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Abgtract: Twenty three new major-element analyses of molda-
vites are reported. The samples include seventeen Bohemlan
end six Moravian tektites. The ranges in the contents of

the various oxides are as follows: $510p, 75.5 -~ 80.65 Als0,,
9.62 - 12.643 TiOp, 0.268 - 0.460; TFes0z, 0.12 - 0.31; 333,
1.42 - 2036; MgO, 1.13 - 2050; 080, 1.4 - 3!71; NQQO’
0.31 - 0.673 Kp0, 3.26 - 3.81. The Rb and Sr contents and
the Bb/Sr ratiocs are also reported for the 23 specimens;

the ranges are as followss Rb, 120 - 160 ppm; Sr, 130 =~

156 ppm; Rb/Sr, 0.82 - 1.20. The specific gravity and_re-
fractive index values range from 2.3312 to 2.3718 gm/bm3

and from 1.486 to 1.495, respectively.

In contrast to the australites, the moldavites display
gignificant negative correlations between the alkali metals
(Na and Rb) and the alkaline earths, The variations in the
chemical compogsition of moldavites would seem to be unlike
those of sedimentary or igneous rocks. It is suggested that
the parent material of the moldavites was of constant chemi-~
cal composition throughout and that the present variations
in composition are due largely to selective volatilization.
The wide range of Rb/Sr ratios in conjumction with the uni-
formity of the Sr isotopic composition supports this sugges-
tion. The australite data is briefly examined in terms of
gelective volatilization. It is suggested that the Nord-
lingen Ries crater may have been produced by the impaect of the
moldavite parent-body.

Thesis supervisor: W. H. Pinson
Assoclate Profesgor of Geology
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The Chemical Composition and Origin of Moldevites.
Jo 4. Philpotts and W. H. Pinson, Jr.
Department of Geology and Georphysics
Massachusetts Institute of Technology, Cambridge, Mass.
Abstract:

Twenty three new major-element analyses of moldavites
are reported. The samples ineclude seventeen Bohemisn and six
Moravian tektites. The ranges in the contents of the various
oxides are as follows: 8102, 75.5 -~ 80.6; 41503, 9.62 -
12.64; Ti0y, 0.268 - 0.460; Fegﬂg, 0.12 - 0.31; TFe0, 1.42 =
2.26; Mg0, 1.13 - 2.50; Ca0, 1.46 - 3.71; HNax0, 0.31 -
0.67; X50, 3.26 - 3.81. The Rb and Sr contents and the
Rb/Sr ratios are also reported for the 23 specimens; the
ranges are as follows: Rb, 120 - 160 ppm; Sr, 130 - 156
ppm; BRb/Sr, 0.82 - 1,20, The specific gravity and refrac-
tive index values range from 2.3312 to 2.371S8 gm/'em3 and
from 1.486 to 1.495, respectively.

In contrast to the australites, the moldavites display
significant negative correlations between the alkali metals
(Na and Rb) and the alkaline earths. The variations in the
chemical composition of moldavites would seem to be wnlike
those of sedimentary or igneous rocks. It is suggested that
the parent material of the moldavites was of constant chemi-
cal composition throughout and that the present variations

in compogsition are due largely to selective volatilization.



The wide range of Rb/Sr retios in conjunction with the wmi-
formity of the 3r isotopic composition supports this sugg-
ggtion. The sustralite data is briefly exsmined in terms of
selective volatilizetion. It is suggested that the Nordlingen
Ries crater may have been produced by the impact of the

moldavite parent~body.
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INTRODUCTION

Published analyses have shown that tektites from a
particular geographic group are quite similar in chemical
cornpogition and that there is some similarity between tektites
from different groups. Compilations in the literature, of old-
er analyses by various investigators using different analyti-
cal techniques, have tended to obscure real variations within
and between the tektite groups. There existed a need for pre-
clse sanalyses of representative numbers of samples by uniform
techniques, preferably utilizing accepted rock standards to
monitor accuracy. This need has been satisfied in the case of
the australites (Teylor, 1960; Taylor et al, 1961; Cherry and
Taylor, 1961; Taylor, 1962; Taylor and Sachs, 1964), the
bediasites (Cha¢,1963), and various South ZBast Asian tektites
(Schnetzler and Pinson, 1964a). The purpose of this paper is
to report a number of internslly consistent chemical analyses
of Czechoslovakian tektites. Seventeen moldavites from the
Bohemian "strewn field" and 6 moldavites from the Moravian
field were analyzed for major element contents. The rock
standards G-1 and W-1 were used as analyticsl monitors. Ana-
lyses of the trace elements Rb and Sr were also performed.
The refractive indexes and specific gravities of the 2% tek-

tites were zlso determined.



ANALYTICAL TECHNIQUES

Refractive index and specific gravity determinations

Refractive index values for the 23 moldavites were ob-
tained on powders by the immersion oil method. Most powders
gave a range of refractive indexes and the reported values are
an estimate of the mean value for each sample. Because of
the estimate involved in the determinations, accuracy is
thought to be about *0.002.

The specific gravities of the moldavites were determined
by weighing the bulk samples in air and in distilled water
on a high-precision chain balance. Duplicate determinations
were made on six samples; the mean difference between du-
plicates was 0.0004 gm/cm®. The precision and accuracy of
the specific gravity determinations are thought to be better
than %0.001 gm/cm>,

Sample preparation

The moldavites were prepared for chemical analysis in
the following manner. The seamples were washed in acetone, in
distilled water, and in hot, six normal HCl; they were broken
on a steel plate and & portion of each tektite was crushed in
a flat-surfaced, hardened steel, percussion mortar; a
hand maegnet was passed over the crushed fraguments in order to
remove any incorporated steel; the samples were powdered in

a boron carbide mortar and homogenized.
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Rapid silicate procedures

Total Fe, MgO, Ca0l, NSZO, KQO, Ti0

o and P205 were deter-
mined by the rapid silicate procedures described by Schnetzler
and Pinson (1964a). Two weighings of ecach tektite sample,
except T 5296d, were used in the determinations; a single
weighing of T 5296d was used. PFeO was determined by the
spectrophotometric method of Shapiro (1960). Only a few de-
terminations of Pp0s were made because the method proved
unrelisble at the low concentrations found in the moldavite
samples. TFor the same reason, determinations of Mn0, HpO and

CO2 were not undertaken.

X~ray fluoreggence

It was decided to determine Si0p and Alp0z by x-ray fluor-
egcence techniques hecause of the number of determinations
required to obtain a reliable Si0p value, and because of the
frequently anomalous ﬁlQOE results obtained by the "rapid sil-
icate™ method. This deeision was made in light of the succ~
essful x~ray fluorescence analyses for light elements by
Volborth (1963), Rose et al (1963), Schnetzler and Pinson
(1964a), and Weldey et al (1964). It was further decided to
forego the fusion technique of sample preparation because
tektites are relatively homogeneocus glasses produced by a
natural fusion process, and because tektites from the sanme

locality (ie. Czechoslovakia) are quite similar in chemical

composition.



Preliminary x-ray fluorescence investigations were done
at the Hoffman Laborastory, Harvard, on a helium path, Phillips
unit, uder the supervision of Dr. J. W. Prondel. In oxrder
to determine the suitability of the moldavite powdered sam-
ples for x-ray fluorescence analysis, they were first ana-
lyzed for K; flame photometric data on K were available for
comparison. The moldavite powders were packed into lucite
trays by pressing the surface with a glass slide. The KK
radiation of each sample was rapidly scanned (1 degree per
ninute) from 40° o 42°, using a tungsten target and an
ADP crystel, A comparison of the x-ray X results (obtained
from a least squares fit) and the flame photometric K results
for the same 23 moldavites is presented elsewhere (Pinson
et al, 1965). It was next decided fto analyze for Al,03. A
tungsten target and a gypsum erystal were used. Four sets of
50 second counts were taken at three goniometer settings
corresponding to two background positions and the Al K.peak.
Unfortunately only a few samples could be run because of
other demands upon the x-ray unit.

The Alp0z determinations were continued on a General
Blectric, vacuum, x-ray uit in the Geochemistry Laboratory
at the Goddard Space Flight Centre. The moldavite gsamples
were prepared for analysis by briquetting 50% mixture of

ssmple powder and boric acid at 10,000 psi for one minute.



L chromium target, PET crystal end plexiglass sample holders
were used in the ﬁlgoz determinations. Three gzets of 100
second counts were taken at a background setting and on the
Al peak. This corresponded to a total of about 7500 counts
on the background snd 75,000 counts on the AlKe peak for each
sample. Moldavites previously enalyzed for AlpOx sectropho-
tometrically were used as standards. 510y was deternined
using s chromium target and a PET crystal. Three gets of

100 second counts were made 2t each of the two backgrouad
settings, and three 20 seccond counts were made &t the SiKe
peak. This corresponded to a total of about 2000 counts on
ezch of the backgrounds and about 90,000 counts cn the SiKe
peak for each szmple briquette. Oome samples gave anomalous
background counts. MNost of these ancomslous counts were ob-
tained on ssmples run in the same pample-holder. An empir-
ical correction fzetor, equal to the average background

count divided by the observed background count, was anplied
to the peak counts in these cases. Moldavites which had

been analyzed for 8i0, by the “rapid-silicate" method were
used sa standards.

Fb and Sr were determined on the North Awmerican Phillips
z-vay fluorescence unit 2t M,I.T., under the supervision of
Professor H. W. Pairbairn. Powdered saunples were used. A
molybdenum terget, topez crystal, ané seintillation counter

were employed. Three sets of counts were registered on



three background settings, the RbKy peak, and the SrK o

peak., 4 total of 6000 counts were taken at each of the
background settings and s total of 12,000 counts were taken
on both of the peaks, for each sample. Each run on four
semples included a stendard; +the Rb and Sr contents of the
three "unknowns" were determined by comparison of peak heights
with those of the standard that was run with them, The stan-
dards used were moldavites for which Rb and Sr contents had
been (or were later) determined by mass spectrometric stable
isotope dilution analyses (Schnetzler and Pinson, 1964b;
Pinson et al, 1965). Each moldavite sample was packed and
Tun two or three times in the x-ray fluorescence analyses for
Rb end Sr.

egision and accuracy of the chemical analyses

The precision and accuracy of the rapid silicate pro-
cedures employed in this investigation have been discussed
by Schunetzler and Pinson (1964a). The most mesmingful ex-
pressions of precision and accuracy of the analyses are de-
rived from the results of replicate analyses of the rock
gtandards G~1 and W~1 which were prepared and run with the
tektites. Results of the analyses of G-1 and W-1 are given
in Teble 1. The accepted values for the monitors are taken
from Fleischer and Stevens (1962). The precision and the
accuracy of the tektite analyses are believed toc be as good

(for comparable concentrations) as those of the analyses of



Teble 1 Analyses of G-1 and W-1

!

G-1 Accepted X n T Ww-1 Accepted x 0 e
Value Value

510, 72,41  T2.32 6 0.55

Total Fe

as FeO 1.76 1.74 6 0.04 10.01 9.94 6 0.06

MgO 0.41 0.26 6 0.07 6.62 6.47 6 0.12

Cal 1.39 1.41 6 0.10 10.96 10.88 6 0.07

Na0 3.32 3.51 6 0.04 2.07 2.13 6 0.07

K,0 5.45 5.53 6 0.07 0.64 0.65 6 0.01

7105 0.26 0.24 6 0.007 1.07 1.08 6 0.008

FeO 0.98 0.98 9 0.01 874 8.62 6 0.11

Fep0s 0.87 0.85 1.41 1.46

X is the average value from this work
n is the number of weighings

T = j(x - i)z , the standard deviation of
n - 1

£4
K

single analysis
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G-1 and W-1, if not better, because of ths ease with which
tektite glass goes into solution.

The accuracy of the x-ray fluorescence determinations
of 810, and Alp03z depends upon the sccuracy of the spectro-
vhotometric determinations of these counstituents in the
gstandard moldavites. The average difference between the
spectrophotometric values and the x-ray fluorescence values
(obtained from a least squares fit) for A1203 in the 4 stan~
dard moldavites was less than 0.1% AIQOB. The average diff-
erence between the spectrophotometric and the x-~ray fluores-
cence values for $i0p in the 5 standards was 0.5% S10,.

The Bb x-ray fluorescence analyses of the moldavites
have a precision (c) of sbout t2%; +the Sr x-ray analyses
have a precision of about tB%. These conclusiong are based
upcn.numerous replicate analyses of G-~1 and W-1 by Professor
H. ¥W. Poirbairn (M.I.T., 1964, unpublished). The accuracy
of the x-ray fluorescence analyses for Bb and Sr denends
upon the accuracy of the mass spectrometric determinations
of these congstituents in the standard moldavites. Results
obtained on G~1 and W~1 in the M.I.T. CGeochronclogy Labora-
tory, when compared with results obtained elsewhere by
various relisble methods of aznalysis (Fleischer and Stevens,
1962), suggest an accuracy of better than ¥5% for the mass
speétrometric determinations of Rb and Sr.

Direct evidence of the overall accuracy of the moldavite



analyses is given by the fact that summations of the values
of the constituent oxides fall between 99% and 101% for 20
out of the 23 sanmnles analyzed; it should be noted that
only the Ca0 and Mg0 and the FelO and F6203 determinations
are dependent., A conservative estimate of the overall pre-
ecigion (C = __%__ (100)) of the analyses is as followss: 5i0o,
14, A1,04, £3%; Ti0,, 2345 Mg0, ¥5%; Cal, *%; Nay0,
*15%; K,0, *2%; total Pe as FeO, ¥2%; Rb, 22%4; sr, 34,
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RESUIZS

The results of the chemical analyses of the 23 moldavites
are given in Tahle 2 along with the specific gravity and re-
fractive index values. The results are presented in order
of sample occurrence from west to east in the "sitrewn fields".
The major element contents are reported in Table 2 as weight
% of the oxides; a summation of the congtituent contents is
included. Total Fe contents, as % FeO, Ti0, contents, and
the contents of Rb and Sr in parts per million, are also
reported. The results of the P,05 analyses are not given
because these analyses proved to be of poor quality; the
15 samples analyzed for P205 gave results ranging from 0.00
to 0.06 with a mean value of 0.03,

The values reported in Table 2 for the various constit-
uents show the following ranges: 8i0p, 75.5 - 80.6; AIQOB;
9.62 - 12.64; Ti0p, 0.268 - 0.460; Fe203, 0.12 - 0.31;
Fe0, 1l.42 - 2.36; Mg0, 1.13 ~ 2.50; Ca0, 1.46 - 3.71;
Nas0, 0.21 - 0.67; K00, 3.26 - 3.81; total Fe as Fel, 1.53
- 2.61; Rb, 120 - 160 ppm; Sr, 130 - 156 ppm. All of
these values fall within the renges given in the literature
(Barnes, 1940; Schnetzler and Pinson, 1963, 1964a, 1964b;
Boufka and Povondra, 1964) with the exception of one K,0
analysis and four Rb analyses. The K0 analyses all fall
in the upper region of the range reported in the literature.
The specific gravity and refractive index values of the 23

moldavites range from 2.3312 to 2.3718 gm/’cm3 and from 1.486

to 1.495, respectively.



Table 2 Analytical Results
T 5296a T 5296b T 5296¢ T 52668 T 5296e T 5296f T 5309 T 5310

Ihenice Ihenice Thenice Thenice  Thenice __Thenice __Thenice Thenice
$10, 79.2 77.3 76.7 75.7% 8.4 75.5 79.6  T8.5%
21,03 10.93 10.89 11.28 11.04 10.76 11.12 10.73  10.54
710, 0.307 0.336 0.331 0.314 0.303 0.313 0.300  0.294
Fep03 0.16 0.31 0.20 0.28 0.12 0.29 0.18 0.21
FeO 1.54 1.63 1.73 1.47 1.62 1.50 1.46 1.46
Mg 1.48 2.09 1.99 2.50 2.13 2.20 1.90 1.58
ca0 2.02 2.91 2.79 3.58 3,27 3.4 2.78 2.64
Nay0 0.51 0.51 0.63 0.45 0.45 0.48 0.37 0.41
K,0 3.64 3.74 3.71 3.44 3.66 3.68 3.48 3.62 G
Total 99.79 99.72 99.36 98.77  100.71 98.48  100.80  99.25
Total Fe
as FeO 1.68 1.91 1.91 1.72 1.73 1.76 1.62 1.65
Bb ppm 148 146 144 120 136 140 131 139
Sr ppm 133 156 142 140 148 144 138 139
R.I. 1.485 1.491 1.492 1.495 1.492 1.494 1,492 1.492

Sp. G. 2.2350 2.3654 2.3521 2.3718 2.36325 2.3664 2.3493  2.3451
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Table 2 continued

T 5319 T 5320 T 5321 T 5322 T 5323 T 5324 T 5325

Nechov Slavice Kozichovice Slavetice Dukovany Dukoveny Dukovany
8102 80.3 79.8 80.2 79.4% 78.8 76.T* 80.0
Al20= 3.62 11.04 11.02 11.24 10.99 12.64 11.43
Ti0p 0.284 0.402 0.337 0.364 0.3226 0.460 0.361
Fego3 0.20 0.26 0.14 0.16 0.17 0.28 0.23
FeO 1.49 2.03 1.64 1.83 1.60 2.36 1.71
Mg0 1.57 1.24 1.25 1.33 1.61 1.15 1.13
Cald 2.52 1.57 1.68 1.50 2.46 1.57 1.46
NaZO 0.42 0.60 0.53 0.52 0.39 0.67 0.56
K20 3.68 3.69 .47 3.57 3.26 .81 3.53
Total 100.08 100.63 100.27 99.92 99.61 9% .64 100.43
Total Pe
ags Fel 1.67 2.26 1.77 1.97 1.75 2.01 1.92
Rb pom 150 148 138 142 122 160% 149
Sr pom 133 134 135 1%7 146 133~ 134
R.I. 1.4359 1.490 1.487 1.489 1.491 1.492 1.489

Sp. . 2.35414 23474 2.3351 2.35%88 2.%484  2.3609  2.3372
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Table 9 continued

¥  gpectrophotometric determination of Sioz
nass gpectrometric isotope dilution analysis by Professors
\W. H. Pinson, Jr., and H. W. Fairbaimn.

Note: Tektites 5296a - 5319 are from Bohemia, tektites 5320 -

5325 are from Moravia.
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DISCUSSION

The results reported in Teble 2 indicate variations in
the contents of all constituents. The observed scatter of
the moldavite snalyses, expressed in terms of the same func-
tion C ag was used to evaluate precision, is as follows:
8105, *2%; Alp03, *4%; TiOp, *13%; total Fe as FeO, *13%;
MgO, 223%; Ca0, *20%; Nzp0, *19%; K0, *4%; Rb, 7%,

Sr, *4%, It is evident that the observed scatter is greater
than the analytical error for all constituents, and indeed,
it is considerably greater for most congtituents. It is
therefore concluded that real differences in chewmical com-
pogition exist between the moldevites analyzed in this
investigation.

The Moravian tektites were found to have higher average
contents of 8102, Alp03, TiOp, Fel and Na,0, and lower aver-
age contents of Mg0, Cal, and Sr, than the Bohemian tektites.
The specific gravities of the Moravian samples were lower,
in genersgl, than those of the Bohemian samples; this is in
accord with the results of the specific gravity study by
Chapman et al (1964). The major distinctior between molda-
vites from the two localities is that the Moravian sauples
have high and variable Fe0 and Tioz contents with low and
relatively constant Ca0, MgO, and Sr, whereas the Bohemian
samples have high and variable alkaline earth contents with

low and constant FeO and TiOp. This difference is illustrated
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sy the pair Cal - PeO in Figure 1. The overall similarity
Yetween tektites frowm the two groups, however, suggests that

4 common origin igs highly »rcbable. The data do not indicate

[\

-_%:' 2y

sny clear regionol trends In comvosition within either of

the Watreun Tields®. This is not curprising in view of the

cophs that meldavites of all colours oceur in most localities

(Frul cnd Bouska, 1967), and thet tektites Tronm Heb¥Y showed

¢ wide range of specific gravities (Chapman et al, 1964).
Certain relationships exist between the various congtit-

nents of moldavites. In Tsble 3, correlation coefiicients

snd degrees of significance are nresented for various palirs

Ld

of constituents. The alkolis show positive correls
Na

bion:s
0 a2nd Rb

cmengot themselves, ag do the alkaline earths. W-?

the alkaline earths, AlgG;, refractive index znd specilic
gravity, TeO (sctually total Te as ¥30) has sigrificant
nogitive correlaticns with Tiag and with Naog0.

The veriations in the chemical compogition of meldavites
reflect varistions in the nerent raterial and for differential

chenges in composition brought about during fuzion. Taylor

o

s

(1952), vpartly on the basis of significant negative corre-

Lo

otiona of most constituents with 510, concluded that the

Pl

sustralite parent material consisted of a mixture of 75%

homogeneous shale znd 254 quartz, Such @ mixbture is not
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Correlation coefficients (r) and levels of sig-

nificance, for various pairs of constituents in

moldavites.

Moravia Boheunla Counbined data
r gigni~- r signi- Y signi-
Ticance ficance ficance
%aQO*KQO +0.96 {14 +0.63 {14 +0.47 £ 5%
Na,0-Rb +0,99 <0.1 +0.61 <1 +0.72  L0.1
K?O~Rb +0.94 <1 +0.75 <0.1 +0.72 <0,1
Mg0O~Cal +0.91 1  +0.81 <£0.1 +0.96 £0.1
MgO-3r +0.98 <0.1 +0.72 <£0.1 - ~-%
Ca0-Sr +0.91 1 +0.,56 <5 - %
810p-41p03 not significant -0.60 <1 - -%
SiOz“.ﬂgo ’0‘95 <5" _O¢83 Ogl ’0188 4(}01“
Fe0*-T1i0, +0.99  <0.1 +0.85 <0.1  +0.96  4£0.1
Fe(*-Nas0 +0.83 <5 +0.70 <1 +0.79 0.1
Nap0-1g0 -0.91 1 unot significant -0.532 1
Kap0-Cal -0.83 <5 not gignificant 0.64 0.1
Rb-Ca0 -0.83 L5 -0.73 0.1 - - %
Bb-Sx -0.90 <5 -0.50 <5 -0.01 S
* combined data not applicable
" n-= 5
~ n=22

X motal Fe as Fel
' n-=1l6
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suggested by the mnoldavite data bhecause 510, is not inversely
correlated with the alkalie or with Feld. 1In fact, the non-

.

linear correletions of certain pair

2

of constituents (ez.

U,

Ca0~Fel, Figure 1 H?gOmFeO) cannot be explained in ferns
of any two-vhase mixing »rocess, including the nixing of
imaiscible ligquids. The data ccould be explained in terms
of a comnliceted miwing »nrocess but the significant corre-
lations between many nairs of constituents indicate that a
aimple cauvse was responsible for the cobserved varliatiors
in chemical composition. In any case, sedimentaryv psrent
naterisls would seer to be ruled cut by the oxyzgen isotone
data. Taylor and Epstein (1962, 1963%) concluded on the
basis of the oxygen data that tektites are either extra-
terrestrial or they are fused fterrestrigl granitic rocks
with changed chemical conposition.

Superficially, the variations in chewical compozition
of the moldavites regenble the variations in scid igncous
rock sequences. In such seguences, however, the alkalis
have vnogitive correlations with 5102, and iron is pozitively
correlated with the alkaline earths snd with Alp0s. Theze
correlations are not disnlayed by the noldavites. In add-
ition, there is no evidence Tor the ergtwhile existence of
discrete phases in tektites, with the exception of a 3i10p

ohase. The presemce of lechatelierite is of interest

hecause nelts of moldavite comvosition would presumeably
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lie within the Si02 field and differentiation would occur
by €109 vhese separation. Products of this Si02 subtraction
would ethibit inverse correlations of all constituents with

3i0s. This is not the case for moldavites. Another object-

%)
<
=
ct
[}
ot

he origin of the observed variations in chemical
conposition by igneous differentiaetion is the fact that these
verilations elso occur over small distances within individual
telztites, A preliminary electron microprobe study of mclda-
vites indicated that veriations in composition, comparasble

to those between bulk ssmples, occcur over distances of 103#
or 20, within individueal samples. This is supported by the
refractive index data of this present work and of that by
Cohen (1963).

In view of the fallure of other processes to satisfac-
torily explain the variations in chemical composition of the
moldavites, it iz suggested that these varigtions are, for
the most part, the result of selective volstilization. Many
investigators (eg. Cohen, 1960; Lovering, 1960; Lownan, 1962;
Greenland and Lovering, 1962; Chso, 1963) have sppealed to
selective volatilization in order to sccount for various
fegtures of the chemicsal compositions of tektites. Perhaps
the best evidence of extensive changes of composition by
selective volatilization is the apparent discrepancy between
the U-Pb and Rb=-Sr ages (Schnetzler and Pinson, 19641).

Exverimental data concerning seleotive volatilization
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are meagre., Experiments by Lovering (1960), Friedman et al
(1960), and Walter and Carron (1964), and optical spectro-
graph studies (Ahrens and Taylor, 1961) on silicate materials
have indicated the following order of volatility, from most
to least volatile: Alkalis > 8i, Fe” Al, alkaline earths,
It therefore seems probable that selective volatilization

of tektite material would reduce the concentrations of al-
kalis and increase those of the alkaline earths. The content
of a partioular alkali or alkaline earth constituent could

be used as an index of the extent of the procesa' agction.
There is the possibility, however, that some of the varigtion
in concentration of the constituent could be inherited from
the parent material. For exasmple, the addition or subtraction
of 810, from an otherwise homogeneous material would affect
the concentration of another constituent; it would not,
however, affect the weight ratio of any two constituents
(excluding 3102). A ratio of two constituents would there-
fore serve as a better index of volatilization,

The moldavite data was interpreted in terms of Rb/Sr
ratio for the following reasons: 1l. Rb and Sr are inversely
correlated and therefore their ratio shows wide variation;

2. BRb and Sr were determined separately from all other
congtituents and therefore relationships between the Rb/Sr
ratio and other comstituents cannot be due to anglytical

idiosyncracies; 3. the Rb/Sr ratio is believed to be as
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good if not better than the individual Rb and Sr determin-
ations with respect to precision and accurscy. In addition,
even though the Rb/Sr ratio varies from 0.77 to 1.20, eight
out of nine Sr87/Sr86 analyses of moldavites fell within =
range of only 0.0011, which is two standard deviations of

a single analysis (Pinson et al, 1965). It is suggested
that the most attractive explanation of the wmoldavite hb~
Sr data is that the parent material had a constant Rb/Sr
ratio throughout as indicated by the uniformity of the Sr
isotopic composition, and that the Rb/Sr ratio was de-
creased by vearious amounts by selective volatilization
during the thermsl event dated by the K-4 age.

Bohemian tektites with lower Rb/Sr ratios have lower
8105, Na,0, and Rb contents, end higher alkaline earth con-
tents, AlQOB, Ti0,, FeO, and K,0 do not vary apprecisbly with
decreasing Rb/Sr. Moravian tektites with lower Rb/Sr ratios
have lower SiOz, TiOQ, Fel, and alkali contents, and
higher alkaline earth contents. Sample 5324 is exceptional
in that it has the highest Rb/Sr ratio (1.20) and yet has
lower 310, and higher AlgOB than the other 5 Moravian samples.
The intercepts of trend lines in plots of pairs of constit-
uents indicate relative volatilities., Thus in Figure 2
the trend line gives an intercept of about 3% Ko0 and this
indicates that Na,0 was more volatile then K,0. Another

method of determining relative voletilities is by examination



of comstituent ratio changes with changing Rb/Sr., X/Rb was
foumd to inerease with decreasing Rb/Sr (Pigure %), and this
indicates that Rb was more volatile than K, The relative
volatilities of the chenmicgl constituents, as indicated by
the correlations, were s follows, from most to least vol-
atile: Nay0, Rb, K;0, Si0y, 41,0, Sr, Mg0, and Ca0d. This
order is in essential agreement with the availgble experi-
nmental evidence., The relationships of iron with other consti-
tuents suggest +that initially iron was the most velatile
constituent and was rapidly lost until an equilibrium value
of sbout 1.7% total Fe as Ped was attained.

It is difficult to zccownt for the relationships smong
the chemleal constituents of moldavites by measns other than
seleetive volatilization., This process might have masked
preexisting varistions. The authors feel, however, that
such Initial variations would involve the addition or sub-
traction of 8i0p. The inversc correlations of the alkalis
and glkaline earths in noldavites suggests that variations
of 3102 in the parent material of moldavites were very
limited. The presence of lechatelierite inclusions might
indicate that the parent material consisted of an avhanitic
or hyaline matrix containing a few phenocrysts of a pure Si0Op
phase. Differences between the Bohsmian and the Moravian
tektites probably refleot different histories during the

thernal event. The parent material of moldavites was
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probably homogeneous throughout.

Selective volatilization may have affected the chemical
composition of tektites from other geographical groups.
Taylor (1962) found an inverse correlation of most chemical
constituents with 810y in australites, and this was inter-
preted in terms of a proposed quartz-shale parent mixture,
Igneous differentiation of melts with tektite composition
might well take place by 5iOp phase separation. The sedi-
mentary mixing of pure SiOp with a homogeneous phase (shale),
and the igneous process of subtracting Si0O, from a homogen-
eous phase (melt), both yield products with inverse corre-
lations between Si0p and all other constituents. The addi-
tion or subtraction of S$i0,, however, does not completely
account for the australite data. It does not account for the
variation in ratios of constituents other that 83i0,. Some
other process, such as selective volatilization, must be
invoked to explain these ratio variations. In addition, not
all of the constituents in australites are inversely corre-
lated with 510, (reylor, 19623 Taylor and Sachs, 1964).
Loss of Ga and Cu, both of which are relatively volatile, %o
equilibrium concentrations might account for their lack of
correlation with Si02. The lack of definite relationships
with 510y in the cases of Ca0 and 8r, which are both re-
latively involatile, might be accounted for if Si0p were also
involatile. The positive correlation of Sioz and Zr, and the

high concentration of Zr in australites, would then also be
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explained. The positive oorrelation of Fe” amd S10, might
also best be expleined in terms of volatilization. It is
concluded that the variations in the chemicel composition
of australites might also be the result of selective volat-
ilization.

The probsbility of fusing terrestrial material, with
the appropriate chemicael composition, oxygen isotepic come
position (Taylor and Epstein, 1962, 1963) and strontium is-
otopic composition (Schnetzler and Pinson, 1964b, 1965;
Pinson et gl, 1965), in four, large-scale, gepsrate events,
is low. In eddition, serodynamic eblation evidence (Chapman
and Tarson, 1963; Adsms and Huffsker, 1964; Chao, 1964),
petrographic data (Chao, 1963), and water content (0'Kecfe,
1964), all seem to indicate an extra-terrestrial origin of
tektites. Yet the moldavites have the same K~A ags
(Zahringer, 1963), within the experimental error, as the
Nordlingen Ries impact crater, which is about 300 km west of
the gtrewn field. This K-A data has been interpreted to
mean that the moldavites were blasted out of the Ries crater
(Cohen, 1963). The diverse rock types found rimming this
erater (Shoemaker and Chao, 1961), however, would seen to
be wsuitable parents, chemically and isotopically (Taylor
and Epstein, 1963), for the moldavites. Perhaps, as O'Keefe
(196%) has suggested on the basis of stratigraphic rclatioms,

the moldavites and the Ries crater sre not of identical age.
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If they are the same age it could be fortultous but the
Ivory Coast tektites have the same K-A age (Gentner et gl,
1964) as the Bosumtwi crater, which is about 275 km east of
the strewn field. Perhaps the Ries crater was formed by the
impact of the moldavite parent-body. Such an origiﬁ might
best explain the =alignment of the moldavite strewn field
with the Riss crater. In the case of the Ivory Coast tek-
tites, however, there is ancillary evidence to support a
hypothesis of terrestrial origin. Not only do the Ivory
Coast tektites have the same K-A age as the Bosumtwi crater,
but they would also seem to have the same Eb - Sr sge as

rocks in that part of Africa (Schnetzler and Pinson, 1965).
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SUMMARY

New analyses for nine major elements and for the trace
elemients Rb and Sr in 17 Bohenien and 6 Moravian moldavites
have been reported. The refractive indexes and bulk specific
gravities of the 23 moldavites have also been reported. Real
variations in chemical composition end physical properties
were found.

The Moravian tektites that were analyzed had higher
average contents of 3102, 31203, Tiog, FeO and Nap0, and
lower average contents of Mg0, Ca0 and Sr than had the Bo-
hemian tektites. The major distinction between samples from
the two strewn fields is that Moravian tektites have high and
variable FeO and TiOp contents with low end relatively
constant MgQ0, Ce0, and Sr, wheresas Bohemian tektites have
high and variable alkaline esrth contents, with low and
constant Fe0 and Ti0,. The overall similarity between tek-
tites from the two groups suggests that a common origin is
highly probable. No clear regiongl trends in composition
within the strewn fields were found,

The relationships between the concentrations of the
various constituents were exemined. It was concluded that
the variations in chemlcal composition within and between
individual moldavites are best explained in terms of selec-
tive volatilization that occurred during the brief thermal
event dated by the X-4 sge. The wide range of Rb/Sr ratios
and the uniformity of the Sr isotopic composition support
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this conclusion. The variations in chemical composition
were re-examined using the Rb/Sr ratio as an index of the
extent of the proposed selective volatilizetion process. It
wag concluded that the parent material of the moldavites was
probebly of umiform composition throughout. It was suggested
that selective volatilization may have been an importent
factor in the origin of other tektite groups.

It is thought that the chemical, isotopic, petrographic
and aerodynamic ablation data on tektites favours, in general,
an extra~terrestrial origin of these objects. It was sugg-
ested that the Ries crater might have been produced by im-
pact of the moldavite parent-body. The preliminary Rb-Sr
data on Ivory Coast tektites in conjunction with the K-A
dats would seem to strongly favour a terrestrial origin.

If tektites are of terrestrial origin, some fundeamental

point would seem to have been so far overlooked.
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K/Bb Ratios in Tektites *
Pinson, W. H., Jr., Philpotts, J. A., and Schnetzler, C, C,**
Department of Geology and Geophysics
Magsachusetts Institute of Technology
Cembridge, Massachusetts,
**¥Theoretical Division, Goddard Space Flight Center, NASA
Greenbelt, Marylend

Abgtract:

K/Rb weight ratios and individual K and Rb contents are
reported for 54 tektites. Twenty-nine of these are new ana-
lyses. The ranges of K/Eb ratios found in the present inves-
tigation for the different tektite locaglities are as follows:
australites, 151-185, 4 samples; javanite, 162; philippinites,
169-174, 7 samples; indochinites, 166-178, 8 samples; Ivory
Coast, 209; moldavites 197-238, 30 gsamples; North American,
249-267, 3 samples. Thus the Pacific Area, Horth American
and Czechoslovakian tektites fall into three distinctive X/
Rb ratio groups.

Potagsium was determined flame photometrically, with 23
of the moldavite snalyses being confirmed by x=-ray fluores-
cence, Rubidium was determined by x-ray fluorescence, with
standardization and numerous cross-checks by mass spectro-
metric stable isotope dilution analyses. G-1 and W-1 were

used as analytical monitors. Precision and accuracy for the

* M.,I.T7. Age Studies No. 65



ratios are better than % 4%,

Variations of the K/Rb ratios within a group are inter-
preted as resulting from differential volatilization rates
for K and Rb during high temperature fusion, whereas differ-
ences between the geographical groups reflect initial compo-

sitional variations in the parent materials.

;ntrgduction

The significance of the XK/Rb ratio for theories of tek-
tite origin was discussed by Taylor and Ahrens (1959). Their
data for tektites was limited to about 5 specimens. They
concluded that tektites are of solar system origin because
their K/Rb ratios lie within the range 220 % 50 (Herzog and
Pinson, 1955, 1956; Taylor and Heler, 1958; Ahrens, et al,
1952). The argument was based on the theoretical likelihood
that hed tektites formed in a planetary system resulting
from the condensation of another stellar dust cloud, a
different K/Rb might have resulted. The K/Rb ratios for the
solar system may well be unique. The underlying ideas is that
stellar composition is dependent on place of origin, +time,
and the particular evolutionary history involved. Since 1959
1t has become generally accepted that tektites are in fact
of solar system origin, the evidence being chiefly that
tektites do not contain measurable cosmogenic, radioactive

elements (Anders, 1960). Furthermore it has been demonstrated



that tektites contain spherules of meteoritic Fe-Ni (Spencer,
1933; Chao, 1962, 1964) and this has been interpreted to
mean that tektites are the result of meteoritic impact on a

planetary surface, probably the earth, and possibly the moon.

Analytical Results

In Table 1 we have compiled X/Rb ratios taken from
Schnetzler and Pinson (19642, 1964b), and new results for an
Ivory Cosst tektite and 28 moldavites. The K/Fb ratios are
plotted graphically for the different localities in Figure 1.

The Rb values reported in Table 1 were obtained by a
combination of mass spectrometric stable isotope dilution
analyses and by x-ray fluorescence. The potagsiun contents
were determined by flame photometry using ILi as internal
standard, and checked in part (for the moldavites) by z-ray
fluorescence. All of these analyses for XK and Eb were done
in our Laboratory and the results are internally consistent
in that coumon standards were used throughout. A4ll analyses
for X and Rb in the tektites were monitored with the rock
gtendards G~1 and W-1 thoughout the analysis period. The
regults of this monitoring and a listing of recommended va-
lues for these elements is tabulated in Teable 2., Our flame
photometric value of K in G-1 is 0.3% higher than the re-
commended value (see footnote to Table 2). The flame pho-

tometric determinations for K in the tektites have a pre-



cision of 1%, and all analyses were made on at least dupli-
cate weighings. The x-ray determinations of K in the mol-
davites agree in all but one case out of 23 analyses within
3% of the flame photometric analyses. Our value of 212.5
ppm Bb in G-1 is based on an exhaustive set of analyses by
mass spectrometry. Published values, other than those by
emission optical spectrography have ranged from 205 to 224.
The precision of our mass spectrometric analyses for Eb in
the tektites is 2%, this large error resulting almost entir-
ely from instrumental fractionation of the measured EbBS/
Ro®7 ratio. The precision of the x-ray fluorescence ana-
lyses for Rb is 2% for the concentrations found in tektites,
baged on results of replicate analyses for Rb in G-1 by
Profegsor H. W. Pairbairn of M.I.T. (mpublished). Gentner,
gt al (1964) reported 64 ppm Rb by x-ray fluorescence in the
Ivory Coast tektite (MIT sample No. T 5462) which we analysed.
Our Eb analyses by mass spectrometric stable isotope dilu-
tion analysis was 64.8 ppm Rb, for this zsmple. This inter-
lsboratory couparison serves specifically as a check on the
accuracy of our Rb analyses.

The K/Rb ratios tabulated in Table 1 were calculated
on the following bases. Chemical values (rsther than x-ray
fluorescence) for potassium were used throughout. TFor those
gamples for which there were several isotope dilution analyses

as well as ah x~ray analysis we have averaged, without,



weighting, 21l of the analyses to obtain a rubidium value to

use in caleulating the K/BEb weight ratio.

Discussion of the results

The four major tektite groups, namely the Pacific Areas,
North American, CGzechoslovakian, and Ivory Coast fall into
three distinet K/Rb ratio classes. The faet that the K/Rb
ratio for the Ivory Coast sample falls near the mean of the
Czechoslovakian sample ratio is probably fortuitous, because
there is great dissimilarity in the general chemical couposi-
tions of sawmples from the two areas (Barnes, 1940; Schnetzler
and Pinson, Table 4, 1963).

Although the number of samples is small, thele appears
to be g wider spread of K/Rb ratios for the indochinites
than for the philippinites, especially if the javanite sample
ig included with the former group. Schnetzler and Pinson
(1964a, Table 3) demonstrated from major element analyses that
for most elements the indochinites show greater sample to
semple chemical variability than do the philippinites (Sr
and Ca are exceptions). 4 much larger spread in chemical
composition for the australites was found (Schnetzler and
Pinson, 1964a, Table 2), and this has been demonstrated con-
clusively in the work of Taylor (1962, 1964) for both minor
and major clements. The precision of the K/Rb ratio measure-
ments in sustralites inm both Teylor's and our own work is

gufficiently good to indicate that this ratio is much more
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variable from sample to sample than is the case for tektites
from other Pacific area localities. Our X/Rb ratio measure-
ments for 4 australites average to the mean value for the
other Pacific areas, viz about 170, but spread consideradbly
on either side of this mean.

Taylor's (1960) data for the australites reveals K/Rb
ratios ranging frowm sbout 210 %o 235, with nc overlap with
our data. Whether this igs due to analytical bias between
datz from the twe lsborstories, or is due to insufficient
sanpling is not known. On the other hand, Chao (1963) has
published K and Eb analyses for the bedizsites which give K/
Rb ratios ranging from 2450 to 365, and which average 282,
There is an overlap in this case with our four samples. Both
Chao's and Taylor's Rb analyses were wmade by cemiscion optical
soectroscopy .

There appears to be a difference in the X/Rb ratios for
the tektites from Moravia and‘those from Bohemie - strewn
fields that are separated by ebout 65 kilometers. The dif-
ference is shown graphically in Pigure 1, with the group a-
verage being lower for the Moravian samples. The small
number of samples, however, makes this conclusion tentative.

The range of values of the K/Rb ratio in tektites which
%e report in Teble 1 is from 150 to 265, with only two asus-
tralites lying ocutside the limit of 220 ¥ 50 observed for
common terrestrial rocks.

It is fairly well established by the ferrous-ferric iron



ratios (Abou-El-Azm, 1954; and Friedman g al, 1960) that
tektites have been heated to temperatures probably in excess
of 2000° ¢ in an atmosphere of low oxygen pressure. At such
temperatures tektite glass will lose materisl by vaporiza-
tion. The experimental evidence of Walter and Cerron (1964)
and Lovering (1960) suggests that there is a preferential

rate at which any given element vaporizes off, A4Although
there is as yet nc experimental verification that there is a
differentisl rate of loss of Eb relative to K, we suspect
that this is the most likely explanation of the range in K/Rb

-

retios foumd within any group of tektites. We do not think
h

oo

that the parent meterials from which the four groups cf tek-
tites were fused initially had identical X/Bb ratios. The
presently observed, post-fusion, K/Rb ratios provavly reflect
the initial ratios in the parent meterials, later altered by
the high tempersture fusion event., It is known that the Na/K
ratios vary widely between the different major tektite local~
ity groups, and for the australites and wmoldavites egpecially
there are rather wide veriations of this ratio between indi-
vidual tektites within e group. Walter and Carron (1964)
heve demonstrated experimentally that at low oxygen pressures
and at temperatures of sbout 2000°C sodiuw is lost relative
to potassium. A somewhst similar phenomenon might be ex-

pected to alter the relative concentrations of potassium and

rubidium, although the experimental work necessary to test



this hypothesis for K and Rb has not yet been published,
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TABLE 1

K and Rb Contents and K/Bb Ratios in Tektites

Geogravhical TLocality K% Flame K% X-ray Rb pym Zb ppm K/Bb
Group and Photonmetry Fluorescence Isotope X-ray wt.
MIT Ho. Dilution Tluorescence  Ratio
Australia

3313 Charlotte Waters 1.88 - 109 - 181

4214 Nullarbor Plain 1.72 - g3 - 185

4215 " " 2.08 - - 135 154

4216 " " 2.17 - - 144 151
Java

4104 Java 1.59 - 98 - 162
Philippines

3279 Santa Mesa Site, 1.95 - 115 - 170

Rizal Province

25962 " 1.92 111 110 174

3964 " 2.13 - - 126 169

2765 Pugad-Babuy 3ite, 2.08 - 119 118 176

Bulakan Province

2979 " 1.99 - - 118 169

2984 " 1.95 - 112 115 172

23986 Busuanga Island 1.99 - 116 115 173
Indochine

3987 Kouang-Tcheou Wan 2.07 - 116 116

127
119 172
3989 " 1.64 - - 110 177
39390 North Cambodia 2.07 - 11¢ 116 17€



Teble 1 continued

Geographical Locality K% Fleme Kt X-ray Rb ppm Rb ppm K/Rb
Group and Photometry Tluorescencelzotope X-ray wt.
WM.I.T. No. Dilution Fluorescence Ratio

Indochina cont'd

2991 North Cambodia 2.18 - 129 134 166
399% Annam 1.88 - 113 112 168
4218 Dalat,S.Viet Nam 2.08 - - 125 166
4219 " " f 1.93 - 111 110 174
4220 " " " 2.08 - - 124 167
Ivory Coast
5462 20~30 Km. South 1.34% - 64.7% -
southwest of Quelle 65.4 64 * 209
Czechoslovekia
4575 Ratiborova Ihotka 2.86 - 136 210
Bohemnia
5296a These six samples are 3.02 2.98 - 148 204
" b from Ihenice, Bohemia, 3.10 Z.15 - 146 213
v ¢ sbout 1 km east of the 3.08 Z.01 - 141 214
L | villege, in fields 2.86 2.91 - 120 238
"oe near farm complex on 3.04 2.99 - 136 223
® right side of road to 3.05 Z.12 - 140 218
chrastany.
5309 Ihenice, Bohemia 2.89 2.90 - 131 221
5310 " P 2.00 .00 146 139 216%%
5311 Dolni Chrastany 2.98 %.04 - 138 216
Bohemia
4572 3trpi, Bohenia 2.76 - 132 - 209
4574 Radomilice, Bohemia 1.9 - 96 - 208

ot



Tghle 1 continued

Geographical Toeality ¥t Plene Xt X-ray Ib ppm Rb »pm K/Rb
Group and Photometry  Fluorescence Isotope X=-ray wt.
M.I.T. No. Dilution Pluorescence Ratic

Czechoslavekia cgyt'd

5312 Habri, Bohenis 2.11 3.09 - 141 221
5313 A " 5.10 3.02 - 140 222
5314 Slavece, Bohemia 2.97 3.00 - 145 205
5315 Vrabde, Bohemin 3.03 3.00 - 129 235
5316 " n Z2.08 3.05 - 146 207
5317 Kroclov, Bohemia 2.86 2.85 121 122 236
4570 b 8 2.96 - 138 - 215
4571 Koroseky, Bohenia Z2.01 - 148 - 203
5318 v bt %.03 32.05 - 135 224
4090 Nechov, Bohemin 2.88 - 146 - 197
5319 " " Z.05 3.03 - 150 204
5320 Slavice, Moravia %.06 2.99 - 148 207
4573 " " 2.96 - 148 - 200
5%21 Kozichovice, Moravia 2.88 3.01 - 138 209
5322 Slavetice, Moravia 2.96 2.03 - 142 209
53232 Dukovany, Moravie 2.71 2.73 - 122 222
5324 " " z.16 3.09 160 161 198
5725 " " 2.93% 2.97 - 149 197
MNorth Americs
4106 Grimes County,Texas 1.74 - 70 - 249
4271 Impire, G=a. 1.98 - 74 - 267
4091 Hartha's Vineyard, 2.0% - 78 - 260

Maso.

* Gentner, et al, X-ruy fluorescence vealues for XK and Kb. Our isoltope dilution values.

#% ¥-rgy value used in computing K/Rb

Tt
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Rb- 8r Age Study of Moldavites
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Abstract:

Rb contents from 96-160 ppm and Sr from 124-157 have been
determined for 31 moldavites. Rb/Br ratios range from 0.77 -
1,20. Precision of the ratios, is 4%4. Nine of the samples
have been analysed isotovpically. 8r87/8r86 normalized %o
0.1194 for Sr86/8r88, ranges from 0.7208 - 0,7224., Excepting
one analysis, the range of the other eight analyses is 0.0011,
which is two stenderd deviations of a single analysis. There
is no sympathetic variation between 3Sr isotopic coupositions
and Eb/Sf ratios, We interpret this to mean that during
fusion either Rb or Sr was lost differentially. The fusion
event would not fractionate the 8r isotopes. Both the Bo-
hemian and Moravian strewn fields are represented in the
sanpling, and the Rb - Sr data do not distinguish the two
areas.

Two hypotheses are suggested. Firstly, the parent
material was chemically and gecchronologicelly honogeneous,

over the whole crater area and in depth. This is incon~



patible with the hypothesis that the moldavites were blasted
out of the Nordlingen-Ries crater, for the rim rocks there ex-
hibit a great variety of types. PFurthermore, there is appar=-
ently no chemical relation between the crater impsct glass
and the moldavites. The second hypothesis is that a remark-
able homogenization of the parent-material Sr occurred during
the fusion event, which, however, allowed g variagtion in
chemical compositions to arise through selective volatiliza-
tion of the elements. However, lechatelierite occurs in the
moldavites, and survival of discrete phases might not be ex-
pected in material having undergone such thorough homogeniza-
tion, Under this second hypothesis the presence of lechatel-
ierite might best be explained as a post-mixing separation -
& phenomenon which is, however, not predicted and has not

been demonstrated experimentally.



INTRODUCTION

The purpose of this paper is to report Rb/Sr ratios for
31 moldavites and the Sr isotopic compositions for 9 of these
samples. Previous Rb/Sr age correlation studies of tektites
(Schnetzler and Pinson, 1964) indicated that the North Amer-
ican, Pacific Area, and Ozechoslovaklan tektites all lie on
a rough isochron whose slope suggests a common age of about
400 m.y. Only three moldavites had been analyzed for Rb -

Sr data and it was felt that a larger sampling was needed.
Recently, Schnetzler and Pinson (1965) have analyzed two
Ivory Coast tektites and obtained a 2.0 b.y. isochron, with
an initial Sr87/3r86 ratio of 0.705, which is within the range
found for mantle derived rocks. This work demonstrated that
the Ivory Coast tektites lie far off the isochron formed by
the other three major groups. Of further interest was the
observation that the 2 b.y. age of the Ivory Coast tektites
is coincident with the Rb - 3r sges of the basement complex
rocks in the vicinity of the Bosumtwi crater (Bonhomme, 1962}
Vachette, 1964).

The present survey of Rb/Sr ratios in 31 moldavites re-
vealed a range of about 35%, and it was wondered whether or
not Sr87/5r%€ would vary sympathetically with Rb/Sr. The
data presented in this paper indicates that within experimental

error the Sr isotopic composition of moldavites is apparently

constant.



ANALYTICAL RESULTS

The Bb and Sr contents of the 31 moldavites were deter-
mined by a combination of x-rgy fluorescence and mass spec-
trometric stable isotope dilution analyses. Standardization
was by the latter method. The x-ray fluorescence analyses
were made using a molybdenum target and topaz crystal. 1In
general, the two analytiocal methods yield results of compar-
able precision. This was previously demonstrated in analyses
of other tektites by Schnetzler and Pinson (1964). During
the analysis period the following values for Rb and Sr were
found in G-1 and W-1: for G-1, Rb = 213 ppm, Sr = 255 ppm;
for W-1, Eb = 22 ppm and Sr = 194 ppm. These values are in
¢lose agreement with the recommended values in Fleischer and
Stevens (1962). The results of the Rb and Sr analyses of the
31 moldavites are given in Table 1.

Phe Sr87/5r86 ratios of 9 moldavites are presented in
Table 2. These ratios were obtained by mass spectrometric
analysis of unspiked 8r extracted from the moldavites. The
same mass spectrometric methods as were used by Schnetzler
and Pinson (1964) were used in this present investigation.
The mesasured Sr87/3r86 ratios were nomaliged to a value of
0.1194 for sr%6/6r°°, Standard Sr (5rC03, Eimer and Amend,
Lot No. 492327), for which a mean value of 0.708 £ 0.0006
for the nomalized Sr87/8r86 ratio was obtained during the

analysis period, was used to monitor the Sr isotope analyses.



The SrB84, Sr86 and RLBT spikes used in the isotope dilution

anglyses were prepared and calibrated as described by Pinson
(1960, 1962). The RbS!/5r°° ana 5r%7/5r%€ normalized ratios
for the nine completely analyzed moldavites are given in

Table 3.

DISCUSSION

It is apparent that the Sr isotopic composition of mold-
evites is virtually conmstant (ie. Sr87/8r%6 = 0.722 % 0.001),
whereas the Rb/Br ratio ranges from 0.77 - 1.20. This situa-
tion cannot have long existed. Recently, almost certainly
within the last 30 m.y., either Rb and Sr have been fraction-
ated relative to each other, or the Sr has been isotopically
homogenized. This most probably occurred during fusion of
the moldavite parent-material 14.7 m.y. ago as dated by K-A
(Zehringer, 1963). Extensive fractionation of Sr isotopes
during fusion is most unlikely. Isotopic homogenization of
Sr during fusion is a possibility, but it seems unlikely that
lechatelierite inclusions, especially the stringers, would
survive such a thorough homogenization, and there is no evid-
ence to support a post-mixing Si0, phase separation. It
therefore seems probable that prior to fusion the Sr isotopic
composition of the moldavite parent-materigl was constant
throughout. This implies a constant Rb/Sr ratio throughout.
In either case the variation in the Rb/Sr ratio is best ex-

plained in terms of selective volatilization.



Teble 1 Rb and Sr contents (in ppm)of moldavites as determined
by two methods of analysis.

M.I.T. Locality* Bb Bb 8r Sr Rb/ﬁr Rb/Sr
ISqaample (x-ray) (I.D.) (x-ray) (I.D.)(x-ray) (I.D.)
0.

4575  Bohemia - 126 - 143 - 0.95
5296a " 148 - 133 - 1.11 -
5206b " 146 - 156 -~ 0.9% ;i
5296¢ #t 144 - 142 ~ 1.01 -
52964 " 120 - 140 - 0.86 -
5296¢ " 136 - 148 - 0.92 -
5296f " 140 - 144 - 0.97 -
5309 J 131 - 138 - 0.95 -
5310 » 139 146 139 151 1.00 0.97
5211 " 138 - 1%4 - 1.0% -
4572 n - 132 - 121 - 1.01
4574 o - 96 - 124 - 0.77
5312 " 141 - 146 - 0.96 -
5%13% " 140 - 144 - 0.97 -
5%14 " 145 - 130 - 1.12 -
5315 " 129 - 147 - 0.88 -
5316 a 149 - 139 - 1.07 -
5317 " 122 121 147 - 0.82 -
4570 " - 138 - 132 - 1.05
4571 i - 148 - 132 - 1.12
5318 " 135 - 147 - 0.92 -
4090 " - 146 - 136 - 1.07
5319 " 150 - 133 - 1.13 -
5320 Moravia 148 - 134 - 1.10 -
4573 " - 148 - 124 - 1.16
53221 " 138 - 1%5 - 1.02 -
5322 " 142 - 137 - 1.04 -
5323 " 122 - 146 - 0.83% -
5324 " 161 160 133 133 1.20 1.20
5325 » 149 - 134 - 1.11 -
%314 Tnknown 130 - 136 - 0.96 -

* See Part I for details of sample localities.



Table 2 Sr isotoplc composition of moldavites

W.I.T. TLocality Sr86/8r58 sr87 /5,86 287 /5250

%ample (measured) (measured) (normalized)#*
O

4575  Bohemia 0.1193 0.7221 0.7218
5310 " 0.11955 - 0.72185 0.7223
4574 n 0.1194 0.7220 0.7220
5317 " 0.12013 0.71981 0.7220
4570 n 0.1194 0.7224 0.7224
2571 " 0.1183 0.7242 0.7213
4090 " 0.1203 0.7196 0.7223
4573  Moravia  0.1195 0.7221 0.7224
3314  Unknown 0.1199 0.7194 0.7208

* The 8187 /3r86 measured ratio has been normalized to a
value of 0.1194 for the measured Sr86/3r88 ratio on the
assunption that instrumentsl fractionation would affect the
Sr86/3r88 ratio twice as much as it would affect the Sr87/
56 ratio.



Table 3 Summary of Bb - Sr data for nine completely
analyzed moldavites.

11T Tocality Rb87/%r86 Sr87/8r86
Sample No. (normalized)
E5T5 Bohemia 2.75 0.7218
5210 n 2.81 0.722%
4574 " 2.23 0.7220
52317 " 2.38 0.7220
ASTO n 3.04 0.7224
4571 J 3.25 0.7213
1090 " 5.10 0.722%
£573 Moravia 2.45 0.7224
2214 Unknown 2.78 0.7203
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CHAPTER 1
INTRODUCTION

Tektites first came to the attention of scientists about
175 yeers ago. During the past 10 years, tektite research has
expanded at an ever increasing rate because of the possible
extra~terrestrial origin of these objects. The imminent pros-
pect of exploring earth's nearest neighbour further heightens
interest in the problem.

The voluminous deta on tektites are very curtly summar-
ized in this chapter. Comprehensive summaries and bibliogra-
phies have been given by Suess (1900), Barnes (1940), and
Baker (1959). In addition, Volume 14, Number 4, 1958, amd
Volume 28, Number 6, 1964, of Geochimica et Cosmochimica Acta,
and the book Tektites, edited by John A. O'Keefe, University
of Chicago Press, 1963, are entirely devoted to tektite studies.

Tektites are small, holohyaline objects. Their weights
range from fractions of a gram up to 3 kgm, but most tektites
weigh from 1 to 20 gm. Colour ranges from green to amber in
transmitted light; most tektites appear black in reflected
light. Some tektites possess forms that have been interpreted
in terms of serodynamic enalysis (Chapmen and Larson, 1963%;
Adsms and Huffaker, 1964). Most tektites heve characteristic
surficial markings.

Pektite "strewn fields" occur in four major geographic

locations: South East Asia, the Ivory Coast, Czechoslovakia,



and eastern North America. Further subdivisions of geogra-
phic locality have been made. Tektites from the four groups
can generally be distinguished on the basis of chemical com-
position and their K-A ages.

Tektites are highly siliceous, ususlly consisting of 70-
80% S105. Compared with terrestrial glasses of similar Si0Op
content, such as obsidians, tektites have lower alkszli con-
tents and generally have higher Ca0, Mg0O, and FeO contents.
In addition, tektites contain very little water (Friedmam, 1963)
and unusually low ferric to ferrous iron ratios. Tektites
from a particular geographic group show less variation in
chemical compoéition than acid igneous rock suites.

Tektites do not contain measurable amounts of radio-
active, cosmogenic nuclides (Anders, 1960). This suggests
that tektites originated within the earth-moon system, and
indeed, the occurrence of tektites within restricted strewn
fields is unlike the random distribution of meteorites. It
has not yet been discovered whether tektites are of terrestrial
or lunar origin. It is generally accepted that tektites have
wdergone a brief, high temperature thermal event. Ni-Fe
spherules have been found in tektites (Spencer, 1933; Chao
et _al, 1962, 1964) and this has been interpreted to mean that
tektites are the result of meteorite impact.

Recause tektites from a particular geographic group show

relatively little variation in chemical composition, the



compilations in the literature, of older analyses by various
investigators using various analytical techniques, have tended
to obscure regl variations within and between the tektite
groups, There existed a need for precise analyses of represen=-
tative nunmbers of samples by uniform techniques, preferably ut-
ilizing accepted rock standards to nmonitor sccuracy. This need
has been satisfied in the case of australites (Taylor, 1960;
Tagylor et al, 1961; Cherry end Taylor, 1961; Taylor, 1962;
Taylor and Sachs, 1964), bediasites (Chao, 1963), and various
South East Asian tektites (Schnetzler and Pinson, 1964a). This
thesis attempts to satisfy the need for a representative number
of internally consistent analyses of Czechoslovakisn tektites.
17 moldavites from the Bohemian "strewn field"™ and 6 moldavites
from the Moravian field were analyzed for major element con=-
tents. The rock standards G-i emd W-1 were used as analyti-
cal monitors. Analyses of the trace elements Rb gnd Sr were
also performed. The weights, refractive indexes and specific

gravities of the 23 tektites were also determined.



CHAPTER 2
PHYSICAL CHARACTERISTICS

The physical properties of glasses are directly re-
lated to their chemical composition. Measurements of some of
the physical properties of the 26 moldavites in the M.I.T.
collection were made. These measurements are reported in
this chapter and are related to the physical properties of
tektites in general and moldavites in particular.

2.1 Form
Tektites exhibit a wide variety of forms. Characteris-

tic forms are gpherical, ellipsoidal, dumb-bell, drop-like and
tgbular. Tektite forms have been classified (Baker, 1963) as
primary, secondary and tertiary. The primary forms presumably
originated during unimpeded flight of viscous blobs with var-
ious rotation rates (Baker, 1963; Chapman and Larson, 1963).
Fenner (1934) likened them to the shapes acquired by silicate
smoke~bombs ejected from coal~burning railway engines. The
secondary forms are aerodynamic ablation modifications that
originated during high-speed flight through the earth's at-
mosphere. These aerodynamic forms are best preserved on gus-
tralites of the button type. Chapman and Larson (1963) have
produced artificial buttons in sn electric-arc-jet-tunnel
that are idemntical to the australite buttons with respect to

the ring-waves on the ablated anterior surface, the circum-



ferential flange, and the unaffected posterior surface. The
interpretation of the aerodynamic ablation evidence is of
prime importence in a consideration of the origin of tektites
and will be discussed later. The tertiary forms are those
resulting from impact and subsequent terrestrial erosion.

The appearance of moldavites, including their shapes,
has been desoribed by Suess (1900), Hanud (1928), and
Oswald (1942), smong others. Cohen (1963) compared the
sizes and shapes of 297 moldavites from different sites
and came to the conclusion (a) that tektites are more pre-
valent in Bohemia than Moravia, (b) that oblate spheroids are
more common in Bohemia than Moragvia and that their size de-
creases eastward, and (¢) that spheroids and ellipsoids are
more common in Morgvia than Bohemia. Recently a spalled,
aerodynamically modified, teardrop shaped moldavite from
Slagvice, Moravia, has been described (Chao, 1964).

The shapes and weights of the 26 moldavites studied
by the suthor are reported in Table 1.

2.2 Sculpture
Most tektites show a remarkeble similarity of surface

markings although each geographical group has specific pe=-
culiarities. Sculpture has been discussed by many authors

including Barnes (1940) and Baker (1963). The characteristic



gsculpture of tektites consists of combinations of the follow-
ing features: pits of various dimensions, furrows, ridges,
mounds, frosted surfaces, and fresh conchoidal fractures.,

The detailed mode of formation of such unusual sculptures

is not well known. Some investigators, following Suess
(1900), consider that the pits and ridges originated during
high;speed flight through the earth's atmosphere. Most in-
vestigators, however, attribute all of the sculpture to
terrestrial erosion.

Barnes (1958) stated that a discussion of surface sculp--
ture is most irrelevant so far as the origin of tektites is
concerned because these features are acquired through etching
and other erosive agencies after the tektites came to rest.
Krinov (1958) and Beker (1963) concurred on this point. Part
of the evidence in favour of this hypothesis consists of ob-
sidian pebbles (Rost, 1964) and even artificial glass (Nemec,
1933) with tektite-like soulpture. In addition Chao (1964)
has observed soulpture on various Pacific ares tektites that
was formed subsequent to terrestrial rounding of these speci-
mens. Several investigators (Jefek, 1911; Merrill, 1911;
Baker, 19613 Rost, 1964) have produced tektite-like soulpture
by HF etching of obsidians and tektites. Hence there is good
cause to believe that the sculptures observed on tektites were
produced by terrestrial erosion and that small differences be~
tween specimens from various groups are due to their parti-

cular erosional histories.



There are, however, several arguments in favour of an
gerodynamic origin. O'Keefe (1963), in a restatement of
Suess' (1900) ideas on the problem, pointed out that in the
majority of cases the internal flow structure, as often
revealed by fine streaks on the surface, is not related to
the dominant sculpture pattern. It was also pointed out that
certain regularities exist between the pattern and the curva-
ture of the surface on which it has developed. These obser-
vations are borne out by the 26 samples examined by the au-~
thor. Howevexr, Rost (1964) demonstrated that the smooth walls
of bubbles etched at a slower rate than other surfaces, where-
as the anisotropic region around lechatelierite particles
etched relatively quickly. It therefore seems probable that
etch patterns reflect not only differential composition but
alsc smoothness of the surface and strain in the glass. Diff-
erent sculptures on different surfaces of individual tektites
may also reflect the affect of preferred orientation during
erosion. O'Keefe (1963) mentioned two other pertinent facts,
namely the striking resemblance between the sculpture of some
tektites and that of nose cones, and the similarity of sculp-
ture of tektites dredged from the sea with that of tektites
found on land.

In conclusion it seems that the evidence favours the
terrestrial erosion hypothesis rather than the aserodynamic

ablation hypothesis for the production of the sculpture



pattern of tektites. The question is still open, however,
end ocongidering its significance with respect to theories of

origin, there is a need for further detailed investigation.

2.3 Colour

The ebsorption spectra of tektites have been measured by
Stair (1955) and Cohen (1958). It seems almost certain that
iron is the major source of colour in tektites. Absorption
of ferrous iron yields the green colour of some tektites. 4
recent analysis (Thorpe and Senftle, 1964) of the colour of
tektites in terms of magnetic susceptibility measurements has
shown that the dark brown to black colour of many tektites
can be ascribed to light scattering and absorption by either
dispersed ferric iron and/or submicroscopic metallic spherules.

Moldavites have been classified by Boubka and Povondra
(1964) into five colour shades: pale green, light green,
bottle green, olive green and brown. These authors found a
close relation between colour and irom content. Thie 1s also
true of the moldavites in the M.I.T. colleotion, in that the
three specimens with browner hue (T5320, 5322, & 5324) were
subsequently found to contain the highest iron. A statisti-
cal study of moldavites (Faul and Boubka, 1963) demonstrated
that all colours could be found in most localities although some
colours were more common in some areas than others; it was
conoluded that colour was a more important guide to the physi-

cal and chemical properties of moldavites than locality.



2.4 Specific Gravity and Refractive Index
Specific gravity and refractive index data on tektites

have been summerized by Barnes (1940), Baker and Forster (1943),
Baker (1959), Chao (1963), BouSka and Povondra (1964), and
Chapman et gl (1964). The refractive indexes of tektites
approximately range from 1.48 to 1.53; +the bulk specific gra-
vities range from 2.29 4o 2.56 gm/cm’. The refractive in-
dexes of moldavites range from 1.48 to 1.50; the bulk spec-
ific gravities range from 2.29 to 2.39 gm/bm3. The specific
gravity and index of refraction of tektites show a nearly
linear, positive relationship (JeZek and Woldrich, 1910;
Tilley, 1922; Preuss, 1935; Spencer, 1939; Barnes, 1940;
Chao, 1963). Density reflects the major element composition
and varies inversely with 8102 content, and refractive index
is a direct function of the Fe0 content, which is generally
inversely proportional to the Si10p content. It is of inter-
est to note that Barmes (1940) reported a refractive index
range in a bediasite chip from 1.483 to 1.512 and this is
about the same as the rsnge found in bulk refractive index
for the whole bediasite group. Similarly, Baker (1961) re-
ported a range of refrasctive indexes for a single australite
from 1.495 to 1.500. Chao (1963) stated that for many tek-
tites (many philippinites and indochinites) the bulk speci-
fie gravity is low because of vesicularity. However,

Chapman et gl (1964) and Baker and Forster (1943) voiced



10

the opinion that chemistry dominates cavities in bulk speci-
fic gravity determinations and that only about 5% of the
specimens from most geographic groups have grain specifie
gravity appreciably higher them the bulk specific gravity.
Most obsidiasns cen be distinguished from tektites on the
basis of gspecific gravity and refractive index (Barnes, 1940);
the reverse is not true.

The specific gravities of the 26 moldavites investigated
in the present thesis are given in Table 1. An attempt was
made to determine specific gravity by flotation: 1. the tek-
tite was sumk in bromoform-acetone solution, 2, bromoform
was added to the solution until the tektite just floated,

3, the density of the solution was then measured with a
hydrometer. This method, however, proved to be unrelisble,
the results having poor precision and accuracy. The specific
gravity values reported in Table 1 were obtained in the
following mannert 1. The specimen was tied to a single
fibre of human hair, 2. the specimen and the hair were
weighed on a high-precision chain balance, 3. the surface
of the specimen was completely wetted with acetone, 4. the
specimen was then successively dunked into several beakers
containing distilled water, 5. +the specimen, suspended on
the hair, was weighed in distilled water of known tempera-
ture, 6. the weight in gir was divided by the difference
of the weight in air and the weight in water; the result
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was then multiplied by the temperature correction yielding
the specific gravity of the specimen. The effect of the hair
(buoysncy, surface tension) was negligible. Duplicate deter-
ninations were made on six samples; +the mean difference be-
tween duplicates was 0.0004 gm/bmz. The precision and accur=-
acy of the specific gravity results in Table 1 are thought to
be better then * 0.001 gm/em?. Chao (1963) reported preci-
sions of Jolly balunce determinations of * 0.005 gm/'cm3 for
tektites weighing more than 5 gm and of X €.015% gm/'cm3 for
smaller samples. Chapman et gl (1964) reported a precision
of ¥ 0.001 gm/'em3 and an accuracy of * 0.003 gum/cm’ for de=-
terminations of specific gravity by hesvy-liquid flotation
(zinc iodide in tap water).

The refractive index wvalues given in Table 1 were ob-
tained on powders by the use of immersion oils. Most powders
gave a range of refractive indexes and the reported values
are am estimate of the mean value for each sample. The oils
were calibrated to ¥ 0.0005. Because of the estimate in-
volved in the determinations, accuraecy is thought to be sbout
+ 0.002. This may be compared with the precision of * 0.0004
for deterninations of the bulk refractive index of tektite
wafers in a Valentine refractometer (Chsao, 1963).

The specific gravity and refrasctive index values listed
in Table 1 renge from 2.3312 to 2.3718 gn/em’ and from 1,486

tc 1.495 respectively. The refractive indexes and specific
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gravities of these twenty-six tektites fall within the ranges
reported for moldavites in the literature. There is a posi-
tive correlation between refrsctive index and specific gra-
vity. ERoth refractive index and specific gravity were subse-~
quently found to vary inversely with SiO, content. No corre-
lation was found between Fel content and refractive index for
the Bohemisn tektites; this may be due to the low and rela-
tively invarisnt FPeC contents of these samples.

Chapman et gl (1964) gave population polygoms of speci-
fic gravity (ie. % freguency vs. specific gravity in 0.01 gm/
3

om” increments) for 108 moldavites from Heb¥i, Bohemia, and
for %7 moldavites from Moravia. The Hab¥d samples gave a

40% mode at 2.365 gm/'cm3 (ie. 2.36 to 2.37), end the Moravian
sanples gave a 30% mode at 2.355 gm/bms. The frequency dis-
tribution of the specific gravity values of the Bohemian tek-
tites listed in Tgble 1 is bimodal with a 40% mode at 2.365
gm/'cm3 (the two samples from HebTi fell within this polygon)
and a 30% mode at 2.345 gm/cm®. The number of Moravien tek-
tites investigated in the current study was too suall to draw
any significant conclusions as to the frequency distribution.
The Moravien tektites did in general, however, have lower spe=-

¢ific gravities than those from Bohemia.



Table 1 Some physical proggrties of 26 moldavites
M.I.T. Locality eight Specifie Refractive Form

Sample No. gm gravi index
. gm/em
Bohemia
5296a These § samples 2.19 2.3350 1.486 irregular fragment
5296b were collected 2.97 2.3654 1.491 " n
5296¢ near Lhenice, in 2.61 2.3521 1.492 " "
52964 fields near famm 2.18 2.3718 1.495 " "
5296e complex on right 2.16 2.3635 1.492 " "
52961 gside of road to 2.10 2.3664 1.494 " "
52968 Chréstany, about  1.20 2.3627 1.493 " "
5296h 1 km east of the 1.05 2.3597 1.493% " "
52961 village 0.74 2.3488 1.489 " n
5309 Ihenice 12 .566 g.gggg 1.492 irregular ellipsoid
5310 j e 12.728 2.3451 1.492 distorted oval plate
5311 Dolp] Chras¥any  15.961 2.3440 1.491 square_ plate
5312 Habri 8.208 2.3647 1.495 irregular fragment
5313 - 2.708 2.3708 1.494 plate
5314 Slévge 11.356 2.3312 1.488 oblate spheroid
5315 Vrabce 4.163% 5.2226 1.493 short rod
«2649
5316 " 4,770 g.gz%g 1.489 curved triangular plate
5317 Xroclov 4.964 2.3681 1.494 nondescript chunk
5318 Koroseky 9.107 2.3644 1.493% oblate spheroid
5319 N¥chov 7.969 2.3415 1.489 oblate spheroid
2.3412
Moravia
5320 Slavice 24 .337 2.3475 1.490 nondescript chunk
v 2.3472
5321 Kozichovice 13.208 2.3351 1.487 wedge
5322 Slavétice 24.185 3.3387 1.489 ellipsoid
.3389
5323 Dukovany 5.645 2.3484 1.491 tear-drop
5324 " 4.550 2.3609 1.492 apheroid

5325 " 7.052 2.3372 1.489 tear-drop

¢t
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CHAPTER 3
CHEMICAL ANALYSES

3.1 Sample Preparation

The moldavites in the M.I.T. collection were prepared
for analysis in the following manner: 1. +the samples were
washed in acetone, 2. the samples were scrubbed with a ny-
lon brush in distilled water, 3. remaining surficial conta-
mination was removed with a needle, 4. +the samples were
washed in hot, six normal HCl and rinsed with distilled water,
5. each tektite was then broken on a steel plate, 6. a
portion of each tektite was crushed in a flat-surfaced, hard-
ened steel, percussion mortar, 7. a hand magnet was passed
over the crushed fragments in order to remove any incorporated
steel, 8. the samples were powdered in a boron carbide
mortar, 9. the powders were sieved through nylon cloth and
coarser particles were re-powdered, 10. +the powders were

homogenized then stored in glass vials.

3.2 Analytical Technigques

A. "Rapid silicate" procedures

The "rapid silicate" procedures used in this investigation
were those described by Shapiro and Brannock (1956) except
for Ca0, Mg0 and FeO. Cal0 and Mg0 were determined by auto-
matic photometriec titration according to the modified pro-

cedure of Shapiro and Brannock (Schnetzler and Pinson, 1964a).



FeQ was determined by the spectrophotometric method described
by Shapiro (1960).

These "rapid silicate" procedures are mostly colourime-
tric, the absorption of light by various coloured complexes |
being measured with a spectrophotometer. Beckman Model B
spectrophotometers were used in this investigation. Nap0
and K20 were determined with a Perkin-Elmer Model 146 flame
photometer ugsing Li as internal standard. Most of the "rapid
gilicate" determinations of the several elements are indepen-
dent of each other so that errors in one determination will
not affect the others. For this reason a summation of the
weight percents has more significance than a summation in the
cagse of conventional analysis methods, wherein determinations
are obtained by difference.

Prior to the preparation of solutions A and B (Shapiro
and Brannock), the sample powders were dried in an oven at
105° C for about two hours. Sometimes zirconium crucibles
were used instead of nickel ones in the preparation of solu-~
tion A, snd sometimes teflon dishes were ugsed instead of
platinum ones in the preparation of solution B; these sub-
stitutions did not noticeably affect the results. Duplicate
solutions B from separate welighings were made for each tek-
tite sample (only one was made for T 5296d because the
powder was temporarily misplaced) and from one to three sol-

utions A were made from those tektites analyzed by "rapid sil-
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icate" techniques for 5i0p and Alp0z. In the determination
of Si02 and A1303, two aliquots were taken for esch solution
A and four transmission readings were made on each aliquot.
Total Fe, Ti0p, P05, Cal, K 0 and Nap0 were all determined
on a single aliquot of each solution B whereas as many as
three aliquots were used in the Mg0 determination because of
poor precision. Four instrument readings were made in the
determination of total Fe, Kp0 and Na,0 and single readings
were made for Ti02 and PpO5. Two or three Fe0 determinations
were made on each tektite powder, with two transmission
readings being taken in each determination. The analysis of
solutions for a particular element was carried out in ran-
dom fashion.

Only a few determingtion of P205 were made because the
method proved unreliable at the low concentrations found in
the moldavite samples. For the same reason, determinations
of MnO, Hp0 and COp were not undertaken.

B. X-ray fluorescence procedures

The determination of 8i0, and A1203 by the "rapid sil-~
icate" method is not altogether satisfactory. In the course
of analyzing tektites during the summer of 1963, the author
came to the conclusion that repeated fusions were necessary
before a good value for S5i0, could be obtained. In additionm,
A1p0% values determined by the "rapid silicate" procedure

frequently had to be normalized to the accepted values for
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the standards. Therefore, because of the number of deter-
winations required to obtain a reliable 8102 value, and
because of the anomalous AlpOz results obtained by the

"rapid silicate® method, it was decided to determine these
constituents by x~-ray fluorescence technigues. This decision
was made in light of the successful x~ray fluorescence ana-
lyses of light elements by Volborth (196%), Rose et gl (1963),
Schnetzler and Pinson (1964a), Welday et al (1964), among
others.

Dr, J. W. Prondel kindly offered the use of the Phillips
x-ray equipment at the Hoffman Leboratory, Harvard. The fol-
lowing work was done under her supervision. In order to de-
termine the suitability of the moldavite powdered samples for
x-ray fluorescence analyses it was decided to analyze for K;
flame photometric data on K were available for comparison.
The tektite powders were consecutively placed in lucite trays
gbout 2 mm in depth., The powders were packed by pressing
the surface with a glass slide. The K K« radistion of each
gample was rapidly scanned (1 degree per min.) from 40° to
429, The x-ray operating conditions were as follows: +tung-
aten target, ADP crystal, base line voltage = 2v, window out,
detector (flow vroportional counter) voltage = 1.8kv, helium
path., Peak heights were determined graphically by subtracting

the average background values from the peaks. The x-ray K
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results (obtained from a least squares line) and the "rapid
silicate" K values are given in Table 5.

Determination of Alp0; was next attempted. The samples
were packed as for the K analyses. Operating conditions were
as follows: tumgsten target, gypsum crystel, base line volt-
age = 2v, window out, detector voltage =1.9Kv, helium path,
Four sets of 50 second counts were taken at 650, 66.850
(A1K o ) and 68°. This corresponded to over 2000 counts on
each of the background settings and sgbout 3000 counts on the
AlK« peak. The mean background was subtracted from the peak
$o obtain peak height in counts. The x-ray Al,0z values for
the standards, obtained from a least squares fit of pesak
height and % Aly0z, are given in Table 6 with spectrophoto-
metric values. Due to other demands upon the machine, only
a few Alp0Oz determinations on "unknowns" were made at Harvard.

The Aly03 determinations were continued on equipment
in the Theoreticsl Division, Goddard Space Flight Centre.

The x;ray fluorescence unit was a General Electric, vacuum
instrument. Versatile as this wnit is, it is not well suited
to the study of powdered samples because of the angle at
which the samples are held and because of the jar occasioned
when the sample holder rotates into place. For this reason
emd on the advice of H. Rose and I. Adler, the tektite
gamples were briguetted as follows: 1. approximately 0.95
gm of sample was mixed with about 1 gm of powdered boric
acid, 2. the mixture was poured onto a 5 gm backing of
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boric acid, in a pressure mold of 1} in., diameter, 3. the
sample mixture and backing were brigquetted at 10,000 psi for
one minute.

A1203 was determined using the following operating con-
ditions: ochromium target, PET crystal, baseline voltage =2V,
window out, detector (flow proportional counter) voltage =
1.6 Kv, vacuum path. Plexiglass semple holders were used.
Three sets of 100 second counts were taken at 142.6° and
144 ,06° (AlK «). This corresponded to a total of about
7500 counts on the background and about 75,000 counts on the
41K « peak for each briquette. The samples sanalyzed for 41203z
at Harvard were used as stendards.

Si0, was determined employing the following operating
conditions: chromium target, PET crystal, baseline voltage =
2v, window out, detector voltage = 1.7 Kv, vacuum path., Three
sets of 100 second counts were made at 105° and 1120 and
three 20 seocond counts were made at 108.4°, the SiK e peak.
This corresponded to a total of about 3000 counts at 105°,
2400 counts at 1120, and 90,000 counts on the SiKe« peak for
each briquette. Some samples gave anomalous background
counts. Most of these anomalous sanples were run in the _
same semple holder (there were four sample holdersaltogether).
An empirical correction factor, equal to the average back-
ground count divided by the observed background count, was

applied to the peak counts in these cases. Samples, which
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had been analyzed for SiOy by the "rapid silicate" method
were used as standards. The x-rgy fluorescence values
(obtained from a least squares line of peak height vs. %
8102) and the "rapid silicate" values for the S5i0, content of
the standards are given I1n Table J.

Rb and Sr were determined on the North American Phillips
x-ray fluorescence unit at M.I.T. wnder the supervision of
Professor H,W. Fairbairn. Powdered samples were used. The
nylon sample holders were circular and abouﬁ 3 mm in depth.
The powders were packed by altermately tapping the sample
holder =amd smoothing the surface of the powder with a spa-
tula. Mylar sheets were used to retain the powders when the
sample holders were inverted for the analyses. X-ray oper-
ating conditions were as follows: molybdenum target, topaz
crystal, approximate baseline voltage = 6v, window = 8v,
geintillation counter, air path. Three sets of counts were
registered at 5 goniometer settings (corresponding to back-
ground, RbK « peak, background, SrKe¢ peak, and background).
A total of 6000 counts were taken at each of the background
gettings and a total of 12,000 counts were taken on both of
the peaks, for each sample. Background values (in counts
per second) under the peaks were obtained graphically; back-
grounds were subtracted from peaks to give peak heights in
counts per second. Each run on four samples included a

gtandard; +the Rb and Sr contents of the three "unknowns"
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were determined by comparison of peak heights with those of
the standard that was run with them. The standards used were
moldavites for which Rb and Sr contents had been (or were la-
ter) determined by mass spectrometric stable isotope dilution
analyses (see Schnetzler and Pinson, 1964b). Initially, all
of the samples were run using T 4575 as the stendard. S8ix of
the samples were run twice. In Table 8 the Rb and Sr contents
and the Rb/Sr ratios determined by x-ray fluorescence by the
method deseribed sbove, for three samples, are compared with
isotope dilution values that were subsequently obtained on the
same samples. All of the samples were rerun using all four
standards; samples were run with the standard having a Rb/Sr

ratic closest to their own.

Z.3 Precigion and Accuracy

Precision is a measure of the reproducibility of an ana-
lytical method. It indicates the spread in the results of re-

plicate analyses. Precision in this thesis is expressed as

follows:
T - yELéf;__ ,the standard deviation of a single
n-\ analysis,
¢ =——§£;—~(\00) ythe relative deviation of a single
X analysis,
T - —;%ifif_- 4 ,the stendard deviation of the mean
J nln-1

and, [ ,_;gé—__(\oo) ,the relative deviation of the mean
X
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where d is the difference between a determined value x and
the mean value, X, of all determinations, and n is the number
of determinations.

Accuracy is a measure of the agreement of a determined
value with the true value. Accuracy is this work is eval-
ugted in terms of the accepted values for the rock standards
G-1 and W-1 (Fairbairn, 1953; Stevens and Niles, 1960;
Fleischer and Stevens, 1962). These accepted values are
the means of analytical results obtained by different and
reliable methods in several laboratories.

The precision and accuracy of chemical analysis of sil-
icate rocks has been discussed by Fairbairn (1953), Ahrens
(1957), and others. It has been clearly demonstrated that
the relative deviation (c) increasses with decreasing concen-
tration of the constituent (as shown by the log-log plot of
Ahrens, 1957). Mercy (1956) discussed the accuracy and pre-
cision of the "rapid silicate" method of analysis (Shapiro
and Brannock). The "rapid silicate" procedures have been
improved for many elements since Mercy's criticism, but it
is unlikely that the deviations reported have been greatly
altered for most elements.

In thie investigation only a few determinations were
made for any particular element in each of the moldavite
gsemples. For this reason it is not possible to obtain stat-

istically significant expressions for precision from the tek-
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tite data although some idea may be obtained from a compar-
ison of the duplicate amalyses reported in Table 9. A more
meaningful expression of analytical precision is derived
from the results of replicate analyses of the rock standards
G-1 and W-1l which were prepared and run with the tektites.
Results of the analyses of G-1 and W-1 are given in Tables 2
and 3, respectively. The accepted values for the monitors
are taken from Fleischer and Stevens (1962). The precision
of the analyses of G-1 and W-1 is given in Table 4. The
precision and the accuracy of the tektite emnalyses are be-
lieved to be as good (for comparable concentrations) as
those of the analyses of G-1 and W-1, if not better, becsguse
of the ease with which tektite glass goes into solution.

The x~-ray fluorescence gnalyses of amphibolite rock
powders for FPe, Ca, Mg, K, T1i and Mn by Chodos and Engel
(1961) had a precision and accuracy comparable to that of
routine chemical esnalyses. However, Chodos end Engel found
Si to be accurate only within 3 - 5% of the amowmt present,
gnd Al only within 5 - 10% of the amount present; +this
was attributed to the matrix affect =smd it was suggested that
this problem could be allevigted through the utilization of
the borax fusion method of sample preparation proposed by
Claisse (1956). The fusion technique has been improved by
Rose gt al (1963), who have analyzed a wide veriety of rock
types by x-rgy fluorescence and obtained results of a quality
that compares favorably with the quality of routine chemical
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enalyses. Welday et al (1964) have also performed x-ray
fluorescence analyses of high quality, using the fusion
technique.
Tektites, however, are the result of a natural fu-
sion process an@ in addition the chemical variations
within individual tektites and between tektites from the
same group are relatively limited. It was therefore de-
cided to forego the fusion technique of sample preparation.
Schnetzler and Pinson (1964a) determined Alp03 in tektite
powders by x;-ray fluorescence with a precision of I 2%,
The A1203 determinations made on powders by the author are
believed to be of comparable precision. Comparisons of x=-
ray fluorescence powder gnalyses and "rapid silicate" ana-
lyses are given in Table 5 for K and in Table 6 for A1203.
The x-rgy fluorescenoce analyses performed on the bri-
quetted samples were of somewhat poorer quality than the pow-
der determinations. Results obtained on four brigquettes man-
ufactured from the same sample were in good agreement for
all elements. The poorer quality of the briquette analyses
can only be attributed to differences in grain size between
the different samples. The grain size affect was exaggerated
by the briguetting procedure; this was demonstrated by ana-
lyzing three powders of different grain size which were obta-
ined from the same sample, and then briquetting the three
fractions and resmalyzing them. This affect would have been
eliminated had the fusion method of sample preparation been
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Table 2 Analyses of G-1 on separate weighing

1 2 3 4 5 6 Average  Accepted
value

8105 73.27 72.37 71.98 71.66 72.14 72.52 72.32 72.41
Mg0 0.24 0.22 0.39 0.20 0.22 0.28 0.26 0.41
Ca0 1.44 1.45 1.22 1.47 1.48 1.41 1.41 1.39
Nan0 2.34 3.32 3.23 2.24 3.33 3.32 3.31 3.32
K0 5.60 5.45 5.63 5.57 5.49 5.48 5.53 5.45
Ti0, 0.23 0.24 0.25 0.24 0.24 0.24 0.24 0.26
Total Fe
as Fe0 1.72 1.81 1.72 1.75 1.71 1.75 1.74 1.76
FeO 0.98 0.98 0.97 1.01 0.98 0.98 0.98 0.98 0.98 0.98 0.98
Feqo03 0.85 0.87

G2



Table 3 Analyses of W-1 on separate weighings.

1 2 3 4 5 6 Average Accepted
Value

Mg0 6.45 6.37 6.31 6.54 6.50 6.63 6.47 6.62
Cal 10.93 10.91 10.90 10.84 10.95 10.76 10.88 10.96
Na,0 2.07 2,16 2.19 2.17 2.16 2.02 2.13 2.07
K0 0.65 0.64 0.64 0.66 0.66 0.64 0.65 0.64
Ti0o 1.09 1.09 1.09 1.08 1.08 1.07 1.08 1.07
Total Fe '
as Fe0 9.94 10.05 9.97 9.91 9.90 9.87 9.94 10.01
Fe0 8463 8.63 8.71 8.56 8.74 8.45 8.62 8.74
Fey03 1l.46 l.41

S¢
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Table 4 Precision of the analyses of G-1 and W-1

X n 7 T T C
G-1
5§10, 72.32 6 0.23 0.31 0.55 0.77
Al203 14,32 4 0.10 0.68 0.19 1.36
Total Fe
as Fel 1.74 6 0.02 0.90 0.04 2.21
Mg0 0.26 6 0.03 11.20 0.07 27.40
Ca0 1.41 6 0.04 2.79 0.10 6.82
Na,0 3.31 6 0.02 0.53 0.04 1.29
K,0 5.54 6 0.03 0.52 0.07 1.27
Ti0, 0.24 6 0.003 1.24 0.007 3.02
Fel 0.98 9 0.004 0.38 0.01 1.14
Fey03 0.85
W-1
g;t;iﬁFe 9.94 6 0.03 0.26 0.06 0.64
MzO 6.47 6 0.05 0.73 0.12 1.79
Cal 10.88 6 0.03 0.26 0.07 0.64
Nas 0 2.13 6 0.03 1.29 0.07 3.17
K,0 0.65 6 0.004 0.63 0.01 1.54
Ti0o 1.08 6 0.003 0.32 0.008 0.78
FeO 8.62 6 0.04 0.50 0.11 1.22

F6203 1.46
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Table 5 K analyses by x-rgy fluorescence and by flame

photometry.
M.1.7. K% T lame X% X-ray
Sample No, photometry fluorescence
5296a 3.02 2.98
"D 3.10 3.15
" 3.08 3.01
" d 2.86 2.91
" e 3.04 2.99
" f 3.05 3.13
5309 2.89 2.90
5310 3.00 3.00
5311 2.98 3.04
5312 3.11 3.09
5313 3.10 3.02
5314 2.97 5.00
5315 3.03 3.00
5316 3.08 3.05
5317 2.86 2.85
5318 3.03 3.05
5319 3.05 3.03
5320 3.06 2.99
5321 2.88 3.01
5322 2.96 3.03
5323 2.71 2.73
5324 3.16 3.09

5325 2.93 2.97
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Tagble 6 Algoé analyses by x-ray Iluorescence snd by spectro-
i

photonmetry.
M.I.T. % A1,0 %AI;0z X-ray
Sample No. _ spectranﬁo?omatry fluorefcence
24575 10.99 11.07
T4570 9.70 9.71
T4572 10.36 10.30
T4571 10.42 10.47
74575 10.99 10.91

Table 7 8410, analyses by x-ray fluorescence and by spectro-

pho%ometry.

M,I1.T. ¥ 8510 % 510y X-ray
Sanmple No, srectronhgtometry flucrescence
5310 78.51 78.23
5314 80.62 \ 380.92
5317 77.09 76.58
5322 79.38 79.29

5324 76.72 76.12
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employed. The results of the briquette amalyses were, how-
ever, acceptable. A comparision of the x-ray fluorescence
briquette analyses and the "rapid silicate" enalyses for SiO,

is given in Table 7.
The accuracy of the major element x-ray fluorescence

determinations depends upon the accuracy of the determina-
tions of the standards, which were analyzed by the "rapid
silicagte" method. Comparison of the determined values with
the acoepted values for the anaglytical monitors G-l and W-1
(Tables 2 and 3) indicates an accurscy which is comparable
to that reported for "rapid silicate" analysis in the liter-
ature. Direct evidence of the overall accuracy of the mol-
\davite analyses reported in Table 9 is given by the fact that
gummations of the constituent oxides fall between 99% and
101% for 20 out of the 23 semples analyzed; it should be
noted that only the Ca0 and the Mg0 and the FeO and Fe,0,
determinations are dependent.

The Bb x-ray fluorescence analyses of moldavites have a
precision (c) of about £24; the Sr x-ray enalyses have a
precision of sbout Tt 3%, These conclusions are based upon
numerous replicate analyses of G-1 and W-1 by Professor
H. W. Pairbairn (M.I.T., 1964, unpublishéd).

The precision of the x-ray fluorescence analyses is about

the seme as that of the mass speoctrometric stable isotope di-

lution snalyses, based on the results of memy investigators
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in the M.I.T. Geochronology Laboratory. X-ray fluorescence
values for Rb, Sr and the Rb/Sr ratio, standsrdized with
T 4575, and isotope dilution values for the same samples are

reported in Tgble 8.
The accuracy of the x-ray fluorescence analyses for Rb

and Sr depends upon the accuracy of the mass spectrometrie
determinations of Rb and Sr in the standard moldavites. re-
sults obtained on G-1 and W-1 in the M.I.T. Geochronology
Laboratory, when compared with results obtained by wvarious
methods of enalysis (Fleischer amd Stevens, 1962), suggest
sn accuracy of better than t 54 for the mass spectrometric
determinations of Rb and Sr.

A conservative estimaste of the overall precision (e) of
the enalyses is es follows: S10,, *1%;  Aly05, * 2%;
7i0,, * 3%; *Mg0, t5%; Ca0, *4%; Na,0, T 15%;

2
K,0, £24; total Fe as FeO, *2%; Rb,X2%; Sr,*3%.

Tgble 8 Rb and Sr snalyses by x-ray fluorescence and by
mass spectrometry (in ppm by weight).

W.I.F., Hb Rb ST Sr ®b /ST Rb/Sr

Semple No, I.D. _X=-Tray I.D, X-ray I.D. X-ray
4575 136 - 143 - 0.95 -
5310 146 139 151 139 0.97 1.00
5317 121 122 - 147 - 0.85

5324 160 161 133 136 1.20 1.19



3.4 Resulis
The results of the chemical analyses of 17 Bohemian and

6 Moravian moldavites are given in Table 9, The analyses are
listed by ocourrence from west to east in the strewn fields.
The columns designated A and B represent analyses of dupli-
cate solutions B (see "rapid silicate" procedures). The
major element contents are reported in Table 9 as % of the
oxides; s summation of the results is included. Also repor-
ted are the total Fe contents, as %4 FeO, and the contents of
Rb and Sr in parts per million. TiO2 analyses are given.

MnO and P205 analyses are not given because the former con=-
gtituent was not determined and the P205 analyses proved to
be of poor quality; the 15 samples analyzed for ons gave
results ranging from 0.00 to 0,06 with a mean P,05 content of
0.03.

The values reported in Table 9 for the various constitu-
ents show the following ranges: SiOp, 75.5 - 80.6; A1203,
9.62 - 12,643 Ti0p, 0.268 - 0.460; Tey0x, 0.12 - 0.31;

Fe0, 1l.42 - 2,36; Mg0O, 1.13 - 2.50; Ca0, 1.46 - 3.71;
Na,0, 0.31 - 0.67; K50, 3.26 - 3.81; total Fe as FeO, 1.53 -
2.61; Rb, 120 - 160 ppm; Sr, 130 - 156 ppm.

The ranges given in the literature (Barmes, 1940;
Schnetzler and Pinson, 1963, 1964a, 1964b; Bouska and Povon-
fra, 1964) for the individual constituents are as follows:

$i0,, 75.0 - 84.5; Al,0z, 7.79 = 13.80; Tioz, 0.22 - 1.40;



Table 9 Analytical Results

A . %2968 Avg. A . %Qgeb Avg. A . %2965 Avg.
S10, 79.2 77.3 76.7
A1203 10.93 10.89 11.28
T1i0, 0.305 0.309 0.307 | 0.335 0.336 0.336 | 0.336 0.328 0.331
Fep0z 0.16 0.31 0.20
Fe0 1.54 1.63 1.73
MgO 1.51 1.45 1.48 2.06 2.12 2.09 2.03 1.95 1.99
Cal 2.04 2.01 2.02 2.91 2.90 2.91 2.71 2.86 2.79
NaZO 0.51 0.50 0.51 0.52 0.51 0.51 0.62 0.64 0.63
K50 3.69 3.59 3.64 3.74 3.74 3.74 3.68 3.74 3.71
Total 99.79 99.72 99.36
igt;éaFe 1.71 1.66 1.68 1.92 1.90 1.91 1.92 1.90 1.91
Rb ppm 148 146 144
Sr ppm 133 156 142

ce



Table 9 continued

T 52964 T 5206e T 5296f

J\ %%L* ivg. A "%' ive.
$105 75.7% 78.4 75.5
41,03 11.04 10.76 11.12
T102 0.314 0.301 0.305 0.303 ’ 0.316 0.3209 0.313
F6203 0.28 0.12 0.29
FeO 1.47 1.62 1.50
Mg0 2.50 2.17 2.09 2.13 2.19 2.21 2.20
Ca0 3.58 %.28 3.26 3.27 3.41 3.39 3.40
Razﬁ 0.45 0.45 0.45 0.45 0.48 0.49 0.48
KQO 3.44 3.65 3.68 3.66 3.607 3.70 3.68
Total 98.77 100.71 98 .48
Total Fe
as Fel 1.72 1.74 1.72 1.73 1.76 1.77 1.76
Rb ppm 120 136 140
Br ppm 140 148 144

123



Table 9 continued

T 5309 T 5310 T 5311

A % Avg. A g Avg. A B Avg.
510, 79.6 78.5% 78.6
A3_203 10.73 10.54 10.77
Ti0, 0.303 0.296 0.300 | 0.295 0.293 0.294 0.310 0.304 0.307
Fe203 0.18 0.21 0.26
Fel 1.46 1.46 1.46
Mg0 1.94 1.85 1.90 1.58 1.57 1.58 1.72 1.61 1.66
Cal 2.80 2.76 2.78 2.66 2.63 2.64 2.36 2.35 2.35
Na20 0.38 0.37 0.37 0.42 0.41 0.41 0.43 0.42 0.42
K50 3.40 3.56 3.48 | 3.59 3.65 3.62 | 3.59 3.59 3.59
Total 100.80 99.25 99.42
Total Fe
as FeO 1.64 1.61 1.62 1.65 1.65 1.65 1.68 1.69 1.69
Eb ppm 131 139 138
Sr ppm 138 139 134

ag



Table 9 continued

T 5312 T 5313 T 5314

A B - Avg. A B Avg. A B Avg.
8i0, 77.6 78.4 80.6%
A1203 11.13 10.30 10.09
Ti0, 0.334 0.328 0.331| 0.300 0.300 0.300 | 0.304 0.286 0.295
Fe203 0.21 0.13 0.12
FeO 1.75 1.63 1.42
MgO 2.11 2.09 2.10 1.95 1.85 1.90 1.44 1.32 1.38
Cal 3.15 3.10 3.12 3.06 32.10 3.07 2.00 2.00 2.00
N820 0.51 0.51 0.51 0.45 0.46 0.45 0.44 0.45 0.45
K>0 3.77 3.73 3.75 3.74 3.73 3.74 3.55 3.61 3.58
Total 100.50 99.92 99.94
Total Fe
as FeO 1.94 1.94 1.94 1.75 1.76 1.75 1.52 1.53 1.53
Rb ppm 141 140 145
Sr ppm 146 144 130

9¢



Table 9 continued

- Tﬂ%§1§ = T_%}lé T 5317

g, A Avg. A B Avg.
§5i0o 77.0 79.55 T7.1%
Al504 10.28 9.94 10.43
T1i0, 0.289 0.285 0.287 | 0.293 0.279 0.286 | 0.285 0.284 0.285
Feg0z 0.16 0.13 0.14
Fe0 1.49 1.55 1.49
MgO 2.20 2.19 2.19 1.60 1.67 1.63 2.24 2.41 2,33
Cal 3.51 3.50 3.50 2.16 2.17 2.16 3.74 3.64 3.69
Na,0 0.34 0.36 0.35 0.52 0.49 0.50 0.29 0.33 0.31
E,0 3.63 3.66 3.65 3.69 3.72 3.71 3.37 3.51 .44
Total 98.91 99.46 99.22
Total Fe
as Fe0 1.65 1.62 1.63 1.67 1.66 1.67 1.62 1.62 1.62
Rb ppm 129 149 121*
Sr ppm 147 139 147

Le



Table 9 continued

T 5318 T 5319 T 5320

A B Avg. A B Avg. A B Avg.
810, 78.4 80.3 79.8
Alp0z 10.11 9.62 11.04
710, 0.266 0.269 0.268 | 0.278 0.289 0.284 || 0.403 0.401 0.402
Fe,03 0.18 0.20 0.26
Fel 1.50 1.49 2.03
Mg0 2,12 2.12 2.12 1.55 1.58 1.57 1.21 1.27 1.24
Ca0 3.75 3.68 3.71 2.51 2.54 2.52 1.61 1.53 1.57
Na,0 0.39 0.38 0.38 0.43 0.41 0.42 0.60 0.61 0.60
K50 3.65 %.66 3.65 3.68 3.67 %3.68 3.68 3.69 3.69
Total 100.32 100.08 100.63
Total Fe
as FeO 1.66 1.66 1.66 1.66 1.67 1.67 2.27 2.25 2.26
Rb ppm 135 150 148
Sr ppm 147 133 134

8%



Table 9 continued

T 5321 T 5322 T 5323

A %Z Avg. A B Avg. A B Avg,
810, 80.2 79.4% 78.8
A1203 11.02 11.24 10.99
TiOz 0.342 0.331 0.337 | 0.363 0.364 0.364 | 0.326 0.326 0.326
Pe,04 0.14 0.16 0.17
FeO 1.64 1.83 1.60
Mg0 1.23 1.27 1.25 | 1.39 1.26 1.33 1.56 1.65 1.61
Ca0 1.72 1.65 1.68 1.47 1.54 1.50 2.47 2.45 2.46
Na,0 0.52 0.53 0.53 0.52 0.54 0.53 0.40 0.38 0.39
E,0 3.45 3,49 3,47 3.60 3.54 3.57 3,27 3.26 3.26
Total 100.27 99.92 99.61
Total Fe
as Fel 1.77 1.77 1.77 1.96 1.98 1.97 1.75 1.75 1.75
Rb ppm 138 142 122
Sr ppm 135 137 146

34



Tsble 9 continued

T 5224 T 5325

A B Avg. A B Avg.
10, 76.7% 80.0
K150 12.64 11.43
Tiog 0.465 0.455 0.460| 0.362 0.359 0.361
Fe,03 0.28 0.23
FeO 2.36 1.71
HgO 1.17 1.14 1.15 1.13 1.13 1.13
Cal 1.55 1.59 1.57 1.46 1.47 1.46
Na,0 0.67 0.67 0.67 | 0.57 0.60 0.58
K50 3.78  3.85 3.81 | 3.46  3.58 3.53
Total 99.64 100.43
igtsééFe 2.61 2.61 2.61 1.83 1.91 1.92
Rb ppm 160" 149
Sr ppm 133" 134

*gpectrophotometric de-
terminetion of Si02

“mass spectrometric
isotope dilution ana-
lysis by Professors
W. H. Pinson, Jr., and
H. W. Fairbaim.

Note: Tektites 5296a~
are from Bohenisa,
T 5320 -~ 5325 are from
¥Moravia. Locations are
given in Table 1.
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Fe203, 0.10 - 0.54; TFe0, 0.98 - 3.36; Mg0, 0.98 - 2.74;
0a0, 0.95 - 3.81; Nay0, 0.20 - 2.43; K50, 2.20 - 3,763

Rb, 130 - 1000 ppm; Sr, 80 - 1000 ppm. (This data is based
upon a total of 35 complete and partial analyses of molda-
vites).

It is apparent that the analyses of the 23 moldavites in-
vestigated in the present study fall within the ranges repor-
ted in the literature exceot for ome K50 and four Rb analyses.
The K20 enalyses all fall in the upper region of the reported
renge. Schnetzler (unpublished, 1964) has recently determined
the Rb and the Sr contents of five moldavites by mass speetro-
netry and found ranges of 96 -148 and 124 - 132 respectively.
It would seem thet determinations of Rb and Sr by methods
other than mass spectrometry or x-ray fluorescence are some-
what unrelisble. The upper limits given in the literature
for the Nap0 and Tioz contents are probably too high. The
ranges in the values of Mg0O and Ca0 are very similar in both

sets of data.
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CHAPTER 4
ELECTRON MICROPROBE STUDIES

Tektites are composed of glass. The heterogeneity of
tektite glass has been discussed by meny investigators and a
summary has been given by Chao (1963). Different tektites
from the same geographical group exhibit small but measursble
differences in chemical composition., In addition, the com-
position of the glass varies within individusl tektites. Some
of this internal variation may be ascribed to the presence of
lechatelierite, which was first identified in tektites by
Barnes (1940), end of other highly siliceous inclusions. The
matrix glass surrounding these inclusions is alsgso of varia-
ble composition; +this is indicated by the omnipresent flow
structure of tektites.

Almost all studies of chemical variations within tektites
have been based on refrective index determinations. The re-
fractive index of a gless is a direct function of composition.
The exact nature of a change in composition cannot, however,
be determined by measurements of refractive index. TFor this
reason 1t was decided to obtain electron microprobe gstudies
of tektites. The only other microprobe study kmown to the au-
thor is by I. Adler and E. J. Dwornik (unpublished, dbut re-
ported in Chao,1963, p. 60) who showed that the siliceous in-
clusions in an indochinite specimen were pure 8102.

The work was performed for the author on ARL (Aoplied
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Research Laboratories Inc.) electron microprobesat the
Hoffman Laboratory, Harvard, and at the Goddard Space Flight
Centre; +the respective operators were Cormnelius Klein and
Frank Wood. &4 polished section and a polished thin section
of T 5320, and 2 polished section of T 5322 were used in the
analyses. These tektites were selected because they dis=-
rleyed the most obvioug flow structure. Both are Morgvian.
Corning glass standards 191 AIK and 191 ATA were used. How=-
ever, the results obtained by "rapid silicate" gnalysis of
these standards by the author did not agree for all constit-
uents with the reported values (Appendix A). In sdditionm,
microprobe analyses of the standards indicated some hetero-
geneity. TFor these reasons the probe analyses were calcu-
lated in terms of the chemical compositions determined by
the author for the samples. Mieroprobe tracks were run along
and across the flow structure. Various steps from 5# to
500 were used, amnd 30 sec. or 100 sec. coumts were taken
at each step. Six elements, in grouss of three, were deter~
mined., Some tracks were repeated so that dats on gll six
elements were obtained along the same track.

Variations in the concentrations of all six constituents
were observed. The following variations, given as % spread
(ie. ig;ﬁaga — x 100)» Were common: S5iO,, 6%; A1203, 20%;
total Fe as FeD, 20%; Ca0, 25%; Mg0, 25%; K,0, 8%. These

variations were observed across the flow gtructure ard re-
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peated themselves at intervals of about 100 to 200, . The
variations are thought to be real on the basis of the follow-
ing congiderations: 1. all of the Mg0 and s considerable
part of the A1203 variations might have been due to analyti-
cal error, whereas the variations of the other consituents
are believed to be greater then those arising from this
error. (Mstrument drift is not thought to have been g
contributing factor because of the short distances and ocor-
respondingly short analysis periods over which the variations
oocurred); 2. traces along the flow structure did not show
similar variations; 3. the fluctuation cycle seened to be
independent of the step-distance used; and 4,, certain cor-
relations were evident among the constituents.

It is interesting to note that the variation of K20 is
less than that of total iron in terms of FeO which in tum
is less than the variation observed for Ca0. This sare
situation holds when variations of chemicsgl constituents be-~
tween moldevites are considered (Chapter 5).  The »robte
analyses showed a clear inverse relstionshkip between 8102 and
A1203.
8102 and the other constituents although in one trace 510,

A weaker inverse relationship was observed between

and K20 were positively correlated. Seversl lechatelierite
particles were identified and proved to be pure Si0r. One
of the lechstelierite inclusions measured 130u across and

was surrounded by a trensition zone of about 69* . (Phe
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microprobe analysis area was less than 3p in diameter.)

It is oonocluded that real variations in chemical com-
position occur over distances of 50 or more within indi-
vidual tektites. These variations appear to be comparable in
anount and direction to differences in bulk chemicsal com~
position between tektites. The flow structure is thought to
be a physical manifestation of the observed chemical var-
iations. These conclusionc are tentative because of the
nreliminary nature of the investigation. It is plammed to

continue this work.
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CHAPTER 5
DISCUSSION OF RESUITS. THEORIES OF ORIGIN

The results reported in Teble 9 indicate varigtions in
all constituents. Before these results can be discussed it
is necessary to determine whether these varistions are resl
or are merely manifestations of analytical error. In Table
10 conservative estimates of anaglytical precision, in terms
of the relative deviation of a single analysis (¢), are
given glongside the observed scatter of the moldavite re-
sults, expressed in terms of the same function ¢. It is
evident that the observed scatter is greater than the ana-
lytical error for all constituents, and indeed is consider-
ably greater for most constituents. It is therefore con-
cluded that real differences in chemical composition do

exist between the moldavites snalyzed in this investigation.

5.1 Variabtions in chemical qgmgosition within and between
the Bohemian and Moravian "strewn fields

Cohen (1963), after examining 8 complete chemical ana-

lyses of moldavites, suggested that the 510, contents of
moldavites decrease as the sample localitles trend eastward
across the strewn fields and that the other constituents in-
crease roughly with decreasing 5i0o. Cohen also determined
Ga, Ge, Ni, Fe and refractive index in 18 moldavites; he
concluded that 1. the Ga/Ge ratios and the Ga and the Ge con-

tents showed no trend, 2. refractive index increased
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Table 10 Compsrison of observed spread and analytical

precision
Spread of Analytical
moldavite precision
analyses
C c

810, £ 2% %

110, 13 3

Total Fe

as Fe0 13 2

Mgo 23 5

Cal 29 4

Nas0 19 15

K>0 4 2

Rb 7 2

Sr 4 3



48

roughly from west to east and the higher refractive indexes
of the Morgvian ssmples indicated higher Fe, Mn and Ti con-
tents in these tektites than in those from Bohemia, 3. Ni
end the Ni/Fe ratio increased eastward. Cohen (1963) recog-
nized the need for systematic chemical analyses of tektites
from many sites before definite trends could be eatablished,

Bouska and Povondra (1964) report chemical analyses of
14 moldavites; +these analyses support Oohen's sugggstion
that 510, content of the Moravien samples is lower than
that of the Bohemian samples. However, Chapman et al (1964)
determined the specific gravities of 37 Moravian tektites
and of 108 samples from H&b§i, Bohemiaj; they found that the
Moravian tektites had a lower average specific gravity than
that of the Hab¥i tektites and concluded that Moravian tek-
tites have higher average SiOo contents. The specific gra-
vity results obtained by the author (Table 1) tend to con-
firm the findings of Chapman et al+ The evidence of the spe-
cific gravity results was later corroborated by determina-
tions of 510, contents. The average SiO, content of the
Moravian samples studied by the author is higher than that of
the Bohemian sagmples.

The analytical data presented in Table 9 for the 23
moldavites (17 samples from 8 locations in Bohemia, 6 samples
from 4 locations in Moravia) lead to the following conclusions
concerning the differences in chemiocal composition betwsen

the Bohemian and the Moravian samples and the trends which
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appear in the Bohemian strewn field. The Moravian tektites
have higher average contents of 8102, A1263, Tioz, Fe0 and
Na,0 then do the Bohemisn tektites. The Moravian tektites
have lower average contents of Mg0O, Ca0 and Sr than do the
Bohemian textites. The major distinction between samples
from the two strewn fields is that Moravian tektites have
high and variable Fel and Tioz contents, with low and con-
stant MgO, Ca0 and Sr, whereas Bohemian tektites have high
and variable alkaline earth contents, with low and constant
FeO and Ti0,. This distinction is brought out graphically
in Figure 1 for the pair Cal0 - FeO. The only constituent
that shows an apparent trend within the Bohemian strewn
figld is Tiﬂzg Tiozcontents decrease roughly as the local~
ities trend eastward. The Nay,0/K,0 and Na /Rb ratios decrease
eastwards. Mg0/Ca0 also shows a weak eastward decrease. I%
is of some interest to note that all three of these ratios
are higher in tektites from the Moravian strewn field which
lies to the east, than they sre in tektites from Bohemia.
The specific gravities of the 17 Bohemian tektites showed no
regiongl trend.

Germene to the subject of trends in composition within
the moldavite strewn fields ig the statistical study of Faul
and Boudka (1963); this study demonstrated that although
tektites of certain colours are mére common in some areas

than others, tektites of all colours can be found in most
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localities. Similarly, Chapman gt al (1964) found a wide
range of specific gravities for gsamples from Hebri. It is
therefore apparent that considerable differences in composi-
tion exist between samples from the same locality. This is
supported by the chemical data given in Table 9 (eg. for the
eight samples from Thenice and for the three samples from
Dukoveny). In addition, the electron microprobe results in-
dicate considerable variagtions in chemical composition within
individual moldavites. These variations in composition are
also suggested by variations in refractive index across indi-
vidual moldavites, as noted by Cohen (1963) and the author.
It is concluded thgt, 1. differences in ohemical com-
position exist between the average Bohemian and the average
Moravian tektites, 2. the overall similarity between tektites
from the two groups suggests that a common origin is highly
probable, and, 3. regional compositional trends within both

gstrewn fields are vague or non existant, and hence of dubious

significance.

5.2 Correlstions

Taylor, in a series of excellent papers concerning the
chemical composition of australites (1960, et g1 1961, 1962),
has discussed the relationships that exist between the var-
ious constituents. An attempt was made to treat the moldavite

data obtained in this investigation in a similar manner.
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Correlation coefficients (r) and levels of sig-
nificence, for various pairs of constituents in
roldgvites.

¥oravia Bohemia Combined dats
r gigni- r signi~ r gigni-
ficance ficance ficance

N&20~K20

+0.96 1% +0.63 K14 +0.47 (5%

Na,0-}b +0.99 (0.1 +0.61 (1 +0.73 <0.1
K,0-Rb +0.94 (1 +0.75 0.1 +0.72 <0.1
Mg0-Cal +0.91 1 +0.81 <0.1 40.96 <0.1
Mg0-Sr +0.98 0.1 +0.72  <0.1 - - *
Cal-3r +0.91 1 +0.56 <5 - - %
§i0p-A1503 not significant -0.65 <1 - -%
510, -Hg0 -0.93 (" -0.83 0.1 -0.88 <0.17

FeO -Ti0,

Fe0*-Nas0

151'82 0-Ceal
BEb-Ca0
Eb-Sr

$0.99 0.1  +0.85 <0.1 +0.96 <0.1
$0.83 (5 $0.70 <1 40.79 <0.1

-0.91 1 not gignificant ~0.52 1
-0.83 (5 not significant -0.64 0.1
~0.83 <5 -0.73 <0.1 - ~%
~-0.90 & -0.50 «5' -0.61 <1*

* combined data not applicable

X mpotal Pe as Fel

' n=s16
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The correlation coefficients and levels of significance for
the associstions investigated are given in Table 11. The co-
efficient of correlation (Taylor, 1960; Moroney, 1956) is

glven by the equation: _
. 2lx —x)(‘(“()]_
[z (x =% 2 (y-1))

where X and y are the mean concentrations of the two consti-

tuents under consideration and x and y are the individual
concentrations. A coefficient of 0 indicates no correlation
(rendom distribution); a coefficient of +1 indicates a
perfect positive correlation; a coefficient of -1 indicates

a perfect negative (inverse) correlation. The significance

of a correlgtion was obtained from a graph of the Student's

+ function (Moroney, 1956). This function was calculated from

the equation

B r\j(“ ")
k J G-

where n is the number of determinations. Significance at
the 0.1% level means that there is one possgibility in a
thousand of the correlation arising fortuitously. Data for
the Morgvian tektites, the Bohemian tektites and for the
whole group of moldavites are presented separately in Table
11 because differences in correlations occur in many cases.
The alkali elements (Na, K & Rb) show a
significant positive correlation emongst themselves. The
relationship for the pair Nap0 - K,0 is demonstrated in
Figure 2. The alkaline earth elements (Mg, Ca & Sr) show a
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significant positive correlation amongst themselves. Figure
% demonstrates the relationship between the Mg0 and the Sr
contents of the 23 moldavites investigated. Sodium and
rubidium are inversely correlated with the alkaline earths.
This negative correlation is shown graphically in Figure 4
for the peir Rb~-Ca0. Potassium shows no significant corre-
lations with the alkaline earths.

310, shows good negative correlations with the alka-
line earths with Alp03 and with specific gravity. The al-
kaline earths, Al,03, and specific gravity, show positive
correlations amongst themselves of various significances.
810, and Aly0; do not have significent correlations with
Fe0 or the alkalis.

FeQ displays womewhat unexpeoted relationships with
other congtituents. Total Fe as FeO was used in the cal-
culations because the precision of the total Fe determina-
tions was better than the precision of the FeQ determinations.
FeQ and T10, contents show a highly significant positive
correlation, 4 positive correlstion exists between Fel
and NayO; the significance of this correlation is actually
higher thsn the values reported in Table 11 because the Fel
and Na,0 contenis plot along a curve; this is illustrated
in Figure 5. The FeO - Rb and Fe0 - K,0 relationships re-
gemble that of Fe0 - Nay0 for the Moravian tektites but for
the Bohemian tektites the relationships are nearly random.
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The relationships between Fe0 and the alkaline earths reveal

a distinet differencc between the Moravian and the Bohemian
tektites. The Morevian tektites have low and constant alkag~
line earth contents with variable Fe0, whereas the Bohemian
tektites have relatively constant Fe0O with the alkaline earths
varying over a wide range. Tigure 1 illustrates this point
for the palr Cal - Fel.

5.3 Yarigtion in chemical composition

Real differences in chemical composition exist between
tektites. Composition also varies within individual tek-
tites, as indicated by refractive index smnd electron micro-
probe studies (Chapter 4). These variations in chemical
composition reflect variations in the parent material and/or
differential changes in composition brought about during fu-
sion.

Taylor (1962), partly on the basis of significant in-
verse correlations of most constituents with 8105, concluded
that the australite parent material consisted of a mixture of
75% shale and 25% quartz. Such a mixture is not suggested
by the moldavite data because 510, is not inversely correla-
ted with the slkalis or with FeQ., In fact, the non-linear
correlations of certain pairs of constituents (eg. Fig. 5,
Na20 - Pe0; PFig. 1, Ca0 - FeO) cannot be explained in terms

of any two-phase mixing process, including the mixing of
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immiseible liquids. The data could be explained in terms of
a complicated mixing process but the significant correlations
between many pairs of constituents indicate that a simple
cauge was respongible for the observed variations in chemical
composition.

Igneous differentiation (fractionsl crystallization,
crystal separations, etc) has been suggested by some authors
(eg. Chao, 1963) as the cause of the varying concentrations
of some chemicszl constituents in tektites. There is, however,
no evidence for the erstwhile existence of crystalline
phagses in tektites, with the possible exception of 3102. In
addition, the small-scale variations in composition within
individual tektites are difficult to interpret in terms of
jgneous differentiation processes. Superfieially, the var-
iations in composition of the moldavites resemble the varia-
tions in acid igneous rock sequences. In guch sequences,
however, the alkalis have positive correlations with 510y, and
iron is positively correlated with the slkaline earths and with
A150%. These correlations are not displayed by the moldavites.
However, igneous differentiation of melts with moldavite com-
position (ie. about 80% $i0,) would not follow the normal
course. These melits would presumebly lie within the 3102
field and differentiation would occur by 8102 vhase separa-
tion., Products of this 510, subtraction would exhibit inverse

correlations of all constituents with SiOz. This i3 not the
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case for moldavites.

Many investigators have appealed to selective volat-
ilization in order to account for various feastures of the
chemical composition of tektites. The low alkali content
of tektites relative to the high Si0p content (Lovering,
1960; TLownman, 1962a), and thz positive correlations amocngst
the alkali elements (Chao, 1963) have been explained in terms
of this process. Barnes (1962, orsl communication, see
Chao, 1963, p. 53) suggested that the siliceous "finger®
inclusions in australites have undergone more volatilization
than the matrix glaess. The Ga/Ge ratios (Cohem, 1960) and
the Zn/Cu ratios (Greenland and Lovering, 1962) of tektites
have been interpreted on the basis of selective volatiliza-
tion. Greenland and ILovering (1962) suggested that the
positive correlation of mass and specific gravity for bedia-
sites and australites indicated changes in composition brought
about by volatilization. Taylor (1962), however, concluded
that there was no evidence of any substantial changes of this
nature for australites. Taylor (1962) also pointed out
that complete loss of glkalis from granitic material would
not appreciasbly affect the concentrations of most of the other
congtituents. The constancy of alkali contents in South East
Agian tektites other than australites indicated a leck of
selective volatilization to Schnetzler and Pinson (1964a).

Direct evidence of limited selective volatilization is given
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by the flanged australites. The flanges were found to have
higher Ga/Ge ratios (Cohen, 1960) end 810, contents (Bzker,
1959) and lower alkali conterts (Taylor, 1961) then the cores.
Perhapa the best evidence of extensive changes of chenmical
composition by selective volatilization in tektitesc is the
discrenancy between the U-Pb and Bbh-Sr ages (8chnetzler and
Pinson, 1964b).

xperimentsl date concerning selective volatilization
sre meagre. Optical spectrograph studies of silicate mater-
ials (Lhrens and Taylor, 1961, ».82) have indicated the
Tollowing order of volatility, from most to least volatile:
alkalis > Si, Fe ) Mg > Al, alkaline earths. Iovering (1.960)
reseatedly fused granite in a soler furnace and observed a
slight depletion of alkelis and small inereases in alkaline
earth amd aluninum contents. Iovering concluded that exten-
sive changes could occur in large meteorite impacts.
Priedmen gt &l (1960) performed a similar experiment using a
variety of rock types and cobtained equivalent resulis.
Triedunan found that the melts did not approach tektites in
composition and concluded that tektites are probably similer
chemically to their parent materials wmless the naterials
were heated to very high temperatures. In a more extensive
investigation, the relative volatility from tekiite melts of
the oxides of Nz, X, Pe, Al and Si was determined as a function

of temperature, total pressure and oxygen fugacity (Walter



and Carron, 1964). The relative volatility of 3102 was

fownd to decrease with decreasing oxygen pressure. Surpric-
ingly enough, the alkalis were not gignificantly lost in rums
mede at atmospheric pressure (P02== 0.21 atn). Walter and
Carron suggested that the alkalis in tektites hmve been re-
duced to an equilibrium value by fractional volatilizetion.
This would nicely explain the low and constant alkali con-
tents of tektites.

In view of the failure of simple mixing or normel ig-
neous differentiation to satisfactorily explain the varia-
tions in chemical composition of the moldavites, it is sug-
gested that these variations are, in part at least, the re-
sult of selective volatilization.

In this connection, the Rb -~ Sr data on tektites are of
interest. The range of Sr87/8r86 ratios found within three
of the four geographic groups is very limited and for the
Czechoslovakian and South Bast Asian tektites wide varia-
tions in Rb/Sr ratios have been found (Schnetzler and Pinson,
1964b; Schnetzler and Pinson, 1965; Pinson, gt al, 1955;
this work). TFor example, eight out of nine 5187 /5286 ana-
lyses of moldavites fell within a range of 0.0011, which is
two standard deviations of a gingle enalysis (Pinson et al,
1965); REb/Sr ratios of moldavites range from 0.77(Schuetzler,
personal communication, 1964) to 1.20 (this work). No sym=-

pathetic variation of 5187 /5086 with Rb/Sr has been found



64

within the North American, Czechoslovakisn, or South East

Aslan tektite groups. On the basis of two samples, a sym-
pathetic variation apparently does exist among Ivory Coast
tektites (Schnetzler amnd Pinson, 1965).

The variable Rb/Sr ratios in conjunction with an almost
constant Sr87/8r86 ratio for the moldavites is a situation
that cannot have existed long. Recently, certainly within
the last 50 m.y., elther homogenization of 8r or fractionag~
tion of Rb &nd Sr, or both processes, must have occurred.
This event probably occurred between 30 and 15 m.y. (K-A
age of moldavites, Zahringer, 1963) ago. The most obvious
event that ocourred during this time period was the fusion
event itself. The simplest exélanation of the moldgvite
Rb-Sr data is thet the Rb/Sr ratio of the parent material was
changed from a c¢onstant value by selective volagtilization
during fusion. There are other possible explanations. The
Rb/8r ratios could reflect initial variations in the parent
naterial and the constant Sr8!/8r%¢ ratio could be inter-
preted gs due to homogenization or fractionation, Arguments
have, however, already been presented against the sedimentary
or normal igneous origin of the observed congtituent var-
iationg in moldavites., Fractionation of Sr during the
fusion event is very unlikely. Homogenization of Sr during
fusion 1s possible but then the survival of discrete
phases such as lechatelierite must be accoumted for and

there is no evidence to support a post fusion Si0p phase
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separation. If homogenization of Sr during the thermal e-
vent occurred, then the observed Rb/Sr ratios must be due to
fractional volatilization. ‘It is concluded that the most
attractive explameation of the moldsvite Rb-Sr data is the
assumption, 1. of a parent meterial with the same Rb/Sr
ratio throughout which accounts for the observed invari-
ance of Sr87/Sr86, and, 2. that the observed range of Rb/
Sr ratios in moldavites was caused by seleotive volatili-
zation during the thermal event dated by the K-4 age.

The question mext arises of how to interpret the mol-
davite data in terms of the proposed fraetionation process.
The loss of a particular constituent by volatilization de-
pends upon the breaking of chemical bonds, diffusion through
the melt, escape at the melt-vapor interface, and time.
Hence the loss will be a function of temperature, pressure,
partial pressures, concentration of the particular constit-
uent, bulk comﬁﬁsition, turbulence in the melt, time, etec.
The effects of these variasbles on vaporization of silicate
material are poorly understood at present. In sddition, onme
can only speculate upon the conditions wnder which tektites
were produced. Any suggestions as to the direction of
vapor fractionation in tektite material must therefore be
considered tentative. In light of the experimental data,
however, it seems probable that this process would decrease
the contents of the alkalis end increase the contents of the

alkaline earths during the initial stages.
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The moldavites show significant variations in the con-
centrations of the alkalis. It is assumed that those molda-~
vites with lower glkali contents have undergone more of the
gselective vaporizgtion process. The content of a particular
alkalil constituent could be used as an index of the extent of
the process' action. There is the possibility, however,
that some of the variation in concentration of the constit-
uent could be inherited from the parent materisl. For
instence, the addition or subtraction of 9510, from an other-
wise homogeneous material would not affect the weight ratio
of emny two other constituents but 1t would affect their
concentrations. A4 ratio of two constituents would therefore
serve as a hetter index of volatilization. The Rb/Sr ratio
was seleoted as the iIndex for the following reasons: 1. the
Rb/Sr ratio was probably the same throughout the parent
materigl as indicated by the wniformity of the 8r isotopic
compogition; 2. Rb and Sr are inversely correlated in
moldavites snd therefore their ratio shows nmuch variation;
3. TRb and Sr were determined separately from all other con-
stituents and therefore relationships between the Rb/Sr ra-
tio and other constituents cannot be due to analytical idio-~
syneracies; 4. the Rb/Sr ratio is thought to be as good
if not better +than the individual Rb and 3r determinations
with respect to precision and aceuracy. It is assumed that

the Rb/Sr ratio decreased during the fraotionation process.
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The following conclusions are based upon plots of Rb/Sr
ratios versus the contents of other comstituents. The Si0p
content of the Bohemisn tektites decreases with the Rb/Sr
ratio although the points are scattered, The Moravian tek-
tites in general display a smaller decrease in the Si0p
contents; T 5324, which has the higheszt Rb/Sr ratioc (1.20),
possesses lower 510, than the other five Horavian samples.
The A120§ contents ¢f the Bohenian teltites cnd of five of
the Moravian samples show no trend; T 5324 is considerably
higher than the other tektites with respect to beth the
Rb/Sr ratio and the A1203 content, Mg0, Ca0, and Sr contents
all show similar and very definite increases with decreasing
Rb/Sr. MgO is plotted in Figure 6. Total Fe 23 Fel varies
very little within the Boheuilcn samples; in the Morazvian
samples it decreases with theRdSr ratic until it attoins a
value similar to those of the Bohemian semples. These rela-
tionships for iron are demonsirated in Figure 7. MNay0, K2O,
and Rb decrease linearly with Rb/Ar for the zix Moravian
gamples, The Bohemian tektites show & scimilar significent
trend for Rb, a much weaker trend for Nay0, and no aprarent
trend for Xp0. EbH/Sr vs Nap0 is plotted in Fizure 8. BRb/Sr
vs. Specific gravity is plotted in Figure 9; this rlot is
alnost the reverse of 8102 plot and shows an increass in
gspecific gravity for Bohemian tektites with decreasing Rb/

Sr. Weight appeareé to be wmrelated to the Bb/Sr ratio.
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No relationship was observed between the Rb/Sr and Fe3*/
Felt ratios. NaQO/KZG end Nazo/Rb have significant positive
correlations with Rb/Sr for the Moravian tektites. NaQO/Kzo
has a similar trend for the Bohemism tektites, but with much
scatter. No trend is apparent for NaQO/Rb vs. Rb/Sr in the
Bohemian samples. The K/Rb ratios of both Bohemian end Mor-
avian sanples increase with decreasing Rb/Sr ratios. K/Rb vs.
Rb/Sr is plotted in Figure 10.

It is difficult to account for the relationships among
the chemical constituents of moldavites by means other than
selective volatilization. It might be argued that this
process has masked preexisting variastions. The author feels,
however, that such initial variations would involve the
addition or subtraction of 8102 and hence would be manifested
by inverse correlations of all constituents with 5i0,. The
inverse correlation of the slkalis and alkaline earths in
moldavites suggests that varistions ol 8102 in the parent
material of moldavites were very limited. Differences be-
tween the Bohemian and the Moravian tektites, with respect to
constituent veriations, probably reiflect different histories
during the therual event. The relative volatilities of the
chemical constituents, as indicated by the correlations,
were as follows, from most to least volatile: Nazo, kb, KQO,
Si0s5, AIEOB, 8r, Mg0, and Cal0. This order is in essential

agreement with the avallable experiuental evidence. The
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wmuswual relationships of total Fe as FeQ with other constit-
uents (see Fig. 1, Pig. 5, end FPig. 7) mey be interpreted in
terms of the volatility of iron. It is suggested that iron
was the most volatile constituent initially and was rapidly
lost in most of the noldavite material until an equilibrium
value of about 1.7% total Fe as Fel was attained snd that
thereafter the iron content did not change appreciably.

If it is agreed that the Rb/r ratio of the moldavite
parent material was the same throughout, =sud that the Rb/Sr
ratio was continuously lowered during the thermal ovent,
then it is possible to calculate the approzimate conpesition

d

of the moldavite parent materizl. 4£n inspeciion of Fig. 3
(MgC vs Sr) suggests that a reasonable estimete of the 3
content of the parent meterizgl iz 125 ppr. This in turn
suggests a MgO initial content of about 0.37., Frow the
correlations s=mong the various constituents 1t 1z npossible to
calculate the concentrztions of the other constitveat=z. It
is suggested that the parent naterizl of the noldavites wmay
have had approximetely the following comrosition: Sioz, 82%;
Al20%, 9%; T105, 0.5%; total Fe as FeO, 3%; Mg0O, 0.9%;
Ca0, 0.8%; Nep0, 0.7%; K,0, 4%; Rb, 160 ppm; S, 125 ppm;
Rb/Sr= 1.32. This composition wos calculated on the assump-
ticn that constituent concentrations varied in the ssme dire-

ction throughout the volatilization process. This assump-

tion nmay not be velid. TFor exsmrle, T 5324 has the highest
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Rb/Sr ratio (1.20) and might, therefore, be closest in com-
vogition to the parent material., T 5324, however, contains
T7% 810, and 12% 41,0,. This suggeste that S10, may have
gozc through o naximuw and 21,05 through 2 minium as Rb/Sr
decreased.

It is intercsting to svyeculate upon the nossidble effects
of selective volagtilizaotion on tektites from other geogra-
vhical groups. It has alreasdy been mentioned that Taylor
(1962) found in custralites eon inversze correlation of most
chemical constituents with Si0,. This was interpreted in
terme of o proposed 757 shale - 25% quartz parcert mixture.
Maylor ~ointed out that the observed relationshins were un-
like thogse of differentisted rock series. However, igneous
differentiation of melts with tektite compositions might
well *teke place by S102 phase separation. The sedimentary

g of ~ure S40, with a homogeneous vhase (shale), and
the igmeous process of subtracting Si0, from a homogeneous
rhase (melt), both yield »roducts with inverse correlations
betweon 3102 end 2ll other constituents. Moreover, the
addition or subtraction of 5§10, does not completely account
for the correlations Tgylor obtained. It does not account
for the varistions in constituent ratios (eg. K/Rb ratios
range from 210 to 235). In other words if the australites
truly reflected a mixture of quartz and homogeneous shale

then plots of any palr of constituents other then 5i0,

should give trend lines that extrapolate through the origin.
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This is not the case for all ocongtituents in the australites
and the deviations would seem to exceed those attributable
to analyticael error. For example Nap0 vs. K,0 gives am
intercept at about 1% K0, Perhaps the best way to ex-
plain these deviations is through the agency of selective
volatilizastion. It must then be wondered, in view of the
gignificant correlations that Taylor obtained, whether all
the varistions might not be due to selective volatilization,
Not all of the constituents in australites are inversely
oorrelated with $i0, (Taylor, 1962). Some of these are the
more volatile constituents. Taylor end Sachs (1964) pointed
out that the low concentration of elements such as Ga and Cu
in australites might be due to selective loss during melting.
Reduction of these elements to equilibrium concentrations
by volatilization might account for the laock of correlation
with S105. The lack of this correlation in the cases of Cal
and Sr, which are both relatively involatile, might be accoun-
ted for if Si0Oo were also involatile. The possibility of
8102 being involatile receives some support from the higher
S10, contents of australite flanges (Baker, 1959), the pre-
gence of siliceous "fingers" in australites, and from the
fusions by Walter smd Carron (1964) in oxygen poor environ-
ments. The positive correlation of 810, and Zr, and the
high concentration of Zr in australites, would then also

be nicely explained. The positive correlation of Fe~and
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8102 might also best be explained in terms of selective vo-

latilization,.
In conclusion, the variations in chemical composition of

the moldavites were probably caused by preferential volatili-
zation of constituents that ocourred during the high temper-
ature fusion event dated by the K-A asge. The parent mater-
ial of the moldavites was probgbly of wniform composition
throughout. In view of the overall similarity of tektites
from all geographic groups a common process of origin should
be considered. Several aspects of the agustralite date
(Taylor, 19623 Taylor and Sachs, 1964) that might best be
interpreted in terms of selective volatilizgtion have been
mentioned. However, the asustralites amnd the bedlasites
(Chao, 1963) do not show clear relationships between the Rb/
Sr ratios and the contents of other constituents and there-

fore cannot be treated in the same manner as the moldavites.

5.4 Nature of the parent material
The chemical composition of tektites reflect the com-

positions of the parent materials and any changes in compo-

sition that occurred during fusionm.

Numerous suggestions have been made as to the nature
of the parent material. The compositions of tektites have
matched with those of the following sedimentsry materials:
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soil (Preuss, 1935; Schwarcz, 1962; Taylor, 1962), sedi-
mentary rocks (Barnes, 1940; Urey, 1958), "three parts
shale - one part quartz® rock (Taylor, 1962). Tektite com-
positions have also been matched with those of acid igneous
rocks (Barnes, 1940; Mason, 1959; Lovering, 1960;
Greenland and Lovering, 1962; Chao, 1963) and intermediate
igneous rocks (Lowman, 1962a). Tektites are in general more
gimilar to terrestrisl sedimentary rocks in composition than
they are to fairly coumon igneous rocks. Taylor's (1962)
ghale~-quartz rock fits the composition of tektites very well
for most elements. Most authors, who have proposed igneous
parents, however, invoked selective loss of alkalis and
other volatile elements during the high temperature event;
in this way the lack of fit for some elements in a comparison
of tektite compositions with those of common acid igneous
rocks was explained.

Arguments against each of these proposed parent mater-
ials have been presented in the literature. A major ob-
jection is variability of chemical composition because
tektites show a relatively limited range of composition,
especially if considered group by group. It is doubted
that those proposed parent materials that are abundant enough
to warrant serious consideration would be as chemically
homogeneous as tektites throughout the required volume.

Igneous rocks show a less erratic, smaller variation in
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composition then sediments and for this reason have been pre-
ferred as parent materiasl by some investigators (eg. Chao,
1963), However, Lowman (1962b) examined the veriation in
chemical composition in tektites, igneous rocks and sedimen-
tary rocks and came to the conclusion that tektites have not
been formed from terrestrisl materials by any natursl process
thus far suggested. This conclusion receives support from
the available isotopic data on O and Sr.

The 018/016 ratics of tektites fall within = wique and
narrow range witha=8,9 to 10.5%. relative to Hawaiian ses
water (Silverman, 1951; Taylor and Enstein, 1962, 1963).
Teylor and Epstein (1962) pointed out that tektites plot
very nicely with igneous rocks on an 018/016 vg $if, diagram.
Tektite oxygen closely resembles that of igneous quartz. The
only sedimentary rocks that match tektites with respect to
oxygen composition are orthoquartzites oonsisting of fresh
(ie. non-suthigenic) igneous gquartz(a=10.2%.). The follow-
ing ranges of & were found for sedimentary materials and
soils: sediments, 10.2 to 18.2%¢ 3 metasediments, 12.1 to
15.7%0 3 soils 12.3 to 15.8%¢ , The distinct difference bhe-
tween these materigls and tektites is apparent. On the oth-
er hand the 018/?)16 ratios of acid igneous rocks Tall with-
in 8 relatively narrow range (8 - 9.5%¢) and approach those
of tektites. This data suggests thet if tekitites are terr-

estrial then acid igneous rocks are the only pogsible parent
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materiels. It is possible, of course, that the isotopic
composition of O was chenged during fusion. Taylor and
Epstein (1963) found a very small increase (gbout 1%e)

in the 018/'016 ratio after fusion of two soil samples. The
magnitude snd direction of this change, and the composition
of tektite oxygen lead Tavlor and Bpstein to conclude that
tektites are either extraterrestrial or they are fugsed
terrestrial grenitic rocks with changed chemical composition.
Selective volatilization would best explain such changes.

If tektites condensed from a vapour phase their oxygen
would probably be lighter than that of the parent material
which might then be sedimentary or metasedimentary roeks.

The existence of 1eehateiierite inclusions argues against
such an origin of tektites. Complete homogenization of
material during fusion would explain the limited range in

the isotopic compositicn of O from tektites of a particular
geographic grour. It would not explain why all tektite O
falls within a very narrow range in the terrestrial spectrum.
It night be argued that homogenization of vast quantities of
material would produce oxygen approaching a “crystal-average"
value‘in compogition, but complete homogenization becones
less likely, the larger the amowmt of material involved. In
addition, lechatelierite inclusions would probebly not sur-
vive thorough homogenization and there is no evidence to
support a post-fusion phase separation of Si0,. It is con-

cluded, as it was by Paylor and Epstein, that if tekitites
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are terrestrial then the oxygen igsotope data indicates that
the parent material was of grsnitic composition.

The range of ST°! /5186 ratios in tektites from 0.712 to
0.723 is quite small compared to the resnge found in nature
(Schnetzler and Pinson, 1964b; Schnetzler and Pinson, 1965;
Pinson et al, 1965). The rsnge of Sr87/8r86 ratics within
the individual tektite groups is even more limited. Eight
out of nine moldavite analyses fall within a range of 00,0011,
which is two standard deviations of a single analysis (Pinson
et al, 1965). The Sr° /5186 ratios of 11 "australasian®
tektite range from 0.7162 to 0.7185 (Schnetzler and Pinson,
1964b) and would seem to cluster into two grovps with means
of 0.7172 and 0.7183, Four North American tektites possessed
ratios fror: 0.7121 to 0.7130 (Schnetzler and Pinson, 1964b).
The Ivory Coast tektites show the most variation in 8r87/3r86
ratios; the two samples amalyzed to dste have ratios of 0.719
and 0.723 (Schnetzler and Pinson, 1965). The Ivory Coast
tektites are unique in that a gsympathetic varietion annarent-
1y exists between the Rb/Sr and Sr87/5r86 ratios, although
only two specimens have to date heen analyzed, Interestingly
enough, this sympathetic variation indicsgtes a "differentis~
tion" age of about 2 billion years for the Ivory Coast tektites,
and this is the dominant Rb-Sr age of rocks in that region
of Africa (Bonhomme, 19623 Vachette, 1964) . The Sr87/8r86
ratios within the other three tektite groups do not vary



82

sympathetically with the Rb/Sr ratios. The moldavitea, for
example, have Rb/Sr ratios from 0.77 to0 1.20 (Schnetzler,
1964, personal communication; this investigation) whereas
the Sr87/3r86 ratio is virtually constant. Schnetzler and
Pinson (1964b), however, did find a sympathetic variation

of the 3r87/8r5¢ and Rb/Sr ratios between the North American,
South East Asian, and Czechoslovakian tektite groups. A
common Rb~-3r age of about 400 m.y. was indicated for these
three tektite groups. The Ivory Coast tektites fgll far off
the isochron (Sehnetzler and Pinson, 1965). Taylor and Sachs
(1964) have pointed out that the tektite isoohron data show
much scatter; this might be explained by selective volati-
lization, which is suggested by the varisble Rb/Sr ratios in
conjunction with a constant §r87/3r86 ratio in the Czechoslo-
vakian and South East Asian groups. The isotopic composition
of Sr in tektites most probably reflects that of the parent
naterial, 8r, being heavier than 0, should be less subject
to fractionation, although this might be affected by the

gite stability of radiogenic 5o,

The oxygen date indicated that granitic roocks were the
only possible terrestrial material from which tektites could
have originated. A cursory examination of Sr87/3r86 ratios
given in the Annusl Reports of the M.I.T. Geochronology
Laboratory for greanitic rocks indicated that less than 50%
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of such rocks have ratios that fall within the tektite range.
Granitic rocks cover about 15% of the lend surface of the
earth (Schnetzler, 1961, p.66). It is apparent that the pro-
bability of fusing terrestrial material, having the 0 and

3r isotopic compositions of tektites, in four random events,
separated in time and space, is very low, The fact that
three of the four tektite groups fall upon a Rb-Sr isochron,
albeit with much scatter, further reduces the probebility of

terrestrial origin.

5.5 Theory of origin

Tektites do not contain measurable amounts of radio-
aotive, cosmogenic nuclides (Anders, 1960) and therefore they
probably originsted within the earth~moon systenm,

It is generally sccepted that tektites have undergone a
high-tempereture thermal event. The evidence for this is as
follows: 1. tektites hgve been fused; 2., the very low
ferrio to ferrous iron ratio of tektites indicates that
temperatures of at least 1700°¢ were attained (ﬁbou~E1~A§m,
1954; Friedman et gl, 1960); 3. some tektites contein
stringers of wvery siliceous gless end these, presumably,
were once highly fluid. The setusl temperature reached by
the tektite materisl was probably considerably in excess of
the lower limit suggested by the above data because evidence
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indicates that tektites were only briefly at high temperature
and were cooled rapidly, This is indicated by their being
glass and by the coexistence of glasses of various compositions,
ineluding lechatelierite, within individual tektitas. Barnes
(1960) was able to dissolve lechatelierite inclusions in
their matrix glaesses by relatively brief reheatings of tek-
tites to moderate temperetures. The lack of homogeneity in
tektite gless implies very limited diffusion and hence rapid
quenching. It is therefore conocluded, @s it has been by
other authors (eg. Chao, 1963), that tektite material was
briefly heated to high temperatures and quickly cooled.
Proposed causes of such a thermal event within the earth-
moon system include lighining (Barmes, 1940; Hawkins, 1960),
volecanic explosion (Verbeek, 1897), and meteorite or comet
impact (Spencer, 19%33; Nininger, 1943; Urey, 1957; Cohen,
1961). Tektites are almost certainly not fulgurites. Theor~
ies of voleanic origin nmust account for the disequilibrium
glass assembleges. Variations in the chemical composition
of the matrix glagss within and between tektites might ve
aceounted for by gelectlive volatiligation of constifuents
during the thermal event{. However, the ocourrence of lecha-
telierite inclusions poses a strong argument against tektites
being volecanic ejecta. The possibility that tektites were
produced by terrestrial volesmism is further ruled out by

the low ferric %o ferrous iron ratio, the low water content,
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end the aerodynemic abletion evidence. With the discovery
of Ni-Pe apherules in some tektites (Spencer, 1933; Chao,
&t gl, 1962, 1964), it has become widely accepted that tek-
tites originated in meteorite impacts. The Hi content of these
spherules, however, is lower than that of meteoritic iron.
In addition, Paylor (1962) has criticized the meteorite im-
pact theory on the basis of the Ni content of tektites.
The comet impaet theory is free from this objection, although
the efficacy of this process has yet to be demonstrated.
Aerodynamlc ablation studies and trajectory calculstions
are highly relevant to any discussion of the origin of teke-
tites. Chapmaen and Larson (1963) were able to produce =sbla~
tion forms in an electrie-arce-jet~tunnel that were identical
to the natural sustralite buttons. Onm the basis of the
aerodynamic ablation features of australite buttons, Chapman
and Larson were able to caloulate the angle of entry into
the earth*s atmosphere, the entry velocity and other flight
oharscteristics of these australites. Other South Fast Asian
tektites (Chapuwan, 1964), a bediasite (E. King, oral commumi-
cation, 1964), and a moldavite (Chao, 1964), have been ident-
ified as spalled oores. Thus the conelusions reached for
the flenged australites are probably valid for tektites from
other groups. According to Chapmenm end Larson (1963), and
Adams and Huffaker (1964), the aerodynsmic eblation features
exolude a terrestrial origin of tektites. Urey (1957), how-
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ever, pointed out that if tektites came from the moon they
would be expected to ocour over the entire surface of the
earth rather then in restricted strewn fields. Varsavsky
(1958) showed that it was possible for material ejected
from en impaet erater on the moon to srrive at a localized
region on the earth. Hewkins (1963), however, noted that
this cowputation wes invalid because the rotation of the
earth was neglected. A more sophisticated treatment of
possible lumar trajectories has recently been presented !
(Chapmen, 1964). The suggestion of a skipping parent-
body (0'Keefe, 1963; Adems and Huffaker, 1964) neatly
explaine the restricted strewn filelds.

Pektites are remarkably similar in chemical composi-
tion to the crustal average of the earth (Taylor and Sachs,
1964). Yet there is a very low probabllity of fusing
terrestrial material, having the 0 and 8r isotopic compo-
sitions of tektites, in four random events (Section 5.4),
In addition, if tektites were terrestrial, one might exe
pect to find materla.. intermediate in composition between
tektites and their most probable perent, namely granite;
this is not the case. O0'Keefe (1964) has recently criti-
cized the theory of the terrestrisl origin of tekitites on
the basis of thelr water content; O'Keefe suggested that
gufficient loss of water from terrestrial materials by

bubble transfer, diffusion, or volatilization followed by
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condensation, is improbaeble in the tektite formatiom process.
The petrographic characteristics of tektites also do not
support a terrestrial origin. Fusion of meterial by meteor-
ite or comet impact would likely produce peripheral material
that was only gartialiy fused., Such material has not been
disoovered in association with true tektites. The petrogra-
phic and chemical differences between tektites emd impact~
ites have been discussed by Chao (1963). Taylor and Epstein
(1963) found an 04 vslue of 7.9%. for suevite from the Ries
erater and this is distinotly dif.'erent from the & values of
moldavites. Other impactlites have oxygen with & velues
renging up to 14.4. Not only do tektites not contain crys-
talline inclusions, but there is no indicetion in tektites

of the prior existence of discrete phases other than those
consisting of pure 510,. The pareni material of tektites might,
therefore, possibly have consisted of an aphanitic or hya-
line matrix contalning phenoorysts of a 310, phase.

Perhaps the strongest evidence in support of a terres-
trial origin of tektites is the similarity in K-A ages of
tektites and nesrby impact craters. Thus the moldavites
have the same K-A age, within the cxperimentsl error, as
the Nordlingen Ries crater (Zahringer, 1963), which is about
300 km west of the atrewn field, Similarly, the Ivory Coast
tektites have the same K~A age as the Bosumtwi crater
((Gentner gt al, 1964) which is gbout 275 km ecast of the
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gstrewn field, O'Keefe (1963) has questioned the propoeal
that the moldavites and the Rles crater have identloal ages
on the basis of straetigraphic relations. Other authors (eg.
Cohen, 1963), however, have thought that the K~A data indi-
cated that the wmoldavites and the Ivory Coast tektites, re~
spectively, were blasted out of the Ries corater and out of
the Bosumtwi crater. The diverse rock-types found rimming
the Ries orater (Shoemaker and Chao, 1961) are thought %o
be wsuitable parents, chemically and isotopically, for the
moldavites. The correspondence of K-A ages might be fortu-
itous. Paerhaps a better explanation would be that the cra-
ter was formed by the impaect of the tektite parent-body or
by impact of a large "tektite™ which accompanied the tek-
tite swarm. Such an origin might best explain the alignment
of the moldavite strewn fileld with the Ries crater.

In the case of the Ivory Coast tektites, however, there
is ancillary evidence to support a theory of terrssirial
origin. MNot only do the Ivory Coast tektites have the same
K-4 age as the Bosumtwi crater, but they also have the same
REb-Sr age (based on two samples) as the rocks in that part
of Africa (Section 5.4). The Ivory Coast tektites are some-
what unique. They are the only group that apparently shows
a sympathetic variation of Rb/Sr with 387 /5186 amongst
samples. They fall far off the Rb-Sr isochron based upon
the other three geographic groups. The lowest SiOp content,
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the highest Fel content, and the lowest Eo0 content for tek=-
tites have been reported for Ivory Coast samples, In addition,
the only tektites that have more Nay,0 them K20 have come from
the Ivory Coast. In view of the similarity in chemical com=-
positicn and physical properties of all tektites, the afore-
nentioned features of the Ivory Coast tektites may have little
significance. On the other hand these features could indicate
that the Ivory Coast tektites originated by a different pro-
gcess, elther in degree or kind, then those that produced the
other tektites.

A consideration of the available data leads the author
to conclude that tektites most probably originated by mete-
orite or comet impact in very acid, extrusive igneous rocks
on the surface of the moon. If further asnalyces substantiate
the 2 b.y. isochron for the Ivory Coast tektites, this will
constitute persussive evidence, in conjunction with the K-A
data, for the terrestrial origin of this group. If tektites
are terrestrial it is surprising that there 1s so nuch
evidence that suggests otherwise. DPerhaps some fundsmental
point has so far been overlooked in considerations of the
origin of tektites. It is possible that the impending ex-
ploration of the moon will result in as many objections to

theories of lunar origin as now exist for theories of

terrestrial origin.
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CHAPPER 6
I UMMARY

Rew analyses for nine major elements amd for the trace
elements Rb and 3r in 17 Bohemian and € Moravian noldavites
have been reported. The refractive indexes amd bulk specifie
gravities of the 23 moldavites have zlzo been revorted. Real
veriations in chemical composition =snd ~hysical properties
were found. 4 preliminary electron microprobe study indiceted
that variations in chemical composition, comparable to those
between tektites, ocecur over distsmces of 59ﬂ or more within
individual tektites. The range of refractive indexes found
within individual moldavites sunports this conclusion.

The Moravian tektites that were anslyzed have higher
average contents of 8102, Alaos, 710, Pel =nd Hazo, and
lower average contents of Mg0, Ce0 and Sr than do the Bohe~
rlan tektites. The major distinction between samples from
the two strewn fields iz that Moravian tektites have high
and variable Fel and Tica contents with low and constant
g0, Ca0 and Sr, whereas Bohemian tektites have high and
varigble alkaline earth contents, with low and censtant
FeO and 710,. The overall similarity between tektites
from the two groups suggests that a common origin is highly
probgble, No clear regional trends in cowmposition within
the strewn fields were found.

The alkali element icontents of moldevites show signi-
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CHAPTER 6
SUMMARY

New analyses for nine major elements and for the trace
elements Rb and 8r in 17 Bohemlan and € Moravian moldavites
have been reported. The refractive indexes and bulk specifie
gravities of the 23 moldavites have also been revorted. Real
veriations in chemical composition smd »hysical properties
were found, A preliminary electron microprobe study indiceted
that variations in chemical composition, comparable to those
between tektites, occur over distsnces of Ssﬂ or more within
individual tektites. The range of refractive indexes found
within individual moldavites supports this conclusion,

The Moravian tektites that were anslyzed have higher
average contents of 8102, A12 22 Ti y, Fel and Nagﬁ, and
lower average contents of Mg0, C=0 and 3r than do the Bohe-
rlan tektites. The major distinction between samvles from
the two strewn fields iz that Moraviasn tektites have high
and variable Fe0 and Qiﬂa contents with low and constant
Mg0, Ca0 and Sr, whereas Bohemian tektites have high snd
variable alkaline aarth contents, with low and constant
FeO and T10,. The overall similarity between tektites
from the two groups suggests that a common origin is highly
probable, No eclear regional trends In composition within
the strewn flelds were found.

The alkali element icontents of moldavites show signi-
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ficant positive correlations amongst themselves, sa do the
alkaline earths. 8Sodium and rubidium are inversely corre-
lated with the alkaline earths. 8510, shows good negative
correlations with the alkaline earths, with Al150: and with
specific gravity. FeO shows significant positive correla-
tions with 710, and with Na,0.

It was concluded that the variations in chemical com~
position within and between individual moldavites are best
explained in terms of selective volatilization that occurred
during the brief thermal event dated by the K-A age. The
wide range of Rb/Sr ratios end the uniformity of the Sr iso-
topic composition support this conclusion. The variations
in chemicel composition were re-examined using the Rb/%r
ratio as sn index of the extent of the selective volatiliza-
tion process. It was concluded that the parent material of
the moldavites was probably of uniform composition through-
out, and an estimate of this composition was given. It was
suggested that selective voletilization may have been an im-
portent faetor in the origin of other tektite groups.

1%t was conocluded on the basis of chemical, isotopie,
petrographie, snd serodynemic considerations that tektites
are probably not of terrestrial origin, although preliminary
Rb~Sr date on Ivory Cosst tektites (Schnetzler snd Pinson,
1965) suggest otherwise, It was suggested that oraters, with
K-& ages identical with those of nearby tektites, might have
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been produced by impacts of the tektite parent-bodies. It
was also suggested that the parent material of tektites
uight have consisted of an aphenitic or hyaline matrix en-
closing phenooryste of a erystalline S102 phase. It was
conoluded that tektites probably originated by meteorite im-
pact in very aeid, extrusive igneous rocks on the surfece of
the moon. If tektites are terrestrial, some fundemental
point would seem to have been overlooked.

Further investigations that might lead to a sclution
of the tektite problem include: =a., eleoctron microprobe
studies of variations in chemical composition within indivi-
dual tektites, b. controlled experimental studies of seleo~
tive volatilization, ¢, detailed investigations of im-
pactites, end, d. a study cf the chemical compositions af.

a representative number of Ivory Coast tektites.
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APPENDIX
Analyses of glass standards 191 AIK and 191 ALA
Analyses of Corning glass standards 191 AIK and 191 ALA
were performed with the tektite analyses. These two standards
are as yet not suitable for use as analytical monitors because
the concentrations of the various chemical constituents are
not well known. A couparigson of the determined valwes for

the various constituents with the given values is presented

below.

_ %ig%ﬁ Qg&ﬁmﬁﬂ Given Dotermined
203 . .9 0.5 0.7

Fel 4.34 4.3 4.4 4.2

Cal 2.99 2.9 2.7 2.6

Mg0 1.02 1.5 1.8 1.6

Na,0 1.02 1.2 1.2 1.2

K0 1.89 2.0 2.0 2.0

740,  0.49 0.8 0.5 0.5
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