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THE DETERMINATION OF SMALL TIME DIFFERENCES

IN THE FORMATION OF PLANETARY OBJECTS
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intensity measurement 1s made. An on line computer anal
and returns the results to the operator throughout az run. The

precision obtained in measuring isctopic ratios is

order of magnitude over conventional similar instruments and is docu~

. The Sr/ 7Sr ratio is measured o

mented for the strontium isoto;
better than + 0.007% over the cxtended time of the experiments.
Ca-rich achondritic meteorites having a total spread of 0.2% in

87 ,86 . e . . e 3
Sr/ "5r were studied and appear to define an identical initial

Cha

abundance of 0.698983 + 0.000032. The samples lie on a well defined
isochron with slope 0.0642 F 0.0034, corresponding tc an age of
; — 9 . 1 . . £ 3 - s v e
4.47 + 0.24 x 107 years. The maximum deviation of data points from
, . . -3 , - .
the isochron is 6 x 10 7% and shows that these samples were formed

L

. . . .- e At P
over a time interval of 1.6 x 10~ years if they were derived f{rom an

environment of solar Rb/Sr abundance. The Angra dos Reis achondrite
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has the distinctly lower inital Sr composition of 0.69884 + 0.00004
and is, therefore, derived from more primitive material than any
other meteorite measured. Angra dos Reis may have formed 5.4 x 106
years earlier than the other achondrites (from a sclar Rb/Sr
environment) . The Angra dos Reis initial Sr isotopic composition
should be considered as the best estimate of the primordial Sr
isotopic abundance in the solar system.

Measurements on the chondrite Guarena yield an age
4.56 F 0.08 x 107 years and precise Sr initial composition of
0.69995 + 0.00015. This is evidence for gither a late formation of

) i 5 6 - .
Guarena or a metamorphic event taking place 74 x 107 years after the

W
]

time of formation of the Ca-rich achondrites. These measurements may

yield a time index for the classification of meteorites.
Measurements on Apollo XI lunar samples are presented and

discussed.
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1. Brief Qutline of the Thesis

The purpose of this study is to applv newlv developed experi-
fal %

mental technigues of measuring isotopic ratios with hieh precision
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and to demonstrate that it is possible to resolve fine

in the formation of planetary obiects.
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rief cutline of th

In section

i~

we summarize extensively the remaining sections of the thesis. In

section 4 we present new analytical results obtained for several

pls

achondritic mereorites and the first results obtained for lunar

samples returned by the Apollo XI crew. These measurements are

discussed in relation to the data presented in sections 5, 6, and 7
Sections 5, 6, and 7 are unmodified versions of published
articles. In section 5 we describe the design and performance of =

new on-line mass spectrometer used for this study.

In section 6 we demonstrate experimentally

for measuring isotopic ratios; we obtain a precise value for the

primordial strontium isotopic composition; and we discuss the time
resolution afforded by the measurements and the apparent simultan-
eity of the formation of the basaltic achondrites.

a chondrite and demonstrate that similar measurements may determine

we discuss the motivation for this study. In section 3

.
&

In section 7 we determine a differential evolution interval fo:



a definite time evolution sequence for very ancient objects of the
solar system,

Throughout sections 2,3 and & we refer to other parts of this
thesis using the section and subsection designation (e.g., section
6.2.2: thesis section 6, subsection 2.2). We refer to equations,
figures, and tables by using the section number followed by the
appropriate number in quasi-decimal notation (e.g. Figure 6.1,

Table 5.1).
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2. Introduction

In this study we present precise meagsurements of strontium

isotopic ratios. The isotope Sr is being enriched over geol@aic

time by the decay of ~Rb which has a half life of 5 x 10 years
87 86 36

By measuring changes in the ratio Sr/  Sr (where Sy is not

affected by long lived radiocactivity) we obtain a measure of Cime

systemztics of this dating method.
The experimental procedure involves choosing samples with

7. .86

different enrichments of Sr/ Sr. Each sample is

~ T S ~E mn TS v arad o tiied e

sith known amounts of calibrated sol ey
— o . &, ) ) o i

predominantly in Rb and Sr. Rb and Sr are separated by ion

exchange; the respective solutions are evaporated and a small drop

Mass spectrometer measurements are limited by two main effects:
a) mass fractionation during evaporation and ionization from the

filament, and b) by ion beam instabilities from irregular emisgsion.

. . . . . - . e 6. 88 .
isotopic ratio which is not affected by radiocactivity (e.g. St/ "St}
to a given value which is the average of many determinations. This
normalization procedure corrects for instrumental as well as for

naturally caused isotopic fractionation. The second effect is

bty
or
5

minimized by the design of the data acquisition system of

Lunatic I mass spectrometer (described in section 5). We are able to

o
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reduce drastically the time wasted scanning between spectral lines
by step scanning between peaks at a fast rate and digitally inte-
grating the signal. The increased speed of obtaining data alsco

results in a greater amount of data being collected during the run,

nly by the ciga o
il 18 Lalt 51248 O

Py

the sample. The
prodigious output of the system is analyzed by an on-line computer.
This procedure yields isotopic compositions reproducible to better
than 4 0.007% which represents an improvement of an order of magnitude
in precision over conventional mass spectrometers using surface ion-
ization. This precision was sorely needed since the relative enrich-
- 87 86 : - s . . N C
ments of Sr/ "Sr are small. In particular using the Lunatic I we
have determined an age for the basaltic achondrites, a group of meteor
ites which show only a 0.2% total enrichment in ( Sr/ "Sr). These
objects were previously lumped together and provided an origin for
the isctopic composition of Sr in other Rb-rieh meteorites,
The data presented here on basaltic achondrites define an age
9 . . : o £
of 4.5 x 10” years for these objects in good agreement with the age of
the earth and other meteorites. We find that these meteorites formed
s < 6 L A5 .

within 2-5 x 10~ years of each other 4.5 x 107 years ago. We also
determine the best estimate of the primordial Sr composition in the
solar system when solid bodies began to form.

The fine relative time scale established using the Rb-Sr scheme is
comparable fo the results obtained by extinct radicactivity effects in

, 129 . 129 ) , . horter 1.7 x 107
meteorites, The I decay into Ye witrh the much shorte . i
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year half-life has an experimental resolution of about
2 x 106 years. Careful recent experiments by Podosek (1969a) vield
relative ages for meteorites and different parts of meteorites which
show a total range of only 15 x 106 years. This range 1s similar to
the results presented here although no samples have as yet been
measured by both methods. The scheme dependent on 244Pu fission and
enrichment of the heavy Xe isotopes with an 8.2 x 107 year half-life
appears to give similarly short formation intervals although the
method is not well established (Sabu and Kuroda 1967 ; Reynolds
1968 ). It is indicated that the actual formation of solid objects in

the early solar system has occurred over very short time intervals.

These intervals apply to any process of matter condensation from the
contracting solar nebula.
Measurements on the chondritic meteorite Guarena with +

007

<

precision using sophisticated mineral separation techniques allow
us to determine the occurence of an event in this object ~ 75 million
years after it was formed. Previously it has only been possible to
determine formation times with a resolution of + 100 million years.

By comparing our data on the achondrites with lower precision
measurements of nonradiogenic samples of the carth we can place an
upper limit of ~ 200 million years on the relative time of
of the earth and the meteorites if the earth is vounger than the
meteorites. High precision measurements in old terrestrial roc
will tighten this upper limit.

Recently returned samples from the lunar surface show very small

. 87 . ,86 .
enrichments in ( Sr/ "Sr) so that the precision reported and
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documented here is absolutely necessary in dating these samples. We
will report results which show that the moon is about 4.5 x 109 years
old and that on its surface igneous rocks exist which yield ages as
young as 3.5 x 109 years. This shows both that the moon is old and
that it has remained active for a long period of time despite some
opinions expressed to the contrary. The nature of the activity on the
moonn is not determinable yet, however, a very strong argument can be
made against the possibility of the moon having formed ™~ 3.5 x 107
vears ago by the fission™ of the earth.

The precision in measuring isotopic ratios can be applied to the
study of the evolution of the earth's crust (Wasserburg 1966 ). 1In
particular since the crust is characterized by high Rb/Sr ratios while
the upper mantle has low Rb/Sr abundance, rocks which have been
"reworked™ in the crust can be resolved from rocks which have either
recently been added to the crust from the mantle or have not been
disturbed since their early addition.

The precision of + 0.007% can correspond to about + 2.5 x 10@
years in certain common Rb-rich minerals on the earth. This resolution
in time could permit a check of the ages obtained by 14C dating.

The advance in instrumentation described and demonstrated
here can now be used to study other fine isotopic effects for a
variety of elements in different samples of the solar system with
particular ease and efficiency. Precise Ba isotopic abundances
have recently been obtained using the Lunatic I (Eugster, Tera, and

Wasserburg 1969 ). By the use of a double spike for the determination
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of mass fractionation, these authors have reported identical
isotopic composition of Ba in terrestrial and meteoritic samples.
These results allowed a definite refutal of previously reported
Ba isotopic variations. Similar measurements for Gd (Eugster, Tera,
Burnett, and Wasserburg 1969 ) have recently established an identical
isotopic abundance for terrestrisl and meteoritic Gd to 0.1% and also
determined that the Norton County achondrite has been subjected to an
- - 15

integrated thermal neutron flux of 4.4 x 10 neutrons. High precision
measurements on Gd in lunar samples using this system provide a
precise monitor of thermal neutron effects.

A similar digital data acquisition system and magnetic field
analyzer have recently been added to a conventionasl rare gas mass

ficant increase in

[N
€]

spectrometer. Preliminary results indicate a sign
the precision of the data obtained. It is,therefore, obvious that a
wealth of effects may now be studied related both to geological and
extraterrestrial problems with a precision and ease of data analysis

not previously possible.
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3. Detailed Summary
3.1 Rb - Sr Systematics
Recent studies of meteorites by the rubidium-strontium dating
method have consistently given ages in the range 4.4-4.7 x ]_O9 years.
In section 6.1 we present a short review of the data obtained
previously to the present study. The resolution which can be
achieved by using the standard dating procedures is + 108 years,
especially if we include systematic errors which exist among different
oratories due to the lack of high quality comparisons of adequate
standards and the considerable difference in the quality of the avail-
able data. It is, therefore, clear that most events of object forma-
tion and differentiaticn cannot be resolved without a considerable
improvement in analytical techniques and a shift of the emphasis in

Rb-Sr determinations.

The Rb-Sr dating method is based on the decay scheme

87 87 . - z 1
37Rb — 388r -+ e 4+ v (L)

. . 10 87 .
with a half-life 7,= 5 x 107" years. We dencte by ( Sr}I the number
Z
of 'Sr atoms at an initial time T_ in a given system containing Rb and

I

Sr. As long as the system remains closed to Rb and Sr loss we

obtain at any time T

T -
(878‘:)T _ (878]:)I n (87Rb)T {e'('l T) o1

Lot

P
o

S

87 . .
where ( Rb)T is the number of surviving atoms and A the decay

constant. Time is measured such that at present T= TP: 0. Since
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isctopic ratios are measured more precisely than the absolute number

of parent and daughter atoms, equation 2 is normalized by using a

h

Sr isotope not affected b

&

long term radiocactive decay. For measure-

P

ments at the present we obtain:

[e7. \ 187, ) 187\
St srl | Rb\ - ; (33
1\86 ‘} = K% } o 35 Lexp{AT_ Yy - L] J
St/ . St/ St/
;P T P
87 . 86 . C . .y . . e
where ( Rb/ "Sr), is the ratio of the concentrations of the specified
i

isotopes (in moles/g sample) and TI is the "age" of the system, i.e.,

the time elapsed since the system had the unknown initial composition

~

- N o ~ . 87, .86 s e
{ Sr/ Sy)_. Both the age 41 and { Sr/ ST are delined 1I we can

measure at least two systems for which there is good resson to believe

1 4

that they became isotopically homogenized but chemically differentiated

(i.e., different Rb/Sr) at the same time T, and remained closed to Eb
4
, . R . , ,87 . 86 )
and Sv loss thereafter. Figure 1 shows a ( 'Sr/ 'Sr) wversus
T
87, .86 ) . . .
(" Rb/ "Sr)_ disgram usually termed a Rb-Sr evolution dlagram.

. -0 .. .. . i
Closed systems move along -45 lines on this diagram. We show three

systems A, B, and C which at TO have the same Sr isotopic composition.

- o e 1 NS B
vstems will

In view of equation (3), any time thereafter the =

elapsed since TO,

System S is the average of systems A, B, and C. If at time 7, the

systems AT 5 BT , and CT become rehomogenized isotopically, we
1 1 1
obtain new systems A; R B% > and C! which thereafter evolve undis-

. 1 1 1
turbed. If the total system S remains closed, it will evolve without
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any discontinuity at T At a later time, systems A', B', C' and S

1°

will yield an "age" Ty since the last "catastrophic'" disturbance at

T However, if (87Sr/868r)I were independently known, a line
87 86 0
through (  Sr/ Sr)I and S_ would yield the total time elapsed
0 2
{T_ + 7_.) since T _. Moreover the relatively high (87Sr/86Sr)I ig an
1

indication of a secondary event between TO and Tl + TZ. The lowest
87

( Sr/86Sr)I obtained during investigations of many bodies is thought

of

as "primordial®. The method usually works in the reverse way: 1if
the data on a set of objects result in points defining a straight line
an age and initial Sr isotopic composition are inferred along with the
conclusion that the objects have not been disturbed during the inferred
age.

A group of objects ave usually chosen for which there is some
reason to believe that they are cogenetic., The ability to draw any
firm conclusions for a group of objects which is chosen for investi-
gation is highly dependent on the amount of heterogeneity in Rb/Sr

observed within the members of the group. From the nature of equation

(3) a sample with low Rb/Sr and therefore small amount of radiogenic

5

enrichment of 87Sr/868r is most important in determining ( '53/86Sr)*-
L

A sample with high Rb/Sr results in the determination of the age for

, . . 87, ,86 . ,

the sample even if only an approximate value for ( "Sr/ Sr)I is used,

if a sufficient range in Rb/Sr is not found.
In geological studies mineral phases with different Rb/Sr

abundances are separated from a single rock or a suite of rocks which
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[

are expected to be cogenetic from independent observations. 1If the
studied minerals define & straight line an age is calculated under
the simple assumptions of closed systems. If no such linear array is
defined the system 1s highly disturbed and no single time of complete
Sr isotopic homogenization can be inferred. Iantermediate cases are

also observed (Wasserburg and Steiger 1967 ). These authors found

that in a certain granite the major phases defined

[}
jaK)
w
7
-
03
-
OQM
joi
e
ot
}.—J
=]
e
@]
o]

a Rb-Sr evolution diagram but that some of the mipnor phases indicated

s - . , 87 . . .
a small excess 0I radiogenic Sr. This was intcrpreted as o sign of

~ .

only slight redistribution of Sr which did

The first meteorite studies {Schumache

r i

involved measuring Rb and Sr in chondrites, which are velarively
Rb-rich, and in achondrites, which are Rb-poor, by making the assump-
tion that these two different classes of metcorites were formed at the
same time and with the same initial Sr composition. From our data it
now appears that this assumption was approximately correct. Moxe
recent attempts consisted of trying to obtain a wide enough range in
Rb/Sr from phases of only one meteorite. The first successful

effort yielded an age for the Weekeroo Station iron meteorite
(Wasserburg, Burnett, and Frondel 1965 ), Rb-Sr data on silicate
inclusions of several more iron meteorites (including a better deter-
mination of Weekeroo Station) have been reported (Burnett and

Wasserburg 1967b ) which yield ages of 4.6 x 109 vears and an initial
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87 86 . . . . .
("'Sr/ "Sr) composition compatible with the approximate value of
0.699 obtained from previous measurements on basaltic achondrites,

A relatively precise Rb-Sr isochron for Norton Ccunty (Bogard et al.
1967) an enstatite (Mg281206) achondrite yields an age of 4.70 x 107yr
ek 87 86 A . . . ;

and an initial (" 'Sr/ "Sr) = 0.7005 + 0.001l . An internal isochron

. 9 . - .
corresponding to an age 3.8 + 0.1 x 10" was obtained for the iron
meteorite Kodaikanal (Burnett and Wasserburg 1967a ) and is che
only evidence for ages younger than the range 4,4-4.?x109yr obtained
for all other meteorites by the Rb-Sr method. Less successful
attempts at obtaining internal isochrons on stone meteorites have also
been reported (Shields, Pinson and Hurley 1966 ; Shima and Honda 1967

Rb-Sr studies have demonstrated (when goed line

-
i

w

that all meteorites, except Kodaikanal, formed within + 1.5 x 10
9
years 4.6 x 10 years ago.

The ages in this and the previous studies are calculated using

o

9 87, - R ;
the 7, = (5.0 + 0.2) x 10° years Rb half~life which has been
%
. . . . . 87 87 .
determined by measuring the ratio of radiogenic Sr to Rb in
very Rb-rich terrestrial minerals. Concordant U-Pb ages ranging from
375 to 2700 million years were determined for these particular
minerals and the assumption was made that the rubidium and uranium
minerals were cogenetic (Aldrich et al. 1956 ).
Flynn and Glendenin (1959 ) have measured the specific activicy

87 . s s Ve
and beta spectrum of ~'Rb with a liquid scintillator and obtain

9 . . . .
T. = (47 + 1) x 10° years. From the known spin and parity change

2,

2

(3, yes) a third forbidden transition is indicated and results in a

N’
s
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87

Rb Kurie plot with considerable curvature and an excess of lov

<y

"y

energy electrons. A mass spectrometric measurement would bypas

i

Z

both the problem of counting low energy electrons snd of making

agsumptions about minerals during geological time. This experiment is
now made feasible by the precision reported here. A precise hgli-

life value would permit better comparisons between absolute ages
obtained by different decay schemes. Internal comparisons of relative

Rb~Sr ages are not affected by this uncertainty and we will not discuss

3.2 Discrimination Correction

We would like to discuss the errocrs involved in measuring the
remaining terms of equation (3). The second term on the RHS involves
the ratic of the concentration of two elements. FEach concentration
is measured by isotope dilution, i.e., mixing the sample with 2 spiked
solution of known isotopic composition and conceniration. Mass
spectrometric measurements are subject to mass fractionation errors.
Measured, raw isotopic ratios vary between runs and during an
individual run. This variation is found to behave in a regular fashion
and, for two isotopes, it is a function of their fractional mass
difference. Therefore we can define a discrimination d per mass unit
by normalizing a measured isotopic ratio (unaffected by nuclear
processes) to a value which is the average of many determinations.
All other ratios are corrected appropriately. For the Sr isoctopes
the correction factor ranges almost always between + 0.1% per mass

unit during the data acquisition period.
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Strontium has four stable isotopes and only one isotope is
being enriched by the decay of 87Rb. We can, therefore, use two
isotopes (88 and 86) to calculate the discrimination factor and

8
87 6S

correct Sr/ r. The fourth isotope (84) is used Lo calculate the

concentration by using a spike solution enriched predominantly in
84 . . . . . .
Sr. The only uncertainty in this procedure, as discussed in section
6.2.4 results from errors in the isotopic composition of the spike due
to unknown fractionation. In the case of Rb there are only two long
lived isotopes, 85 and 87. Therefore, it is not possible to calculate
from & single run both a discrimination factor and the concentration
o s . . 85 . 87 . .
of Rb in the sample. It is found that Rb/ "'Rb 1s constant in
naturally occuring environments (Shields et al, 1963 ). However,
the value mesasured by each mass spectrometer is different from the
accepted Nier value (Nier 1950 ). The measured value remains
constant for a particular instrument within a 0.5% discrimination
correction per mass unit. The procedure used involves determining

the average discrimination factor from many normal Rb samples and

then applying this factor to the spiked sample runs. This procedure

[

87 .
vields a constant percent type error in the Rb concentration o

~ 1,57 and results in a limiting error in the determination of the
slope of an isochron, so that the age cannot be determined much more
accurately for sufficiently Rb-rich samples independently of the

systematic uncertainty in the decay constant.
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3.3 (87Sr/86Sr)I—Age Anticorrelation
On a Rb-Sr evolution diagram a linear array of data points is

characterized by the range in Rb/Sr and by the precision of the
individual data points. It is clear that a number of isochrons can be
dravn through the data. A steeper isochron, corresponding to a higher
age will correspond to a lower y-axis intercept, or a lower initial Sr
isotopic composition. The opposite is true for a less steep isochron.
Therefore, the quantities of time and initial Sr isotopic composition
are anticorrelated. It is possible to distinguish between metecrites
which have the same age but different initial Sr isotopic abundance.

,86

7 . ,
Sr/ "Sr)_-age diagram meteorites

If we plot the data obtained on a (8
differing in either of these two guantities will occupy different areas
of the plot. It is thus easier to see if the data on two meteorites
are compatible with a simultaneous formation from a single reservoir.
This anticorrelation was discussed first by Sanz and Wasserburg

(1969 ). It has the effect of permitting better resolution of ages
which are affected by the uncertainty of + 1.5% from the unknown Rb
fractionation. Such an anticorrelation plot is shown in Figure 7.5

for Guarena and the less precise data on other meteorites. There is

a large degree of overlapping of the error envelopes for these

meteorites so that vital information about the early history of these
meteorites is not decipherable,
. 87 86
3.4 Initial Sr/ Sr

-

As pointed out before and discussed in sections 6.2.1, 6.5 and
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7.4, the quantity ( St/ Sr)I is a measure of the integrated
effect of 87Rb decay in a system prior to the last time TI at which

the total system and its mineral phases were isotopically homogenized,
chemically differentiated and became closed to Rb and Sr losses.
. . 87 86 . . . ;
Differences in ( Sr/ Sr)T denote differential evolution. Actual
time differences may be obtained if an assumption is made about the
number of reservoirs and the Rb/Sr in successive Rb-Sr reservoirs to
which a particular system has been exposed. The time resolution is
most favorable in cases where a meteorite is separated out of a Rb-
rich reservoir and if the meteorite retains almost none of the Rb. For
example a piece of chalk (CaCO3) contains almost no Rb, however, the
Sr in the chalk which follows chemically the Ca will probably have a
. - 87 86 A
modern terrestrial Sr composition (  Sr/ Sr) ~ 0.709 which is
distinct from the value 0.699 found in primitive Sr from meteorites.
. . . . . 87
Since the Rb in the chalk fails to account for the radiogenic St,
evolution in more than one Rb reservoirs is certain.
. , 87 86 . -
The time resolution afforded by ( 'Sr/ Sr)I depends directly
87 86
on the measurement error of ( 'Sr/ 'Sr)

87 8 9
( Sr/ 6Sr) has changed from 0.699 to 0.745 in 4.6 x 10° years or by

P In a typical chondrite

0.01 per 10”7 years. A change of 0.0l% in this ratio is equivalent to

6
7 x 10 vears differential evolution in a reservoir with Rb/Sr a 0.25

87 .86
For an error of 0.01% in the experimentally determined Sr/ Sr we

can extrapolate to (87Sr/86Sr)I with similar precision if we do not

propagate any errors due to the age or equivalently due to the constant

86

percent uncertainty in 87Rb/ Str. The error contributed by the
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extrapolation is (see also section 6.4),

.87, .86 37 36 \ :
O( St/ Sr)E = (" 'Rb/ Sr)P exp (AT) AT {4)
. . . 87 36 . .
where &7 is the uncertainty in age 7 and (© 'Rb/ Sr}p is the measured
value in the sample. This error decreases proportionately to
87, 86 . . P =9 . .
{ Rby sr}P and is equal to 0.01% for a 5% wuncertainty in age when
87 . 86 91 . s . . . o
{ Rb/ Sr}P = 0.021 . Section 6.4 discusses this point at length;
Figure ©.5 illustrates the problem, and Figure 6.6 is a nomogram for

the calculation of the extrapolsation error. For calculating
87 .86 . . - . : .
{ St/ br)I with high precision we have to look at meteorites or
mineral phases in meteorites with very low Rb/Sr ratios
[Rb/Sr = 0.35 x (" "Rb/ '8Sr) i, & L0 measure
87 86 et s .
("'sr/ Sr)? with high precision.
e . L. . ; 87, ,86
In the following discussion we assume that we can measure Sr/ Sr

5

to better than + 0.007% which represents more than an order of magnitude

s

improvement over previous measurements. By looking at several metecr-
ites and mineral separates of meteorites which are characterized by
very low Rb/Sr we are able to measure the primordial Sr isotopic
abundance in the solar system and to exhibit the first clear indication

(using the Rb-Sr technique) of the existence of small time differences

rt
joy
0]
-ty
@]
&
(3
Yol
O
e}

in the formation of meteorites. Any resolution in time of .
of meteorites will help in the understanding of the processes involved
and may result in a specific parameter of definite genetic implication
being added to the present classification scheme of metecrites (Van

Schmus and Wood 1967 ). The genetic implications of the present

U

1

wmeteorite claseification scheme are unclear. In addition we will
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present very recent data on lunar samples which would have been almost
impossible to obtain without very precise Sr measurements due to the

particularly low Rb/Sr ratios encountered. From the (S/Sr/865r)I

values obtained for several lunar rocks we make strong conclusions
about some of the rheories proposed previously for the or
moon.
- ) 87,

We assume for the present that we can measure ( Sr/ Sr)_ to
, o . . 87 86 . .
+ 0.007% and we investigate how ( Sr/ Sr)I determinations can be
used as indicators of differentizl evolution. The two different kinds
of time Intervals which are involved are a) intervals which could be
obtained in principle from the differences in Rb-Sr ages of meteorites
and b) intervals which may be calculated from differences in precise
initial Sr isotopic measurements by assuming differential evolution in
a Rb-rich reservoir. It was shown before that measurements of Rb-Sr
ages are not sufficiently precise to resolve any time structure under
(a) above.

. . N
Equation 6.2, reproduced here, measures the time AT in 10 years

86
87Sr/ Sr)_ due to the

. . 4
for a relative enrichment € (parts in 10 ) in ( ~
I
87 . . . . ; 4 -
decay of Rb before separation from a reservoir with Rb/Sr elemental

abundance,

Q

1.74 x

i

o>

€
—— 5
Rb/Sr (3
Figure 6.7 is a plot of this relation for different values of 2,
For € = 1 and a chondritic type abundance of Rb/Sr ~ 0.25,
6

AT = 7 x 10 years. TFor the higher Rb/Sr = 0.65 measured in the

solar photosphere (Lambert et al. 1968, 1968a), ¢ = 1 corresponds to
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6 ) o
Aty = 2.7 x 10 years. The process which these time intervals may
describe is the separation of the material, which formed the meteor-
ites and the planets, from the contracting solar nebula if the solar
nebula was characterized by the present chondritic or solar photo-
sphere type Rb/Sr.

The time resolution discussed is obtained if we can define

8
{ 7Sr/868r)I with precision similar to our precision of € = 0.7 in the

86

measured (87Sr/ Sr)P ratios. From equation 6.4 we require that the

term involving the uncertainty AT in the age 7 of a system have

86

- . . ~ . ~ 8 7 Yy
negiigible effect on the calculation of ( 7Sr/ Sr) For systems (i)

-
which became chemically fractionated and physically separated from the

reservoir {r)

Q3

t different times AT, we derive equation 6.4 . This
i
equation may be modified to express specifically the uncertainty AT in

the known age T:

87Sr i (S/Sr)r 87Rb>1 o
= exp
86Sr T 86Sr I 86Sr T
87Rb r 87Rb i 87Rb i \ \ -
+ —8—6—— —_ YA exp(M') MTi + —8"-6——' AT exp(»ﬁ) . (6
Sr/AT St/ T Sr/T
To determine &Ti we require that
_/ ' -/
[ 87pp\! 87 b\ _
k(% AT 5 AT << 1 . (7)
Sr/T Sr l

AT
1

If for most systems the AT, determined is ﬁTi < < AT then the term
i

\86 exp (AT) AATi will be also negligible in the calculation. TFor
Sr/7
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two systems 1, j the time difference ATij = ATi - ATj is defined by

equation 6.5 . Again we require that the uncertainty AT be such that

87 \k 87 \r
é-éﬁh AT 8-6—5-‘1 ArL Ll < <1 . (8)
st sr/ar

This clears up the slightly confusing equation 6.6 where ATk is

actually defined as the uncertainty in 7 which we here call simply AT
in order not to confuse it with the terms AT. and AT, which, when they
i

;87 i or j

respect to the term arising from the AT uncertainty. However, at

least in the case of Guarena, AT (c.f. section 6.5 for the

BACH
definition) is almost as large as the uncertainty in age of that

. . . 87 . ,86 .
meteorite. For the basaltic achondrites ( 'Rb/ "Sr)_ =~ 0.006;

87_, 86 .r o
for AT &~ 100 m.y. and ( 'Rb/ Sr)AT ~ 0.7 for a chondritic
- . L6
reservoir, equation (8) is well satisfied for AT, ~ 7 % 10 vears.

6

For smaller time differences (e.g., ATi‘ ~ 10" yr. for a chondritic
J

.
s

reservoir) it is necessary to pick T with correspondingly greater

accuracy in order to determine ATi

3

From the data on the basaltic achondrites to be presented

6 ) . . .
ATij <7 x 10" years. 1In the calculation just reviewed we considered

rh

D

stage is a

rt

the case of a two stage Rb-Sr evolution, where the firs

o

universal reservoir and the second stage is the meteorite bein

09

investigated. Any differential evolution in a very Llow Rb/Sr reservoir
is not resolvable. Any multiple stage process involving more than one

Rb-rich reservoirs is also not resolvable from the single Rb-rich
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reservoir because the differences D (equation 6.5 formed by the

data on the basaltic achondrites are very small.

.
ro

of the Sr isoctopes. 7.3 pregents
17 86
- o i al Y
ities. This is a ( Sr/ 'Sr) - age diagram,
.l
g7 &6
- - s vy o o5 by PR o N oo 7 s Ay e
For short times & system with a definite (7 'Rb/ 'Sr) = [ abundance
N . ) 5
- - . o - A . 1. U . . U .
evolves along a line of sglope ~Al as is clear by approximating
[ i o J I <3
o SN .
eguation (2):
oY
(93
A system a point on such 2

3 oy B 1 o - =T B =
aiagram. LI the system was composed of

PN - S gy vrened b oot wres 3 o et .
after > cach phase would evolve along
. . A . R N SR - AU B N g D o~ AT i R PR
ifs particular { abundance; therefore the evolution of the system aliter

Lt 3
i
. 2 o . n«A 3} H 1 4 . - . . e e N
system prior to 7. we may show the evolution along 2z single line.

Anticipating the r

-1 L £ 301 Qom f PR J
well defined iow Sr/ Sr composition
( >BABE g

(BABI= Baszltic Achondrite Best Initial), we ask for the time required

S7s:/86

for system A to evolve from St/

=
oy
ot
%]

Sr) to {
“BABI

time is defined as ATBACP (section 7.4) and is shown graphically in
i

Figure 7.3a . For two systems A and B we may determine by construction

1l it is possible to obtain a time of simultancous separation from a
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homogeneous reservoir. This is possible only when the intersection

of the lines extrapolated with slope -xg? or B from (87Sr/808r)?

, ,87. ,86 . . . . 87.
and ( 'Sr/ Sr)? intersect in a restricted portion of the ( /Sr/868r)-
age plot as discussed in section 6.4 . This construction can be used

for the Guarena data and for the lunar data and will be discussed

later.
87 86 . . .
The ( 'Sr/ "Sr)-age plot can also be viewed as the anticorrelation
plot mentioned before i1f for each system A and B discussed we draw
error envelopes as shown in Figure 7.5 . One diagonal of each

envelope is defined for a system by the three points

[ S - .",874 ,«86.‘_ — 5;/8_:7W /86,, PO e e o
L7, £ 070 and L( 'Sr/ "Sr). + 5 "Sry br}IJ . The vertical
4 b e
. . . ; . - . . 87. .86, .
diagonal is fixed by the amount of uncertainty in ( St/ br)I when

the age is assumed fixed at 7 In terms of the isochron diagram

I°
this corresponds to a displacement of the isochron parallel to the

best fit isochron yielding the age TI. Non intersecting envelopes

indicate that different events either in time or in initial Sr
composition are being observed. It is seen from Figure 7.5 that

most of the error envelopes corresponding to relatively imprecise
data are intersecting.

The increase in precision of Sr isotopic measurements which

87

. A 86 . . . .
result in a better definition of ( 'Sr/ Sr) ,inr .conjunction with

I
the ability to separate very pure mineral phases with low Rb/Sr from

a meteorite are evident in the small error envelope for Cuarena in

Figure 7.5 . We will next demonstrate that we can measure Sr
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isotopic ratios to 0.007%.

3.5 Instrumentation

We are able to obtain a precision of better than + 0.00005 in
87 86 . . . e
(" 'sxr/ Sr)P . The error estimate is based on simple statistical
analysis, on reproducibility of repeated analyses of standard samples
over long periods of time and on data obtained with gravimetrically

. . 87 86 v ( : d dev

prepared standards enriched in Sr/ “Sr. The precision {(8ta.cev.
of the mean) of a single mass spectrometer run 1s better than

+ 0.01% for (%7

Sr/86Sr)P ~ 0.700 . From results of more than one

run we are able to realistically reduce this error by about a factor

of two. Figure 2 shows a histogram of results obtained for Sr extracted
from seawater. These runs have been repeated in a regular fashion
throughout the length of this investigation., The Sr is obtained each
time from a standard solution without any need for chemistry. An

aliquot of the solution is evaporated and loaded on the ionization

filament of the mass spectrometer. The bulk ( ~ 90%) of all analyses

(9]

(spanning a two year period) are within <+ 0.00005 of the mean.

The solid source mass spectrometer capable of such precision is

ects Of Lhe
Cee UL oLl

3

described in section 5. We summarize here the main as

[

system.

A magnetic field analyzer (section 5.3) enables us to preset the
magnetic field to a maximum of 27 values and to step scan cyvclically
between the preset field values at the rate of 500 G/s, and with =

0.3 sec locking-in time. We are able to reproduce each field setting

to 0.002% corresponding to an equivalent translation of the beam of
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0.013 mm in the collector defining slit which is kept at 0.53 mm
(see section 5.6) . The magnetic field dispersion is ~ 32 G per mass
unit in the mass 86 region at an ion energy of 16 KV and a magnetic
field of 56 KG for the 12" radius of curvature instrument. At each
field value the ion beam intensity is measured by a vibrating reed
electrometer and the output of the electrometer is integrated by a
digital voltmeter. The mass identification, digital voltmeter reading
and time of onset of integration are transmitted to an on-line computer.
A data cycle consists of measuring the four Sy isotopes once, including
background on both sides of each peak and requires ~ 35 seconds.

The improvement over previous instruments lies a) in the better preci-

wn

ion of digital output over recorder output, b) in increased speed of
obtaining data which results in a decrease of random errors caused

by long term ( ~ minutes) beam instabilities, and ¢} in increased
amount of data obtained within the definite duration of a run which
depends on the ssmple size and {ilament load condition and results in
better statistics. The contribution of errors from several factors is
discussed in section 6.2.2 . In practice we find that by running on
line we are able to know exactly when the best data are obtainable.

i

r particular there is a one to one correspondence between Category I

o

so called data (section 6.2.2), defined as = 0.05% where o,

“10

is the standard deviation of a set of ten successively obtained ratiocs,
88, _ . . o
and G(Rn } = 0.,0287 as can also be seen from Table 6.1 .

Justification for measuring the beam intensity while the beanm

-
i
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oot
e
or

held stationary in the collector collimating s ig given in section
(e

ot R
peak obtained

s
.

5.6 . Figure 5.6 shows an integral spectrum o

- P I

digitally. The ion intensity is comstant to 0.01% Zox 2.3

we can reproduce the magnetic field to 0.12 G .

observed as shown alsc in Fig. 5.7 for a potassium spectrum where the

.39 40 - 23 . 36, .
ratio K/ K =~ 8 x 107. In this spectrum the K dintensity was

-10
8.4 x 10 A . Results of pre

obtained for Sr are shown in Figure 5.

€YYoy envelopes

oo
k]
&

6

correspond to standard deviations expected from the counting statistics

pret

of the ions being collected despite the fazct that an analog signal is

being measured. Experimental

3 5

nigh intensities { ~

e
s
-
e
2]
bt
£
1Y

statistics. At
by the counting statistics for the smaller isotopes. the noise of the
electrometer and the resolution of the digital volimeter.

shows the various error contributions Lo the measured cuantiifies,

Figure 6.1 shows distributions of

(section 6.2.2) distribution we deduce a value for the error
contributed by the beam instability and apply it to the smaller

isotopes. We assumed approximate ratios 88:87:86 =~ 10:1:1. Since

8 . . s 27
St/ "Sr =~ 0.7, rn6 is always slightly better defined than ¥_ .

The statistical arguments in section 6.2.2 indicate that for a single
. 87/88 5 2

. o ~ %
run Cﬁ<fn Yy = 0.3 (in parts in 10 ), where c, stands for the
£ 1Y)

variance of the mean. In section 5.6 we indicated that from a

f

measurement of 10 sets each containing 10 ratios with o standard
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deviation of + 0.05% the mean should be defined to + 0.005%. 1In
section 6.2.2 and thereafter we use + ZGM as the estimate of error,

which is better than + 0.007% for the typical case analyzed in that

. . .87 86
section. Standards enriched in Sr/ "Sr and run on the mass spectro-

meter yielded the results shown in Table 6.2 and Figure 6.2 . The

excellent correlation obtained for experimentally measured relative

. . 87 86 . . .
enrichments in ( 'Sr/ Sr) ratio versus the calculated enrichments

from gravimetry and the negligible deviations of the means from the

4+ 1 alard 14 Tmdiont =l b = 1
UNLLY Si0pe COorY¥eialion iine, 1nGllacte thalt our cLuasr erxr

o5}

average of several runs are better than + 0.01% and closer to + 0.005%.
This is particularly true since samples usually yield better runs
(in terms of beam stabilities) than the normal runs reported in Table
6.2 .

Analytical results as well as the method followed for reducing
the data are given in sections 6.2.2 and 6.3 for the basaltic
achondrites. The Guarena data (section 7) were analyzed in the same
fashion. These data will be reviewed and discussed during and after
the presentation of new data on several more basaltic achondrites than
reported in section 6 and the presentation of the first results on

Apcllo XI lunar samples.
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4. New Data and Discussion

4.1 Achondritic Meteorites

4.1.1 Experimental Methods

The experimental methods are identical to those described in
sections 6.2 and 7.2 . 1In particular all data were obtained on the

Lunatic I mass spectrometer and analyzed statistically according to

the consistent scheme described in section 6.2.2 . Category I

(010 < 0.05%) and Category II (610 < 0.075%) data were obtained unless
. . 88 84 .

noted. Samples were spiked to yield ( 'Sr/ Sr) ~ 30 to avoid

meas .

propagation of errors from uncertainty in the Sr spike isctopic compo-
- . 87 e , ;
sition ( cf. section 6.2.4 ) . Rb contribution to the Sr peak
) : .85 . P _
during a run was monitored by measuring ~Rb on the multiplier, at a
gain of 1000, before and after a set of 30-40 ratios. The present
procedure eliminates the need for long time integration of signals
close to the noise level in the mass 85 region when using a simple

Faraday cup. Agreement i1s good between the multiplier and the simple

88 , -6

r=4x 10

w

85 . 85
cup measurements of ~Rb up to the limiting value ~Rb/
reported in section 6.2.4 for the simple cup measurements. The Sr
and Rb contamination are the same as the Average Blank Estimate (ARE)

reported in section 7.2.2, as monitored by regular blank runs. Blank

correction {Sinsignificant for the Sr runs. A 6% Rb blanl

ke

]
o}
Py
g
(48]
(o)
&
ot
@]
o}

was applied to the Stannern pyroxene sample and the two Serra de Mage
separates; the Serra de Mage correction does nct affect the extrapo-
lation to Rb/Sr = O due to the extremely low Rb/Sr ratio for these

samples.
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4.,1.2 Sampling

Three additional achondrites to the ones reported in section 6
have been measured: Bereba, Angra dos Reis and Serra dc¢ Mage Precise
results have been obtained on Moore County. Bereba is a eucrite, as
are all the previously measured meteorites.

Angra dos Reis is the sole representative of the augite achon-
drite class. It consists of more than 90% augite ( a Ca, Mg, Fe, AL

silicate ) and contains more Ca0 and TiO2 ( 24.5% and 2.49 ) than any

other meteorite (Mason 1962 ). Two sgmples of Angra dos Reis were

)

obtained, one from Dr. E. Anders at the University of Chicago (Angr

dos Reis 1) and the other from Dr. J. Reynolds at Berkeley {Angra dos

Reis 2). The samples were cleaned on the external surfaces by grin

oo
ae

with a dental burr. The chemical methods have been described before

~ <

(Sanz and Wasserburg 1969 ) and consist of dissolving the samples in

2]

i

> teflon and

¢

high purity HF and HClOa acids. All laboratory ware wa
all heating and evaporating of solutions were performed in small teflon
or teflon-coated steel containers, through which high purity K, flowed,
Attempts were made at obtaining internal isochrons for Stannern
and Serra de Mage. Stannern was chosen because our measurements in
section 3 showed that it had the highest Rb/Sr ratioc. However,
Stannern is comparatively fine grained and has extensive inter

of plagioclase and pyroxene (Duke 1963 ). A mass of

PO
foxY

aQ
O
Pty

Stannern was ground to a size less than 150u and passed throu
modified Frantz magnetic separator described in section 7.2.1 . & 98%

pure plagioclase separate ( Ca 281 0.) was obtained and analyzed for

2°8
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Rb and Sr. The remaining bulk sample was ground to a size smaller

rr

han 404, rinsed in filtered acetone and passed thyrough the Frantz.

=

he best pyroxene {an Fe, Mg silicate) separate obtained (56 mg ~ 607

pyroxene, 40% plagioclase) was used for density separations in

different organ
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samples to the heavy liquids. We observed only that a small absolute

amount of sample was not recovered We
“ 3 P G ~ o~ 5 % S T ST o~
find any evidence of of Bb or Sr by the of

A S0% pure Stannern pyroxene separate was

density separation and it was further separated on

1

a separate richer than 957%

Sr.
Mineral separations were attempted on a 0.3 g pilece of Serra de
Mage, a eucrite with exceptionally coarse crystal structure { 1-Z mm).

Plagioclase crystals were hand picked with a pair of stainless steel

tweezers and analyzed for Rb and Sr. The meteorite was so friable

it could be broken apart by pressing against it with a sharp
steel needle. A mixture of finer grained pyroxene and plagioclase
left over from the hand picking was analyzed. A pyroxene separate
was obtained by magnetic separations. The data required a 20 Rb
blank correction and yielded an unstable Sr run, which caused us to

8

‘. . . 7 86 . . 5
discard this analysis. The Sr/  Sr in the pyroxene was approximately
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only 0.09% enriched over the other Serra de Mage separates. The two
Serra de Mage analyses reported can be considered as representative
of the ''total' meteorite, in particular since it consists of 567

plagioclase (Duke 1963 ).

4.1.3 Analytical Results

We list in Table 4.1 the complete results obtained on the
basaltic achondrites. The results reported in Table 6.4 are afflicted
with a transcription error of the Rb concentration in the spike, so
that the concentrations of Rb in Table 6.4 are too high by 1.6%.
They have been corrected in Table 4.1 . The Sr concentrations have
been reduced by 0.557% to conform to the latest spike calibrations at a
time slightly after the original samples were analvzed. Such a
correction is well within quoted errors and is only made here for
consistency in the process of correcting the Rb concentrations reported
previocusly. These corrections result in a composite 1.1% decrease in
the 87Rb/86Sr for the meteorites reported in section 6. The same
(opposite sign) percent change, therefore,applies to the slope and age

87 .86

in Figure 6.3 . The Sr/ "Sr results are not affected by these

87

. . . 86 .
corrections, neither is the value of ( 'Sr/ Sr) > which of course

-

SABL

o

is the virtue of samples with very low Rb/Sr. The correct data appear
in Table 4.1, in a similar format to Table 6.4
The analysis for Bereba reported is the average of three relatively

unstable runs in which only Category III data were obtained. A

. 87 . .86 . ; L s
conservative error O( 'Sr/ Sr) = 1.2 is reported due to this fact.
m

i
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Moore County is important along with Serra de Mage in defining the

(" '8r/ "s¥) vaiue. The long term precision of the Lunatic I mass

ducibly over the course of these experiments; Table 4.1 lists the

results from sections 5, 6, 7 and from six additional runs. TFipure 2Z
k] M

s
1]

a histogram of the seawater analyses.

The analysis of Angra dos Reis {1} consisted of three runs. One
of the runs exhibited strange source focusing conditions because the
sample filament became deformed during the run. The run was discarded

3

although the result with a precisicon of 0.025% agreed to 0.007% with

the results of the other two rums presented. The less stable

presented yielded only Category ITI data. However, both runs appear

consistently low with respect te Moore County. The weighted average

87 8%

( 'sr/ sr) = 0.69892 + 7.

e

The Angra dos Reis (2) sample was spiked with a different set of
87 84 . . . ; - -

Rb and Sr spike solutions completely independently of the first
sample. The Sr and Rb concentrations are lower by 25% and 50%
respectively than in the Angrs dos Reis (1) sample. The data given are
for a single excellent quality Sr run ( ~ 200 Category

The corrected data and the new data are shown in Figure 3 which
is the updated version of Figure 6.3 . The errors plotted are
estimates based on the best runs for each sample. The total range

87, 86

in /7 78r is 0.2% . The achondrite data represented in this figure

z 1

appear to follow the systematics of a set of closced Rb-3r systems of
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of the same initial strontium isotopic composition. The line shown
was calculated from a least squares fit according to York (1966 )
which takes into account errors in both coordinates. 1In this case the
P . 87 86 . . G

error of 27 assigned to the Rb/™ "Sr ratios is negligible and the
same fit is obtained by a least squares calculation considering only the

87, .86 . . . .
the Sr/ " "Sr errors. Angra dos Reis (1) and (2) lie distinctly below

the remaining data and were not used in calculating the best fit line.

We obtain a slope of 0.0642 4 0.0034 corresponding to an age

11 1
- L L - L

» 9
4.47 + 0.24 x 107 years ( + 20 deviations) for A = 1.39 x 10 vy
The initial ratio from the best fit line is (following the notation

of section 6) (87Sr/868r) = 0.698983 ¥ 0.000032 in agreement with

BABIL
the value reported in section 6. The relative deviations from the best
fit line are still as shown in Figure 6.4 . The Bereba and Serra de

. . . A Am3 ; . .
Mage (mixture) points lie within 3 x 10 of the best fit line; Serra

-5 .
de Mage (plagioclase) lies 3.5 x 10 off the line. The three samples

. 87 86 . e 4 e s 8 , 86, .
lowest in /Rb/ Sr are most important in defining ( 7Sr/ Sr}BABI

. 87 . 8 s .
and resolving it from ( 'St/ 6Sr) , the initial ratio for Angra

ADOR
dos Reis.

Angra dos Reils lies clearly below the basaltic achondrite isochron.

244

Angra dos Reis exhibits large fission Xe anomalies attributed to Pu
decay (Hohenberg 1969 ). Mueller and Zaehringer (1969 ) have
obtained a U-He gas retention age of (5.0 + 0.3) x 109 years for this
meteorite. This result is confused by a K-Ar age obtained by the

9 . . .
same authors of less than 2 x 10~ years indicating excessive gas loss

or K contamination ., These authors note that their sample of Angra
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dos Reis appeared weathered even though Angra dos Reis is an observed
fall, There is no way of contaminating the Angra dos Reis Sr to
obtain our present result since any Sr contamination has a much higher
87 86 . . . .
Sr/ Sr. Even if all the Rb in the meteorite represents contamin-
ation the ratio obtained is lower than the BABI value. r samples
were clean interior pieces and looked fresh. We may, therefore,
. 9 ;
assume that Angra dos Reis is ~ 4.5 x 107 years old and extrapolate
. - 87, ,86 - .
with no propagation of errors to Rb/ Sr = 0. The ratios obtained

8 8
are (V7Sr/ 6Sr)I = 0.69883 + 8 for Angra dos Reis (1) and

T T, PRI ) S S R
- we may, thererore »

S

(87Sr/86sr>1 = 0.69884 + 5 for Angra dos Reis (2

define the initial Sr isotopic composition for Angra dos Reis &as
87 86 , . C -
(" 'Sy/ SI)ADOR = 0.69884 + 4 . This value is listed in Table 4.1

. 87 36 . .
along with (" Sr/ "Sr) The two isotopic compogitions are

BABI °
distinct and differ by 0.02% .

The analytical results for the Stannern mineral

given in Table 4.1 . This is the first attempt at obtaini
isochron for a Ca-rich achondrite. The data are plotted in Figure 4%

8

. . . . 7 86 , . s
the relative enrichment in Sr/ "Sr between the pyroxene and the

100 3 T RY T mpe Immmem e o P N T A > 2
plagioclase is 0.167 . The pyroxene has been corrected for a 64 Rb

blank contribution and we have assumed that the blank correctiocn

could be anywhere between zero and twice our average blank level. The
line drawn is the basaltic achondrite isochron. The plagioclase
error { for a single run) barely intersects this isochron. From the

"total" meteorite and plagioclase noints we calculate

9 . e
T =4.14 0.7 x 107 years {(maximum errors) and an initial
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(87Sr/868r) = 0.69908 ¥ 24. These results are within experimental

I

error of the basaltic achondrite isochron. We believe that Stannern
is not resolvable from the basaltic achondrite age or initial ratio.

The modal mineral composition of Stannern is 39% plagioclase,
557 pyroxene and 6% silica and other minor phases (Duke and Silver
1967 ). Using the total meteorite and plagioclase Sr concentrations
we obtain ~ 6.5 ppm (parts per million) Sr in the pyroxene. If we
assume that our pyroxene separate contains plagioclase as the only
important impurity, 2.5 ppm Sr is contributed by the plagioclase
corresponding to 1.2% plagioclase impurity. The corresponding Rb
contribution is 0.036 ppm, or only 0.035 ppm Rb exists in the pure

7z -

meteorite pyroxene along with the 6.5 ppm Sr. These concentrations

[

-

/Sr/SOSr) = 0,7000 for a 4.5 % 109 vears

8
age. A contribution of 1.2% plagioclase of (87Sr/ 6Sr) = 0.7014

8
would yield a pure proxene (

would yield (87Sr/868r) = 0.7004 in the snalyzed "pyroxene' fraction

7
i

. L . . . 8 86
which is in agreement with the value measured ( Sr/ Sr

) = 0.70034,
m

Therefore, the data obtained for Stannmern are consistent and indicate

87Sr/868r) obtainable is 0.2% ; we obtained

that the best spread in (
G.16% spread. The pyroxene Rb concentration of 0.036 ppm Rb is
about equal to our average blank estimate and therefore for a 2%
blank correction we require ~ 50 mg of 1007, pure pyroxene or ~ 25 mg
997 pure. Our sample (997) weighed 9.5 mg . Conceivably one could
repeat the separation with a larger original meteorite mass,
however, this would not result in considerable improvement in the

86

. . . o 87 P @ .
determination of the age or initial Sr/ "Sr. The Stannern internal
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isochron is in good agreement with the basaltic achondrite age of
/ 0 - , o @ :
4.47 x 107 yr. From this we conclude that Stannern remained undis-
turbed during this time with respect to Rb and Sr. As discussed

7

in section 6.4 Megrue (1966 ) obtained a K-Ar correlation by measur-

3

it § 1

and

[

ng ¥ and Ar in "magnetic’
In view of our experience in separating the plagioclase and pyroxene

cractions it is clear that Megrue is observing a dilution effect and

1
11

is not better defined than K-Ar ages cbtained

Duke and Silver (1967 ) have argued that Moore County and Serra

o

ie Mage may belong to a different class than the cother eucrites

because they are not brecciated and
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orientation of plagioclase crystal

coarsest observed. TFrom our data there is no evidence for differentia

1

evolution of these objects with respect to the other basaltic

achondrites.

4,1 .4 Discussion

[

As shown previously (section 6.5, 7.4) initial strontium iso

(B3

I

1]
e

compositions are sensitive indicators of differential evolution, if
measured precisely, and result in better resolution of time than
obtainable from differences of isochron slopes. This high resolution
is particularly true if an object is separated and chemically frac-

tionated from a relatively high Rb/Sr parent enviromment and if it

[#]
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develops at least one mineral phase with low Rb/Sr. Following the
discussion in sections 3.4 and 6.5 we form the differences in
initial Sr isotopic composition oWerved for the basaltic achondrites.
The maximum difference from all the achondrite data, excluding Angra

. . 87, 86 . ij A LA .
Reis, is D( Sr, OSr) ~ = 9 x 10 corresponding to

[a N
@]
w

) . .
(ATij)max = § x 107 years for (Rb/Sr) = 0.25 in a parent environment
cf Rb/Sr as observed.in choundrites. By excluding Nuevo Laredo,

DY =4 x 107> and (b7, L) = 4 x 10" years; th
max ij’ max

includes Moore County, Serra de Mage and Bereba. Nuevo Laredo is
slightly off the basaltic achondrite isochron and may have formed

6

7 x 10 years after the other basaltic achondrites,
Using the higher solar Rb/Sr = 0.65 agbundance referred to before

we may obtain time limits for the separation of material or objects

from the contracting sun. For all the basaltic achondrites we

., - 6 . . . .
obtain (ATij)m“x = 3.5 x 107 years { including Nuevo Laredo). The
<L
limit is (ATij) % = 1.6 x 106 years for these meteorites excluding
ma

Nuevo Laredo. This would represent maximum differential time of
separation of these meteorites from the nebula. 1In principle cthis
separation might occur over a slightly longer time interval if all
these meteorites separated in identical although parallel processes.
The Angra docs Reis data, to be discussed shortly, for which a
measurable effect exists ( as opposed to a limit) indicate that
identical or parallel processes did not occur at least for this one

case. If the basaltic achondrites are representative samples of
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. C . - 6 ;
several planetary objects, limits of ~ 2 x 10~ years would be

3

placed on the time of differential condensation of at least

[}

several planetary objects from the solar nebula.

discordancy with respect to the basaltic achondrites. The values
. 87. ,86 87. .86 ,
determined for ( 'Sr/ St} and (" 'Sr/ "Sr) are well resolved.

BABI ADGR

The difference corresponds to a negative enrichment over the BABI value
€ = =-2.0 +£ 0.7 . It is clear that Angra dos Reis formed from more

primitive material than the bassltic achondrites. For a chondéritic

I
[« 9
et

type reservoir Angra dos Reis formed 14 x 107 years before the

basaltic achondrites. For the solar reservoir the time interval is
_ 6
5.4 x 10 years.

Angra dos Reis is a unique meteorite { the only member of its

class) which consists of over 907 augite, some olivine and troilite

and no plagioclase. Angrs dos Reils X

[

(1969 ). He finds in a stepwise heating experiment gas fractions
composed of virtually pure fission Xe. By correcting for the unique

spallation Xe in this meteorite which is enriched in the rare earth

(w3
6]

target elements, he 1s able to show that the fission component
in Angra dos Reis is the same as the one found in Pasamonte (Rowe

and Kuroda 1965 )} which has been attributed to the now extinct

6

e e 244 . . .
fissioning Pu, with the short half-life of 82 x 10 years.

Angra dos Reis is also exceptionally uranium rich (Mueller and

LR

Zaehringer, 1969 ) and Pu is supposed to follow chemically uranium
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or the rare earths so that,since Angra dos Reis formed early
244 . SO
enough, Pu would have been incorporated in it. The Sr measurements
indicating that Angra dos Reis is the most primitive object measured
. . . 244 R
strengthen the hypothesis of in situ Pu fission (Wasserburg,
Huneke, Burnett 1969 ) as opposed to the possibility of Angra dos
Reis having inherited some fissiogenic Xe during late formation.
e s . 136 . . -12
The amount of fissiogenic Xe in Angra dos Reis of 18 x 10
ccSTP/g ( cubic centimeters at standard temperature and pressure)

8 C . . .
corresponds to 5 x 10  atom/g . The fission yield in mass 80 region
is less by a factor of ten and the effect on the Sr isotopes is many
orders of magnitude less than the effect observed.

From the systematics of rare earth element partition between
the mineral phases, Schnetzler and Philpolts (1969 ) have concluded
that Angra dos Reis originated under different conditions than the
normal basaltic achondrites, or that there is no direct relationship
between Angra dos Reis and the basaltic achondrites. In view of
our results this is a distinct possibility. Using similar arguments
for Moore County and Serra de Mage they find that these meteorites
may have formed by crystal accumulation while some of the other
achondrites measured here appear to have formed by direct cooling of
a2 liquid. From our data we cannot make a distinction between Serra
de Mage and Moore County and the other basaltic achondrites; however
these arguments can hardly be formulated in a precise way.

Ganapathy and Anders (1969 ) have tried to explain the high
U-He gas retention age for Angra dos Reis by considering short lived

alpha emitters in the lanthanide region. In particular they calculate
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that, if they assume a U-He age as high as 4.7 x 107 years

{ instead of the measured 5.0 x 109 Yr ), the excess QHC could be

146 BN . ;
produced by Sm (v, = 1.2 x 107 yr ), if they used the measured
2
N 1
abundance of Sm in Angra dos Reis and assumed a 40% initial 468&
. . 146
abundance. These authors also note that this abundance for Sm

is high for a shielded nuclide. Even invoking shorter lived isotopes
(e.g., 1SOGd and 154Dy; Z and 1 x 106 yr.) as possibly permitted
by the primitive nature of Angra dos Reis cannot account for the
excess He.

Angra dos Reis is most probably the product of great chemical

differentiation since it has an essentially monomineralic composition.

Presumably a much larger body of a more representative composition

o

was formed originally with this very primitive Sr and extremely

ow
average Rb/Sr and Angra dos Reis is the product of further differen-

tiation of this body.

7 6

. ; . 8 8 s .
The Angra dos Reis ( 'Sr/ 'Sr) composition is the lowest,

ADOR

most precise value obtained and should therefore be used as the

primordial Sr isotopic composition for the solar system instead of

37

86
("'8r/ "sr) . For example it should be used for calculating

BABI
intervals similar to the ATBACH intervals discussed in sections 6 and 7.
In section 7 we discuss the data obtained on a chondrite, the
ma jor meteoritic class. The experimental methods were reviewed here
for the basaltic achondrites and in particular similar heavy liquids

separations to the ones applied for Stannern were used. Experiments

involving different time exposure to heavy liquids as well as different
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sets of heavy liquids were reported in section 7.2.1 and 7.3 . No
differential leaching of Rb or Sr was observed. The separations
were essential in obtaining a Ca-rich mineral phase, specifically
whitlockite ECa3(P04)2] , in which the Rb is expected to be very
poor. Since the feldspars are Rb-rich a very good separation of

whitlockite from feldspar is important. From the data obtained

(Table 7.1) we obtain a very precise internal isochron on a Rb-Sr

, . . . . - 9
evolution diagram (Figure 7.2) yielding an age of 4.56 + 0.08 x 1C
Tnitd 3 4 /87 /860 \G A Looos T oA ANST o
vears and initial composition ( Sz Sr)y = 0.69995 4 0.00015

As pointed out in section 7 this is the first indication of small
time differences in the formation or early history of a chondrite.
Previous data have been consistent with an initial Sr composition
87. ,86 E . . . .
Sr/ Sr = 0.699 + 0.001 . A detailed discussion of simple models
involving evolution of Sr in different reservoirs which can at times
become open to Rb and Sr is given in section 7.4 and is illustrated in
Figure 7.3 . 1In particular if the whole meteorite evolved as a closed
reservolir for a time AT starting with a homogeneous initial Sr isotopic
A 87 86 . . .
composition equal to ( Sr/ Sr)BABI and if the meteorite became iso-

topically rehomogenized at the end of this interval, we may determine

the interval uniquely. Using the notation of section 6.5

- 87 86 87 86 - -, ,87_ . ,86 =1
A"~ ~s ! - / i { \‘ 7 3y 5
TBACH L 'sr/ Sr)I (" "Sx/ Sr)BABIJ x LAa(" "Rb/ Sr,z_ (12)
Since Guarena is a chondrite ATBAGH is the same as would be calculated
if Guarena were formed at AT from a typical chondritic reservoir

BACH
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87
which at 7 = 0 was characterized by ( Sr/86Sr) . We obtain

BABI
= 74 + 12 x 106 yr. for Guarena. Figure 7.5 is an anticor-

8 36 . .
relation plot of age versus ( 7Sr/ Sr) . The precision of data
I

ATBACH
reported by previous authors does not enable us tc resolve the differ-
ent meteorites or classes of meteorites, except possibly for the iron
meteorite Weekeroo Station.bﬂasserburg, Burnett, Frondel 1965; Burnett
and Wasserburg 1967b ). 1In Figure 7.4 we show the data for Weekeroo
Station (W) and for Guarena (G). From this data, neglecting the error
envelopes for simplicity, we cannot form both Guarena and the Weekeroo
Station silicate inclusions from a single parent environment simultane
ously since the trajectories WW' and GG' do not intersect at some St
isotopic composition lower than the value obtained for Guarena. We,
therefore, require at least a two stage evolution for one of these
objects and have drawn the simplest trajectory G'W'W for Weekeroo
Station. The differential evolution suggested by these results is
made much clearer by the latest measurements on achondrites reported
here. We may form the following sequence of separation of material

or meteorites from the solar nebula. Angra dos Reis defines the
arbitrary zero point. The basaltic achondrites separated within

2 x 106 years of each other, 5 x lO%rafter Angra dos Reis. DNuevo Laredo
followed the basaltic achondrites by ~ 3 x 10 years and Guarena
finally was separated from the reservoir -~ 27 x 106 years after Nuevo
Laredo (for Guarena we have taken into account the difference between

chondritic and solar reservoir Rb/Sr). In view of the fact that these

achondrites are extremely Rb-poor the simultaneity observed 1s most
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sensitive to differential times of formation from a Rb-rich reservoir.
Any local differentiation in a Rb-poor reservoir is not resolvable.

It is, therefore, plausible to assume that the isochronism found for
the basaltic achondrites or the approximate isochronism of Angra dos
Reis and the basaltic achondrites might include Guarena. Therefore,
Guarena may also have separated from the solar reservoir on a shorter
The

time scale than the interval AT interval thus is

) AT
BACH 'BACH

related best to a later metamorphic event, This means that the first
rather fast separation of planetary objects was followed by at least
some measurable live interval in these objects' history.

1291 - L29Xe decay scheme

The most recent results using the
6 S . o .
(1, = 17 x 10" yr) by stepwise heating experiments (Podosek 1969 a)

. . o s 6
yield relative formation times within the narrow range of 15 x 10~ yrs.
Within this range meteorites can be resolved in time; for several
meteorites time differences between parts of the same meteorite are

. . 129 .
obtained. The intervals measured by the I method refer to relative
times when Xe started being retained in these meteorites. Experiments

. 129_ |
by Hohenberg and Reynolds (1969 ) show that the I intervals are
defined even if partial loss of Xe has occurred. The relationship
netween the Xe retention record and the conditions under which Rb-Sr
systems are not disturbed is not clear at the present. No direct
comparison of the two methods exists yet due to non-overlapping
samples. Both methods appear to define similar intervals for the
formetion of objects and during the same small total time period. No

correlation between the classification schemes of meteorites and these
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time differences is clear at the present. Detailed time information
about the early history of the solar system may result in the better
understanding of the processes of formation of the solar system.

From nuclear chronologies (Wasserburg, Schramm and Huneke 1969 )

. < A8 .
a free decay interval of 1-2 x 10 years is required between cessation
. . . 129
of nucleosynthesis and formation of planetary objects. From the I

and Rb-Sr data, planetary objects may have formed only during a small

-

part of this interval due to some local instability or turbulen

O
[

A more direct link to the end of nucleosynthesis than I is

. 244 .. . , . -
provided by Pu fission effects in meteorites. 7The status of Pu
formation intervals is not well defined at present due to the lack of

L2
4o . . ciet . .
knowledge of the Pu fission spectrum, the possibility of

Py
g
o
(9]
et
fod
@]
9]
i

ation between Pu and U and the uncertainty in the corrections that have

to be applied to the heavier Xe isotopes in order to determine the

Ty

fission component. In some meteorites there are clear excesses of

’

both radiogenic l29Xe and fissiogenic 136Xe (Reynolds 1968 ) alrthough
no correlation can be seen at present between the two components.
Juvinas and Moore County belong to this group of meteorites.

In section 6 we obtained a AT ‘ interval for St Severin from
rather imprecise preliminary data, corresponding to 320 + 160 m.yv.

Wasserburg, Huneke and Burnett (1969 ) have obtained an interval of

380 m.y. for the difference between retention of Xe and retencion of

o}

fission tracks in St Severin whitlockite. The importance of the
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defined isochron and also by the fact that we have insufficient
knowledge of the conditions for Xe or track retention in minerals.
From the data on Guarena we obtain an interval of 74 million
years for a metamorphic event. From the measurements of fission Xe
in the St Severin whitlockite mentioned above these authors calculated

a <244Pﬁ/238U

) = 1/30 at the time when the whitlockite first began to

retain fission Xe. As these authors point out, if Pu was not enviched

with respect to U during the formstion of the whitlockite, this is a
,,,,, 244 138

lower limit to the Pu/ U ratio at the time of formation of the

solar system, The question of fractionation of Pu and U must remain

fot
D
o
O
o

open since in a vecent study on St Severingfodasek ) a lower
244 L /238
13/

¥ “ o - T -4 - o Ve o dm wm, o S PUQrES Ty
Pu U was obtained. In view of the Guarena dat other

[N
e
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e,

a similar

s
bah]

meteorites and in particular St Severin were affected

metamorphic event at ~ 75 x 10~ years after their formation, and if

- . 244 38 .
such an event resulted in complete Xe loss, then the Pu/ U ratio

o

at the formation of St Severin should be higher than observed by abou

. 244 A - . . e e
a factor of two since 4 Pu has an 82 x 106 yvear half-life. Similarly

1291/1271

the at the formation of St Severin, or sz similar meteorite

would be higher than observed by a factor of nine. The importance of

the values for these ratios has been discussed by Wasserburg, Schramm,

2
and Huneke (1969 ); for a ratio 244Pu/ 38U Z 1/15 these authors find

that there exists no solution to the coupled equations for the relative

. 1 12 24 2
235U!238U, 232T 238U 1291/ 71 R 44 38U

abundances of h/ nd Pu/

3
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4.2 Lunar Samples

4,2.1 Sampling

We now present the first measurements on lunar samples returned
by the crew of Apollo XI. It became obvious from the Lunar Sample
Preliminary Examination Team report ( PET Report, Science, 1969 )
that moon samples exhibit very low Rb/Sr and that, therefore, Sr
measurements of the precision reported here would be necessary to
resolve the history of these rocks. Typical Sr concentrations are
150 - 300 x 10—6 g Sr/g sample (ppm) and 1 - 6 ppm Rb which possibly
over 4.5 x 109 vears would change 87Sr/86Sr from ~ .699 to ~ .705 or
by 0.8%

The PET report divided the returned samples in four groups:

(1) type A, fine grained vesicular crystalline igneous rock; (2) type B,
medium grained vuggy crystalline igneous rock; (3) type C, breccia; (&)
type D, fines. The term "rock' refers to fragments larger than 1l cm,
and fines refers to fragments smaller than 1 cm. We have analyzed
fragments from the fines, and type A and B crystalline rocks.

On several of the rocks minimal or major mineral separations have
been undertaken in an effort to establish an internal isochron for
each rock. Samples from the fines were analyzed because this sample
contains the greatest variety of small fragments similar to the larger
rocks returned. A minimal description is given for the samples
analyzed. Samples are denoted by numbers. The generic notation for
the fines is 10085. Rock sample numbers run from 10002 to 10075 where

only the last two digits vary. Additional decimal notation is used for
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samples from the same rock. Except where confusion might arise we will
denote samples only by their last two digits.

The samples were picked up at the Lunar Receiving Lab in standard
polyethelene containers. ALl handling during the present investigatiouns
was done in a specilal isolated clean room with independent filtered
air supply. This room was not previously used for other samples
Clean room procedures were used throughout the sawmpling, chemical
separations and loading of filaments.

Several coarse pieces from the fines were sampled afrer the fine
dust was blown off with a "squeeze" bottle. 1In particular plagioclase
and pyroxene crystals were hand picked from one such coarse piece
(10085, 1.11). Rocks 17, 44, 57, 69 and 71 have been sampled and ‘total®
rock data are presented here. Furthermore, data for separated minerals
of rocks 17 and 44 are presented. The following is a short description
of the samples as they appear in Table 4.2,.The sequential numbering of
samples corresponds to that of Table 4.2 .

The fines sample as defined before was split into two fractions

3

the coarse-fines ( size greater than 1 mm, generic number 10085) and
the fine-fines (size less than 1 mm, generic number 10084} .

1} Sample 10085,1 consisted of material obtained from the coarse=
fines and was composed mainly of lithic fragments.

2} Sample 10084,12 was obtained from the fine-fines by sieving:

the =420 u size was used and consisted mainly of iithic Iragments.
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3) Sample 10085,1.9 was a small rock fragment consisting of
plagioclase, pyroxene and ilmenite crystals.

4) Sample 10085,1.11 was a coarse grained rock about 50%
plagioclase. The sample was crushed gently and plagioclase and
pyroxene crystals were hand picked using a needle wetted with an
appropriate agent( cf. Section 7.2.1). The crystals were rinsed with
acetone. A rock fragment was picked out with tweezers and represents
the "total' analysis reported in Table 4.2

5) Sample 10085,1.28 consisted of a small glass fragment,
relatively transparent, A deep brown-red color was confirmed after

crushing gently.

6) Sample 10017,32 is a type B crystalline rock.The exterior
surface was defined by the existence of zap~pits. Interior pieces
with no zap craters were used for "total' rock analyses. Part of the
rock was crushed and a plagioclase separate was hand-picked and ana-
lyzed for Rb and Sr. The sample (0.6g) was further crushed in a
roller, sized, and then separated on the Franz. The best pyroxene
separate from the Franz ( ~ 607 pyroxene) was used for density separa-
tions in methylene iodide. The final sample was estimated at 90%
purity and was analyzed. An ilmenite rich fraction from the Frantz
was used for density separations in methylene iodide and the final
ilmenite ( ~ 907 ilmenite 4 inclusions) was analyzed.

7) Sample 10044,30 consisted ofavery friable coarse grained
crystalline rock. An interior piece was analyzed as the ''total" rock.

From electron microprobe studies an Si0, fine grained polymorph

2
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(identified as cristobalite) was found to include potassium rich
phases. Cristobalite grains were handpicked and analyzed for Rb and Sr.
The pyroxene fraction was obtained by magnetic and density separations.

8) Sample 10057,39 is a type A fine grained vesicular crystal-
line rock, somewhat coarser than rock 17. There was no evidence in
the sample of zap craters. A small fragment was analyzed for Rb and Sr.

9) Sample 10069,26 is a fine grained vuggy rock. A fragment was
inspected for craters or shocked feldspar crystals. None were found,
indicating an interior piece. Rb-Sr analysis was done on part of the
fragment,

10) Sample 10071 is a fine grained rock with comparatively few
vessicles. It agppeared similar to the other fine grained rocks

previously analyzed. A fragment was analyzed for Rb and Sr.

4.2.2 Analytical Results

All samples were analyzed for Rb-Sr following the procedure
described before. All Sr runs were performed on the Lunatic I and
followed the standard procedure established for the basaltic achon-
drites. Rb runs were performed on a different mass spectrometer. Runs
of seawater Sr, Moore County and Angra dos Reis were interspersed
between the lunar sample runs. The results for these runs were listed
in Table 4.1 and show excellent agreement over the time of these and
the previous experiments. A total sample of Olivenza, a chondrite
analyzed extensively in this lab (Sanz and Wasserburg 1969 ), was also

analyzed as a standard and the results are listed in Table 2 and agree
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very well with the published data of these authors. The Olivenza
sample has a very high Rb/Sr ratio compared to the lunar samples.

The analytical results are presented in Table 4.2 . The weight
of the samples analyzed is given. Runs yielding Category I and II data
were obtained except as discussed below. Sample 84,12 vielded only
40 ratios of Category I. Samples 85,1.11 yielded unstable runs
during which Category III data were obtained. Sample 85,1.11
(pyroxene) was comparatively low in Sr and yielded a completely
unstable run., Category III data were obtained for sample 17,32
(ilmenite) and for Olivenza. However, these samples are relatively
high in 87Rb/86Sr and therefore the Rb errors dominate any Sr errors.
Excellent runs were obtained for the other samples including all the
"total" rock runs.

Figure 5 shows all the data reported here except the highest
point for rock 17 (ilmenite) . The basaltic achondrite isochron is
shown for comparison. The 85,1.11 "total rock' and '"'plagioclase"
data appear to be higher than the achondrite line suggesting differen-
tial Sr evolution. The two fines samples ( 85,1 and 84,12) lie on
the 4.5 x 109 isochron [originating at (87Sr/86Sr)BAB13 well within
experimental error. The glass sample ( 85,1.28 ) is anomalous and
would give an '"age'" higher than 5 x lO9 years if the (87Sr/868r)BABI
value was used as initial ratio. This sample has obviously been
disturbed. Data for the total rocks 69, 57, and 71 cluster very close

to the total rock sample 17. All these points lie distinctly below

an isochron of 4.5 x 109 years. The three 17 points shown in Figure 5
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define an excellent straight line which has a slope corresponding to

9 - . .
an age 3.54 + 0.08 x 10° yr. (best fit three low points only) and an
c e 3 87 86 17 _ - g . .
initial ratio ( "Sr/ Sr)I = 0.69935 + 8. These values arecompletely
different from the data obtained on the basaltic achondrites or any

9

meteorites ( always setting aside the Kodaikanal age of 3.8 x 187 yr.;
Burnett and Wasserburg 1967a )} . Figure 6 presents only the data on

rock 17 including the ilmenite point. It is clear that the data define
a linear array and that therefore we may assume that rock 17 has
followed the simple Rb-Sr systematics of a closed system with a
homogeneous initial Sr composition., A best fit line taking into
account errors in both coordinates yields a slope of 0.0512 + C.0011

e 4 (Y raY g » s - e
corresponding to an age 7= 3.59 4+ 0.08 x 107 years. The initial Sr

composition defined is (8!Sr/868r)§7 = 0.69933 % 7 . These

parameters are in close agreement with the ones presented for only
the three lowest points. It is evident that rock 17 was formed at

9 . .
3.59 + 0.08 x 10° years ago and has not been disturbed since, as far

as Rb and Sr are concerned. The data on rock 44 are presented in

)
5]
i
»
s
i

Figure 7. The points do not define as perfect a linear array

ot
[o}

el
By

data for rock 17. A best fit line through these points yields a s
corresponding to an age T = 3.54 + 0.38 x 109 years and an initial
ratio (87Sr/868r)l£4 = 0.69921 T 25, The cristobalite phase
(including the K-rich phases) is only a minor mineral and it is
possible that it has been disturbed slightly by an event which did
not disturb the major phases. In the case of rock 17 the ilmenite,

although a minor phase, does not show any sign of having been
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disturbed. It is tempting to consider a line through the 44(total)
and 44 (pyroxene) data which lie directly on the basaltic achondrite
line, thereby obtaining an age of 4.5 x lO9 vears. Such an age would
be incompatible with the cristobalite unless this phase has been
disturbed. We shall assume that the latter is not true,.

Although the precision for sample 85,1.11 (pyroxene) is bad, a
line through the separates corresponds more easily to a 3.5 x 109 yr.
isochron than the 4.5 x 109 isochron (Figure 5).

From the data of Olivenza (Table 2) we calculate an age
4.57 + 0.10 x 109 years using the initial ratio (87Sr/865r)I = (,6994
determined by Sanz and Wasserburg (1969 ). The age these authors
obtained was 4.63 x 109 years. Due to the high Rb/Sr in this
meteoritic sample any systematic errors in Rb ar Sr concentrations
measured would have been glaring. Our standard seawater and
achondritic runs on the other hand determine our precision in measuring

87Sr/86Sr

4.2.3 Discussion
It was noted that all rocks are rather fine grained and similar
except rock 44 which is coarse. All fine grained rocks analyzed are

8 , - . .
7Sr/86Sr composition and in Rb and Sr concentrations

very similar in
and plot within an extremely small region on a Rb-Sr evolution diagram
( Figure 5) . 1In particular rocks 57 and 71 are overlapping on this

graph. The implication is, therefore, that all fine grained rocks are

approximately 3.6 x 109 years old and they were formed from a common
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reservoir, resulting in rather uniform composition in Rb and Sr.
These rocks might actually be fragments of one larger original rock.
This tentative conclusion will await further measurements on separated
phases of these rocks. The age of rock 17 appears established beyond
any doubt.

The age of the moon has been estimated by various circumstantial
bits of information. From the data presented here it appears that, if
the moon is ~ 4.5 x 109 yrs. old, its surface and interior have been
affected by rather large scale processes at least until 3.6 x 109 years
ago. The nature of these processes cannot be deduced from the data
presented here. 1If we assume that rock 44 is ~ 3.5 x 109 vears and
hat 17 and 44 were formed during the same event, this event may have
been a meteorite impact which resulted in a melted silicate pool.

Rock 44 exhibiting coarser grain structure may have cooled slower, or
been deeper than the other rocks. However, at least a second event is
needed to bring these rocks on the surface of the moon due to their

low radiation ages ( PET report). A definition of the initial Sr of
rock 44 and of the other rocks may result in a better indication of
whether these rocks were created in a single event. Volcanic

activity may also result in differences in initial Sr isotopic composi-
tion since it does not guarantee isotopic homogeneity. Samples of
several terrestrial volcanic rocks obtained from close locations
yielded different (87Sr/868r) ratios indicating that they were not

produced from a single homogeneous mantle reservoir ( Gast, Tilton

and Hedge 1964 ; Lessing and Catanzaro 1964 ).
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86
By using the (87Sr/ Sr) value and the totagl rock 17 samplc a

BABL

. . 9 . . I
highest age of 3.8 x 10~ years is obtained. Clearly il the parent
. . - 9 N
material of rock 17 is ~ 4.5 x 10" years, rock 17 does not represent

an unfractionated sample of this parent reservoir. Similarl

8]
"
o
1]

glass sample 85,1.28 is a clear case of either Rb loss or Sr acq

Nal
o
F
5]
pt

tion since it gives an apparently high age. The lunar dust ( both

9
fine samples) appear to lie on the 4.5 x 10  year isochron originating

87

8 - L9
at ( 'St/ 6Sr) (this age would be 4% larger, or 4.75 x 107 years

BABI

. 86 .. e
if the (87Sr/ Sr) value were used). This is most probably not

ADOR
an accident. It may mean that the area of the Apcllo XI ( Mare

, caq s . . . 2 Cn - , i e
Tranquillitatis) landing is 4.5x107yr with a few extraneous rocks of
a 9 . < s . ,

3.6 x 107 years but otherwise undisturbed; or this ares has been
reworked but the lunar dust is a very good average of the original
lunar surface, and represents a large enough reservoilr so as to have
stayed closed to Rb-Sr despite the catastrophic events indicaced by

o

the ages of the rocks measured. The relative enrichment of

(87Sr/86Sr)17 = 0.69933 4+ 7 with respect to {8/81/808r> i

I BABI

47]

. . 4 . < . . . .
€ = 5 ( in parts in 10'). To obtain ¢ = 5 in ~ 9 x 10 years (assumin
. BN , ; . . -
that the moon is 4.5 x 107 years old) we need a parent reservoir of
87 ., 86, , c Lo b he
Rb/Sr = 0.01 or Rb/ 7Sr = 0.029. This is ahout 407 lower than the

values obtained for the fine soil samples. Although

may be a good sample of the original reservoir it is not obviocus

that the measured sample meed also be a good representative.
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In Figure 8 we show an age~{( / nSr}

d

[

iagram was discussed in sec

7.4; different cases are shown

we show the data for lunar rock 17

iel

The extrapolation o

el

very high Rb/Sr in this body in comparison

obtained From each of

v

»

presented is not

been enriched in the crust

samples from the mantle we may determine the

which is the most probable parent reservoir

Hh
[

ssion. We essentially obtain samples of t

iv4

lock at very y

87 . 86
Sr/ Sr measured agbundance is as low as O.

86
/

oung oceanic volcanic rocks.

r

-

g
Engel 1965 This is the lowest 'St

).
tive of the earth's upper mantle today. If

mantle is higher the argument which follows

assume that the earth was formed 4.6 x 109 vears ago with an

composition equal to either (87Sr/86Sr)BABI

dia

oW

he man

Sr which may be

gram for Sr evolution.

7oy i
Wil ke

Rb/Sr in this reservoir

for the moon b

xj;

tle today when we

In these rocks the
702 (Tatsumoto, Hedge and

87S

/

r/ “Sr in the upper

ig strengthened, 1f we
initial

(87Srf868r) and
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that the ratio observed in these young rocks is due to the decay of
Rb in the mantle we obtain the evolution lines BABI-Earth and
ADOR-Earth for the mantle Sr shown in Figure 8. It is clear that the
initial Sr composition in rocks 17 and 44 is lower than the mantle
. . . 9
isotopic composition at 3.6 x 10 vears ago. Thevefore we can not
Fag g 9 3
form rocks 17 and 44 from the earth 3.6 x 10" years ago as might be
thought from the casual coincidence of the age obtained for 17 and 44.
If any matter from the earth's crust were to be transferred to the

— o 9 . )
moon during a fission event at 3.6 x 10  years it would make such a
process even more unlikely since the crust has a higher Rb/Sr abundance
than the mantle.

We now want to find if the lunar rocks and the earth could have

- . . . 9
formed from a single reservoir before the magic date of 3.6 x 10

17
vears ago. The (Rb/Sr) line through rock 17 intersects the earth

86, (17
/S

. . 87 AP .
evolution lines above ( 'Sr r)I so that as explained in section

7.4 there is no (S/Sr/868r) from which both 17 and the earth could

1
have fractionated. TFor that matter the (Rb/Sr) ! line would not

87 86
intersect any trajectory, e.g., the Guarena trajectory, at a Sr/ "Sr

8 or (87Sr/86Sr) . This is

6
ST) ADOR

87
1 1 t ith /
value close to either (  Sr; BABI

9
clear indication that rock 17 has been fractionated at 3.6 x 107 yrs.

If we assume that rock 17 was fractionated from the lunar dust (e.g.,

was formed by melting of the dust) we may follow the evolution of 17

9 £
before 3.6 x 10° years along the (Rb/Sr)”~ line drawn for the average

7 . . . . 8 86
measured Rb/Sr in the fines. This line intersects { St/ Sr)BX
£

87Sr/868r)

an

o

~4

BI

at 4.06 b.y. and ( at 4.3 b.y. We may conclude

ADOR
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therefore that either the measured Rb/Sr in the dust is not rcpresen-

tative of the average moon soil or that the dust fractionatred betwoen

. . . : - L9
4.1 and 4.3 b.y. Since the dust appears to yield an age of 4.5 x 10
years it is possible that the dust has not fractionated later than
9 . 87, ,86 £ . B .
4.5 x 107 years. The value (" 'Rb/ Sr) = 0.029 is needed to form rock

17 with only one stage intervening between 4.6 and 3.6 billion years,

. 87_. .86 \ .
This may represent the average Rb/ St value for the moon. Since the

measured fine soil samples yield 407 higher 87Rb/868r values this may
be an indication that the moon was differentiated and that the lunar
""erust" became enriched in Rb in a similar way that the earth's crust
is enriched in Rb over the earth's upper mantle. The alternate
explanation is that either rock 17 has developed through a multistage
process starting in a very low Rb/Sr lunar environment or that the

for the lunar surficial

U

fines samples measured are not a good averag

[¢

reservolr from which rock 17 may have formed. It is clear that a
multistage evolution is indicated for either the lunar rocks or the

lunar dust or the whole moon itself. The nature of the processes

prior to a fission event.

87 86 1 U, L

From the well defined initial ( Sr/ Sr)z = (,69933 we ohtained

a relative enrichment € . =5o0r ¢ =
! BABT ADOR

certainly occurred by processes on the moon; if we assume that all this

enrichment occurred during a direct assembly of the lunar material from

the solar nebula with a lunar Rb/Sr .« 0 we obtain an interva
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6 6 i .

T = 15 % 10" (BABI) or 19 x 10 (ADOR) years lor the maxinum
differential time interval between the formation of the wmoon and the
basaltic achondrites (if the moon separated frowm this reservoir after
the achondrites) .

. . L .. - ; C A

From Figure 8, the (Rb/Sr)"  lines from rocks 17 and 44 would
. . 87. ,86. . e
intersect the Guarena extrapolated line at ( 'Sr/ Sr) =~ 0.6985

. - . bq » 0 - -~ - &
This would allow the lunar material toavery primitive and the possibi-
lity then exists that the Earth actually formed from this primitive
lunar material or from accretion of many such primitive moons
9

These data clearly indicate that the moon is ~ 4.5 x 10 vears
old and that differentiation processes either of volcanic or impact
origin have occured extensively on the moon at least for 107 vears

after its formation.

4.3 Conclusion

We have shown that precise Sr isotopic measurements yield

evidence of differential time evolution of planetary bodies very

in the history of the solar system. We have been able to escablish

. ; . 6 e
the very short intervals ( 5 x 10 years) over which

of objects may have occurred. From the rvesulifs on Guarena and on the
lunar rocks it appears that differentiation processes occur for longer
8

g
. » > . . o
periods of time ( 10~ - 10" years) than were previousl

This form of detailed history of processes on different objects m

(¥}

result in a better understanding of the formation of the solar sy

In view of the similar structure of the lunar and Martian sutiacces, a
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the observation that the Martian surface appears to have been more

-

activ i et al 1 Mars m probably has been subjecte
tive (Leighton et al 1969 ), Mar ost probably I i bjected

partially fo

solar system. The processes which can be studied on these planerts

may be simpler than those occuring on the Earth and may clarify

o

early terrestrial evolution ( e.g., fractionation of the crust and

the mantle) .
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Table 2 (continued)

8

. - 5 8
(a) Rb concentrations are calculated for Rb/

e

Rb«2.591; &8r concen-
trations calculated by assuming normal isotopic abundances

86Srf888r = 0.1194 and 84Sr/888r = §.,006748.

(b} Errors correspond to the last figures given.

(c) Chondritic meteorite sample; for resulis of

iy

Moore County and

Seawater St see Table 1 and Figure Z.
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Figure 1. Rb-Sr evolution diagram. System S and subsystems
A, B, C originate at TO isotopically homogeneous. They evolve
undisturbed until Tl when they are instantaneously rehomogenized.

subsystem A', B', C' continue to evolve undisturbed. Total

system S remains closed throughout and evolves without discontinuity.
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Figure 2. Histogram of seawater strontium runs. Distance
corresponding to absolute error of + 0.00005 is shown; almost all

runs lie within this range and only one run is well outside this range.
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Figure 3 . Rb - Sr evolution diagram for the basaltic achondrites.

Line through data points represents a least squares fit ( excluding

Angra dos Reis ) and determines the age and (87Sr/86Sr)BABI Line

ngra dos Reis is parallel to the isochron shown. The

enrichment of each meteorite relative to (87Sr/86Sr)BAB is given on

I
the right hand axis. The displacement shown by arrow denotes change in

87Sr/86Sr which would be incurred in an environment of chondritic

Rb/St ( ~ 0.25 ) during 20 m.y.
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Figure 4 . Rb - Sr evolution diagram for Stanmern. Relative

enrichment of each sample with respect to (87Sr/86Sr)BABI is shown

on the right hand axis ( parts in 104 ) . Line shown is the
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Figure 5 . Rb - Sr evolution diagram for the lunar samples.
Basaltic achondrite isochron is shown for reference only. Isochron

vo= 3,54 x 109 years is the best fit line through total rock 17,

rock 17 pyroxene ( pyx ) and rock 17 plagioclase ( plag )
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Figure 6 . Rb - Sr evolution diagram for rock 17. This
diagram includes all four data points for this rock. Best fit line
for rock 17 is shown. Basaltic achondrite line is shown for

reference.,
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A Programmable Magnetic Field Mass Spectrometer with
On-Line Data Processing*
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A single focusing, 30.48 cm radius, 60° sector magnet mass spectrometer was constructed with symmetric
conjugate foci calculated from fringe feld data and corresponding to a Leam deflection of 68°. Experimental
and calculated optical characteristics agree well. A rotating coil probe and a rate coil are employed as field sensors
for a nulling device and for field scanning. ‘The magnetic field can be set to 27 values corresponding to the center
of spectral lines and zero lines on both sides of each peak. The automatic scanning consists of : (1) rapid field change
between adjacent field values (~500 G/sec); (2) locking in at the preset field values (~0.3 sec); (3) remaining in
a channel for a preset time during which the ion beam current is integrated and the data digitized. Repeated arbi-
trary excursions between channels do not cause effective field variations of more than [AB/B|=2X10"7% For
0.2 mm source and 0.64 mm collector slit settings, a typical peak at mass 88 is flat for 2.7 G to 0.017; at a 14 kV
accelerating potential. Data consist of channel intensity, scale factors, and internally provided clock time; data
signals drive a typewriter and tape punch. A cyclic scan of five isotopes including background requires 35 sec.
A segment of data (~10 cycles) is processed by the computer and the results returned to the operator.

INTRODUCTION

N measuring the relative isotopic abundances of ele-

ments in small samples with high precision we have
been limited by the usual analog techniques of data
acquisition (e.g., strip chart recorder, slow field scanning).
This limitation has been recognized by Moreland, Stevens,
and Walling,' who designed systems for digital output
with voltage scanning combined with a linear magnetic
tield sweep. This paper will present a system which elimi-
nates chart reading, operator field scanning, and scale
switching. The usual slow field scanning to determine
accurately the center and intensity of spectral lines is
changed to a step scan mode which permits that a greater
percentage of time be spent integrating the ion beam
intensity and a reduction of errors due to ion heam
instability.

The basic aspects of the system are a programmable
magnetic field for mass analysis, a digital voltmeter for

LOGP & UNIDIRECTIONAL DATA ACQUISITION

i A N4 <59
lo- o 20- 2. 35- 3o. 4. 4q. No- Noo

L0QP B BIDIRECTIONAL DATA ACQUISITION

N\ SKiP y

FiG. 1. Magnetic field step scanning. Dots represent field values at
which the ion beam is integrated and correspond to peints on the
mass spectrum shown in the lower diagram. Loops A and B represent
unidirectional and bidirectional data acquisition, respectively.

A

* Contribution No. 1543, Division of the Geological Sciences.
'P. E. Moreland, Jr., C. M. Stevens, and 1. B. Walling, Rev.
Sci. Instrum. 38, 760 (1967).

v

ion beam integration, and transmission of the data to an
on-line computer. The magnetic field can be set to 27
values corresponding to centers of spectral lines and zeros
on either side of the peak. Nine channels are completely
independent and carry their own identification. In each
of the nine main channels the magnetic field may have
values H,—H,', H;, and H,+H,”; these values are
selected in sequence in the automatic scan mode and the
ion current in each channel integrated. Any channel may
be omitted and the cycle may start at any channel. A
schematic mass spectrum showing the field values at which
data points are taken and possible scanning sequences are
shown in Fig. 1; Table I shows the information obtained
in each channel. A schematic of the data processing cycle
is shown in Fig. 2. Transmission of data to the computer
during automatic scanning proceeds at a rate of up o 18
characters/sec for prolonged periods of time. The signals
transmitted are stored in sequence on disk and are acces-
sible to programs stored in the computer. A variety of
programs for cach element and type of experiment is
stored and a particular one may be chosen by typing on
the Flexowriter; program parameters may also be trans-
mitted from the Flexowriter and interpreted as such,

TasLe I. Twenty-seven channel mass analyzer,

0) 9 MAIN CHANNELS. EACH MAIN CHANNEL k 1S SET TO 3 FIELD
VALUES: M, ~AH), H,, My+AH",, SELECTED IN SEQUENCE IN THE
SCAN MODE

b) DATA OUTPUT AT EACH CHANNEL : ONE i5- CHARACTER WORD
CHARACTER # INFORMATION

1 {n} CHANNEL # / MASS IDENTIFICATION

2-7 (n) INTEGRATED VOLTAGE (VOLY - SECS)
8 ‘ta) VIBRATING REED, DIGITAL VOLTMETER,
SIGNAL POLARITY
9 (n) TIME INTERVAL FOR INTEGRATION {1,2,4.8 SECS)
10-14 (n) TIME AT INITIATION OF INTEGRATION
15 {7 £ND OF WORD CODE (TAR)
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distinet from the otherwise continuous stream of data.
Processing of the data occurs in blocks of variable length
( ~several tens of words). The analyzed data are placed in
storage at the computer and simultancously returned to
the liborutory oncasecond tvpewriter.

DESIGN PARAMETERS

Assuming good ion optical characteristics the critical
factors arc the ability to center an jon beam in the detector
and to change the magnetic field rapidly between pro-
grammed field values. For an ion beam width of 0.2 mm and
a collector slit of 0.38 mm, the magnetic field stability re-
quired is | AB- B! <3X 1075 for a maximum beam transla-
tion of (L0253 mm at the detector slit. The correspond-
ing required stability of the accelerating potential s
EYRN S ES $¢ (X

The magnetic tield scan rate was chosen to provide a
short time for field switching with respect to the time
needed to obtain ion beam counting statistics of better
than 0.19 for a beam of 1072 A (~6X10% ions ‘sec).

While it is simple to achieve the field stability required
at one point in the magnet gap, it is not evident that a
ficld control which monitors the flux locally is sufficient
to regulate the final position of the ion beam. This de-
pends on the total path integral of the magnetic field
which may be nonuniform due to hysteresis effects during
cyeling.

MAGNET CONTROL SYSTEM

Figure 3 is a schematic diagram of the function of the
control svstems. Each channel has a set of five binary
coded switches, which, through relays, select a fraction of
the reference voltage from a ratio transformer. A perma-
nent reference magnet rotating at 1800 rpm around a coil
provides the primary emf for the ratio transformer. The
magnet and coil are placed in a thermostatic oven. A

DATA CYCLE
a8 - NIERIOM-— —+ CENTRAL COMPUTER
(VI .;,,:,,.,,.,!, S“bp:aumms‘
crorage o o
H ~tenstas B Tome K Porviguiar
ars waed R o \ Eteranty
1 . ' v !
| ; !
" N
’:1 YVQ . @ sdahon of Bolope
i a2t Ratos B Der ved
T 3 1
i |
o 1 . e L g
[
Eod | LIZPRIY
|
'

TG, 2. Block diagram showing data cycle and schematic relation-
ships between spectrometer and on line, time-shared computer (S min
period for set of 10 values of each ratio for five isotopes).

N
[E—— N !

fone,

Fi6. 3. Schematic of the magnet programming and control system
and data acquisition system. A programming panel (not shown)
permits (by remote switching) the choice of the numerical values of
the magnetic field, time base, DVM, and electrometer ranges for each
channel. Upon transfer of data to the memory, the DVM switches
channel select (shown as 3) and thus changes the magnetic field set
which initiates the slewing mode (see Fig. 4). The zero sensor detects
when the new field is achieved and starts the next DVM integration
of the ion heam.

second coil extends into the analyzer magnet air gap
attached to the end of the same shaft as the rotating per-
manent magnet. The shaft is placed tangent to the flight
tube so that the coil is positioned close to the tube one gap
width inside the air gap. The coil is placed along with the
shaft and pickup leads in a protective sleeve which has
a 6.4 mm diam.

Upon command from the digital voltmeter a new
channel is selected which switches in a new fraction of the
reference voltage corresponding to a new magnetic field
value. This voltage is added to an opposing voltage pro-
vided by the rotating coil in the magnet air gap. The re-
sultant emf is amplified and converted to a dc signal by a
synchronous rectifier. This signal is applied to an opera-
tional amplifier with negative feedback whose output
causes the output of the magnet current power supply to
change in the signified direction. The current in the magnet
changes at a fast rate corresponding to 300 G,'sec which
we call the slewing mode.

The changing magnetic field creates an emf in the rate
coil around the polecap. This voltage is also applied to
the operational amplifier and compensates the original
signal. At the slewing state the rectitier and amplifier
become saturated. Thus the magnetic ticld overshoots the
programmed value and an opposite correction has to be
applied by the system, causing some oscillations for
time defined as the “lock in” time (typically ~0.3 secs;
thereaiter the field remains constant until the next com-
mand from the digital voltmeter. The muagnetic field as a
function of time during automatic step scan is shown
schematically on Fig. 4. This system was designed to our
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16. 4. Magnetic field as a function of time and channel during
automatic step scan. The field is switched from channel 1o. to 1, 1oy,
2,_, etc. in the automatic scan mode of Fig. 1. The lower part illus-
trates the DVM signal. The times involved are as follows (sec):
AL, ~0.04 for typical jumps in magnetic field; Af,~0.3; Alp~1;
At;~1—8; Aty ~0001, The magnetic field starts to slew auto-
matically when information has been transferred to the DVM one
word memory.

specifications by Magnion Inc. using a rotating coil and
permanent magnet made by Rawson Inc. An offset voltage
supplied by a battery enables us to offset the magnetic
field in each channel by up to 10 G on either side of the
field setting in the main channel to sample the zeros of
cach peak. The battery cancels some of the efective
rectifier output in such a way that a slightly higher/lower
emf from the rotating coil is needed to balance the system.
When the step scan is complete, a zero sensor enables the
digital voltmeter to start integrating the beam ion intensity
for a preset integrating time. At the end of this time in-
terval (Al7), the digital voltmeter signals for a change in
channel. Scanning is done cyvclically and unidirectionally
(Fig. 1) to minimize hysteresis effects. By moving the
probe in the air gap an optimal position may be found
which minimizes hysteresis effects.

DETECTION SYSTEM

The detection svstem is designed to operate in two dis-
tinct modes: (1) pulse counting and (2) analog operation
with integration of the ion current using a Faraday cup
or an electron multiplier. We will only discuss mode 2. In
the analog mode the ion signal is applied to a vibrating
reed electrometer (Cary No. 36) with variable feedback
resistor (10', 10",.10? Q) with a 0.1 sec time constant for
99%, full scale. The output of the electrometer is integrated
by a bipolar digital voltmeter for a time interval of 1, 2, 4,
or 8 sec. The digital voltmeter (DVM) is equipped with an
internal clock with 0.01 sec resolution running continuously
from 0 to 1000 sec and recvcling. This clock notes and
stores the time at the onset of integration. This time is
part of the output data and is used for interpolating ion
beam intensities. The time intervals of integration, the

scale changes on the electrometer (100 YV, 10 V), and the
DVM range (0.1, 1, 10, 100 V) are provided automatically
by a ganged switch which is activated upon entering into
a given channel. Each main channel controls its own range
and integration interval for maximum sensitivity. In
addition, a distinct integration interval may be chosen
for the zeros on either side of the peak. In the automatic
scan mode a zero sensor initiates the DVM integration
after an interval Afp from the time the magnetic field is
locked in. The interval Afp is chosen to avoid any errors due
to the time constants for charging up of the system. If the
system has an effective time constant r, the ion beam signal
detected will grow exponentially with time from the time
the jon beam is switched into the collector. If the signal is
integrated for a time Aty at a time Afp after the beam is in
the collector, the resulting measurement will be off the
true measurement by a fraction e=re=*2/7 /Al An
identical error will be caused by reading the background
a time Alp after the beam has been switched off the col-
lector ; the total error in corrected intensities is thus 2e and
depends on how long we wait before integrating the ion
signal. To measure this effect we compared the ratios of the
jon beam intensities obtained as a function of Afp; it
was found that Afp=~1 sec reduced any errors to less
than 0.01%.

At the end of a DVM reading the output is transferred
into the DVM memory and a signal is generated that
switches the system to a new channel. While the magnetic
field is slewing, the DVM one word memory is typed on
the Flexowriter, punched on tape, and the signals trans-
mitted to the computer (Fig. 4). After lock-in at the new
channel the zero sensor initiates the DV M integration and
the whole process is repeated. The digital voltmeter, the
memory unit, and serializer were developed for our re-
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Fic. 3. Interpolation criterion used for calculating isotope ratioce
We store in the computer a continuous array of intensities measured,
the time of measurement, and the channel identilcation. Numerals
refer to channel numbers and the primes denote successive readings.
Channel 1 is here chosen as the index isotope and the criterion is
applied to intensities 1. [y, /1 to cakculate ratios in the interval
(ho—hot. For ratios in the interval 7. -5 weuse [ [ and
1, - from the continuous array
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quirements by the Non-Lincar Systems, Inc. During
scanning each channel may correspond simply to one
spectral line, or we may assign. more than one channel to
a spectral line either for achieving better statistics or for
a more complicated background monitoring.

COMPUTER PROGRAM

The IBM 1800 computer is used on a time-sharing basis
and is capable of performing all the necessary operations
for data reduction. The processing of the data consists
of two parts: (a) interpretation of the stream of data and
reduction to intensities and time at which readings were
obtained and (b) calculation by interpolation of isotopic
ratios and of any derived quantities of interest.

In dealing with the continuous stream of data it is
found to be more efficient that the data stored on disk be
analyzed in small blocks. The natural block size corre-
sponds to data transmitted during one complete step scan
cycle, e.g., enough data to calculate one ratio for every
isotope measured. In this fashion the computer analysis
lags at most one step scan cycle behind the actual data
obtained.

To avoid possible errors in the incoming data from
being interpreted, a word filter was designed which
permits only “legal” words to be used by the programs.
The filter checks proper word length ; verifies that selected
characters are as expected (i.e., a-numeric or numeric);
and checks that each data word appears in the proper time
sequence, and that the zeros for each peak exist and are
in proper sequence (i.e., left zero, peak, right zero). Using
the legal data words, the spectral line intensities are calcu-
lated by subtracting the appropriate zero intensities and
correcting for scale factors and integration times (Afr).
This information along with the time of onset of integra-
tion (corrected for Aly) is stored in an array. The members
of the array are ordered according to channel number and

TasLe I1. Beam characteristics.

Al
equivalent
{mm) (G
Potassium
tB=3500 G at 14.5 kV)
Source slit 0.2
Collector slit 0.69 4.1
Beamwidth 0.2 1.2
Dispersion (per mass unit) 7.62 45
AH | aax tduring repeated cycles) 0.013 0.08
Al an
e = IS
1
Strontium
(B =3640 (; at 16.0 k\"»
Source slit 0.2 -
Collector slit 0.53 5.0
Beamwidth 0.24 2.3
Dispersion {per mass unit) 3.46 323

!
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r
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|001[
0999

P e e

COLLECTOR: 053 mm
BEAM (999%) . 024 mm

aH:0RG ©
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INTENSITY (arbitrory units)
I
LV

B

S ) g FER 3643
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F16. 6. $Sr beam profile for collector slit wider than the beam-
width. We obtained intensity readings by changing the magnetic
field automatically in small steps, using the mass analyzer, From the
distances AB and CD we calculate a beamwidth of 0.24 mm for a
0.2 mm source slit. The gauss equivalent in millimeters is given on
the top axis. The signal while the beam is sweeping across the cup
is flat to 1X 10~ for 2.3 G; beam statistics were a factor of 3 better.
The Gauss equivalent scale in millimeters should be multiplied by 2.

the time of onset of integration. This order corresponds
to the normal sequence of scanning (Fig. 1). Channels
which have yielded illegal words or have been accidentally
or intentionally skipped during a cycle are stored in this
array as zeros. The calculation of isotopic ratios is begun
upon accumulation of sufficient data. A self-consistent
interpolation criterion has been used as indicated in Fig. 5.
We choose a high intensity isotope as an index isotope
(e.g., No. 1 in Fig. 5) and calculate the ratios of every
isotope to this index isotope. This is satisfactory as long
as the index isotope has sufficient intensity to yield good
statistics. A more sophisticated system is needed if the
precision of the index isotope measurement is poor due to
statistics, or if the ion beam is highly unstable or granular.
Mean ratios, statistical errors, and derived quantities are
calculated in sets of ~10 ratios for each isotope.

Visual beam monitoring is achieved using a recorder
(0.2 sec for full scale deflection) in parallel with the digital
system with a variable chart speed of 2.54 cm/min to
20.3 cm/sec. The recorder range is controlled by each
individual channel being used for optimum sensitivity.
To make the visual beam monitoring useful for high pre-
cision data, recorder inputs of selected channels are pro-
vided with an expanded scale? The magnetic field may
also be made to operate in the conventional ramp scan
mode in conjunction with analog display on the strip
chart recorder.

* W. R. Shields, Nat. Bur. Stand. Tech. Note 277 (1960}.
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FiG. 7. Potassium spectrum obtained by ramp scanning the mag-
netic field. Discontinuities in the recorder output correspond to sensi-
tivity changes. The background is very close to the instrument zero
shown and remains on the positive side. Small peaks at 39,35 are re-
flected peaks off a knife-edged baflie.

PERFORMANCE

The operation of the mass spectrometer in the step scan
mode depends on our ability to control the magnetic field
accurately. In order to determine the reproducibility of the
magnetic field settings, we set channels of the magnetic
field at the values required to bring a beam halfway in the
collector collimating slit. Small instabilities or changes in
magnetic field due to repeated cycling thus cause large
variations in detected signal intensity.

For this purpose we step scanned cyclically and uni-
directionally over the sides and the center of peaks in a
potassium spectrum. From the maximum signal intensity
changes at the sides of the peaks we find a

|AB,ex=0.08 G, or |AB/Bl=2X10

during 9 min for 35 cycles. The equivalent maximum drift
in the accelerating voltage is |AV/1'|=4X105. This
drift is equivalent to a beam translation in the cup
of 0.013 mm.

The accelerating voltage is monitored during an experi-
ment using the DV'M and is stable to better than 1104
over an hour. A 20 MQ wire wound resistive divider pro-
vides the potentials for the focusing plates in the source.
The high voltage is provided by a Walden Co. power
supply in the range 10-20 kV at 1 mA maximum load.
The unit was moditied to eliminate warmup drift by keep-
ing the thermostatic reference ovens on continuously. The
power supply can conveniently be modified Lo provide a
programmable high voltage.

Table II shows typical sizes of collimating slits and
beamwidths obtained for two elements. Wide collector
collimating slits are used; however, they can be narrowed
down to the limit defined by the effective field drift. For the
thermal ionization source for different experiments over
periods of months with slightly different loading and

focusing conditions in the source, we Iind an effective
magnetic field drift of 0.3 G. It is, therefore, possible at
the beginning of an experiment to chouse the magnetic
field values in the channels to correspond to the masses
under investigation. Thus, even very low intensity signals
at known masses may be centered in the collector and data
acquisition initiated as soon as signals are detected by the
DVM. For signals of sufficient intensity, the center of a
peak is determined by finding the average of the two field
vaiues at which one-half of the beam is in the detector.

Figure 6 shows the top of a typical spectral line obtained
by scanning of the B field in small steps and integrating
the ion signal with the digital voltmeter. The observed
peak top is flat 1o better than 1X10~* while the beam
traverses the collector collimating slit when the electron
suppressor is kept at —180 V. The lower part of Fig. 6
shows the initial increase in signal intensity as the ion beam
enters the slit; the distance AB corresponds to a beam
image at the collector slit of 0.24 mm width and is very
close to the size of the source slit used. Uncertainty
AB/B=2X10"? for locking in at a magnetic field value is
shown on the figure and is negligible for beamwidths 0.023
mm narrower than the collector defining slit. The detailed
form of beam tails and the possible presence of positive
reflected peaks and negative signals due to electrons were
investigated by studving the potassium spectrum since
BK/YK=8X1(¥. A typical spectrum obtained at high
beam intensities is shown in Fig. 7. The zero as measured
with the beam off is indicated. None of the zero lines and
the spectral lines were changed by moving a hand magnet
around the tube and in the vicinity of the collector cup and
signal lead to the electrometer. The small peaks at mass
39.35 correspond to scattering off a knife-edged bafile
placed 3.8 cm in front of the collector slit. At (.2 m.u.
above the center of the mass 39 peak, the intensity has
fallen by a factor of 10° which corresponds to a tailing
of 107 for peaks separated by 1 m.u. at mass 200. The
low mass tail as determined from similar experiments is
less than 109, more intense than the high mass tail at
symmetric distances from the center of the ®K beam. This
condition is obtained using a V-jilament (3) and by careful
sample loading and focusing in the source.

A study of the characteristics of the mass spectrometer
was made by analvzing several samples of strontium
extracted from seawater. The sample size ranged from
3X107% to 3X 107 g of Sr; the latter sample corresponds
to 3X 107" g of ™Sr. For each sample load, ratios were
obtained as a function of the ion beam intensity in sets
of ten during the course of the run. The ratios ¥Sr; *Sr,
WS *Sr) HSr MSr were measured and the ¥*Rb *'Sr ratio
was monitored. To correct for mass discrimination the
#Sr WS ratios for each sct were used to calculate the
discrimination factor by assuming this ratio to be 0.1194;
the ratios were then corrected accordingly. Figure 8 shows
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these corrected ratios as a function of beam intensity, It
can be seen that for signals ranging from 3X 107 to 3X 109
»8r ions ‘sec, we obtain 378r/%Sr ratios with a total spread
less than +0.05%, From the counting statistics for the
number of ®Sr and ¥Sr ions collected to form the average
of ten ratios, the expected 20 deviations range from
+0.05% to £0.0059, correspondingly. At somewhat lower
intensities, the data show a wider spread around the
average of Y8r/™Sr=0.70912; this spread is consistent

Fic. 9. Schematic draw-
ing of the mass spectrom-
cter. Points § and I are the
symmetric foci calculated.
The offset collector system
is shown in the upper right
corner; (; and H are the ad-
justable collimating slits for
the simple cup and the mul-
tiplier, respectively. K— re-
peller; L—-collector cup;
M—shicld for simple cup
and mulupher N—multi- .
plier; -baftie; P—-refer-
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with a 20 deviation from counting statistics for the %7Sr
and 3Sr. A similar plot for the low abundance isotope ¥Sr
is shown in the lower part of Fig. 8. In the interval from
6X 107 to 3X 10 ¥Sr jons/sec, the data lie within a 40,197
band. The counting statistics in this interval determine
=20 deviations from +0.1% to +0.049. At lower signal
intensities the ratios Sr/#Sr obtained agree within the
=+ 20 deviations from counting statistics, At *Sr intensities
lower than 0.03 V, the  Sr beam was centered in the collec-
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tor slit by using the known dispersion of the instrument
rather than by watching the analog record. For these Sr
experiments we find that the maximum stable beam ob-
tained is proportional to the amount of sample on the
filament for this element. For the smallest load of 53X 107%¢
Sr, we obtained a maximum stable signal of 6X 108 88y
ions/sec. Measurements were made of isotopic ratios with
a beam of 6X10% jons sec or ~10' A for the low abun-
dance isotope. Although this signal is n2ar the noise level of
the system, we obtained =109, stati tics for the uverage of
10 ratios by integruting 8 sec at each field value. We con-
clude that it is possible to obtain #4109, statistics with
SX107 g of a Sr isotope using a Faraday collector.

Very high precision data can be obtained from small
samples in short times when we can correct for mass dis-
crimination. When the signal intensity is much greater
than the noise level, i.e., for ion currents > 7X 101> A we
can obtain results good to within the counting statistics
for the number of ions collected by using the digital
system and integrating essentially the voltage drop across
a resistor. At very high intensities, ~ 10~ A, the precision
is not improved, even though the counting statistics are
better, as we are limited by beam instabilities. For a typical
set of 10 ratios we obtain a standard deviation of
0,~0.03%, We have observed that if sets of more than
10 ratios are considered, ¢, does not change. Therefore, if
the ratios are normally distributed and we obtain approxi-
mately 100 ratios (10 sets of 10 ratios) of $Sr; ¥Sr, then
with 0,=0.059%, the standard deviation of the mean
o =0.0039, which appears to be the limiting precision of
the mean currently available, This is indicated by internal

R 1 L.
statistics within long runs and by reproducibility of the

meun for different runs of the same sample.

DESCRIPTION OF THE INSTRUMENT

A schematic drawing of the mass spectrometer is shown
in Fig. 9. The focal points S and F and the beam deflection
angle were determined by computer calculations of ion
trajectories using the measured magnetic fringe field. A
solution was sought with focal points § and I symmetric
with respect to the y axis. The coordinates of these focal
poinis are | x;=58.870 cmi and y= —2.697 ¢mi. The beam
deflection angle is 68.08° for the 60°) 30.48 ¢m radius,
sector magnetic field used. The line GH is the straight
line approximation to the locus of foci and forms an angle
a=206.5" with the tube axis. As shown in the upper right
hand side of Fig. 9, G is the position of the collimator for
the simple Faraday cup and H that for the multiplier,

The construction of the instrument was done with pre-
cision of £0.025 nm over the total length of the instru-
ment for the alignment and positioning of the critical
optical elements. The alignment of the tube and reference
flanges was done on a boring mill. For this purpose
support saddles were placed and screwed into a precision
tooling plate on the mill at approximately the proper
angles and spacing. These saddles were drilled and bored
in situ and the tube and beam valve assembly were
clamped together; the reference flanges were attached to
the tooling plate and locked at the proper relative angles
by the 3X 3 ecm? support bar using 12.7 mm guide pins. All
welding was  performed  while the components were
clamped. The surface of the reference flanges was finally
machined on the boring mill after welding; all distances
and angles were measured with reference to the tooling
plate and the reference flanges. Alignment holes were
bored on the reference flanges on the boring mill and the
source and collector assemblies were then mounted using
tight guide pins for slit alignment. Stainless steel was used
throughout the construction; the tooling plate was made
from aluminum and is now used to support the mass spec-
trometer tube in the horizontal position.

To facilitate magnet alignment the magnet is placed
on a cart capable of (a) motion in two orthogonal direc-
tions in the horizontal plane and simple rotation in this
plane and (b) motion in the vertical direction and tilting
off the horizontal plane. The motions in (a) are effected
by screw drives, are monitored by indicators, and are easily
reproducible to 0.013 mm. The magnet is positioned at its
calculated position and the beams obtained are ahmost
theoretical as discussed in the section on performance of
the instrument.

The system is differentially pumped by two ion pumps,
on either side of the beam valve, which is shown in Fig. 9
in detail; the valve affords full ion beam transmission.
Viton O rings are used for gaskets as shown with the O ring
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on the driver of the valve out of the ion beam path. Gold
and copper gaskets are used for the rest of the machine; a
Teflon gasket may be used for the source flange for frequent
venting. The analyzer section remains at an equilibrium
pressure of 2X 1078 Torr as measured at the pump during
an experinent; similarly the source section attains a
pressure of ~3X 1078 Torr while running. A Vacsorb pump
is used for rough pumping; total pumpdown time is ~135
min for a pressure of 33 17 Torr after venting the source
for sample loading.

A thermal ionization thick lens source with Z-focusing
plates is used as designed by Dietz.? The final collimating
slit is symmetrically adjustable, and the first three plates
may be conveniently removed for cleaning after each run.

Two interchangeable collector assemblies have been
built for the spectrometer. A schematic plan view of the
offset system is shown in Fig. 9. Point G is the collimating
slit for the simple cup; this slit is adjustable through a
micrometer bellows arrangement. The collector cup is com-
pletely enclosed by shield (M) to guard against the elec-
tron gas created in the whole region. The signal lead from
the cup (not shown here) is also guarded by a cylindrical

3 L. AL Diets, Rev. Sci. Instrum. 30, 235 (1959).

tube along its path inside the collector pot. The repeller
(K) is kept at —180 V and is mounted on a separate in-
sulating stack from the simple cup. The battle (O) shields
the cup from reflected beams and is constructed as a cup
to collect most secondaries. The multiplier is also shielded
by a can, although complete electron shielding is not as
critical.

Figure 10 shows the assembly of a simple in-line cup
which may be interchanged with the offset system. In this
simpler geometry light tight shielding is easier. Tons and
electrons may enter the collector cup only through the
collimator slit and the repeller slit which is again kept at
—180 V. The beam profiles as discussed before are very
good and free of any negative signals or discontinuities in
the background resulting from addition of opposite
polarity signals,
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it is shown that differences in the 87Sr/86Sr ratio corresponding to about 102 % are clearly resolvable using im-
proved instrumental techniques. Several basaltic achondrites having a total spread of 0.2 in 8748681 were studied
and appear to define an identical initial 87Sr/86Sr abundance corresponding to 0.698976 * 0.000055 (maximum un-
certainties). These samples are found to lic on a well defined isochron with a slope o1 0.0629 ¥ 0.0037 and an age
4.3970.26 X 109 yr, for A = 1.39 X 10-1 1 yr". The maximum deviation of a data point from the best fit line is
6 X 10-3 %. This shows that if the samples were derived from material with chondritic or solar Rb/Sr abundance ratios,
they were formed within a time period of 4 m.y. or 1.6 m.y. respectively. The application of such measurements to

establish a refined early solar system chronology is discussed.

1. Introduction

The purpose of this investigation is to obtain a pre-
cise estimate of the initial strontium isotopic compo-
sition at the time of formation of planetary objects in
the solar system and to apply high precision measure-
ments to determine the ages of basaltic achondrites.
In addition, we will show how small time differences
(106107 yr) in the time of formation of planetary
objects may be resolved.

The 87Sr/868r ratio in some achondrites was first
measured by Schumacher [1], and Herzog and Pinson
[2], and later by Webster, Morgan and Smales [3].
These results were of critical importance for determin-
ing the age of stony meteorites by assuming that the
chondrites evolved from strontium with the initial
isotopic composition as found in achondrites. Gast
{4] reported several analyses of achondrites which
were a substantial improvement over the data of
earlier workers. He showed that the initial (1)

* Contribution no, 1603.

(87S1/86Sr); was about 0.698 to 0.700 and found
no evidence for a value ot 0.687 as reported by
Schumacher. More recent data of somewhat better
precision obtained in this laboratory [5] have con-
firmed Gast’s results. Independent estimates for
(87Sr/86Sr); values were obtained by Burnett and
Wasserburg {6] from two iron meteorites (Toluca
and Pine River) which are in agreement with the
values from basaltic achondrites.

Determination of an internal isochron [7] for a
single meteorite permits an estimate of {87Sr/86Sr)
in that particular object. The first successtul effort in
this direction was with the iron meteorite Weekeroo
Station [8]. Relatively precise internal isochrons
have been obtained for Kodaikanal [9], Norton
County [5], and Weekeroo Station [8] which yield
ages of 3.81 X 109 yr,4.70 X 109 yr, 4.37 X 109 yr,
and (87Sr/86Sr); of 0.713,0.700 and 0.703, re-
spectively. New results recently presented on Krihen-
berg by Kempe and Miller [10] and on El Taco by
Wasserburg and Burnett {7] give almost identical
parameters with those of Norton County. The results
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of Shima and Honda [11], obtained by differential
dissolution, are subject to large analytical and proce-
dural uncertainties and are therefore not included

m this discussion. There is a clear distinction be-
tween Kodaikanal and all the other meteorites. Both
the age and the initial (87Sr/86Sr)[ are clear indi-
cations of a late time of formation. Weekeroo Sta-
tion appears to be somewhat younger than Norton
County in age.

2. Experimental methods

2.1, Instrumental procedure

As pointed out previously [5] the initial (87Sr/36Sr);

ratios are of great significance with regard to resolv-
ing small time differences and may permit qualitative
distinctions in time and Rb-Sr evolution which are
not resolvable by the differences in isochron slopes.
In order to determine (87Sr/86Sr); with some preci-
sion it is most reasonable to look at ancient objects
such as meteorites or phases in meteorites with low
Rb/Sr ratios and small resulting enrichments in
875r/86S;.

We have utilized measurement techniques with a
level of precision about ten times higher than that
which was previously obtainable. The isotopic com-
position of Sr in several basaltic achondrites has
been determined using a new programmable mag-
netic field mass spectrometer with digital output
and with on-line data processing [12].

2.2. Interpolational procedure and statistics

To reduce errors due to counting statistics we
used high beam intensities of 1—-8 X 10~11 A 88Sy;
at currents above 2 X 10~11 A we used a 1010
teedback resistor on the vibrating reed electrometer,
instead of the 1011 Q2 resistor used for lower currents,
to avoid voltage effects. The filament load was typi~
cally 2 X 10-7 g Sr for the achondrite runs.

In all runs, the stability and linearity of the beam
is checked by verifying that the middie 88Sr peak of
each three sequential 88Sr peaks lies on a line through
the two adjacent 88Sr peaks to within better than
0.05%. This time interval corresponds to a time inter-
val at least twice the interpolation time for obtaining
ratios 86Sr/88Sr and 87Sr/88Sr. During a run those
data which did not satisty this stability criterion were

rejected. When this linearity criterion is satisfied, sets
of ratios calculated through a simple lincar interpola-
tion and through a quadratic interpolation result in
means and standard deviations which agree better
than 0.01%.

As a test of the quality of the data obtained for a
given experiment, use was made of the ratio of the
88Sr ion beam to itself using the linear interpolation
procedure. Consider the set of 88Sr intensities meas-
ured at times 7,, throughout an experiment. We form
the ratios (for constant 7,, - 7,1 intervals for all n)

i S TS
n 2 888¢(7,,)
and

r88=(R88 1)x 104.

A histogram of the values for 169 data points from
one run are shown in fig. 1 (top). The distribution
r,,88 has a mean 0.25, a standard deviation o(rnss) =
2.8, and a standard deviation of the mean aM(rngg) =
0.22. The variable r,,88 appears to be normally dis-
tributed and thus the standard deviation of the 88Sr
beam itself, o(88Sr), in parts in 104, may be com-
puted as o(88Sr) = /T o(r,28) = 2.3 and can be
thought of as a resultant of random variables for
counting statistics (0-(38Sr)), beam instability
{og(88Sr)), noise in the vibrating reed (ayR(88Sr))
and noise in the digital voltmeter (opyy(88SD)).
These values are given for an average beam intensity
of unity. This assumes that the only variation in beam
intensity is due to the error variables indicated. We
estimate oyg for 10-15 A noise and opyy froma
0.01-0.02% instrument reproducibility for different
voltage ranges. For an ion beam of 5 X 19-11 A
oc(88Sr) =-0.5 and we calculate og = 2.1.

From the parameters in table 1 we find o(87Sr) =
4.0. This yields a(r,87) =/ X 4.0=4.9 and is to be
compared with the measured value o(r"87) =52as
obtained from the histogram for the internal ratios
of 87Sr shown in fig. 1 {(middle). A similar compari-
son for 86Sr (table 1) between o(rn86) calculated and
measured shows them to be in essential agreement.

For the 87S¢/888r ratio there is an additional er-
ror due to the correction for discrimination. The cor-
rection was made as follows: (a) The discrimination
factor was determined for each set of ten ratios of
878¢/88Sr by normalizing the average (38Sr/88Sr)
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Table 1
Standard deviations ot the random variables for isotopic ratios *

KTy 88y
Ratio o m IVR THVM e a(S1) o7 TSRS
cale. exp. cale, exp.
o8 0.5 20 0.2 Lo 24 23
r 37 18 21 2.0 2.0 49 5.2 4.0
r 86 1.4 21 2.0 2.0 47 5.0 3.8
rB7i8N 4.6 43

* For 888rjon beam ~§ X 10-11 a_ All quantitics in parts in 104 tor distributions with means equal to or normalized to unity.
** Calculated from elements in the same row and assumed identical for all other isotopes,

tor each set of ten to 0.1194. Each 87Sr/88Sr of the
corresponding set was then corrected by the appro-

* o priate discrimination factor. These results, normal-
o 169 rotios Ba"’{(s,:xg*s,?g‘\/ - . ized appropriately, are shown in fig. 1 (bottom).
e’ | 2588 B (b) The discrimination factor was also determined
25— : - from each B6Sr/88Sr ratio within a set and applied
Mean (%120 25 to the corresponding 87Sr/88Sr ratio. This point by
@ Y point correction results in a distribution of 87Sr/88Sr
15 2ouB9)0aa rut?os which have a mean 1|\d1§t|ngu15hable from the
] ratio (87Sr/888r),, for a set of ten as calculated by
10} - method (a) but with a higher variance. No trend in
. L (878r/88Sr) within a set was seen. However, the
;‘ - (86Sr/88Sr), for adjacent sets of ten ratios often
0 — s - i exhibited monotonic changes of 0.01%. This implies
é’ Vl’ +10 ,Ee__’ o that the changing discrimination within each set of
& 20 r. 150 ratios o7 ] . ten ratios mtroc_!uces\an additional spread in the
5 o, ML LN standard deviation of 86Sr/88Sr,
3 15 2587 | 4 v
E L Mean (87).026 | e FRn+)? 5,
z e(®52 (op1sk)* = ~ e 97
- 20,8085 | "
. . . where g is the rate of change of discrimination (sec-1)
o ; i . ~
{ B o PO and 7 is the interval between 86 Sy peaks; opgx = 0.3
s 4190 ratios (Sr87/5r88 ] Fig. 1. Frequency distribution of ratios obtained from a
orme_| (ST /ST, 4 i ; ; . i
20 . W2 -[—(—m“— s} x 104 | snngle run. Nineteen setsgo7f tegsratlf)s easgg were optamed for
e which 010 €0.05% for 8/8r/55Sr and 85Sr linearity to 0.05%
s - : ol§708:a3 at ~5 X 10-11 A To obtain statistics of internal beam stabi-
s 20u(r8788):0.62 lity we form the ratios of 88Sr to itself (top) and simitarly
0 L i ] for 87sr (middle). Ratif)s of 87Sr to itself show a higher dis-
persion due to electronic noise. The means of the 7] 8 and
sl B rn87 distributions differ by less than o) from the expected
mean of zero. Isotopic ratios 8751/88sr corrected for dis-
o ccoses setttece crimination and normalized to unity (bottom) have a disper-
1 T L J sion which agrees with the dispersion calculated from the

T T
-1 -1 - 4 4 87/88 . e
> ° s O #5 0 415 n d 883:, 873y and 868 statistics. All deviations and means are

given in parts in 104,
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tor N = 10. Using the values tor o(r"xx) measured and
u(r,,m) and u(r,f“‘) calculated, we find, including the
discrimination correction according to (a) above,
a(87Sr/888r) = 4.6. The standard deviation for the
distribution in fig. 1 (bottom) is o(r"’”/“) =43,

in good agreement with o(87Sr/888r). The compa-
rison of calculated and experimental values is

shown in the last two columns of table 1. It is clear
that o(87Sr/888r) is much larger than the ion count-
ing statistics for these intense beams. As an estimate
of the error of the mean we chose

BI/88 ) 20(87Sr/888r)

20_“ (’" \/-&-

’

where .V is the total number of ratios in the run.
For the normalized ratios of the experiment shown
2oy = 0.02.

For the continuous data acquisition procedure
used, corrected ratios were obtained in sets of ten,
and the mean x and standard deviation ¢, were
calculated for each set. At the completion of a run,
each set was classified according to three categories:
I (019 <0.05%), I (0,9 <0.075%) and Il (0, <
0.15%). We rejected any runs in which only category
111 data were obtained. In order to test the character
of the data, the mean J?M, the standard deviation,
and 2oy, for all of the data points in each category
were calculated for every run. It was found that
the means were all equal, independent of the cate-
gory, to within a factor of 2 better than the 2ay,
of each category (see table 3). We conclude that the
data selection scheme does not introduce any signi-
ficant bias and that the choice of 20y for category
I and 1I data is a good estimate of the limits of
error.

2.3. Enriched standards

A further documentation of the resolution (of 1
part in 104) was done by analyses of enriched stan-
dards as well as repeat analyses of samples. For this
purpose a set of synthetic standards was made up. A
solution of Sr extracted from Nuevo Laredo (repre-
senting the 0 percent standard) and a solution of Sr
extracted from a terrestrial microcline which had a
10% enrichment in 87Sr/86Sr relative to Nuevo
Laredo, were prepared. Both solutions were passed
twice through an ion exchange column to reduce the
amount of Rb. Both samples were run twice on the

mass spectrometer to determine St concentration and
87Sr/B6Sr immediately before mixing. Mixtures of
these two standard solutions were made and run re-
peatedly on the mass spectrometer. Table 2 shows
the data obtained and the calculated enrichments
from gravimetry. Fig. 2 shows the average measured
values for the standards expressed as an enrichment
in parts per ten thousand,

SG = [(875,’)S~G ~ (87§F )5}/(%7.51)5 X 104,
86 865 Jo |/ \ 865, Jo
where the superscript may be either G or S. G stands
for the expected enrichment from gravimetry, and S
for the enrichment measured on the mass spectrom-
cter. In this diagram the error bars represent devia-
tions s = \/2(20,)3 /n, where a,-2 is the variance of
the mean for each of the n runs of a standard. The
45° line is drawn to facilitate the comparison. All
means are less than 2 X 10-5 away from the 45° line.
Standard 1V is not shown but is off the line by

12 X 10-5. From table 2 it is clear that the data for
the 0.3% standard are of poor quality, but, because
of the extreme enrichment, no effort was made to
obtain refined measurements. From the deviations
of the means off the 45° line and the extent of the
error bars we conclude that we can resolve 0.01% in
878r/86Sr. The enriched standards were particularly
clean, and usually gave runs that were slightly less
stable than the achondrite runs.

2.4. Sr and Rb contamination

Since we proposed to look at very small enrich-
ments in 87Sr/86Sr it was critical to avoid any en-
richments due to common Sr contamination or Rb
background in the mass spectrometer. Typical St
blanks obtained were (0.7 + 0.3) X 10-9 g Sr with
(87S1/86Sr)pank = 0.710. For samples near
87S/86Sr = 0.700 the change in 87Sr/86Sr due to
contamination is 1 X 10-5 for sample sizes of 0.7 ug
Sr. We typically used samples of 3 ug Sr for the ana-
lyses reported. Samples with much less Sr may pre-
sent a serious contamination problem. The possible
presence of Rb during the Sr mass spectrometric
analyses was monitored by measuring mass 85. For
composition runs the Rb ratio measured in the be-
ginning of the St run of a sample is 85Rb/87Rb =
2.65. We can clearly detect 85Rb/88Sr = 4 X 10-6
corresponding to 87Rb/87Sr = 1.5 X 10~5 for nor-
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Table 2
Comparison of enriched standards: Gravimetric (GG) and Spec-
trometric (S)

Standard ¢ ‘§vcragc 8751/86Sr 200 X 104
A @ (b) (b)

0 0.0 0.0 0.699739 0.84
0.699728 0.58
I 2,69 2.60 0.699919 0.88
‘ ' 0.699911 0.74
il 4.85 5.04 0.700097 0.83
0.700074 0.64
1 (¢) 10.14 9.99 0.700652 0.92
0.700349 0.99
0.700457 0.82
0.700301 0.70
0.700401 1.05
IV (d) 31.0 29.8 0.701878 1.60

0.701754 115

(a) In units of 10’4, normalized for the 0 standard.

(b) Results of individual runs; all ratios normalized to
865r/88gr = 0.1194.

(c) Only category Il data (*~ 100 ratios per run).

(d) Only category II data (~ 40 ratios per run).

mal Rb. We could always wait long enough during a
run so that 85Rb fell below the detectability limit.
For samples spiked with both 84Sr and 87Rb tracers
the 85Rb/87Rb ratio may be lower than that in the
sample by a factor of four during Sr analyses. This
would correspond to 87Rb/87Sr = 6 X 10-5. The
mass spectrometer used for Sr analyses has never
been used for Rb analyses and no Rb is observed from
a blank filament heated for prolonged times at tem-
peératures much higher than required for Sr ionization.
We conclude that any Rb present during an analysis
must be coming from the sample load on the filament.
When running spiked samples a correction has to be
made to obtain 87Sr/86Sr in the sample from 87Sr/868¢
measured due to 87Sr and 86Sr in the tracer. For
8881 ample/84Srtracer = 10 this correction in 87Sr/86Sr
amounts to two percent. If the composition of the
spike is in error due to unknown discrimination by
0.5% per mass unit, the error contributed to 87Sr/86Sr
is 4.4 X 10-5. Several samples were spiked so that
885r,/848ry ~ 30 to 50 reducing the error accordingly.
Table 3 shows the ratio 88Sr/84Sr, in the measured
sample. From the agreement in 87Sr/86Sr for compo-

TR A G TR R
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Fig. 2. Correlation of enrichments (¢) in 875¢/865y (parts in
104) for standard solutions calculated from gravimetry (G)
and from mass spectrometric measurements (S). Results for
four standards are shown; the lowest (zero) standard is used
for normalization. Error bars are estimates of error (see text)
from the variance of the mean for two to five runs (table 2).
Deviation of means from 45° line (3 X 10-5) confirm a reso-
lution of 1 part in 104,

sition runs and concentration runs (better than three
parts in 105) we conclude that this correction does
not propagate any significant errors and that the Rb
contribution to 87Sr/86Sr is negligible.

3. Analytical results

Analyses are presented of six basaltic achondrites.
Duke and Silver [13] have presented the most recent
survey of the petrology of basaltic achondrites, and
give a description of the samples analyzed here. The
samples were cleaned on the external surfaces by
grinding with a dental burr. The chemical methods
used have been described before [9]. Repeated mass
spectrometric analyses were made of all samples and
the results of the individual runs are shown in table
3. The Sr data are divided into different categories
depending on the standard deviation ¢ as explained
before. In this table, runs 52 and 59 for Juvinas and
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Category

1o <0.05 %)
Meteorite Run N * x7Sr/m’Sr
Juvinas 52 90 0.699367 £ 57 **
59 170 0.699388 44
74
75 10 0.699304 £ 158
Pasamonte 72
Sioux County 54 60 0.699514 *80
56 70 0.699468 £ 75
Nuevo Laredo 66 10 0.699790 + 109
69
Moore County 78 - -
79
Jonzac 53 10 0.700415 £ 210
58 35 0.700199 £ 115
62 -
65 8 0.699922 £282
67 44 0.700021 £ 97
Stannern 51 20 0.700470 £ 86
57 60

0.700496 t 80

*Number of ratios obtained.
**Absolute errors: * 20y,
***No tracer.
All data are normalized to (86Sr/88Sr) = 0.1194.

54 and 56 for Sioux County are the best obtained
both in terms of dispersion and in terms of total
number of ratios (200--300) for 87Sr/86S;. The
means (I, 1T, II) for run 52 show a maximum vari-
ation of 0.7 X 10-5 and the means for run 59 show
a maximum variation of 1.5 X 10~5 for the three
different categories of data. The difference between
run 52 and run 59 is 2.2 X 10-5. These variations

are well within the error defined by 20, ~ 5 X 10-5.

In addition, runs 74 and 75, during which relatively
unstable ion beams were encountered, provide
means that are only ~2 X 10-5 away from the
means of 52 and 59 even though the 20y, for these
runs is worse by a factor of two. Run 75 category 11
is off by ~7 X 10-5 for 60 ratios measured; category
I for this run contains only 10 ratios which is too
small a number for meaningful comparisons even
though the means happen to agree well. For the
final tabulation only runs 52 and 59 were used.

Table 3
Basaltic achondrites

(a1 <0.075 %)

N

170
220
60
37

170
176

18

30
159

36
109

80

180

(o <0.15%)

87gr/865; N 875,/865; BBy /845,
0.699374 £ 53 270 0.699369 *+ 57 nt***
0.699402 £ 44 290 0.699347 * 54 12
140  0.699411 £ 110 nt
0.699456 * 84 180 0.699408 K8 nt
0.699595 X 151 149 0.699481 * 155 31
0.699464 £ 60 290 0.699447 £ 62 nt
0.699485 * 60 186 0.699503 + 64 11
0.699723 * 144 57 0.699849 * 157 43
0.699582 +497 168 0.699830 147 43
- 116 0.699100 + 142 i8
119 0.699179 £ 138 18
0.700088 + 182 130 0.700088 £ 95 nt
0.700058 £71 170 0.700050 £ 70 10
- 109 0.700090 t 305 nt
0.700049 £ 71 142 0.700025 + 171 nt
0.700067 £97 216 0.700051 + 88 nt
0.700454 £ 90 230 0.700436 * 79 nt

0.700477 59 200 0.70047S5 65 9

Runs 54 and 56 offer similar results, with a total
spread of 5 X 10-5 for both runs. Runs 51 and 57
for Stannern are at a slightly worse level of precision
(201 ~ 8 X 10-3) than Sioux County but still offer
minimal variations in the means within each run and
between the two runs (~4 X 10-5). The Jonzac data
which were obtained during less stable runs converge
to the mean within a total spread of 7 X 10-5 for the
categories Il and II1. Category I for Jonzac contains
few ratios and the results are an indication of the
variations expected from only one or two sets of 10
ratios. The average of run 62 has not been used in the
final results since 20, is 3 times larger than for the
other analyses; its inclusion would not change any of
the results.

Data at the level 20, = 1.5 X 10-4 were obtained
for Pasamonte and Nuevo Laredo (runs 72, 66 and 69)
and for Moore County (runs 78, 79). These data will
be improved in future measurements. Moore County
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Table 4
Analytical results

) Rb 88gr 87Rb/BOSr 4. 4 a(8781/86sr)  (BT51/865y mWSr/Msnt(M
3 N y 6 1
Meteorite (108 m/g (108 m/p X 102 SHESE 5 108 (a) (b) X 104 (o)
Juvinas 0.202 73.2 0.644 0.699378  0.36 0.698962 0.57
Pasamonte 0.242 73.5 0.769 0.699481  1.55 0.698985 1.81
Sioux County 0.228 68.4 0.775 0.699491  0.55 0.698990 0.81
Nuevo Laredo 0.380 72.1 1.228 0.699840  0.76 0.699047 1.i8
Jonzac 0.519 72.4 1.671 0.700062  0.82 0.698983 1.38
Stannern 0.827 80.5 2.396 0.700475  0.60 0.698928 1.37
Moore County 0.0613 61.0 0.234 0.699140 0.9 0.698989 1.07
(B781/86Sng A =
= 0.698990 * 47
(875,/865”]”51 =
= 0.698976 £ 55 (d)
Seawater 0.70912 0.9  (ref. {12])
0.70911 0.8 H this work

0.70905 0.8

(a) Estimate of absolute error from all runs,

(b) Initiat (37Sr/86s1) calculated for 7 = 4.5 X 109 yrand x = 1.39 X 10-11 yrl.

(¢) Error includes contribution from 67 = 2.25 X 108 yr uncertainty.

(d) Best value, calculated from Juvinas and Sioux County only; maximum errors given.

is particularly important in defining the initial
(875r/86Sr); ratio. In view of the convergence of the
means for similar runs (53 11, 65 111, and from en-
riched standards’ data) we consider these poorer
quality data to be reliable.

The final reduced data for the achondrites are
given in table 4. Moore County has not been used
in determining the isochron or in any of the argu-
ments presented due to its poor precision with
respect to Juvinas and Sioux County. However,
Moore County is consistent with the data presented.
Table 4 also includes our value for seawater Sr from

0.0629 ¥ 0.0037 corresponding to an age 0f 4.39 %
0.26 X 109 yr, for A= 1.39 X 10-11 yr-1. The initial
ratio from the best fit line for these basaltic achon-
drites is (87Sr/86Sr)pa g1 = 0.698990 + 0.000047
(basaltic achondrite best initial = BABI). It is evident
that the basaltic achondrites yield a well defined
isochron. The deviations from the best fit line for
each individual run are plotted in parts in 104 in fig,
4. The isochron determined is in agreement within
experimental errors with that found for chondrites
(see for example the recent work of Gopalan and
Wetherill [14]), and is independent justification for

ref. [12] and the value from some additional meas-
urements. The results for the achondrites are plotted
on an Sr evolution diagram in fig. 3. The total range
in 878r/86Sr is 0.2%. The errors plotted are estimates
(similar to s for the enriched standards) based on the
best runs for each sample. The achondrite data re-
presented in this figure appear to follow the syste-
matics of a set of closed Rb-Sr systems of the same
age and the same initial strontium isotopic compo-
sition. The line shown was calculated from a least
squares fit with a weighting function according to
the errors of each data point. The line has a slope of

assuming that the chondrites and achondrites may
be considered to lie approximately on the same iso-
chron. This isochron is not of the high precision as
that obtained for Norton County and Krihenberg
but is in reasonably good agreement with them. The
(87Sr/868r); for those meteorites appears to be
stightly above that reported here and may represent
a real difference in age or Rb-Sr evolution, although
the precision of the previously published values is
not sufficient to demonstrate this.

Potassium-argon ages have been measured for the
achondrites reported here. The ages range from
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3.2 X 109 yr tor Sioux County [15] to an estimated

value of 4.4 X 109 yr for Jonzac [17]. Megrue [16]
has reported on K-Ar correlation from different
phases of Stannern and Juvinas (~4.0 X 109 yr).
These argon ages indicate these meteorites to be
ancient objects. Any precise interpretation of the
K-Ar ages would appear to be very uncertain (see
recent discussion and compilation by Heymann,
Mazor and Anders [17]). The validity of Megrue’s
interpretation of the K-Ar ages as representing a
physically meaningful event is subject to question
[9].

Since the basaltic achondrites may not have co-
existed with an Rb-rich reservoir for more than a
few million years, younger K-Ar ages must reflect
only minor thermal metamorphism which in addi-
tion did not obliterate the 244Pu produced fission
Xe observed in the Ca-rich achondrites [18]. From
our Sr data we can place lower limits for the age
of particular basaltic achondrites if we assume that
they evolved from the maximum (errors included)
initial ratio (87Sr/86Sr)yysy = 0.699031 which is
determined from Juvinas and Sioux County inde-
pendently from the best fit isochron (see section 4).
For Stannern we obtain a minimum age 7 =
4.2 X 109 yr. This value is slightly higher than the
K-Ar age of 3.98 X 109 yr given by Megrue [16].

4. Initial 87Sr/868¢

Insofar as we may independently estimate the
age (i.e., possibly 40K—40Ar, or 207Pb—206P as
in the case of Nuevo Laredo [19]), it is evident
that the initial 87Sr/86Sr is much more precisely
determined than the age since the fractional change

d In (875r/86Sr)
d(In1) <1

because of the low Rb/Sr ratio (~ §) for most mete-
oritic materials. Let us consider the uncertainty in
the initial (I) (87Sr/86Sr); ratio resulting from both
the uncertainty 87 in the age and the uncertainty
5(8751/86Sr),,, in the measured (m) (87Sr/868r),
ratio. We assume that the objects under investiga-
tion are closed Rb-Sr systems. Fig. 5 is a schematic
diagram showing the initial ratio (87Sr/86Sr); as
calculated from a data point of age 7. The error in

s(-:gg)x,(*ﬁ)msf

588

Fig. 5. Schematic illustration of the determination of initial

(87Sr/36Sr)| from a given measured (87SI/86St)m. Uncer-

tainty * 57 in the slope for age r results in additional error

AB to the error of the measured ratio, 6(87Sr/865r)m. AB

depends on &7 and on the extrapolation distance and is the
dominant error for high 87Rb/865r.

(87S1/868r); contributed by &7 is §(87Sr/868r); =
(37Rb/868r), exp(Ar) A67 and is represented by the
segment AB. In order to optimize the usefulness of
the present results it is desirable to have the uncer-
tainty 8(87Sr/86Sr); < 5(87Sr/865r),,,. We have
typically obtained a precision for the basaltic achon-
drites of 8(87Sr/86Sr),, ~ 7 X 1075 If we consider
an uncertainty in 7 of 67 = 225 X 106 yr, correspond-
ing to a 5% uncertainty in the age, we obtain
(837Rb/86Sr), =0.021 when the two errors are equal.
The samples Juvinas, Pasamonte and Sioux Co. have
(87Rb/86Sr),, ratios about a factor of four less than
this. It follows that the error in (87Sr/86Sr); for these
samples is to this order, independent of the error in 7.
The error 8(87Sr/868r); is given in fig. 6 as a func-
tion of the Rb/Sr ratio and the (87Sr/868r),, ratio for
closed systems of age 4.5 X109 yr and 87 = 225 X 106
yr. For (8781/868r),,, = 0.702 we obtain §(87Sr/86Sr); =
1.6 X 10~4 and for (8781/86Sr), = 0.706 we obtain
8(878r/B6Sr); = 3.6 X 10-4. These errors are all much
larger than the precision of the measurements. In com-
parison, if 67 = 100 m.y. (e.g. for Norton County) sam-
ples of phases with (87Sr/868r),, = 0.702 or 0.706 will
yield 5(87Sr/86Sr); = 7 X 10-5 and 1.6 X 10~4 respec-
tively. It follows that for (87Sr/868r),,, = 0.702 and
only a two percent uncertainty in the age, the error
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Fig. 6. Determination of the absolute error 6(87Sr/86Sr)| in
parts in 104 resulting from an extrapolation from a point of
measured (Rb/Sr) to Rb/Sr = 0 for an assumed age 4.5 b.y.
and a 5% uncertainty in the age. Left vertical axis(A) corre-
sponds to lower horizontal axis, (Rb/Sr) 5, and right axis (B)
to upper axis. On a separate scale we give the present (i.e.,
measured) 875r/86sr of a particular closed system of the
same age which evolved from (87Sr/86Sr)| = 0.699. Only the
(87Sr/8681)A and (87Sl’/86St)B scales are not commensurate.

5(878r/86Sr); is equal to the precision in (87Sr/86Sr),,,.

Column seven of table 4 gives the best estimate of
(8751/868r); for each of the samples measured assum-
ing an age of 4.5 X 109 yr; column eight shows the
maximum error §(87Sr/86Sr)fotal which includes
8(875r/868r), and the error 8(8751/868r); contri-
buted by an uncertainty 87 = 2.25 X 108 yr. This
range in age includes all of the Rb-Sr and 207Pb-206Pp
values reported in the literature with the exclusion of
Kodaikanai. These values are independent of any
assumed relationship between the samples. The most
precise values for the initial strontium are obtained
from Juvinas and Sioux County (JUSI) and yield
(37Sr/86Sr)5y51 = 0.698976 + 0.000055. The errors
given here are extreme limits. The value obtained is
virtually identical with that obtained from the best
fit line, (87Sr/86Sr)g A p; = 0.698990 + 0.000047.

5. Time resolution of a two-stage model

The relative initial (87Sr/86Sr); ratios are a sensi-
tive indicator of the differential history of various
bodies. Let us assume the existence of a well mixed
universal reservoir (r) with a defined (87Sr/86Sr)f
and a given Rb/Sr abundance at time 7 = 0. In this
system, for short times (AAT < 1) the 878r/86Sr will
increase according to

(87Sr/85Sr)'AT = (87Sr/865r){ + AAT(87 Rb/86Sr)'AT.(l)

Using the symbol e for enrichment in parts in 104
relative to the value in the reservoir at 7 = 0,

T
(F7S1/B6S0), — (B7S1/%6S);

€= 04,
(751/865r)!
we obtain
AT=1.74 =S— (2)
Rb/Sr °’

for A =1.39 X10-11 yr~1 and for Ar in million years
[(Rb/Sr) = 0.346 X (87Rb/86Sr)]. The smallest exper-
imentally measured value of € for such samples cor-
responds to a resolution in time interval Ar which de-
pends on the Rb and Sr elemental abundances in the
reservoir. In fig. 7, we plot the relation (2) for differ-
ent values of €. For a typical chondrite, 87Sr/86Sr has
changed from 0.699 t0 0.745 in 4.6 X 109 yr, or
0.01/by.; to obtain an enrichment ¢ =1 in a chondritic
reservoir requires a time interval At =7 m.y. For the
abundances observed in the solar photosphere, Rb/Sr =
0.65, we obtain time intervals as shown on the right
strip of fig. 7, and in particular fore =1, A= 2.7 m.y.
Even for enrichments as large as € = 10 the time inter-
val is small, only 27 m.y. In contrast, for a Rb/Sr =
0.003, which is typical of basaltic achondrites, we
obtain A7 = 640 m.y. for € = 1 reflecting the rising lack
of resolution in At for systems with a very low radio-
active parent-daughter ratio.

We may now consider the relation among systems
(i) that become chemically fractionated and phys-
ically separated from the reservoir at different times
Ar; with ratios of (87Rb/86Sr), .+ at Ar]of

87Rb\i  _ (87Rb\i
(o o= (i ) =2
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where 7 stands for the present. Subsequently to the
fractionation and separation from the universal
reservoir the systems i evolve according to

§_7_S__r)i _(87Sr)r (87Rb r

(865,- » \segr )1\ Bogy )A'ri AT
87Rb)i (3

+ (868r i [exp(M7~ A7) —1].

Fig. 8 shows three such systems as they appear to-
day on an Rb-Sr evolution 'diagram. The time se-
quence of separation is At) < Ar, < Arj corre-

sponding to
87
Jors <t ary < (388 s
AT] Aty Ar3

86Sr

87Sr

(svs;
868r

86y

As is clear from the diagram there is no a priori rela-
tionship among the points representing the systems
P1, P2, P3, except that the slopes of the line segments
drawn reflect the ages of the systems. By rearranging
eq. (3) and taking AAr; < 1, we obtain

878r\i _ [{87Sr\r . [87Rb\i
(se): - [(sTs,‘)x (s ): [e**’(“”}
)
87Rb\r 87Rb)i
+ (8‘6§.)Afl )\ATl - (8‘6—87/ ; MTI CXP(AT) .

The term in brackets on the right hand side of eq. (4)
represents the (87Sr/86Sr),_ of a system which was
fractionated from the reservoir at time 7 = 0 with
(87Sr/36Sr)} but with 87Rb/86Sr such that at time 7
it is the same as that of system i. Fig. 9 (top) shows
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Fig. 8. Points P1, P2 and P3 represent present ratios of Rb-Sr
systems experimentally measurable and are in general uncor-
related. The differential evolution of the systems is mani-
fested by the departure of the measured points from regula-
nity. From the points (today) we must conclude, if the sys-
tems remained closed, that either 13 > 7 >75 of that they
originated from reservoirs with different initial ratios. In par-
ticular if they originated from the same reservoir at succes-
sive times A73 > A1y > ary from 7y they would have
evolved from initial ratios (875r/8 81) o7, as shown.

the trajectories of two such systems on an Rb-Sr
evolution diagram. The two-stage system, TS, starts
at (37Sr/365r){ and (87Rb/86Sr){, point A. The
87Sr/86Sr grows in for a time A7 and the 87Rb/86S¢
decays to (87 Rb/86Sr)’, - as indicated by the single
arrow, point B. At this time the system is separated
from its Rb-rich reservoir and the 87Rb/868r ratio
decreased 1o (87 Rb/“Sr)E+ , as indicated by the
horizontal dashed arrow, point C. The system then
evolved along the double arrow to the point TS.
System U starts at D and follows the trajectory of
an undisturbed (U) system of age 7, initial
(8781/8681);, and present (87 Rb/“Sr)&J values. The
reservoir has developed to R during this time. The
distance between the (87S1/868r), of TS and U is

87 /87 87
_«.( i) \'_RE)' A( Rb)u} \Ar
86Sr 86Sr At 868[ 0
(87Rb/86sr)g
87 Rb/36Sr)'A ,

<1

the system may be reduced to the impulsive case

Impuisive Cose
Two Stage Modet

s8¢
588/

Fig. 9. (top) Strontium evolution diagram. The two-stage
system (TS) originates in reservoir 1 at point A. The reservoir
evolves to B during an interval Ar at which time TS is chem-
ically fractionated and separated from the reservoir (trajectory
BC) with a ratio (87Rb/365r)T§+ at C. The system evolves
thereafter from C to TS (double arrow) during a time (r - a7).
For comparison, system U has the same present (87Rb/86Sr)9
that TS has and evolved as a closed system during a time 7
from the (87Sr/865r); ratio at D. The expression for the dis-
placement TSU is given. The reservoir has evolved to R at the
present. The limiting case (injection of 87Sr) is shown in the
lower diagram. System TS lies on an isochron of identical age
as system U, but which originates at (87Sr/86Sr)f =87y (’Sr)f
+ A(87Sr/865r),

shown in fig. 9 (bottom). In the bottom diagram, sys-
tems U, Uy, Uz, and R developed undisturbed. System
TS was disturbed at time zero by the addition of pure
87Sr. This instantaneous change A(87Sr/86Sr) would
occur if system TS coexisted for an infinitesimal time
interval in a system of infinitely large 87 Rb/86Sr at
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any time 7. Again, U is the comparison system which
has the same (87 Rb/"“"Sr):J ratio as TS. Both Uand TS
lie on ditferent isochrons of the same age.

For the more general case of two systems i and j
chemically fractionated and separated from the re-
servoir r at times Ar; and Arj with different
(%7 Rb/BGSf)lZT.h k =i or j, we define the difference
D:

D 8’_83_)1'1: S7Sr\i _ (MTSry
865r) ~ \ 86§ )7 865,)f
87RbYi  (B7Rb)i ], ,
[(aes?): - Gass?): e
8TRb\r
s (il ©

87Rb\i 87Rb\j
+ AT [—}\A‘Ti (gST )T + )\ATJ (86Sr )r] s

where Arj; = A1y — Ay, and where we used
(87Rb/B6Sr), .~ (87 Rb/86Sr)’, . The term Ary; is
the difference ih the times at which the systems (i
and j) were removed from the reservoir (r). For a
reference age 7, the difference D(87Sr/86Sr)l, which
is expressed in terms of experimentally measurable
quantities, will depend on (87Rb/86Sr)}, . . the dif-

ference in age Arjj and the products (37Rb/36Sr)‘: AAT, .

For determining Arj; we require that

87Rb\k 87Rb\r

(22 (2], 0] 1.
which is achieved for low (87 Rb/“Sr)‘T‘. We pick 7
such that Ar, < 7. For the basaltic achondrites
(87Rb/868r)k = 0.006; for A7j ~ 100 m.y. and
(87 Rb/86Sr)’AT ~0.7, for a chondritic reservoir, this
condition is well satisfied for A7jj =~ 7 m.y. It should
be noted that, for small time differences of separation,
Aty ~ 106 yr, it is necessary to choose 7 with corre-
spondingly greater accuracy in order to determine
at;5- However, we may choose a given system j =0
as a reference system for which Aty = 0. This
avoids the necessity of using approximation (6), and
we may then construct a sequential time classifica-
tion for different samples using the values of Aty
determined from Di0 (with due consideration of
the error in 7).

The maximum difference which can be formed

for all of the data points is D(”Sr/“Sr)ijmax =

9 X 10-5 which yields (ATjjmax =9 X 106 yr for an
Rb/Sr ratio of 0.25. 1f we exclude Nuevo Laredo,
D(87Sr/868r)] ., =4 X 10-5 and (ATjj)max =

4 X 106 yr, indicating that all these samples were
formed within this extremely narrow time band, and
that Nuevo Laredo is ~7 X 106 yr younger than the
other meteorites. The Rb/Sr ratio in the photosphere
as reporied in detaii by Lambert {26} is 6.65 + 0.33.
The uncertainties cited here are considered by Lam-
bert (personal communication) to represent the

limits of error. There is thus no indication of an Rb/Sr
ratio significantly lower than ~0.25 for the solar sys-
tem abundances from considerations of Lambert’s
observations or the average results on chondrites. If
this high ratio (Rb/Sr = 0.65) is representative of the
solar abundance then, for D(87Sr/86Sr)! . =4X10-5,
the maximum time difference between the separation
of the basaltic achondrites from the solar nebulae is
(ATi)max = 1.6 X 106 yr.

The time resolution represented by these consider-
ations is far smaller than the classical Kelvin-Helmholtz
contraction time (~3 X 107 yr) or any of the more
detailed time scales leading up to hydrogen burning
for the sun (for example, see ref. [21], table 3). If the
planets condensed over the whole time period during
which the proto-sun was transferring angular momen-
tum, it follows that a time of ~ 106 yr should be con-
sidered in calculations of this process {22]. The rela-
tionship of the solar evolution time scales and the
times required to form planetary objects is not at
present understood. Qur results mean that if the pla-
netary objects investigated were condensed out of the
solar or planetary nebulae at different times ~2X 106
yr we would observe effects. Since our data indicate
no differential effects we conclude that the times of
condensation were less than this, assuming that the
samples studied are representative of several planetary
bodies.

In the preceding discussion we considered possible
parent systems with Rb/Sr ratios much larger than
those in basaltic achondrites. As pointed out by Gast
[26] the terrestrial Rb/Sr ratio is low as compared
with the chondritic ratio. If the basaltic achondrites
are derived from planets with a low Rb/Sr parent
material, such as the earth, our resolution of time is
proportionately poorer. For example for Rb/Sr = 0.02,
(BTij)max = SO m.y. for D(87Sr/86Sr) 0 = 4 X 10-3.
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An alternative to the preceding broad generaliza-
tions is to assume that the samples analyzed repre-
sent the debris of one body which formed and differ-
entiated rapidly or was initially well mixed and had
a low Rb/Sr ratio.

No gross differences (¢ ~ 20) appear from con-
sidering the less precise data on initial 87Sr/86Sr in
a variety of other types of meteorites (chondrites,
enstatite achondrites, and iron meteorites) of quite
different cosmic ray exposure ages. The only clear
exceptions are Kodaikanal and Weekeroo Station.

Estimates of these differential times Arjj can be
made for the earth as compared with the basaltic
achondrites. Measurements of terrestrial (87Sr/86Sr)
for many recent basaltic rocks 23] and other rocks
[24] give values from 0.7025 to as low as 0.7011.
This value is clearly an upper limit to the initial
8781868 for the earth. The near equality of
878r/86Sr in some terrestrial samples with the value
found in basaltic achondrites was first recognized
by Gast [26] to have time-genetic implications. If
the earth is younger than the basaltic achondrites
and if it formed from a reservoir characterized by
(87Sr/86Sr)g g and with chondritic Rb/Sr abun-
dance ratios, or solar photosphere Rb/Sr abundance
ratios the maximum age difference is A7 = 210 m.y.
or A7 =80 m.y. respectively. This is a strict upper
limit since a substantial part of this enrichment is
due to Rb decay subsequent to the formation of
the earth. An extensive search for old terrestrial
samples containing more primitive Sr will be carried
out in order to establish stricter limits.

Considering the nature of lunar surface material
both with respect to its chemical composition {25]
and probable great age it should prove possible to
place much stricter limits on the differential forma-
tion time for the moon and the achondrites when
materials are returned from the forthcoming Apollo
mission.

We now examine the extension of these argu-
ments to a three-stage model. A system i starts
evolving at 7 = 0 in a reservoir A for an interval
ATiA and continues to evolve for a subsequent in-
terval A‘riB in a second reservoir B until its final chem-
ical fractionation and separation from reservoir B.
We may form the difference D(37Sr/85Sr):,j for two
such systems i and j, and neglecting terms of order
ATy (87Rb/86Sr)k |

B7Sr\ii (87
D( 5’)"=( Rb)A MATA . ArM)
86,/ 1 BOS; / ar ! J

. (87‘“’)" aar® o ardy o (7)
86Qr / a7 ! J
For this model, the vanishing of D does not necessa-
rily imply simultaneity. To obtain some limits on the
total time difference Arj; between systems i and j
[Ary = (AT:\ + ATiB} (ATJ-A + ATJ.B)] we can con-
sider the case where A is an’environment of solar
Rb/Sr abundance and B an environment of chon-
dritic Rb/Sr abundance. The minimum and maximum
villues of Ary; for a given value of D are obtained for
residence only in A or B respectively. These limits
(1.6 and 4 m.y. respectively) are the same as those
discussed earlier. The two systems i and j, however,
may be subjected to compensating enrichments in
the two successive reservoirs which would tend to in-
crease Arjj for a given value of D. Such compensating
enrichments for many different bodies are not very
probable.

By the same argument if different basaltic achon-
drites were formed according to this particular three-
stage model from different chondrites, strict limits
(~ 2 m.y.) can be placed on the time interval between
the formation of these chondrites from the solar
nebula.

The basaltic achondrites are certainly not primary
bodies which condensed directly from the solar or
planetary nebula. They are most probably the result
of magmatic differentiation from some more primi-
tive material as manifested by their textures and
chemical composition.

A variety of arguments have been presented against
the basaltic achondrites being derived from chondritic
material [13, 26]. These arguments are based on dif-
ferences in isotopic [27] as well as chemical abun-
dances. The chemical and physical evolution of mete-
orites is at best only poorly understood and any
inferred genetic relationships remain obscure.

In our discussion of the Rb-Sr evolution of vari-
ous objects, we refer to chondritic Rb/Sr abundance
ratios of ~0.25. This value is typical of both the
very abundant normal chondrites and the rare car-
bonaceous chondrites. Models in which the chon-
dritic ratio is assumed do not necessarily imply that
the material itself is of total chondritic composition.,
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The same arguments applied to the formation of
basaltic achondrites from the planetary nebulae or
the chondrites can be applied to the problem of the
metamorphism of the chondrites. Such metamor-
phism with concommitant redistribution of ele-
ments (Fe, Mg, Rb? Sr?7) would result in higher
apparent “initial” (87Sr/86Sr). In the case of meta-
morphism the problem of defining the Rb/Sr in the
*“universal” reservoir is eliminated since we may
measure the Rb/Sr in the total meteorite and
(87S1/86Sr)g A p; may be used as the reference
value. A time interval Argacy is thus defined de-
pending on the enrichment of the meteoritic
(87S1/86Sr); over (87Sr/86Sr)gapy due to the Rb
decay in the meteorite before the metamorphism,

Argach = [(87Sr/86Sn)" — (87Sr/868r)pApi]
X [A(87Rb/86Srymet] !

In particular, if we can separate Ca-rich, Rb-poor
phases from chondrites with low enough 87Rb/86Sr,
we can detect differences in (87Sr/86Sr); due to
metamorphism. During preliminary investigations
we have separated 10-3 g of whitlockite, 99% pure,
from the St.Séverin amphoterite. From a run of com-
paratively poor quality we obtain (87Sr/86Sr), =
0.70357 + 0.0002 and (37Rb/86Sr),, = 0.058, Rb =
0.61 ppm, Sr = 30 ppm. For this Rb/Sr ratio we ob-
tain 5(87Sr/86Sr); = 0.0002 for 87 = 2.25 X 108 yr.
By correcting for Rb decay over 4.5 X 109 yr we ob-
tain (87Sr/86Sr)"! = 0.6998 + 0.0004. For
(87Rb/86Sr), = 0.175 measured for a “total” sample
of this meteorite we obtain Argacy = 320 £ 160 m.y.
for the time of metamorphism in St. Séverin. An at-
tempt is under way to improve the precision of this
result. If instead of metamorphism, the (87Sr/86Sr){“et
for St. Séverin is higher than (87Sr/86Sr)g 2 due to
enrichment in the solar reservoir we obtain for the
differential formation of St. Séverin and the basaltic
achondrites A7 =31 £ 1S m.y.

6. Conclusions
The time resolution for the models proposed is

comparable to the “sharp isochronism” reported by
Hohenberg, Podosek and Reynolds [28] using the

1291 129Xe decay scheme. The intervals measured by
these two methods are not in principle the same. The
1291 129X ¢ method determines cooling time ditfer-
ences among objects with respect to gas retention.
The Rb-Sr method determines differences in time of
formation of objects which are not necessarily cold.
Hohenberg et al. determined that 10 chondrites cooled
to a temperature at which 129 Xe (produced by 1291
decay) is retained to within 2.5 m.y. of each other.
Unfortunately there is no overlap between our samples
and theirs. While the basaltic achondrites appear to
represent a very narrow time window and the chon-
drites studied by Hohenberg et al. also represent a
narrow time window it is evident that these are fun-
damentally different times since the chondrites show
marked excess of 129Xe while the achondrites show
(in one case) a marked fission excess in the heavy
xenon isotopes but no detectable 129 Xe excess. This
is presumably due to the longer half life of 244Pu and
would imply that the achondrites are “younger”
than the chondrites with regard to heating. It remains
to be demonstrated that this is actually compatible
with the (87Sr/86Sr); values in chondrites.

The precision in measuring (37Sr/86Sr) obtained
opens up a new dimension in applications. We may
now be able to determine internal isochrons for the
basaltic achondrites (e.g., Stannern). Furthermore,
precise isochrons can be obtained for samples even
when the variation in Rb/Sr is very small resulting
in only a small difference in 87Sr/86Sr. For geologic
problems our resolution in 87Sr/86Sr can result in
the age determination of samples as young as
5 X 104 yr for Rb/Sr = 300. This Rb/Sr ratio is
typically found in a large number of biotites. This
will furnish a link to the 14C dating method and a
check of K-Ar dating for young rocks. The only
obvious difficulty is the problem of defining an ini-
tial strontium in a given rock sample. However, the
Rb-Sr systematics displayed by different mineral
phases and total rock samples should make any
natural contamination problems manifest.
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A precise Rb-Sr internal isochron was determined for Guarefia, an 16 chondrite, yielding an age of 4.56 £ 0.08 X
109 years, Rb-poor, Sr-rich phosphate phases (whitlockite and apatite) were obtained resulting in a precise measure-
ment of the initial St isotopic composition (878$r/868r); = 0.69995 ¥ 0.00015. It is shown that from precise age and
initial (87Sr/865r)| measurements we can obtain information on the differential evolution of Rb-Sr systems involving
cither simple metamorphism of closed systems or multi-stage processes. The high initial ratio obtained for Guarefia
with respect to the value for the basaltic achondrites is the first clear demonstration of differential St evolution of a
chondrite and attords the simple explanation of Guarefia having been metamorphosed 74 million years after its forma-

tion. This approach may yield a “time” evolution index for the classification of micteorites.

I. Introduction

This paper demonstrates the feasibility of obtaining
4 precise initial (indicated by the subscript )
(87Sr/%Sr), for a chondrite by measuring phases with
very low Rb/Sr in the meteorite. This approach has
been shown to have the potential of yielding much
more refined genetic information than can be obtained
by doing the conventional “total rock” analyses on
meteorites. Papanastassiou and Wasserburg {1] *** re-
ported on preliminary results obtained for the St.
Severin amphoterite. From the enrichment of the
measured (87Sr/86Sr)l in St. Severin over the precise
initial ratio obtained for the basaltic achondrites
[(87Sr/86Sr)gap;] they calculated a time interval for
metamorphism of this meteorite assuming the enrich-
ment was due to the decay of 87Rb in this object. This
interval,

Argacy = [(B7St/86Sr), - (87Sr/86S0) 1]
X [MBTRb/86sr)} -1,

* On leave from the Junta de Energia Nuclear, Direccion de
Quimica e Isotopos, Madrid, Spain.
** Contribution Number 1655.
*** Hereafter referred to as Paper 1.

is equal to 320 £ 160 m.y. for St. Severin. However,
St. Severin is not an optimal case for such u calcula-
tion because the Rh/Sr in the total meteorite is less

by a factor of four than in typical chondrites, result-
ing in a diminished time resolution.

Sanz and Wasserburg |2} have recently demon-
strated the feasibility of obtaining a relatively precise
8TRb B7Sr internal isochron for the Olivenza (LL35)
chondrite by analyzing individual chondrules and
different density fractions. These authors have
reviewed the previous attempts at obtaining internal
isochrons for chondrites.

The emphasis in the present investigation is placed
on (878r/86Sr), which is of great significance in re-
solving qualitative, small time differences not
resolvable by the differences in isochron slopes. To
determine this initial ratio, Ca-rich phases exhibiting
very low entichments of 87Sr/86Sr were separated
from the meteorite Guarefia which fell in Guarefla.
Badajoz (Spain) on July 20, 1892. S.Calderon and F.
Quiroga [3] described the fall and reported on the
petrology. By courtesy of the Museo Nacional de
Ciencias Naturales de Madrid, a mass of Guarefia was
shipped to this laboratory for investigation.
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2. Experimental methods

2.1. Sampling

Three different types of samples were prepared:

A) a powdered total meteorite sample from which
only the metallic phase was removed;

B) a non-magnetic mineral separate obtained by re-
peated passing of a sieved sample through a Frantz
magnetic separator; and

() density fractions from sieved samples.

The letters (A, B and C) correspond to the entries in
table 1. The sample fractions obtained are described
below:

A) Whole Meteorite. Two parallel cuts were made
on the main mass using a diamond blade and no
lubricant. A sample fragment (17 g) was ground, and
the metallic phase was removed by a covered hand
magnet. The remaining sample (12.5 g) was split into
several whole meteorite fractions.

B) Frantz Separate. A sieved sample of 100 g
(60—150u) was used for magnetic separations only.
Repeated passes were made through the Frantz by
gradually increasing the magnetic field and by decreas-
ing the tilt of the trough to 1.5° at a constant 15°
inclination. A new trough was machined for this in-
strument from Al and was modified by covering it
completely with a thin Al plate so as to eliminate
cross contamination from previous samples passed
through the Frantz. After each pass, the magnetic and
nonmagnetic fractions were monitored for enrich-
ments in phosphate minerals. Manipulations were per-
formed by placing a sample on a stainless steel micros-

cope slide locked on an x-y micrometer stage (see fig. 1).

A Singer micromanipulator (Mark 1) with a fine-
tipped tungsten needle wetted with an appropriate
agent was used for picking up individual grains and
transferring them to a separate slide. For the purpose
of counting phosphate grains, the sample was placed
on one slide and a drop of HCl placed on the second
dide. The stage was translated until the HCI drop
was below the needle and a grain was lowered into

it. Phosphate grains became cloudy and covered with
bubbles upon contact with the acid and dissolved
readily. Usually, 100—200 grains were picked for
counting. For the purpose of picking grains for
chemical analysis, a clean stainless stee] slide with a
trough filled with a heptadecane-hexadecane mixture
(2:1) was used. This setup is shown in fig. Ia. The

needle of the micromanipulator was dipped in the
trough and then raised. The stage was moved until
the desired grain appeared in the field of view. It
was then touched with the needle to which it
adhered by surface tension. The stage again was
moved so that the trough was in the field of view
and the needle with the attached grain was lowered
into the trough. This breaks the surface tension
and releases the grain immediately. An adjustable
stop (S in fig. 1a) was used to stop the Y motion
of the stage when the trough was in the center of
the field of view. This operation could be carried
out with high speed and with positive action with-
out removing the operator’s eyes from the ocular.
The grains in the trough could be quantitatively
transferred by rinsing them out with acetone.

The final separates were checked for purity
using an electron microprobe. Grain mounts were
set up as shown in fig. 1b. Pieces of double-stick
scotch tape were placed on a stainless steel micros-
cope slide with engraved circular marks. Using the
micro-manipulator, grains were ordered in parallel
rows in each circle. A brass disc with appropriately
located circular openings was lowered on the slide
and the openings carefully filled from the side
with epoxy resin from an eye dropper to minimize
the formation of air bubbles. A thin glass slide was
used for firm backing. After the epoxy had set,
the scotch tape was removed and the grain mount
polished. Almost every grain mounted was exposed
upon polishing. Grain counts were then obtained
by electron beam scanning. The phosphate
counts were in agreement with the acid dissolution
results. The microprobe analysis showed that two-
thirds of the phosphates were whitlockite and one-
third chlorapatite (5% Cl, 0.5% F). An analysis
of the olivine gave Fog,Fa;g and an analysis of
the feldspar gave AbsgOrgAn,q. The purest
phosphate fraction obtained by using only the
Frantz (sample B in table 1) gave a microprobe
grain count of 12% feldspar and 88% phosphate.

C) Density fractions. A sieved sample of 193 ¢
(60—105u) was obtained for mineral separations
using methylene iodide-acetone mixtures. Both
components of the mixtures had been filtered be-
fore using and were stored in plastic bottles. All la-
boratory ware was teflon or polyethylene. No
centrifuging was necessary to obtain good separa-
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Table 1
Analytical results.
Sample Weight Rb 88gr 875r/865y 87Rb/86sr
dissolved 10-8 mol/g 10-8 mol/g
mg
GUARENA (a) (a) (a) (b (b)
A) Whole meteorite
1)EZ-a 43.3 3.78 10.08 075665+ 8 0.873 £ 17
) E-a 97.8 411 11.00 0.75710 £ 50 0.869 £ 12
3) E—x 35.0 4.21 11.30 0.75680 £ 110 0.864 £ 11
B) “Phosphate” (Frantz only) 6.0 9.77 68.16 0.72155 % 12 0334+ 7

() Density fractions
I. CH12-CH3COCH3

Dp>33 264.0 1.64 4.348 0.75827+ 7 0.875 18
2) p <2.7 (feldspar) 59.4 28.4 78.19 0.75435 ¢ 11 0.845.%+17
33.09<p<3.20

(phosphate) 5.9 1.10 60.24 070283+ 7 00427t 9

II. CH213-CH3COCH3
Phosphate & Frantz

D) No treatment 4.1 0.95 64.24 0.70225 £ 12 0.0345% 7
2) CHal3 (24 h) 3.2 0.90 61.23 070234 13 0.0344 % 7
3) Supernatant (0.5N HCD 1.8 0.88 67.57 070189 9  0.0304%* 6
. CaH7l3~CH3COCH 3
(15 min) phosphate 3.8 1.20 43.15 0.70416 £ 12 0.0647 %13
IV. CaH7Brg-CCly
1) p <2.9 (feldspar) 3.4 33.8 97.29 0.75240% 8 0.808 16
2) p > 2.9 (phosphate) 3.4 1.17 63.82 070261+ 8  0.0425+ 8
MOORE COUNTY - 0.060 61.0 0.69914 £ 10 (c) 0.00230 %5

069912t S(d)
069910 6(d)

SEAWATER 070912+ 9(f)

0.70908+ 8(c)
070911+ 5(d.,e)

(a) Rb concentrations calculated using 85Rb/87Rb = 2.591. Sr results have been normalized to 86Sr/885¢ = 0.1194 and caleulated
using 8451/885r = 0,00675 in natural strontium.
(b) Errors correspond to the last significant figures.

(c) From reference { 1] ; (d) present work; (¢) average of 9 runs for which the total spread of the means of individual runs ¢ =
£0.00005; (f) from reference {4].

tions. Fractions p > 3.3, p ~ 3.14 (phosphate), and sing which yielded sample B were subjected to a den-
p < 2.7 (feldspar) were obtained. We obtained 40 mg sity separation using methylene iodide and acetone.
phosphate 90% pure, and passed it through the Frantz The total exposure time of this sample (C.III) to the
several times to obtain 99% pure phosphate (Sample heavy liquids was ~ 15 min, and the sample con-
C.1.3). A part of this sample was further separated on tained about 7% impurities (approximately equal

the Frantz, and aliquots were taken for the leaching amounts of feldspar and of olivine and pyroxene).
experiments described later. The lower purity frac- A different separation was performed by using on-

tions obtained as a by-product of the Frantz proces- ly CyH,Bry (p = 2.96) and CCl4 on a sample which
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Fig. 1. Grain handling. X-Y stage with two stainless stecl slides locked in position by L for picking grains from one slide, using the

micromanipulator, and releasing them in the trough which is filled with a viscous liquid. Stop § is used to center the trough in the

ficld of vision without removing eyes from the ocular (not shown). {b) Grains are ordered on double-stick tape inside of engraved

circles (top); a brass disc is positioned using guide pins and the holes are fitled with epoxy resin (middle); further backing is pro-

vided by a glass slide (bottom). All grain manipulations are pertormed under a microscope using a manipulator. Handing of indivi-
dual grains down to a vouple of microns is simple,

was originally enriched by using only the Frantz.
2.2. Analyvtical procedure

The chemical procedure and all laboratory ware
used are the same as that described by Sanz and Wasser-
burg [2]. The average blank estimate (ABE) is 0.5 ng
Sr and 0.04 ng Rb. The small phosphate samples
required less handling and are subject to slightly less
contamination than the ABE. 87Rb and 84Sr tracers
were added to all samples before digestion. Strontium
analyses were carried out on the Lunatic I, a digital,
on-line mass spectrometer [1,4]. Two Sr analyses on
whole meteorite samples of Guarefia were reported
previously [2] and are included here in table 1. These
analyses were carried out on a conventional mass
spectrometer and exhibit larger errors but are in good
agreement with the Lunatic I data. All Sr analyses
were made using a Faraday cup collector. At ion
currents less than 2X 10~11 A we used a 101! ©
vibrating reed electrometer feedback resistor; at
higher currents a 1010 Q resistor was used. All runs
reached at least 2 X 10~ 1! A beam intensity. All Rb
analyses were performed on a third conventional
mass spectrometer equipped with an electron multi-
plier. Maximum errors of 2% are assigned to the
87Rb/86Sr ratio arising mostly from the unknown
mass discrimination for Rb. Errors are assigned to the

8751/86S; in the case of Lunatic I runs according to
the scheme of Paper 1. Only Category 1 and Category
Il data are used in table 1. Careful assignment of er-
rors to 878r/86 Sy is important when the contribution
of the B7Rb/80Sr error to the calculation of
(87Sr/8(’Sr)l is small. This contribution is attenuated
by the factor (eM - 1) = 0.06 for7 = 4.6 b.y., 50

that a 2% error in 87 Rb/836Sr results in 0.01% ersor in
(37Sr/86Sr)[ when 87Rb/86Sr = 0.05. Most of our
phosphate separates are below this value of 87 Rb/86Sr.
Contribution of 37Rb to the 37Sr peak during a mass
spectrometer run was monitored by scanning the
mass 85 region. This contribution is negligible for all
samples except C.I1.2. The change in 87Sr/86Sr due

to contamination from our average blank level of

5% 10710gSris 3 X 1073 for the smallest phosphate
sample (acid leach). No corrections for blanks were
made for either Sr or Rb since the correction uncer-
tainty is the same as the correction itself.

3. Analytical results

The analytical data are shown in table I and are
plotted in fig. 2. The points define a linear array, and
we may therefore assume that Guaretia follows the
simple Rb-Sr systematics of a closed system. The in-
sert in fig. 2 (Iower right) shows the data for the
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Fig. 2. Rb-Sr evolution diagram for Guarefia (H6 chondrite).
Least squares best fit isochron is shown in the main diagram
and in the lower right insert. The initial ratio obtained is
higher and different from (87Sr/86Sr)BA31 and offers the
first clear indication of differential St evolution of a stone
meteorite. Dashed arrow is drawn through (87Sr/86Sr)g 5 5
and the whole meteorite analyses, and is distinct from the
isochron through the data points.

various phosphate samples. Table 1 also includes some
repeat measurements on Moore County which were
obtained immediately before or after phosphate runs.
Due to its extremely small enrichment, Moore
County approximately defines (87Sr/86Sr)p , 5;. We
also show our previous and our most recent measure-
ments of Sr extracted from seawater.

From the microprobe grain counts of the phosphate
separates, it is clear that the main Sr impurity consists
of feldspar grains. Thus, all the “phosphate” points
are mixtures of phosphate and feldspar and
accordingly fall on a mixing line for the two compo-
nents. However, the whole meteorite points and the
p > 3.3 fraction cannot be just a mixture of only the

trace phosphate and feldspar minerals. Some impor-
tant Sr-containing fraction which is not identified
must be present since the feldspar and whitlockite
cannot account for all the strontium in the whole
meteorite. Thus, we are not simply observing a mixing
line |5}.

It has been shown [6] that the trace apatite miner-
als may pick up radiogenic 87Sr from the more
abandant surrounding minerals which show much
higher enrichments in 87St/86Sr (e.g., the feldspar).
The dispersion of our data excluding the phosphate
fractions is not enough to determine a precise age or
an initial 87Sr/86Sy for this meteorite. However, for
the purposes of this paper, we shall assume that the
phosphate phase has not been disturbed or conta-
minated and that the data yield a meaningful age and
(37Sr/86Sr)l for Guarefia.

A best fit line through the data following the treat-
ment of York [7] yields an age 7 = 4.56 + 0.08
X 109 yr (30 errors) for Ag7g,, = 1.39 X 10711 yr=1,
The initial ratio for Guarena (87Sr/868r)? =
0.69995 ¥ 0.0001 5. Half of this error in initial Sr is
attributable to measurement errors and half is due to
the extrapolation to 87Rb/86Sr = 0. (87Sr/86Sr)l
for Guarefia is very precisely defined and is distinctly
different from (87Sr/86Sr)g , 51 = 0.69899 + 0.00004
[1]. Except for the special case of Kodaikanal [8]
and the slightly uncertain case of Weekeroo Station
[9], this is the only clear-cut difference in
(87S1/86Sr), found for meteorites. Previous work has
always been consistent with (87Sr/86Sr); = 0.699
within the rather large experimental errors.

Since this clearly measurable difference between
(87Sr/86Sr)BABl and the Guarena (87Sr/865r)? has
rather important implications and depends critically
on the phosphate fractions, we tried several leaching
experiments to determine if the heavy liquid separa-
tions disturbed the samples. Sample C.I1 was obtained
from C.1.3 by several passes through the Frantz. C.1I
was split into three aliquots. Aliquot C.I1.1 received
no further treatment; C.I1.2 was placed in methylene
iodide for 24 hr and then rinsed with acetone;

C.I1.3 was leached with 0.5 N HCI for five min during
which all the phosphate was dissolved while most of
the impurities were not. The supernatant solution
(HCl soluble) from this leaching procedure was anal-
yzed for Sr and Rb. In addition, sample C.I1I was ob-
tained by methylene iodide-acetone separation for
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only 15 min, instead of the several hours used for

sample C.1.3. For comparison with the methylene iodide

separates, samples C.IV were obtained by using filtered
tetrabromoethane and carbon tetrachloride on a
sample which had not been exposed to any heavy li-
quids. From the insert in fig. 2, it is clear that the
samples exposed to methylene iodide-acetone for dif-
ferent times show no effects of differential exposure
to these reagents. Sample C.11.2 was corrected conser-
vatively for a slight 87Rb contribution to 87Sr during
the mass spectrometer run (0.01%). No difference is
apparent between using CH,1, and CH3COCH; or
C,H,Bry and CCly. Such a difference could be caused
by leaching due to differences in the polar nature of
the solutions or by different contamination levels.
The acid leached sample (C.11.3) does not show pre-
ferential leaching of Rb or Sr; however, this is due
most probably to the very low percentage of insoluble
impurities in the original sample. During the heavy
liquid separation of sample C.1V weighing 13 mg
(50% phosphate), we obtained samples C.IV.1 and
C.IV.2, each weighing 3.4 mg only, for a total recovery
from heavy liquids of 52%. A similar absolute amount
of sample lost during heavy liquid mineral separations
was reported by Sanz and Wasserburg [2] . In agree-
ment with these authors, we find no differential
effect from the use of heavy liquids, but caution is
still advisable since a large fraction of the sample is
often not recovered. Our results for the acid leach do
not appear in any way to be out of line, although such
a procedure has been shown to be unreliable {2] in
other cases where the mineral separates were not of
high purity.

In an effort to even further establish that there
were no anomalous effects due to the use of the heavy
liquid separations, sample B was obtained by using
only magnetic separations without any contact with
the heavy liquids. In addition, the whole meteorite
samples were also totally dissolved and did not come
into contact with the heavy liquids. A line drawn
through sample B and the Lunatic I total meteorite
point yields an age 4.53 X 10% yr and an intercept
(8751/865)% = 0.69982 and is the same to within ex-
perimental and interpolational error as (87Sr/365r).
We conclude that the difference between
(87Sr/865r)(l; and (87Sr/86Sr)BABI is real and clearly
measurable.

4. Discussion

The determination of an internal isochron for a
Rb-Sr system yields the age 7| since the last Sr isotope
homogenization and the Sr isotopic abundance
(87Sr/868r)l at the time of this homogenization. If
we can also measure the present value (87Rb/86Sr}P
in the total system, we can calculate (87Rb/86Sr)!.
The significant question is how the system arrived,

7] years ago, at the state described by (87Rb/86Sr),
and a homogeneous (87Sr/86Sr)l. If the total system
remained closed at times 7 2 7}, we can determine
the average (37Sr/36Sr), for short intervals

A7 =17 1) (AAT < 1). We obtain (878r/865r) =
(87Sr/868r), - M7 7)) (37Rb/¥Sr),. On a
[7.(37Sr/86Sr),| diagram this is the equation of a
straight fine originating at Tg and (87S1/86Sr), and
with the negative stope —~A(87Rb/86Sr),. This
construction is shown in fig. 3a for a system A . i'?j
and Compston [10] have previously discussed
similar constructions with a slight change in variables
for the purpose of obtaining the age and initial Sr
isotopic composition of a system. The purpose of
our construction is to determine the qualitative
evolution of a system prior to the time of its Jast Sr
homogenization.

In Paper [ we obtained (87Sr/863r)BABI as the ini-
tial isotopic abundance for the basaltic achondrites.
This is the lowest Sr isotopic abundance obtained
with high precision. Slightly lower initial Sr isotopic
abundances have been reported but with a precision
at least a factor of ten worse than (87Sr/865r)BABl.
The average solar system Sr isotopic abundance
must have crossed (87Sr/865r)BABl at some early
unknown time 7 gy Irrespective of Tg, g we can
examine the evolution of any system since the solar
system had the composition (87Sr/86Sr)BAB]. In
particular, for a system A with age 17 if
(87S1/8680)1 > (87S1/8681), ;. this clearly
indicates the system A was formed or disturbed after
the solar system had evolved past (87S1/86Sr)g , ..
In fig. 3a we obtain the intersection A’ of the
constant y = (87Sr/86Sr)p , o1 line and the line extra-
polated from A with slope —\(87Rb/86Sr)* | and we
define a unique time interval ATg,cy = Thap — T';‘,
following the notation of Paper I. This interval
represents the time required for system A to evolve
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from (87Sr/86Sr)BABl to (‘gn’Sr/B‘"Sr)fX as a closed sys- which can always be constructed, and also fixes
tem. At 7 system A is isotopically homogenized, the 7gapl = T - If we obtain systems which extrapolate
phases become closed to Rb and Sr and thereafter back to a single point, we can form a definite time
evolve undisturbed. sequence for these systems according to their relative
If 7 is the time at which two systems, A and B, are Atgacy Values. Such a sequence would also be asso-
fractionated and separated simultaneously from a ciated with a major event of fractionation and for-
single reservoir of a uniform (87Sr/86Sr)BABl composi- mation of planetary objects at a determinable time
tion, they will evolve along different straight lines TE.
originating from the point [TF,(87Sr/86Sr)BABl] as Any system may undergo a more complicated evo-
shown in fig, 3b. The two systems are homogenized at lution, including Rb-Sr fractionation before 7y, than
intervals ATQACH and Argycy after 7p and thereafter the simple single-stage evolution described above.
evolve undisturbed as closed systems. The simulta- Fig. 3 ¢ shows a possible two-stage trajectory AzAjA
neity of formation of A and B (that is, the coincident for system A. Stage A A has a slope determined by
solution 7¢) gives credence to the intervals ATgacy - (87 Rb/sﬁsr)?. Stage A, A has an undetermined

a S
87, \ 87 i\
_§L) ' 87sr B a7,
(ass, } A ,(:_75_') (ass,) o A /(E‘%)am
! N\ 65t /sl AN
FAY“‘E’?‘{ (@ } (d)
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Tl TI TF T
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Fig. 3. Age — 875y/865¢ diagrams for the evolution of systems prior to their final Sr isotopic homogenization. Slope of lines drawn
reflects 87Rb/86Sr in the total systems. (2) Definition of ATBACH- (b) Coincidence of origin of two ArBACH intervals unequivo-
cally fixes both intervals and also rf as a time of formation of planetary objects. (c) Possible evolution of a system: each straight
line defines a stage of closed system evolution; each intersection of two lines of different slope (proportional to 87Rb/86S1) defin-
es an event of Rb-Sr fractionation after Sr re-equilibration. Trajectories A’A, A2A 1A and AJA3A4A are all compatible with the
observable quantities at A; (d) For the two systems as shown the position of the intersection S of AA’ and BB’ requires a differen-
tial evolution stage A'C independently of the (37Sr/865r)BAB| value; (e) Knowledge of both rgAR] and (87Sr/86Sr)B 1- Sys
tem A had at least a two-stage evolution (OCA) unless it had the right Rb/Sr to evolve from (S?Sr/%%r)g,\m to (87Sr;§865r)| in
time TBAB] — 1‘?(that is, along OA with slope equal to —AY).
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slope; however, for a two-stage evolution, if system A
had the composition (87Sr/86Sr)p 4 py at times greater
than (or smaller than) 7., slope Ay A, must be smaller
than (or greater than) slope AA,. For example, a
system with trajectory A,A5 originating at A, with
infinite Rb/Sr requires an extra stage A3 A, if we
want to evolve to A with the experimentally deter-
mined slope equal i0 AA', assuming that system A re-
mained closed at 73 .

We would like to discuss the general case of two
systems, A and B, and to show that it is possible to
determine when at least a two-stage evolution is re-
quired for one of the two systems. We can use
(87S1/86Sr)g o 1 2s the basis for the comparison,
even though objects could have formed before or after
the time at which at the solar system crossed this
ratio. In fig. 3d we show the two systems, A and B,
the extrapolated lines AA' and BB’ wrth slopes

—A(87Rb/86 Sr) and —A(87 Rb/“Sr)I respectively,
and the intersection S of lines AA" and BB’ at 7¢
and (87Sr/86 Sr)g. Several cases are possible depending
on the location of S with respect to systems A and B.
If (87 Sr/86Sr)S is greater than erther(er/g(’Sr)A or
(87Sr/86Sr)l there exists no Sr isotopic composition of
a reservoir from which both systems, A and B, could
have fractionated and evolved to rf‘ and T|B in a single
stage with no intermediate Rb-Sr fractionation. For the
particular case shown in fig. 3d, system B must have
evolved at least in an intermediate stage A'C. This
conclusion is true even if we did not know the value
of (8781/86Sr)g o ;- The two-stage evolution for
either system B or system A is the simplest trajectory
required; a more complicated history is, of course,
allowed.

If the intersection S occurs in the region

min[(87Sr/86Sr)f , (87Sr/865r)}3] >

(87Sr/86S1)g > (B7S1/86Sr)y 4y

there exists a value (87Sr/86Sr)s for a reservoir from
which A and B could have fractionated and formed

in a single process. The time of this event is also deter-
mined. If the Rb/Sr in the solar reservoir were known,
the time required for evolution in this reservoir from
(87Sr/868r)BABl to (87Sr/86Sr)s can be determined

and possibly establish an interval for the direct for-
mation of objects from the solar reservoir. {f
(87S1/86Sr)g < (87S1/86Sr) 4 ;. the intersection S
may be actually meaningful in as much as fractiona-
tion and separation of objects can occur before the
solar system crossed (87Sr/865r)BAB|. In this case 7¢
may be considerably larger than both r? and 7| and
therefore objects A and B would be prime candidates
for a search for effects resulting from short-lived radio-
activities or primary irradiation, if these effects were
not obliterated by the metamorphic events at ‘rl and
l If such effects are not found, or if 7g is unreason-
ably high, we could conclude that S is not meaning-
ful and that therefore in the simplest case either A or
B underwent a two-stage evolution. lf(87Sr/86Sr)S
< 0 such a two-stage evolution would be absolutely
required. Therefore, we can, in principle, almost by
inspection of the trajectories of two systems, A and
B,ona [T,(87SI/SGSI)T] diagram determine
whether we can order the systems according to their
Atgacy or what the minimum number of required
evolution stages is and the relative type of Rb-Sr
fractionation which is necessary for consistency of
the refined Rb-Sr data. Measurements of effects of
other elements will impose further restrictions on
the systems studied.

For this discussion, we did not make any assump-
tions about the time g, g at which the solar system
crossed (87Sr/8"Sr)BABl. However, limits can be
placed on 7 4 g1 from the ages of meteorites
measured by internal isochrons and the approximate-
ly equal ages obtained for groups of meteorites. If
we fix 7g 5 gy, We obtain fig. 3e for any system A.
There exists a value { = (37Rb/86Sr) for which A can
evolve directly from (87S1/86Sr)p , 5 to
(87Sr/865r)l in the fixed interval (1p, g — 7 Ay If
(87Sr/36Sr)BAB| is the lowest (87Sr/ Sr); fora
homogenized reservoir from which systems developed,
the regions in fig. 3e (87Sr/86Sr) <(87Sr/86Sr)BABl
and 7 > 7g, gy are forbidden for individual systems.

If system A has (87Rb/86Sr), # { (corresponding
to segment AO) we require at least a two-stage evo-
lution after (87Sr/86Sr)g , 51 with an intermediate
stage OC of appropriately lower or higher
(87Rb/88Sr) than { if (37Rb/86Sr)* is higher or
lower than {, respectively. We obtain for the trajec-
tories in fig. 3e,
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(B7St/86Sn)A — (87S1/86Sr)y 0 1
= N(rpapt — 1)
or
(37 Sr/ge’Sr)f\ — (87Sr/36Sr)BABl
= M(B7Rb/36Sr) (Tpap1 — TC)
+ METRb/BSDR (1 ~ 1)

where all time differences are positive. The total time
difference (rgapgy — 71*) can be arbitrarily parti-
tioned between the intermediate stage OC and stage
CA. Any independently determined event in the
history of system A in the interval g, gy — Tf may be
used to partition this interval and to determine
(87Rb/88Sr) in the intermediate stage OC.

The preceding general discussion can be applied to
Guarefia which is the first system for which an age
7; and a very precise (87Sr/86Sr)l were determined.
We calculate Argpcy = 74 £ 12 X 108 yr for either
slow cooling or a metamorphic event resulting in
complete Sr isotopic homogenization. Even though
we can define a precise time Arg ey of meta-
morphism for Guarehia, it is not clear what tempera-
ture and pressure are involved in a meteoritic environ-
ment in the apparent absence of water. The existence
of a metamorphism interval is consistent with the
classification of Guarefia as an H6 recrystallized
chondrite by Van Schmus and Wood [11]. If we now
fix Tgapy = 4.7 X 10? yr, we require an intermediate
stage of evolution. However, the error in the age
of Guarefia and the possible range of rg 5 allow a
single-stage evolution from (87Sr/86Sr)BABl to
(875,/86Sr)lc;ua:e?1a_

While Guareifa is the first meteorite for which
precise data exist, we may, for the purpose of discus-
sing the case of two systems, consider also the iron
meteorite Weekeroo Station. Burnett and Wasserburg
[9] have determined an age r}¥ = 4.37 X 10 yr and
(87Sr/363r)¥ = 0.703 ¥ 0.001 by analyzing silicate
inclusions of this meteorite. Rb/Sr in the *‘whole™
meteorite is not meaningfu! in the usual sense, how-
ever, we can take an average present (87 Rb/863r),
~ 0.70 from the data presented. The results are

0T T T T

0703

875y /855y

0.7001—

0699

0698~ —

PRI SR S B
08973 a3 rY) a5 46 a7 48 49

Time (10° yrs)
Fig. 4. Age ~ (8781/86Sr) plot for Weekeroo Station (WW")
and Guarefia (GG'). Stage G'W"’ is indicated as a possible
two-stage model. A multi-stage model is required since the
intersection of WW' and GG’ falls above Guarena. Errors of
the Weekeroo Station data (not shown) do not allow a firm
conclusion.

plotted in fig. 4. The intersection of the extrapolated
lines for Guarefia and Weekeroo Station falls above
(87Sr/86Sr)‘G“mﬁa, and thus we formally require
that Guareiia or Weekeroo Station evolve through
some intermediate stage. We show, in particular, an
intermediate stage G'W" for the Weekeroo Station
silicate inclusions. The errors for Weekeroo Station
are large and, therefore, in fact, we cannot require a
differential multistage evolutionary history for these
meteorites even though a differential history is
clearly indicated by the difference in their initial

Sr isotopic composition. The error envelopes for
Weekeroo Station and Guareria would overlap at
7=4.7 b.y. and the simplest possibie explanation is
that both Guarefia and the silicate inclusions formed
at 7gop; ~ 4.7 b.y. and underwent different cooling
or metamorphic histories. Since the Rb/Sr in both
meteorites is approximately the same and also similar
to a typical “chondritic” Rb/Sr reservoir as discussed
in Paper [, the ages of Guarefia and Weekeroo
Station might actually represent different times of
separation of these bodies from such a reservoir
followed by fast cooling. This model would also cir-
cumvent the problem of isntopically equilibrating
physically separated silicate inclusions in Weekeroo



116

G.J.WASSERBURG, D.A.PAPANASTASSIOU and H.G.SANZ

\""7
0.704
0702
-
X
-
(%2}
(0] L
[+3]
~
=
Y
@ 0700k
Z
4
8
osss |- \86g
SO N T S
20 42 aa a6 a8 50

AGE (10° YRS)

Fig. 5. Age ~ (87s1/8651)y anticorrelation plot. We show error
envelopes for internal isochrons of Weekeroo Station

(W, [9]); Norton County (NC, [15]); Krihenberg (K, [16]);
Olivenza (O, [2]); and Guarena (G-hatched polygon). We also

show error envelopes for isochrons for the L, LL and H chondrite

groups [12-14). Error envelopes correspond to least squares
errors as stated by each author. Guareiia is not compatible
with the H-group data. However, an extrapolation along line
GG’ drawn from the center of envelope G and with slope pro-
portional to Rb/Sr in the whole Guarefia meteorite yields an
intersection with the H-group data in the interval 4.60-4.78
b.y., so that Guareffa could have formed in this interval and
been metamorphosed at 4.56 b.y. No attempt at normalizing
isotopic data between different workers has been made.

Station at 4.37 b.y. if it formed at ~ 4.7 b.y.
Kaushal and Wetherill [12] recently obtained an
isochron for the H-group chondrites. Our whole

meteorite data agrees well with the isochron presented.

However, a more meaningful comparison involves an
age — (87Sr/86Sr); anticorrelation plot [2]. We have
shown in fig. 5 error envelopes for individual
meteorites and groups of meteorites. The envelopes
correspond to * 3o errors for a least squares fit
according to a York-type program [7) used by each

author. We have drawn simple polygonal envelopes.
A formal study of the detailed shape of such enve-
lopes and of the statistical significance of their inter-
sections will be undertaken. We have shown the data
for the H, L, LL group chondrites [12-14] and the
internal isochron data for Weekeroo Station [9],
Norton County {15}, Kraehenberg [16] and Olivenza
[2]. The + 3¢ data for Guarefia yield 7, =

4.56 + 0.08 X 109 yr and (87Sr/868r), =

0.69995 ¥ 0.00012 and result in a very small error
envelope which does not intersect the H-group chon-
drites. However, if we extrapolate back in time using
Rb/Sr of Guarefia, we find an intersection at 4.70 b.y.
A consistent explanation would be that Guarefia as a
total meteorite was formed along with the H-group
chondrites but was subjected to metamorphism

4.56 b.y. ago. This is analogous to geological studies
were “‘total rock” points yield higher ages than
separated minerals from each rock [17] if the total
rocks remained closed. The Guarefia data intersect
the L and LL-group chondrites and Olivenza. It
appears that such intersections are more a sign of
large, analytical errors from less precise work than an
indication of a genetic relationship. In particular,
from the disagreement of Guareiia and the H-group
chondrites it follows that different meteorites may
only approximately be considered as originating with
the same (87Sr/86 Sr); and that certainly evidence of
events on a fine time scale is lost by whole meteorite
studies. It should be noted that the comparison of
data from different laboratories is made difficult
both by the lack of high quality comparisons of ade-
quate standards and the considerable difference in
the quality of the data reported by different workers.
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