundances
of protons to neutrons of ~l produce abundances of elements in
rough agreement with those observed in most metal-wesk stars and in
our galaxy. For these more promising cases, Wagoner finds that the
temperature (T9), where nucleosynthesis qgéelements in the vicinity
of Mg occurs, is ~2 to 3, which yields Eggugr‘ 1077, Thus, as
in the case of the Big Bang, though not as gévere, no significant

amount of 26A1 is produced in a little bang.

iii. Stellar Symthesis
a. Interiors - Synthesis of elements for 6% Zs 1k, is thomght

to occur in explosive carbon burning as described by Arnett (1969).
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This process occurring in exploding stars has been found to fit the
elemental sbundances in the above mentioned region, In addition,
silicon burning as described by Bodansky, Clayton, and Fowler (1968),
has been found to approximate the observed solar system abundances
for 145 725 26. The combination of the two processes, which both
occur in the same type of stellar explosion, can then explain the
abundances for the nucleii which comprise 99% by mass of the elements
heavier than He. The physical modsl.is the following, according to
Arnett (1969). In the late stages of the evolution of a massive
star an instability causes explosive silicon burming. This silicon
burning ignites the T2C + 12C reaction in the surrounding region of
the star composed of the products of helium burning. The release of
of nuclear energy then causes a hydrodynamic expansion which dis-
rupts the star, and ejects the products into the interstellar-medium.

Since 26Al has Z=13, it is near the region where synthesis of
elements by both explosive carbon burning and by silicon burning
might be important, it seems logical to look at the production of
26

Al from both processes.

Arnett (1969), gives a range of temperaturesyﬁgﬁw%hgeggﬁggbponding
den#ities which would be characteristic conditions for explosive
silicon burning. Bodansky, Clayton, and Fowler (1968), give a table
relating the temperatures and densities which give the best match to
the natural abundances of o-particle nucleii and the ratio 56Fe/ShFe

for silicon burning. Bodansky. et. al.. (1968), also show the ratio

[p)/(n} as a function of temperature and density. The optimum tem-
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perature and density for silicon burning with regard to giving a good
match to the abundances as well as fitting the characteristic conditions
of explosive silicon burning (which in turn form the initial conditions
for explosive carbon burning), is found to be T *h.65 s 8"109g/cm
%?%hatgﬂetgglp%?'a%grzo a?l% Scfe%élty s the proton-neutron ratio is
{p]/ [n) = 107'3 which yields for the quasi-equilibrium of silicon
6Al = 1. x 103 . Therefore, for this situation, almost

Mgu! 26
all of mass 26 is made as ~ Al. Assuming a rapid expansion (super-

burning

nova freeze-out) follows this quasi-equilibrium situation, it can be
assumed that the relative abundance calculated above will be ejected
into the interstellar media. This expansion must be rapid enough so
that equilibrium is no longer maintained. Nuclear reactions during
this freeze-out have been neglected.
Now let us see how much 26AZL there is relative to 2881 following
silicon burning. The equilibrium can be calculated as follows from
26Al +p+n 22881 + 2.6 MeV
The equilibrium abundance is
{26 3/2
o GL A . 126
2% T e
(26,) _ ol sl s
FBSi . ) ° o]
/2
My - KT -
where @ = S:_MT&?__N = 5,9 x II_O33 ‘1‘9 3/2 cm 3 (Mubeing the mass of
1 atomic mass unit), and 6{2881] =1 + Se 20'6/‘1‘9 +

-12l/ 'I'9

fa 2, exp E28'5/T9]

« = 1. Thus,

26Aﬂ 1. - 107 T93 . 10

{ ] v

From Bodansky. et. al. (1986), for T9 = .65, e=109, our optimum cases
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> 26
[0) = 1021’? e and {pl = 1029 o™, Thus,g -KJ = 2,6 x 10 6
sil
It was mentioned previoudy that a ratio of Eﬂ;i z2x 10 will melt

the cores of planetary objects. This means that if terrestrial type

planetary objects could form within 2.7 x 106 years out of the ejecta
from a supernovae that had undergone Si~burning, the cores of these

26

objects could be melted by 2°Al (assuming no reduction in the 20A1/5i

ratio by dilution).

In order to detect any 26Al by the technique described in Section
6, it would be necessary for the feldspars to have solidified within
~6 million years of the supernovae explosion. The implications of
this short time interval between galactic synthesis and solidification,
were previously discussed in comparison with the ~108 yr. time inter-
val implied by the Xe data.

For explosive carbon burning, Arnett. (1969) has included 26A1
in his calculations. He indicates that 26A1/26Mg ~1073 and

2641/%0s1 1073

for the ejecta from explesive carbon burning for

the case that best fits solar system abundances (T9= 1.8, p=107g/cm3).
These results, however, camnot. be reproduced with the simple equili-
brium type calculation used above for silicen burning. The validity
of Arnett's result is thus in question jowever nonequilibrium
freeze~out reactions may be involved, | If the

solar system were made entirely‘.of:.the ejecta from Arnett's
explosive carbon burning, objects could solidify'wlo7 yr. after the
explosive carbon burning supernovae and étill have 26A1 as en effechive

heat source. However, realistically, the ejecta from explosive
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carbon burning would be diluted with the ejecta from Si~-burning as
well as outer unburned regions of the supernova and possibly inter-

stellar gas before forming the solar system., If these other com-

26

ponents to the solar system gas included Si, the ~~Al/Si ratio from
carbon burning would be reduced by dilution before forming the solar
system. Since Arnett (1969) has 288i under abundant with respect

to the chondritic abundances of nearby elements by an order of

magnitude in this T9= 1,8, ‘a=107 g/cm? event, it appears that the

26Al/Si ratio would be reduced at least a factor of 10 by dilution

prior to the solidification of solid bodies in the solar system.

26

b. Atmosphere of the stars- Nucleosynthesis of ~~Al in the

outer envelope of stars would presumably take place by spallation
reactions. There are no essential differences in regard to 26Al
production, between a proton irradiation of a gaseous pre-planetary
nebula (as mentioned by Reeves and Audouze, 1968), and high energy
proton reactions occurring in the outer envelope of the sun. Thus,
discussions of spallation production of 26Al in a gas will be
postponed to the sections dealing with 26Al synthesis in the solar
system.

Note, if 26Al is produced in the envelope of the early sun (pos-
sibly the T-Tauri phase), there is the problem of ejecting the material

-
from the star and solidifing it within a few million years if the 2OA1
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is to function as a significant heat source. The only other signifi-
cant difference between the outer layers of the sun and the pre-
planetary nebula, is that the sun would have much more hydrogen than
the assumed chondritic composition pre-planetary nebula. This would
mean that the target material may be somewhat shielded which would

imply a higher flux in order to produce the same amount of 26Al.
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iv. Cosmic Rays

Before discussing the production of 26Al in cosmic rays and in
the golar system, it is important to look at the production cross-
sections.

Various cosmic ray workers have tried to estimate the 26Al pro-
duction cross-sections. Little experimental data exist on the high
energy production of 26A1 from the targets of interest., At high energy
2100 MeV, there is little variation in spallation cross-sections with
energy. Iven at very high energy, =l GeV, the only significant effect
is that there are larger contributions from target nucleii with large
mass differences, A4, from the product, (see Miller and Hudis, 1959,
for a discussion of this effect). In reference to 26Al, this would
mean a larger contribution from iron peak nucleii at extremely high
energies. However, this additional contribution from the iron peak
would still be small compared to the contribution from near-by targets.
(See Rudstam, Stevenson and Folger, 1952, and Honda and Lal, 1960, for
spallation cross-sections on iron.,) Fuse and Anders (1969) have taken
the observed 26Al activity due to cosmic rays in meteorites and worked
back to obtain estimates for the production rates on various target
elements due to cosmic rays. Lavruhina, Kuznetsova and Satarova (196l)
have taken a combination of what experimental data exist along with
standard formulae for estimating spallation cross-sections to obtain a
prediction of 26A1 activity in the center of a 10 cm radius chondritic
meteorite due to cosmic ray production., The derived production cross-
sections from the cosmic ray werk can be used to estimate production

26

of “TAl
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for any high energy flux since, as was already mentionsd, the cross-
sections should Aot vary substahtially with energy. Thesemi~empirioa1
formulae used by most workers for estimating spallation cross-

sections are due to Rudstam (1956). (See Rudstam, 1965, for a more

recent discussion.) The cross-section () for an isotope (A,Z) is
given by Rudstam as: 2

n o (8,Z) = PA=~Q~=R (Z - SA)
where P= 10.2 E 0?3 (E in MeV), R = 1.9, and S = 0.47 are empirically
determined parameters and the quantity Q can be estimated from the

inelastic cross-section using the following relation;
eQ=p .5 (inelastic) { & A {gPAﬁ - ePAt/%} .1
k H
for cosmic radiations cfinelastic) = 0.75 times the geometrical cross-
section for the target nucleus, Ata If cross-sectlon values are known
at one or more energies, the shape of the excitation function can be
obtained from the following relation (Arnold, Honda, and Lal, 1961),
Inoc (E,A, Z) =1n P - PAA+ C
where 4A=A;-A and C is the normalization constant. The above formulae
are the ones used by Fuse and Anders (1969); Arnold, Honda and Lal,
(1961); Honda and Lal, (196Li); and most of the other workers who
study 26Al resulting from cosmic radiation. These formulae usually
give results to within a factor of 2 of experimental values, where they
exist. Lavruhina, et. al. (196L), use the following slightly different
semi-empirical formulae (from Metropolis, et. al. 1956, and Dostrovsky
et. al. 1958) to estimate the spallation cross-sections (o) for the

formation of an isobar, A = - AA g o
s A= by 3 c g-2/3

' 2
O‘(AA, A’t) = 0‘0 A /3 .-Ja-.—.———. » XD
1+C A - l+CZA

o 2

&
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where gy = 60 mb, C1 = 0,25, 02 = 0,022, and E is in GeV. To deter-

mine the cross-section, for a particular nucleus (A,Z), they apply the
following formula,

o /2

o (4,2) = o (42 ; Ag) ° [53 exp ER(Z—SA)%
where R and S are the Rusdtam parameters. (Note that ~1/2 of the
mass 26 isobar goes to 26Al.) Audouze, Ephere, and Reeves. (1967)
set-up a slightly different cross-section formula to be applied
specifically to light nucleii, whereas the other formulae were
derived for use with medium to heavy nueleii. Their formula ex-
plicitly ' puts in changes in isospin as well as changes in A, The
results, however, are approximately the same as‘those obtained with
the other formulae. (The Audouze, Ephere and Reeves, 1967,formula
was used by Audouze and Reeves, 1968 , for their estimate of the

26Al production.)

Recently, Evans (1970) and Tanaka (1970) have experimentally
measured the principle proton induced 26A1 production cross-sections
at energies near threshold for the reactions studied. Evans was kind
enough to release to me these unpublished preliminary data. The
procedure used by Evans and Tanaka was to expose a thick target
in a cyclotron; remove the target and take off various layers with a
lathe. The energy is determined by the penetration depth. The
layers are then counted for 26Al using techniques similiar to those
applied to meteorites. The cross-sections are evaluated relative to

22

a ““Na standard. These cross-sections are shown in Fig. 2 for

26
288i(p,2pn)26Al, 27Al(p,pn)26Al, and 26M’g(p,n) Al. (These lower
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energy, experimental cross-section measurements are of particular sig-
nificance to workers using the 26Al observed in the lunar samples to
determine the solar cosmic ray spectrum, S.H.R.E.L.L.D.A.L.F.F., 1970.)
The high energy extrapolations shown there are based on curve shapes
of analogous reactions.

It is interesting to compare the estimated cross-sections used in
cosmic ray work with the high energy extrapolations of Figure 2. Fuse
and Anders (1969) production is given in dpm/kg. These have been con-
verted to an effective average cross-section in mb assuming a cosmic
ray fluvx of 0.65 particles/cmz-sec.°sr, (Wanke, 1960). The results

are 0A1=hh mb, g, =29 mb, o =04y mb., It should

Mg OFe+Ni
be noted that the Fuse and Anders calculations have implicitely built

=0, o*szb, mb,

into them all forms of 26Al production due to cosmic rays including
effects of secondary neutrons. It is apparent that the high energy
extrapolations of Figure 2 agree very well with the work of Fuse and
Anders. The Fe cross-section has been measured by Lavruhina et. al,
(196L) as 0.46 mb at 660 MeV and by Honda and Lal (1969) as 0,43 mb
at 730 MeV, in good agreement with the above estimate. Lavruhina et.
al. (1969) also give an estimate of T

For production of 26A1 in the cosmic ray flux, it should be noted

=)l mb at 660 MeV,

that in these reactions, the heavy nucleus is the projectile, and
interstellar hydrogen and helium are the targets. The relative abun-
dance of Mg, Al and Si in the 50 to 200 MeV cosmic ray flux is
Mg/Si=l.5, and A1l/Si=0.1l, (Meyer,1969). (It should be noted that a

previous review, Gingburg and Syrovatskii, 196k, give Mg/Si=2.9 and
A1/Si=0.6.) Thus, the effective cross-section for 26Al production
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per silicon nucleus is,

(o ppdy = 1‘5(°Mg)i + 0oy, ); + (og)s
where i signifies either p or a. Using the high energy extrapolations
shown in Figure?2, we can estimate (céff)p=3h mb. (Ginzberg and
Syrovatskii's abundances would yield (oeff)p=53 mb.,) (Note that from
Rudstam~type formulae, we know that the production of 26Al in spalla-~
tion reactions is about half of the mass 26 isobar.) From a determin-
ation of the stable secondary nuclear components, (e.g. Li, Be and B),
in the gosmic ray flux, the amount of interstellar matter traversed
by cosmic ray particles during their life time can be estimated. Meyer
(1969) gave a value for this thickness of 3 to 5 g/cmz. Using the
above extimate for the cross-section, a thickness estimate of 3 g/cm?,
and neglecting hHe which may induce an error of 25%, an estimate of
the 26Al/Si ratio in cosmic rays is 26A1/Si=0.06';2é» where
t26=1.07 X 106 yr. and TC.R. is the meanlife of thg.ggsmic rays.

(The above estimate assumes Té6<<f ) As mentioned by Shapiro and

C«Rs
Silberberg (1970), the importance of the production of 26Al in cosmic
rays is that if techniques were ever developed to resolve 26Al, 27A1,
and 26Mg;in cosmic rays, it would then be possible to use the

abundance of 26A1 to determine the age of the cosmic rays.

¥. Solar System Synthesis

Most authors discussing the synthesis of 26Al have used models
involving a high energy proton irradiation in the early history of

the solar system, (c.f. Fowler, Greenstein and Hoyle, 1962, here-
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after referred to as FGH.) As mentioned previously, this type of
production seems to be the most likely way to produce 26Al during
the early stages of the solar system.

These models usually assume the early sun was more active than
the present sun and thus, could produce large numbers of high energy
protons in the then frequent solar flares or disturbances. The magni-
tude of the flux is usually determined by normalization such that the
observed abundance for some other nucleus (or nucleii) which is pre-
sumably produced in the same process would be fit. FGH and Reeves and
Audouze (1968) use the light nucleii, (Li, Be, and B) for this purpose.
Recent work, (Reeves, Fowler, and Hoyle, 1970), has shown that it is
not. necessary for ILi, Be, and B to be produced in a special process in
the formation of the solar system, but may, in fact, be produced by
interstellar cosmic rays.

Anders (196l;) normalizes the flux so &s to produce the amount of
1291 .(129Xb anomaly) measured in the Abee meteorite. In Section L of
this thesis it is shown that 1291 produced galactically in the r-
process can explain the 129Xe anomalies without any nucleochronologic
difficulties. In fach, it is shown that if 1271 were produced locally,
this would imply a time even longer than¢v108 yr. between the end of
r-process synthesis and the time of solidification.

Fish, Goles, and Anders (1960) did not bother to estimate a
flux itself, but merely estimated the 26_Al abundance from the Suess

and Urey (1956) element abundance table. Therefore, they do not

specify any particular production model nor do they discuss
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the time scale problems.

Since no 26Al has been observed and all other isotopic
effects observed can be explained without invoking some special
process, it appears that there is no a priori reason to have such
a flux, However, as mentioned previously, if there were 26A1 at
the time of solidification of objects in the solar system, a
high energy proton flux would be required to explain its exis-
tence so long after the termination of galactic nucleosythesis.
This flux ﬁould have to be uniform throughout the region of the
solar system producing the meteorites as well as the earth. (See

Burnett, Lippolt and Wasserburg, 1966, on ko

50
and Lipshutz, 1969, on V and Eugster, Tera, Burnett and Wasserburg

K, Balsiger, Geiss,

1970, on Gd; where limits on the non-uniformity of integrated proton
and neutron fluxes are obtained,)

The target material which is irradiated in the early solar system
by weight
is assumed to be chondritic. [17%/Si, 1.1%4 A1, 1L% Mg, (which is
11% 26Mg), 28% Fe, 1.7% Ni, 2.1% S, and 1.L4% Cay Urey and Craig,

19533 The effective total 26Al production cross-section at a

given energy is thus,
Ogpp = Og5 + 0.0680Al + 0.1070'Mg + 0.log + 1‘8S°Fe s

Therefore, the cross-section results of Fuse and Anders (1969) for. the
cosmic ray energy spectrum yield

Ogpp = 33mb . Lavruhina et. al. (196L) estimate Oorr = 2Ly mb for

f£f
a cosmic ray spectrum (not including secondary neutrons less than
~100 MeV}, Another estimate of the production cross-section at

high energy is that of PFGH , where the target is assumed to be
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5% 160 and 25% Si group elements, a cross-section of 60 mb is es-
timated for production from the Si group with a 500 MeV flux. From
the high energy extrapolations of Fig. 2 (with Ope” 0.4 mb) the ef-
fective cross-section is o .. = 36 mb for high energies (100 MeV),
which agrees quite well with the Fuse and Anders result and is within
a factor of 2 of the FGH estimate. Reeves and Audouze (1968) estimate
the effective cross-section for 26Al production per Si atom as 56 mb
for a flux of 50 MeV, which can be compared with the high energy ex-
trapolations which yield Oéff(SO MeV) = 61 mb. For the rest of this
discussion the experimental cross-sections of Fig. 2 with their high
energy extrapolations will be used.

It is now necessary to investigate the energy spectrum the flux
would have, dependent on the astrophysical situations under which the
irradiation took place. Rather than propose any one particular model,
a summary of various possibilities will be discussed. The accelera-
tion of particles to make the flux would probably be due to a mecha-
nism similiar to that of solar flares. To explore the flux problem,
let us look at the effects of three different types of flux spectra
from the early sun. The first would be a standard low energy solar
flare type flux with a spectrum Eicge_R/RO, where J is the number of
particles/cmz, R is the magneticdfigidity, and Ro = 100 MV, This flux

3

spectrum is similiar to an E ~ power law flux in the region of interest.
This rigidity spectra was chosen since it best fits most current solar
flare data. That, of course, does not mean that the early sun's

flares necessarily followed this spectral shape. It would bevery easy
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to have large numbers of flares of this type since it would be highly

possible for the early phases of the sun (e.g. T-Tauri) to be much
more active than - the present sun.

Another possibility would be some sort of mono-energetic flare,
For the purposes of argument, let us choose the energy so as to
reach the optimum effective cross-section for 26Al production which
can be seen from Figure 2 to be ~L0 MeV, This type of flux is equi-
valent to the assumptions of Reeves and Audouze (1968) who assumed a
50 MeV flux. By choosing the optimum energy, it is possible to ob=-
tain a lower limit on the number of bombarding particles required to
produce a specified amount of 26A1.

The third type of flux considered will be a high energy flare
flux similiar to that chosen by FGH wih several hundred MeV particles
traveling along magnetic field lines through the primordial matter.
It is important to note that only this high energy flux will pro-
duce appreciable secondary neutrons. The neutron reaction cross-
sections will be assumed to be similiar to the proton cross-
sections. The secondary neutrons would have to have energies
220 MeV to produce 26Al. Thus they would travel (neglecting any
scattering), 2 1/2 an astronomical unit before decaying. If
secondary neutrons are produced in large amounts, there must be some
shielding so that nucleii with large thermal cross-sections will not
be annihilated. This now brings us to a discussion of the state of
the primordial matter at the time of the irradiations. Any

shielding of the material from the flux depends on the g/cm?
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traversed. Thus, the same mass fraction of the primordial material
was irradiated ata given time whether the material was in a solid or
a gaseous state. It is very likely that a gas (or micron size
dust particles), wouldbecome  mixed, especially with an active
early sun, hewever » solid objects could remain inhomogeneous
with respect to the 26Al distribution. If the irradiation took
place in a turbulent gaseous state, it would still be necessary
for solidification to occur within a few million years if the 26A1
is to have any effect on the solar system. If the irradiation
takes place on solid ‘planstesmals only the surface, penetration
depth for that energy flux, would be irradiated. In order to have

0
Loy 0 and 6d con-

a homogeneous distribution to satisfy the
straints, it would be necessary for the planetesmals to re-
equilibrate either by collisions or melting. If this did not occur
within a few million years of the irradiation, the 26Al would only
be on the surface and would ' not be an effective heat
source for melting cores of objects. For the case of secondary
neutras, solid plantesmals would insure an opportunity for them to
interact before decay, thus, increasing the effective cross-section
for production of 26Al. The effects of secondary neutrons are
discussed quite thoroughly by Arnold, Honda and Lal (1960) for
the case of cosmic rays on meteorites and the effect for the high
energy flux discussed here would be practically identical. If the

primordial matter were diffuse, the neutrons would die away after

traveling ~1/2 to 1 A.U.



To produce a fixed amount of 26Al, a certain "effective flux"
is required to irradiate homogeneously all the primordial matter,
Any shielding effects can be translated into a change in the total
flux necessary to maintain the same effective flux. (e.g. If 90%
of the matter is shielded this would mean that total flux would have
to increase by a factor of 10 in order to produce the same amount
of 26Al as in the unshielded situation.) As was previously men-
tioned, it is known from K,Vand Gd that if there were a flux, its
effects were homogeneous. Therefore, any inhomogeneous effects due
to shielding had to be wiped out before the meteorites formed.

Since it is necessary to stir up the material at some time during or
after the irradiation, it does not matter whether the pre-planetary
matter is assumed to be gaseous or solid other than to change the
total flux required to produce a fixed amount of 26Al. The primary
thing is that objects must form within a few million years if 26Al
is to have any effect. Note also, that if any effect is to be
observed, there must be 26A1 Jeft when the feldspars solidified., The
homogeneous requirements for the effects of the flux eliminate the
possibility that there could have been separate irradiations after
the meteorites formed. That is, a meteorite such as the chondrite
Guarefa which is separated by 74 million yrs. from the Basaltis-
Achondrites according to Rb-Sr initial values (Wasserburg, Papa-
nastassiou and Sanz, 1969), would be unlikely to show 26A1 effects

unless all objects were irradiated uniformly near this 74 million
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year time. Also, K, V, and Gd would have to be equilibrated in all
objects after that time.

Now let us look at the effective flux requirements assuming no
shielding. (As mentioned above, shielding changes the total flux,
not the effective flux.) For the very high energy flux, the effec-~
tive cross-section, neglecting neutron effects, was given before as
~36 mb, Thus, to produce 1 atom 26Al onaSi-= 106 scale, requires
an integrated flux of ~3 x 10%? protons/cm?. For the case of a
4O MeV flux, the effective cross-section is ~66 mb. Therefore, the
flux is ~2 x 1019 protons/cm? to make 1 atom 26Al/idési. For the
low energy flare spectrum with Ro =~ 100 MeV, the required flux is
5 x 1020 p/em® in the range 10 to 100 MeV. (This calculation of
the 26Al production from a low energy solar flare spectrum is based
on work by R, Reedy, 1970.)

For all the above flux estimates, it was assumed that the ir-
radiation took place over a time interval much less than the 106 yr.
life of 2°A1. FGH. use a time interval of 107 yr.; thus, their
final production is reduced by a factar of 10. Their total es-
timated production is 28 atoms 26Alf106‘51 " which is then reduced
to 2.8 at the end of the irradiation. Other estimates of the pri-
mordial 26Al/loési are Reeves and Andouze (1968) with 0.56 atoms and
Anders (196L)+#o estimated 6 atoms. The major difference in each
of these models is the effective flux required. From the optimum

Lo MeV flux, a lower Ymit on the effective flux necessary to melt

the cores of planetary objects can be obtained., This limit is an
integrated
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flux J > x 1018 p/cm?, which comes from the unrealistic limit

of zero time between the irradiation and solidification of plane-
tary objects with radii> 100 km and a homogeneous 26Al distribution,

Although models can be constructed to produce high fluxes, in
no way can it be said, that it was mandatory for there to have been
a high energy proton irradiation of greater than L x lO18 par-
ticles/bmz. Since there is no a priori method of determining the
magnitude of the flux from astrophysics, one must rely on nuclear
physics; but, at the present time, there appears to be no experi-
mental isotopic abundance evidence for the existence of this flux
either. The production of stable and long-lived nuclides, once
thought to require this flux for their existence, can now be
explanined by other processes. This leaves 26Al, for which there is
no experimgntal evidence in the early solar system.

The only workers who have investigated the energy requirements
associated with a model for the production of 26Al are FGH. They
mention that in the transfer of angular momentum from the sun to
the planetary material, 5 x ths ergs of energy must be dissipated.
They following Hoyle (1960) and Gold and Hoyle (1960) feel this
energy will be stored as magnetic energy and dissipated through solar
flares. They estimate that the conversion of magnetic energy to high
energy particles has an efficiency of ~1/5. Thus, they have 410h5 ergs
to work with. For the flux spectra investigated in this present work,
it would require from ~1Oh2 to ~h x: 10h3 ergs depending on the spec-
tral shape to make 1 atom 26Al/10681. This is well within the energy

allowed by FGH.



Note that if a high flux exists, it would produce Li, Be, and

B by spallation reactions (é., f. Reeves and Audouze, 1968, and
FGH ), and therefore, other explanations for Ii, Be, and B

would not be needed. |

To summarige, let it be said that there are no nucleii pre-
sently observed which would have required some form of irradia-
tion > L x 1018 protons/cm2 in the early solar system in order to
exist. However, that does not rule out the existence of such a
flux, The energy spectrum chosen for the flux would depend on the
particular model used. Whether the flux irradiates a pre-planetary
gasy solid planetesmals, or for that matter, the outer layer of
the sun, doesn't appreciably change things other than the scaling
of the total flux due to shielding. The only way to avoid having
this high flux and still have 26Al, is to have the planetary ob-
jects solidify within a few million years of a carbon and silicon

burning supernovae.
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Section 3. Appendix I: Calibration of the Lunatic I

A calibration of the Lunatic I mass spectrometer (Wasserburg,
Papanastassiou, Nenow, and Bauman, 1969) was carried out.

Figure 3 is a schematic of the Lunatic I system. During normal
operation? the ion beam is collected in a Faraday Cup connected to
a Cary 36.vibrating-reed electrometer with a 10ll . resistor. The
signal is then measured with a Non-linear Systems digital voltmeter
(DVM), and the result is sent to an on-line computer (at present an
IBM 1800), for processing. The input impedance for the DVM varies

with the range used, (ie. 100 X for 0.1 V range, 1 M for 1 V range,

and 10 M for 10 V range). To compensate for this variation, an

impedance matching circuit is used so that the signal leaving the

Cary 36 always sees an impedance of 5 K in parallel with
100 K. (The recorder taps off of the 5 K part of the circuit.)

The purpose of the calibration was to observe the fractional
deviations between the input signals and the DVM readings. To deter-
mine these fractional deviations, it 1s possible to use a varible
voltage source (referred to as the Holy Cow), which can be connected
into the Cary 36 feedback loop. In order to better interpret the
calibration and remove any effects due to deviations in the Holy Cow
from assumed input, the DVM and Holy Cow were calibrated relative
to a Hewlett-Packard Model TLOB differential voltmeter. In addition,
a calibration was also made of the impedance matching network using
the differential volimeter. Thus, the total system as well as all
the components (with the exception of the Cary 36 whose calibration
is then implied), were calibrated relative to the differential

voltmeter.
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The DVM (see Fig. L) was calibrated by discomnecting it from

the system, then using the differential voltmeter as a direct input

to the DVM. The spread in the data was £ %1 digit of the DVM, The
results of this calibration are shown in column 2

of Table 2 and plotted in Fig. 5. The fractional deviations for all
ranges have been normalized throughout this werk so that 1 volt read
on the 10 volt scale has zero deviation. With this normalization,
it is seen ﬁhat the full scale reading for each range has a frac-
tional deviation of -3 parts in th. For the DVM, it can be seen
that to within the precision of the measurements:

vout - Vin

f = ~ K log(V, / V,)

Vin

where V° and K are empirically determined
for each range. The reading on the DVM is supposed to vary linearly

with the frequency of the pulses coming out of the high gain amp.
(see Fig. li), with Zin adjusted for each range such that full scale
yields 105 pulses/sec. The calibration indicates that the DVM

reading is not linear with the frequency, but in fact, detects low

frequency pulses (low voltage) with greater efficiency than high
frequency pulses’ (high wvoltage)..

For an infinite gain amplifier, the time necessary to trigger
the Schmidt trigger (see Figure l) is

P = .,EPME.J..ZP ..,.-..c_
in
where Egis the trigger voltage and C = 20 pf is the capacitance
across the amp. The DVM output is proportional to 1/T (for in-

finite gain Vout = Vin)‘ For finite gain, A, the trigger time goes
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tos T = (1+A) <% *CoIn(l + Ey/A-¥;y,)
‘and thus the fractional deviation between vin and vout is
-1/A to  first order. For this amplifier, the gain varies in-
versly with frequency. A high voltage would therefore, have a
negative fractional correction, f, relative to a lower voltage on
the same range. This result agrees qualitatively with the observed
calibration, Figure 5. Quantitative agreement requires that the gain
for full scale readings be ~ 3 x lO% with the gain at one tenth scale
= 105. Discussions with A. Massey have indicated to me that it is
quite possible for the high frequency gain to be as low as 3 x lO3
even if the low frequency gain is >105. There is also an effect due
to the fact that instead of an ideal op~amp, the DVM has a real
amplifier with a finite input impedance, This effect would
vary from range to range,
which is different from the observed calibration behavior. Other
possible effects (e.g. the effect of a residual charge on the capacitor
or the effect of the peak shape of the reset pulse) also do not yield
the observed behavior. It therefore appears that the dominant effect
observed in the DVM calibration, is the variation of the amplifier
gain with frequency.

The integratien times for the DVM were also calibrated by again
using the differential volimeter as a direct input; then, taking
readings with 1, 2, L, and 8 second integration times. Deviations
between readings using different integration times were found to be
much less than deviations due to changes in inpub wektage within a
range. The integration time circuit is independent of the range

circuit and, it was found that the integration time calibration of
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the DVM was independent of range.

Let
Vﬁ - tVl

tVl

.dt.a

where t is the integration time, V1 is the reading for a 1 second
integration time, and Vi is the reading for an inbegration time, t.

The results for all ranges within the precision of the measurements

are:
gy 20
dy = 0
d, = 2.5 % 10"S
dg = =2.5 x 107
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To calibrate the impedance matching circuit, a fixed voltage

source was made using a 1.5 volt battery connected in series with a
70 K resistor. The impedance matching network including the DVM was
separated frbm the Cary 36 circuit. That is, a break in the system
circuit was made at point A on the schmatic shown in Fig. 3. The

fixed voltage source was connected between points B and C of Fig. 3.
This yielded a voltage of ~100mv into the DVM. This voltage across
B and C was measured with the differentisl voltmeter as well as the

DVM using all combinations of ranges and integration times. It was
found, using the differential voltmeter, that the

1 volt scale read~)l parts in 10h higher than the 10 volt
scale, and the 0.1 volt scale read ~1 part in 10" higher than the

10 V scale (see column 3 of Table 2) .,

The DVM reading showed the combined effect of this impedance matching
calibration and the calibration of the DVM, No significant variation
was found in the differential voltmeter readings using fixed range,
but different time base. The differential voltmeter was then used as
the voltage source in place of the battery with the output voltage
now read only on the DVM, For various input voltages, the DVM again
showed the combined effect of the DVM delibration and the impedance
matching scale factors.

The Holy Cow was calibrated by disconecting it from the system,
then measuring its output voltages with the differential voltmeter.
The results, corrected for zeroes, are shown in column li of Table 2
and plotted in Fig. 6. Note in particular, that the deviations increase
for lower vbltages. This effect can be explained by the fact that
thermal emf's become more significant for lower signals. The total

system was then calibrated with the Holy Cow. This is done by con-
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necting the Holy Cow into the Cary 36 feedback loop. Holy Cow volt-
ages are set on all nine channels of the Lunatic and the system is
cycled through the channels., The DVM results are sent to the com-
puter, corrected for zeroces, and the ratios are calculated relative
to 1 V measured on the 10 V scale with a 1 second integration tinme,

Many sets of ratios are taken and the means of all the ratios are
computed, The fractional deviations of the resulting

means from the Holy Cow imput settings are shovm in
colwm 5 of Table 2 and plotted in Figure Te

The error bars are two times the standard deviation of the mean for
the ratios.

The system calibration was corrected for the Holy Cow calibration
by subtracting column l from column 5 of Table 2, The resulting
corrected system calibration is shown in column 6 of Table 2 and is
plotted in Fig. 8. The dashed line in Fig. 8 is the 20 counting

statistics for an equivalent input signal due to ions using a 1011 e}

resistor .and integrated for 1 second,
The calibration shown in Fig. 8 represents the deviation of the
total system from the differential voltmeler which is used as our

standard. The calibration can be used to correct measured ratics as

follows: :
| Vout = %in
for f = == ?
in

Windy - Oouphy | ) o Ty 156 ]
Uinde o)y O Vot )2 &1

That is, each ratio has a.calibration correction f2~fl where fi is a
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function of woltage as shown in Fig. 8.

For most analyses, mass spectrometer ratios are corrected for
mass discrimination. For the magnesium case, the calibration correc-
tion for the 26Mg/2uMg ratio following the discrimination correction
from the 25Mg/2hMg ratio is 2f25 - (th + f26)' Another example is the
Sr case where 888?/868r is used to correct 8?Sr/865r, The calibration

. T .
correction for this case is - - f87' Ryr a typical Mg an-
alysis ( 2hﬁg=2 V. See Sec. 6 ), the calibration correction would be
~1.6 parts in JGh, However, all Mg analysis were done at approsi-
mately the same running conditions. They would, thus, all have the
same calibration correction and therefore, relative effects (i.e.
26Mg anomalies) would not contain a calibration error,

It is interesting to note that the Cary 36 vibrating-reed
electrometer was the only component of the Lunatic I system not dir-
ectly calibratethaiﬂmlied calibration for it cam be obtained by sub-
tracting the effects of the calibrations of all the other components
from the total system calibration., The result is shown in column 7 of
Table 2 and is plotted in Fig. 9.

In addition to the basic calibraticn described above, various
other effects were invesitigated. It was found that the total system
calibration using the Holy Cow was independent of whether the reed
feedback resistor was 1010 or 1011(1 . Howewver, on the average, the
noise as determined by the standard deviation of the ratios was less
with the lOlOS'l.resistor°

It was found that the difference in results using an 8 second

compared to a 1 second integration time, was ~7 parts in lOS
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It was also found that there was no change in results (due to
possible coupling), whether or not the Cary L0l vibrating-reed
electrometer was on.

A check was made on the effect of the time delay setting in
cyeling through channels, It was determined that there was no varia-
tion in results with time delays Z 1 second.

Tt is not possible to determine the linearity of the reed feed-
back resistor with the differential voltmeter. D.APapanastassiou,using

precision Sr measurements, has found that the 10l;fL resistor begins

to go non-linear for signals greater than ~3 V and deviates by a few
parts in 10u at ~8 V. He is currently working to get this more quan-
tative. With these results as well as the system calibration curve of
Fig. 8, it appears that the optimum running conditions (with respect to
minimum calibration corrections), would be signals between ~2.5 V and
~50 mV. It should be noted that there is practically no calibration
correction for ratios where both peaks are measured on the 1 V range

or where both peaks are measured between 1 and 2.5 V on the 10 V range.
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Section.3. "Appendix II: Mineral Separates

Al though a brief description of the mineral separates is given
in Section é, it is important to provide a more detailed description
here. Following the mineral separations, aliquots were processed
through the chemistry, and the blank corrections calculated as shown
in Table 1. The Al and Mg concentrations are shown in Table 6 of
Section 6. Thus, Table 1 allows one to determine the amount of
sample processed through each stage of the chemistry.

Colomera

Twelve milligrams of a large single crystal potassium feldspar
inclusion, (Wasserburg; Sanz and Bence, 1968), from the iron
meteorite Colomera were hand-picked for subsequent analysis. The
grains, when picked, were covered with rust. The grains were gently
crushed and the rust was removed by washing in warm LN HCl. The
grains were then water clear. A microprobe mount was made, and it
was determined that the separate was 98% alkali-feldspar Or89, 1%
plagioclase feldspar, and 1% other.

Moore County

Two feldspar separates were made from the Achondrite Moore
County. Both were crystals hand-picked after gentle crushing. The
feldspar contained some pyrexene inclusions, and some small black
inclusions. Some rust spots were noticed on the grains,

Separate I was prepared from 16,2 mg. of hand-picked crystals.

It was first rinsed in warm 2N HCl for about 3 to 5 minutes, then
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rinsed in HQO and acetone. This procedure removed the rust spots.
This separate was then crushed to ~75yand put in 2.8 specific gravity
methylene iodide and acetone solution, and centrifuged. The floats
were then ground to less that 20a . and again put through 2.8

g/cm3 density methylene ilodide and acetone. This sample was then
hand-picked to remove impurities. This left 1.6 mg. of feldspar.
Separate I was then processed as indicated by Table 1.

Separate II started from ~100 mg. of hand-picked plagicclase.
This was put into 2.8 specific gravity liquid and centrifuged. Next
the floats were ground to 254. (Sample was now 60 mg.) The sample
was then put into 2.7 density liquid, and almost everything
appeared to sink. This was put into 2.75 density liquid and cen-
tifuged. The Ll mg. of floats were reprocessed through the 2.75
liquid and hand-picked to remove impurities. This left 31.7 mg.
of sample,

A 9.4 mg. fraction of this feldspar separate was put into solu-
tion in the usual manner with aliquots tsken for analysis. A
microprobe mount was made for both Moore County I and II. It was
determined that the plagiciase was An92, Moore Co.I feldspar sep-
arate contained 11% free SiO2 phases, whereas no free quartz was
found in the Moore Co. II feldspar separate.

Juvinas

A feldspar separate was made from the Achondrite Juvinas., Forty

milligrams of feldspar were hand-picked from a feldspar-rich part

of the specimen, This hand-picked feldspar was then gently ground
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under acetone and centrifuged in 2.75 density methylene iodide and
acetone. The impurites in the floats were hand-picked out and the
floats were ground under acetone to -liOy and cycled through the
2.75 density liquid. Seven milligrams of the remaining 22 mg.
sample were put through the normal chemistry. The Mg concentration
was determined to be 1L0O ppm. A microprobe mount was made, and
it was determined that some grains had Mg-rich inclusions. It was

also determined that the plagicilase feldspar was An The re-

91
maining feldspar was thEl reground to less than 204 and processed
through 2.75 density liquid in an attempt to remove the Mg-rich
impurities. The resulting separate still had 1LOO ppm. No free
SiO2 phases were observed.

Pasamonte

Twenty-one milligrams of feldspar were hand-picked from the
coarse grained portion, rather than the fine grained matrix, which
was separated by passing through 75u (200 mesh) screen wire.

This plagioclase was gently ground under acetone with an agate
mortar and pestle. The plagioclase was then centrifuged in 2,75
density methylene lodide and acetone. The floats were carefully
hand-picked, and then ground under acetone to less than 20u size
particles. The separate was then centrifuged again in 2,75 density
liquid. The floats were again hand-picked to remove impurities. A
microprobe grain mount was made. The plagioclase was determined to

be Ang,. The separate was determined to have L% free 10, phases.

Approximately half. (L.L mg.) of the remaining 9.0 mg. of the
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separate was processed through the chemistry.
St. Severin

The chondpite St. Severin was also investigated. The starting
point for t:'_s feldspar separate was a feldspar-rich fraction left
over from previous separates done on St. Severin in this laboratory,
(Wasserburg et. al. 1969 a,b). It had been sieved such that it
ranged in grain size from 7Op to 254 , and had floated in 2,70
density liquid. An atomic &sorption analysis determined the Mg
concentration of this material to be 6200 ppm. A fraction of this
material, 163.2 mg., was then groud under acetone until grain size
was ~10w ., This was then centrifuged in 2.75 density methylene
iodide and acetone. The floats were then centrifuged in 2.70
density liquid. The 27.0 mg. of floats were centrifuged in 2.67
density liquid, handpicked, and reprocessed through 2.66 density
liquid. A 3.0 mg. aliquot of the remaining 17.1‘mg. sample was
then dissolved and the Mg concentration determined to be 3300 ppm.
With such small grain size, some particles tended to remain in the
acetone during washing and decanting. The particles that remained. in
the wash of the 2.7 floats were allowed to settle out overnight, and
found to weigh 16.2 mg. These hyperfine grains were centrifuged
in 2.67 density liquid, and the floats hand-picked for impurities.
These floats were found to weigh 12.7 mg. Approximately half, 7.0
mg., of these hyperfines were then put through our standard chemis-
try and the Mg concentration was found to be 2000 ppm. A micro-

probe sample of these hyperfines was also made and determined to be
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Ab88An12 with no free 8102 phases found. An aliquot of the hyper-
fines was processed through the chemistry.

Lunar Rock 1206, 26

This is a coarse grained holocrystalline gabroic rock. A
portion of this rock was gently crushed and sieved to be 75 to 3004
in size. From this, 20 mg. of plagioclase were hand-picked, .
ground to iess than 1004 and centrifuged through 2.75 density
methylene iodide and acetone. Impurities were hand-picked from the
floats. The floats were then ground to »10pm and centrifuged again
in 2,75 densityY 1liquid. The floats were hand-picked for impuri-
ties and a microprobe grain mount was made. The composition was
determined to be An85 with less than 5% free 510,.

Guareha

The starting point for this separate was a feldspar-rich separate
left over from earlier separates in this laboratory on GuareMa (Huneke,
Burnett, Schramm and Wasserburg, 1970), This 60 to 100y starting mater-
ial was found by atomic absorption to have L)j000 ppm Mg. Approximately
50 mg. of this material was crushed to -70y and centrifuged in 2.7 g/cmg
liquid. At the conclusion, the grains were ground until particle size
was less than Sﬂ. (This fine material tended to remain suspended in the
acetone; thus, it was necessary to centrifuge the acetone to work with

the separate.)

This fine material was contrifuged in 2.67 g/cm3 liquid and
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hand-picked to remove impurities. A microprobe analysis was carried
out, and it was determined that the sample was ~A,b85 AnlS with an

Al concentration of 11.7%. No evidence of any free 8102 phases

was® found, Hot spots of Mg were found. The remaining 1.9 mg. of
Guarena feldspar were dissolved using 1/3 ml., HF and 1/3 ml. HCl@h

and put through the chemical processing.

LunarRock 12013, 10

This sample was from a few milligrams of feldspar left over from
previous mineral separates performed in this laboratory on Lunar
Rock 12013 (Lunatic Asylum, 1970). It had been crushed to less than
75}: grain size and the floats were taken from centrifuging in
2.65 g/cm3 liguid twice.

From a microprobe analysis, it was found that the separate had
many Mg-rich impurities. It was also found that the sample was made
up of several feldspar phases ranging from almost pure K feldspar
to plagioclase with wide variation in Ca., The remaining 1.9 mg. of
the sample were dissolved in 1/3 ml. HF' and 1/3 ml, HCth and
processed through the chemistry.

Lunar Rock 1002, 2L

This is a fine grained high-X rock, which was crushed and centri-
fuged in 2. g/cm3 methylene iodide and acetone., The resulting
3

sinks were centrifuged in 2.7 g/em” density liquid. An aliquot of
the floats, 1.9 mg., was dissolved using 1 ml. HF and 1 ml, HClOu
and processed for analysis. A microprobe analysis indicated some

Mg-rich impurities and ~10% cristobalite.
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Hallingeberg

Hallingeberg is an unequilibrated condrite (L3) with little
crystalized feldspar (Dodd, Van Schmus, and Koffman, 1967). This
meteorite was the most primitive material analyzed in this work.
(The only available matter more primitive than this would be C1 and
C2 carbonaceous chondrites which have no feldspar.) An attempt was
made to separate out the feldspar composition glass, A sink-float

test in 2.75 g/cm3 M.I. and acetone indicated that the white grains
were probably feldspar glass.

The rock was gently ground to -75Mu and put in 2,75 g/cm3 liquid.
The 9.7 mg. of floats were hand-picked for impurities and ground
under acetone to “Sﬁi' The acetone was centrifuged to remove the
suspended particles. These grains were put in 2,70 g/cm3
density liquid and then into an untra-sonic bath to break-up co-
agulates .The 2-78/ﬁm3 solution was then centrifuged. The floats were
then hand-picked for impurities and a microprobe grain mount was
made, This left less than a milligram of material to dissolve in
1/3 ml, HF and 1/3 ml. HC10 L and analyze. The Mg concentation was
found to be 7.2% which agreed with an average microprobe measurement
of 7.3%. The microprobe analysis indicated the separate had ~10% Al.
Thus, the separate was feldspar-like glass, but with Mg present as
a major element whkich would rule out the use of this separate to

find any 26Mg anomaly due to 26Al. To check the result that Al
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rich areas had high Mg concentrations, micro-thin sections were
made from 15 chondrules, A microprobe analysis indicated all Al
areas had high Mg content, thus confirming our previous findings,
This seems to indicate that the procedures used here are not

applicable to the uneqrilibrated chondrites.
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