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ABSTRACT=Studies of the strontium isotopic ‘composition and
ma jor element composition of tektites have been carried out,

The rubidium, strontium, and strontium lsotopic composl-
tions have been determined in tektites from Indo-China, Phili-
ppine Islands, Java, Australla, Texg$, Gg rala, Massachusetts,
and C:echoslovakia, The average Sr°//sr®® ratio in 18 tektites
is 0,7190-0,0006, indicating the results of Pinson et al({1958),
raporting no radiogenic strontium in tektites,were in error.

Rb and Sr contents of tektites from a given 1oca11t¥ are g@ 86
similar, but differences exist between localities, Sr fﬁgr
ratios of tektites do not show variation of the magnitude ex-
pected in random fusion of terrestrial rocks., If tektites were
derived from thﬁ M°°§3 and the surface of the Moon is 0ld(L.5 boye)
the observed Sr 7/Sr ratios could not have been developed Yy
a chondritic, granitic, or tektitic surface material, but could
have been generated by a basaltlc type materisl, A second poss-
1bility is that the Moon has undergone roceg? differentiation,
Tektites exhibit a direct correlation of SrP//srU and Rb/Sr
ratios, suggesting they diffserentiated from a common source mat-
erial 175 moyo 28800

37 tektites and 2 "americanites" were partially or complete-
ly analysed for major elements., Many chemical similarities are
noted between the philippinites and indochinites, but the two
groups appear different in S102, Al;03, Ti02 and, in particular,
Ca0 contents, Tektites from two sifed in the Philippine Islands
are identical, within experimentel error, in mean composition,

No decrease in alkall element content is observed from Indo-Chlna
to the Philippine Islands(i.,e, west to east) as 1s observed
across Australia, Selective volitilization caanot account for
the differences in ths two groups, Perhaps the higher Ca0 and
Sr contents of the philippinites are due to contamination of

the parent material by limestone., Real variations, up to approx-
imately 104 for some constituents, exist within the philippinites
and indochinites, and even wi thin tektites from restricted sltes,
A new tektite from Martha's Vineyard 1s remarkably similar chem-
ically to the Georgla tektites and at least some of the Texas
tektites, Evidence is presented that the Texas samples are not
two geographically separate showers as suggested by Barnes(1960)
but are intermixed,

The similar g?amiggl compositions over wide areas,arc. Ciyect
correlation of Sro{/srd6 patios "uth Rb/Sr ratios cannot be ex-
plained by any proposed terrestrial theory of origin.

Thesis supervisor: W.H. Pinson
Assoclate Professor of Geology
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STUDIES OF TEKTITES I-VARIATIONS OF STRONTIUM ISOTCPES IN TEKTITES

ARSTRACT = The rubidium, strontium, and strontium isotopic
compositions heve been determined in tektites from Indo-China,
Philippine Islands, Java, Australia, Texas, Georgig
Massachusetts, and Czechoslovakia, The average Sr 7/81'86
ratio 113 18 tektites is 0,719010.0006, indicating the results
of Pinson et al (1958), reporting no radiogenic strontium in
tektites, was in error, Rb and Sr contents of tektites from
a given locality are very aé?ilagé but differences exist
between localitles, The Sr°//SpY® pratios of tektites do not
show variation of thw magnitude expected in random fusion of
terrestrial rocks, particularly of shales or grenites, If
tektites were derived from the Moon, ang the surface of the
Moon 1s 0ld (4.5 b.y.), the observed Sr 7/Sr8 ratios could
not have baen developed by a chondritic, granitic, or tektitic
surface material, but could have been generated by a basaltic
type materlial, A second possibility is that the foon has
undergone recent differentiation, Tektites exhibit a direct
correlation of Sr87/Sr 6 anc Rb/Sr ratios, sugreating they
differentiated from & common source material 175 m.y., ago.

INTRODUCTINN

Peraaps the majority of tektite investigators currently
belisve that tektltes were formed by the fusion of terrestrial
materials, Various mechanisms have been proposed, such as
impact by meteorites (Spencer, 1933; Cohen, 1961) comets
(Urey, 1957; Cherry and Taylor, 1961), and lightning (Hawkins,
1960). All of these theories are similar in that they all
suggest a random processe-~the probability of fusing a certain
type of material being in direct proportion to the extent
of that material upon the earth's surface. In view of the
large compositional varistions one would expect 1f the
fusions were random, the rather similar chemical compositlons
of tektites might be sttridbuted to one of two possibilities,

Perhaps only materials of a certain type would form durable



tektites; cther materials would not form glassses, or tektites
formed from these other materials would devitrify rapidlyo

Or perhsps selective volatiliation of elements during the
high temperature fusion would change the chemical compositicn
of different materials toward some common composition, thus
suppressing the chemical variations., In view of thls second
possibility it might not be poesible tc identify the parent
material from the chemical compogition of the tektite
(Lovering, 1960, p. 1029),.

However, selective fractionation should be essentially
noneexistent among the heavier isotopes during a high temperature
fusion, and the relative isotopic composition of tektites should
be the same as that of the parent material providel their
composition has not been chanpged by radicactive transformations
since the time of fusion. Thus 1t should be possible to teet
the theory of random fusion by comparin; the variation of the
isotopic composition of tektites with the variation observed
in various proposed parent materials, The strontium isotopes
are particularly sulted for this typre of investigation, Sr87
is formed by the decay of Rb87, so that the relative 1sotopilc
abundance of Sr87, conviently expressed as the Sr87/3r86 ratio,
in a given system is determined by the Rb/Sr ratio of the
system, the initial abundance at an initial time, and the

tine elspsed since this initiasl time. Thus terrestrial
materials, having different Rb/Sr ratios and different

ages, have a wide range of SrBT/Sra6 ratios, Ke-Ar dating of
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tektites givea ages of 30 m.yo or less for the moldavites,
bediasites, and Georgia tektites, and less thﬁn 1l m,y. for
the Pacific Ncean area tektites (Reynolds, 1960). According
to the terrestrial fusion theories, these ages would be the
times since fusion., As the halfelife of the decay of Rb87

010

to Sr87 is quite long, approximately 4.7 x 1 years

(Glendenin, 1961), no measurable change has occurred in 30

86 ratio so that the relative strontium

m.yo. in the SrBZ/Sr
isotopic composition of tektites should be the same as the
parent material at the time of fusion,

Pinson et al (1956) suggested that the relative
strontium isotopic composition of tektites from all known
localities be measured; if the Sr87/Sr86 ratios are identical
in correspondence to their Rb/Sr ratios this would prove
their extra-terrestrial origin, as tals clrcumstance ocsurring
in terrestrial rocks from different parts of the world would
be highly improbable.

Later Pinson et al (1957) reported the rubidium and
strontium, and strontium lsotopic composition of three
indochinites, two australites, and two philippinites. The
Sr87/8r86 ratios varied from 0,718 to 0,735, while the Rb/Sr
ratios ranged from 0,39 to 1.08, but there was no apparent

synpathetic variation between the Sr87/Sr86 ratios and the
Rb/Sr ratios, The computed ages, assuming an initial ratilo

of 0,712 (this is called "normal strontium" as it is the ratio
found in sea water), varied from 180 to 730 m.y., with

estimated errors of ¥ 50%,
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These values were later reported to be in error, and
the corrected values for the SrBZ/Sr86 ratios were given as
0.712 (Pinson et al, 1958). The corrections were thought
necessary due to suspected lack of mass discrimination in
the mass spectrometer, In view of the questionable velidity
of the correction that was applied, and in view of improvement
in mass spectrometric techniques, it was thought a ree
investigation of the stront ium isotopic composition of
tektites might prove frultful, As the strontium isotople
composition is directly related to the Rb/Sr ratio, the

elemental rubidium and strontium contents were also investigated,

Techniques

Rubidiim and strontium were determined mass spectroe
metrically by the stable isotope dilution method, and by
Xeray fluorescence techniques, The strontium 1sotopic composi-
tions were determined mass aspectrometrically on a separate
portion of "raw" (i.e. unspiked) strontium extracted from
the tektites, The techniques used 1n this investigation for
the nass spectrometric determinations are essentially the
same as described by Herzog and Pinson (1955, 1356). The
mase spectrometer used was a standard 6-inch redius, 60°
sector, solid source, single collector Nier type instrument.

Amplificstion of the ion current was obteined by means of a
vibrating reed electrometer,
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86, and Rba7 spikes used in the isotope

The Sreh. Sr
dilution analysgs were prepsasred and calibrated as described
by Pinson (1960, . p. 237=-2L4L),

The Xe-ray fluorescence unit used was a North American
Phillips instrument with a tungsten target X-ray tube,

The crystal was LiF and the detector was a scintillation
counter, The standards used were tektites which had been
analysed for rubidium anc strontium by isotope dllution,

It was found that tektites from a2 given locality were similar
enough in major element composition so that unknowns and
standard from the same area could be compared with no

natrix efTects,

The powdered sample was packed into a nylon sample
holder, covered with a 0.5 mil mylar sheet and put in the
Xeray beam, The region of Ko/ radiation of rubidium and
strontium was scanned to determine the exact location of the
peaks, and to pick the angles on both sides of the peaks where
backcround could be obtained free of any interfering element
emission, Operating conditions were: LiF crystal; pulse
height asnalyseribase volts = 41,5, window volts = 5,60;
number of counts on pesk and background = 102,400,

The goniometer was set at the proper sngles and the
times necessary to accumulate the fixed number of counts

were measured at the pesk and backsround positions, The
calculated counts per second (cps) for the backgrounds were

subtracted from the peak intensities to give a net peak



intensity, The intensity values obtained for the standard
samples were plotted against the ppm strontium, obtalned by
isotope dilution analyses, to yleld a calibration curvse.
Strontium values for the unknowns were obtsined by interpolae~
tion from this calibration curve, The rubidum values in the
standards were too similar (the Rb varied only from 111 to 129
ppm) to enable a curve to be drawn, so an average valus of
cps/ppm rubidium was calculated, snd this value was used to
calculate the rubidium contents of the unknowns.

It was found that only samples of quite similar major
element composition could be compared in this manner., The
indochinites and phailiprinites could be compared but samples
from other localities gave spurious results when compared with
samples from these two localities. This matrix effect could
heve been eliminated by the addition of an internal standard,
However, it was found that the tektites from a given locality
were similar enough so that unknowns and standards from the
area could be compared,

It was epparent from the earller investigations of
Pinson and co-worker that the varlatiomsof Sr57 in tektites
are small, if present, so that a reproducibility of 10,001 or
lesa in the Sr87/Sr86 ratlo was desirable,

In en attempt to determine the precision of the strontium
isotope ratio enalyses, tw tektites were analysed in triplicate,

The results are shown in Table 1.
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Table 1 Triplicats Isotope Ratio Analysos

(see Table I, Part II, nage 34)



1-8

An 1sotopic fractionation corrsction was applied to the
Sr87/Sr86 ratlos on the assumption that the Sr%/Sr88 ratio
is a constant and equal to 0,1194 (Nier, 1938), The run-to-run
variations of the 81-86/.?::'88 ratio from this valus were
attributed to instrumental fractionation, chisfly fractiona-
tion of the isotopes of different mass off ths filament,

Half of any correction nacessary to re-adjust the Sr86/8r88
ratio to 0,1194 was spplied to the Sra?/Sr86 ratio. The
‘corrected, or normalized Sr87/Sr86 ratios are given in the
column headed (Sr82/8r86) corr,

It can be seen that in the two samples shown in Table 1
the precisions of the Sr87/Sr86 ratios were improved by about
a factor of three by the application of the fractionation
correction, This same correction procedure has been applied
by other members of the M.I.T, Geochronology Laboratory with
approximately the same results., (Faure, 1961, p. 173; Hart,
1960, po 194)s By elimination of this instrumental fractionae
tion, standard deviations (of a single analysis) of approximately
30,001 {( ¢ = 0,14%) were achieved,

In an attempt to moniter the accuracy of the strontium
isotope ratio determinations, and to determine if the correction
applied by Pinsonet al (1958) was valid, replicate analyses
vwere made of a strontium carbonate standsrd (Eimer and Amend,
lot #92327) during the period of the investigation., The
average of nine determinstions is compared with the results
of other investigetors on the same, or similar, material in

Table 2, On the basis of the excellent agreement with the
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Table 2 Analyses of strontium isotopes from rea:-ents

(Ses Table 6, Part II, page L4O)
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results of the other laboratories no "pressure broadening
correction,” as applied by Pinson et al (1958) was used in
this investigation, Had such a "correction" been made the
resulte would have been far from those obtained by the other
lavoratories, The standard deviation of a single analysls
of the strontium carbonate data was ¥ 0,0009 for the (Sr87/3r86)
corr, ratio,

The tektite analyses were also interspersed with basalt
anal yses (by Faure), and the azreement between his results
and the results of other inveatigators can be seen in Table 5,
This work gives confidence in the tektite anal yses and is
further evidence that a "pressure broadening correction"” should
not be applied,

Replicate anal yses of a tektite by isotope dilution,
and by X-ray fluorescence, indicate the rubidium and strontium
results have s precision of approximately ¥ 24 (relative
deviation of a single analysis)., Interlaboratory analyses of
a stendard sample indicate t» asccuracy of the isotope dilue
tion analyses is about % 1% (Pinson, 1960, p. 244i). Ry
comparison of the strontium and rubidium values for Gl and
W=l obtained by the M.I.T., Geochronology Laboratory with the
results obtained by other methods of analysis (Stevens, 1360,

Po 97 and 99) a conservative estimate of the accuracy would

be ¥ S%o

Results

The analytical results obtalned in this investigation
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are presented in Tables 3 and . Eighteen tektites were
analysed for strontium isotopic composition and 25 tektites
were analyssd for rubidum end strontium elemental contents
All errors are standard deviation of the mean, The number
of scans pertain to the Sr'ﬂ/Sr86 and Sr8§/8r88 ratios; the
Sreh/Sr88 ratios were calculated from a much smaller number
of scans~-usually 12 to 36,
The first conclusion that cen be reached from this
investigation is that the work of Pinson et al (1958) was
in error end that tektites do contain radiogenic strontiumee
in the limited sense that their Sr87/Sr86 ratio is greater
than 0,712 ("normal" strontium) or 0,700 primordial strontium).
Five philippinites, from three different sites, have
an average SrBT/Sr86 ratio of 0,7181,T = 0,0006, vV~ = 00,0013,
The reproducibllity (v—) of strontium isotope anslyses eprears
to be approximately 20,001, Thus the variation of the Sr87/8r86
ratio in the philipplinites is only slishtly areater than one
would expect from measurement error, Seven philippinites,
including the five anslysed for isotopic composition, have
an average rubidium content of 117 ¥ 2 ppm (T") and an average
strontium content of 173 I L ppm, The varlations are greater
than measurement error so some differences exist between
the samples in rubidum end strontium contents., However,
these differences are small and the Rb/Sr ratios are remarkably
uniform, averaging 0,68 ¥ 0,02 for the seven samples,
Five indochinites, from four different localities, also
have homogeneous Sr82/8r86 values, averaging 0.7198,EF: = 0,0005,



Table 3 Rb and Sr Contents of Tcktites

(See Table 8, Part II, page L4l)



Tablc i Strontium Isotcpic Ratio Results

(See Table 10, rert II, page 50)
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v = 0,0011, This veriation is arain about what one could
expect from measurement error., The Sr82/8r86 ratio for
indochinites seems to be different from the ratlio measured

in the philippinites. If x‘*C" and y Qf' are the measured
values of two independent pOpulatione, thareyia only a 5%

probability that ( X - ) >2‘V"‘__ %) if the difference between
Xey)

the true mean values is zero, where <?7 J'
=¥)

(Hoel, 1954, po 109), In this case X = y = 0.0017 andlvrixuy) =

$0.,0008, Since (X - 7)) ZV" - it can be tentatively concluded
(X-3

that at the usual 95% confidence limit these two populations
are significantly different, However this conclusion is based
on rather limited data and more samples should be analysed

to test this point,

There is no doubt, however, that the Rb/Sr ratioc of
the indochinites differs significantly from the Rb/Sr ratio
of the philippinites, Eight indochinites have an average
Rb/Sr ratio of 0,89 ¥ 0,013, The rubidium and strontium
contents average 118 ¥ 3 ppm and 132 ¥ 2 ppm respectively,
the variation again only slirshtly greater than measurement
varistion, It should bs noted that the average rubidium
contents of the indochinites and philippinites are identical
within experimental error but that the strontium content of

the indochinites is sigmificantly lower than the strontium
content of the philippinites, It ig thought that slternation
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of the order of analysis throughout the analysis period excludes
any possibility of a systematic error,

Two australites have identical Sr87/Sr86 ratios at
0.7174 while a javanite has a Sr87/Sx-86 ratio of 0,719,

The Rb/Sr ratios of the two austraites zre dissimilar however--
0.447 end 0,71, and the 37b/Sr ratio of the javanite is 0.6k,
similar to the philippinites. Two other australites, which

were not analysed for isotope ratios have identical Rb/Sr

ratios of 0,66, The four australites have an average 3b/Sr
ratio of 0.62 ¥ ,05, similar to the philippinites but exhibiting
much larger variation, However, more gampling is needed of

this important group of tektites,

The three North American tektites have an average
Sr87/Sr86 ratio of 0,7166 ¥ 0,0012, Unfortunately only small
amounts of these samples were available and replicate runs
could not be made in order to confirm the measursments.

The Empire, Georgla Sr87/sr86 ratio, although significently
lower than the other tektites, was obtained from two excepe
tionally long and steady runs. A strontium carbonate standard
was run immediately after the first of the Georgla analyses

to check for any instrumental bias snd the run was completely
normal. The Massachusetts and Georgia tektites contain quite
gimilar rubidium contents (78 and 74 ppm respectively) and

strontium contents (177 and 170 ppm respectively). The two
Texas samples contein 70 and €6 ppm rubidium and 152 and

153 ppm strontium--slightly less than the Maesachusetts and
Georgle samplese-but the Rb/Sr ratios of the four are amazingly

similar for samples from such widely separated localities,
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The two moldavites anal ysed gave the hichest Sr87/8r86
ratios of the tektites analysed, 0.7257 and 0.7235. “nly
one of these samples was analysed for rubidium and strontium,
and it has the highest Rb/Sr ratio of any of the tektites
analyeed; viz, 1.07. ©Due to the small sigze of the sample
available, the other moldavite (T331}4) ocould not be analysed
for rubidium and strontium, However, values of 130 ppm RbD
and 136 ppm Sr were reported for tals asmple by Pinson et al
(1958).

The average Sr87/8r86 ratio for ell 18 tektites analysed
1s 0,7190 I 0,0006,

Discussion of Results

Although the analytical resulte reported by Pinson
et al (1v58) were partially in error, many of their conclue-
sions were valid and will not be discussed qere, It should
only be mentioned that te results of this investigation
substantiate t'®ir conclusions that it is possible, from the
viewpoint of Sr87/Sr86 ratios, for the tektites to have
been derived from terrestrial basalt and achondrites, but
not from any chondrite yet measured for strontium isotopic

composition,

1, Compsrison of the variation of Sr87(8r86 ratios in tektites
with the varistion in terrestrial materials.
The first question to be asked iz, does the variation
of Sr87/3r86 ratios in tektites correspond with the variation
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one would expect by the random fusion of terrestrisl matsrials?

Sr87/Sr86 ratios and Rb/Sr ratios in various types of
terrestriasl and extra~terrestrial materials are given in Table
f. Unfortunately, it has been common practice in age-dating
to use only a few favorable minerals rather than the whole
rock for analysle so tmt data of interest to thies investiga-
tion is sparse,

It cen be seen that certain types of rocks show a very
limited range of Sr87/Sr66 values while others exhibit e
considerable range, Thie is due to the magnitude of the
3b/Sr ratlo, the range of tie Rb/Sr ratio, and t» range of
the age of the samples analysed, Oranites have a very large
variation in Sr82/8r86 ratios, As all but one of the 21
granites in Table S are over 1000 m.y., ©ld it 1s apparent
that the variation shown is due primarily to the variastion
in aigh Rb/Sr ratios., The Rb/Sr ratios in the granites range
from 0025 to 6,0, averaging about 1.7 while the Sr87/8r86 ratiocs
range from 0,72 to 1,25, The averaze Sr87/Sr86 retio of 0,85
is undoubtedly not a representative number for average zranite
but is a reflection of the great age of the samples analysed,

Rasalts, however, do not show this extreme range in
Sr87/Sr86 ratios due primarily to their low Rb/Sr ratios.

The basalts anal ysed by Faure were Recent basalts, but due

to their low Rb/Sr ratlos little change in the Sr87/3r86 ratio
would appear in older samples,
Nine obsidians analysed by Pinson and Bottino (1961) show

a limited Sr87/8r86 ratio ranging from 0,704 to 0,724, while the
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Table S Sr87/Sr86 Ratios and Nb/Sr Ratios in Terrestrial
and Extra-Terrestrial Materilals

(See Table 13, fart II, page 69)
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Rb/Sr ratios are quite high--from 1.2 to 31 The low Sx-67/8r86
values are due to the young ares of the samples, and since
obsidians generally devitrify quickly (geologically speaking)
hich Sr87/8r86 ratios similar to that observed in rranites
would not be expected.

Limestones, both young and old, have low SrsT/SrB6
ratios due to their extremely low Rb/Sr ratios, The Rb/Sr
ratio in limestones averages about 0,008 (Faure, 1961, p. 115).

FPaure analysed two composite samples of Paleozolc shales
from the east and west coasts of North America. The measured
sr87/8r86 ratios sre quite similar « 0,720 and 0.723, The
Rb/Sr ratios were not determined in these samples, Turekian
and Wadepohl (1961) and Faure (1961) have estimated the average
Rb/Sr ratio in shale to be 0,47 and 0.50 respectively. Thus
rocks of this hizh a Rb/Sr ratio (and undoubtedly having
conaiderable variation in this ratio) and of varying aeres
ghould have highly varying Sr87/8r86 ratios, Such variations
are suppressed between composite samples.

Chondrites have fairly high, varying Sr87/Sr86 ratios,.
Unfortunately fast (1960) did not analyse ais five chondrites
for rubidum and strontium, but it is assumed the variation
shown by these specimens is due to sligzhtly different Rb/Sr
ratios and the ages are all the same--approximately L.5 x 109
years, This should be investigated further, Hergzog and
Pinson (1956) found the Rb/Sr ratios in two chondrites to be
about 0,35,
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Achondrites have extremely low Sr87/8r86 ratios which
show almost no variation (See Table 5), Under tae aasumptions
that 1) all terrestrial and meteoritic strontium was derived
from a homogeneous parent material and thus had the same

abundance of Sr87

s and 2) the meteorites have existed as closed
chemlical systems since their formation approximetely L.5 b.y.
ago, the achondrites probably give us a good approximation

of the initial Sr87/Sr86 ratio, As Patterson (1vy56) and his
co-worker have demonstrated that these assumptions hold true
in the case of lead, by analogy the assumptions should be
true for strontium., The achondrites have extremely low Rb/Sr
ratioa (~,00%) so their initial Sr87/Sr86 ratio has remained
essentially unchanged for 4.5 x 10° years, The lowest value
found for achondrites (0,700} - Gast, 1960) is accepted here
as the primordial sr87/sp86 ratioe.

From the above discussion it is obvious that the data
is too meager to define the Sr87/8r86 ratios in the various
rock types,- The date does show, however, that a great deal
of variation des exist,

The next question that should be discussed is: How
many independent fusions by the various mechanisms would the
18 tektite sanples analyseé for strontium isotopic composition
represent? As they carme from at least 1l different sites
serarated by more than ten miles, they would represent at
least 1l independent fusions if they were formed by the
energy of licshtning randomly striking the earth, A few of the
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samples such as the two labeled "North Cambodia" may have

been collected from exactly the same site, but this is unllkely
so the 18 samples probably would represent 18 fusions by
lightning,

If the tektites were formed by the irmpact of me teorites
all the tektites within several square miles, or even tens of
square miles may have been formed from one impact, Thus, as
the samples analysed are from 12 provinces, states, or countries,
any of which 1s more than 100 miles from ite nearest neighbor,
they should represent l2 different meteorite lmpacts,

The number of impacts necessary to form the tektites
by fusion by asteroids or comets is considerably less than
either of the other two theories just discussed, Cohen (1961)
suggested that all the Pacific Ocean area tektites were
produced by one collision, all the North American tektites
were the result of another, a third produced the moldavites,
and a fourth the Ivory Coast tektites., Reynolds' (1960)

K-Ar work implies at least five groups, while Baker (1959)
claims the geological evidence points to eleven groups
(including the Georgia field which he did not discuss, dbut
excluding the Martha's Vineyard specimen). Urey (1957), in
discussing the comet hypothesis, conceded that probably all
the Pacifie Ocean area tektites were not formed by one impact
but suggests the comet head split and produced multiple,
sirmultaneous impacts in the various tektite localities of the
Pacific, Thus it is proposed that the 18 tektites analysed
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would represent at least six separate impacts of asteroids
or comets, these six impacts consistinc of the moldavites,
North American tektites (crouped on the basis of similarity
of composition), australites, javanites, philippinites, and
indochinites,

The Sr87/8r86 ratios in tektites given in Table 4 and
the Sr87/Sr86 ratios taken from the literature for various
materials as given in Isble 5 are plotted in Figure 1., The
figure shows the S:-87/Sr86 ratios for various materials from
only 0,700 to 0,760, approximately the lower one=tenth of the
range exhibited by the date in Table 5, The full range of the
data is shown in the inset; the shaded portion of the inset
is that part of the scale which has been expanded in Figure 1,

It can be seen from this dlagram that tektites do not
show the variation one would expect if they are the product
of random fusions of terrestrial materials - whether the
tektites analysed represent 1L, 12, or 6 separate random impsacts.
As mentioned above, some investigators masintain that only &
certain tvpe of material could produce tektites, For example
a basic magma may crystallize even when undergoing rapid
cooling but the more viscous acid melt may be unable to form
ocrystals and remain as a gzlass, Of the more acidic rocks the
ones most commonly mentioned a8 possible parents for the
tektites include siliceous shale (Urey, 1959), aranite (ifason,
1959), and sranophyre (Lovering, 19%0), Rut these are typss
that should have large variations in their Sr87/Sr86 ratios,
They have high average Rb/Sr ratios (approximately 0.5 in

shales and 1 in granites, and also presumable granophyres)
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Figure 1 Sr37/sr8 Ratios in Tektites, Meteorites, and
Toerrestrial Rocks (Expanded View)

(See Figure 6, Part 1I, nage 76)
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and exhibit a wide rangs of Rb/Sr ratios, The Sr87/Sr86 ratio
in shales will vary according to the proportions of young
low=ratio volecanic material, loweratio limestone, 0ld highe
ratio granite, etc,, that together contributed to meke up
the rock, For example, certainly a largely detrital micaeous
shale derived from sn anclent landmass would have a much
greater Sr87/8r86 ratio than a feldspathic shale with a high
proportion of endogeneic constituents or recent volcanics,
Thus the results of this investigation do not support
the theory of tektite production by random fusion of terrestrial
materials, particularly thes random fusion of shale or granite,

2., Comparison of the data with a possible lunar origin for tektites
Some investigators have suggested that tek tites were

e jected from the Moon's surface by meteorite impacts (Nininger,
1943; Y'Keefe, 1560; Chapman, 1960). Varsevsky (1958) calculated
that possible trajectories exist by which lunar material may
be focused to restricted portione of the EHarth., It is
interesting to use this data to test the theory that the
tektites were derived from the Moon, azaln assuming that the
Rb/Sr ratios have not changed since the tektites were formed,

It i1s proposed that the KeAr ages date the period of
second melting that is observed in some of the tektites,
This secordmelting caused the melting of the surface and the
buildeup of a flange, probably sating the interior sufficiently
to ellow the diffusion of radiogenic argon from the interior,
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but the melting was limited to the surface, Taylor's (1961)
analyses of alkali elements in the flanges and cores of
australites indicate considerable selective volitization
occurred, However, all the analyses in this work were
performed on specimens that did not contain a flange--either
the samples never experienced second melting or the flanges
had since weathered away, In any event, it is belleved the
Rb/Sr ratios in tae tektites analysed, and thus the rate of
crowth of thelr Sr87/5r86 ratios, were not changed during
the heating that is dated by the K=Ar measurements, and thus
the Rb/Sr ratios have remained unchenged since formation of
the tektites,

Most students of the Moon (for example, Urey, 1952,
po 30; Spurr, 1948, p. 2423 Raldwin, 1949, p. 194) bave
concluded that the present lunar surface was formed soon after
the origin of the Moon, and the !loon has remained relatively
cool since that time, Also, the age of the Moon iz generally
assumed to be the same as the rest of the solar system -
approximately .5 billion years, Assuming these conditions,
it is poesible to calculate the Sr87/3r86 ratio for various
hypothetical lunar crustal materlals,

Granipic material, with sn average Rb/Sr rstio of 1
(Faure, 1961, p. 106) snd an initial sr®7/sr86 ratio of 0.700
would have, after 4.5 billion years, = Sr87/sp86 ratio of
about .890, far greater than that found in tektites. Chondritic
material would have a present day SrBT/Sr86 ratio of about 0,750,
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(which is approximately the ratio found in chondrites) again
in excess of that found in tektites, If it is assumed that
the surface of the Moon has had a chemical composition similar
to tektites since its fomation to the present day the 1'31'-8--7,/5.%!'-86
ratio, after a growth for 4.5 billion years from the primordial
ratio of 0,700, would be between 0,78 and 0,90, far in excess
of that actually found,

Conversely, the Rb/Sr ratio that would generate a
Sr82/8r86 ratio of 0,719 (actually observed in tektites) in
Le5S boyo from a primordial ratio of 0,700 is approximately
0.1, The common terrestrial material whose [b/Sr ratio
most closely resembles this ratio is brsalt (see Tlable 5),
and the marias have commonly been theorized as being covered
with basaltic lava flows, A basalt that had remained on
the surface of the Moon for 4.5 billion y=ars should have
about the same Sr87/Sr86 ratio as 1s observed in tektites;
vize 0,719, It is difficult to reconcile such a radicsl
change in Rb/Sr ratio (from 0.1 to hetween O.hL and 1.1) with
eny mechanism that would throw the tektites from the lMoon,
especlally hich temperature fusion where the alkali elements
would be expected to volatilize preferentially to the alkaline
earth elements.

Perhaps a more reasonable hypothesis, 1f tektites come

from the Moon, is that there has been differentiation of the
loon since the start of the Paleozoic era and that tektites

are the result of fusion of this differentiated material or
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the e jecta from volcanos during this time, The recent
spectroscopic evidence of gas escaping from Alphonsus crater
and the existence of a temporary surface temperature of
1200-1500° K in this crater have ralsed serious doubts
concerning the widelly held theory that the Moon is c0ld,
without any remnants of voleanic activity (Kozyrev, 1961).

Ry comparing the number of craters on the marias with the
number of meteorites of various sizes that fall on the Earth
rer year, Kreiter (1960) has concluded the marias are about
200 m.y. 01de Rut tae same evidence has been used by most
luner investigators to conclude the mariss are approximately
4.5 billion years old (Opik, 1960). Cilvarry's (190)

theory that the marias are composed of sedimentary rocks that
were deposited by a hydrosphers which had a 1life time of the
order of 10? years could account for observed Rb/Sr ratios in
tektites., However, there seems to be little evidence to
support this hypothesls,

In short, the Rb/Sr and Sr87/Sr86 ratios (amd the lead
isotopic composition as determined by Tilton, 1958) in tektites
are difficult to explain if the tektites were derived from
the Moon, if the conventional model of & cold, undifferentiating
body 1s accepted, PRecent differentiation of the Moon is
almost required if tektites were produced from its surface;
theories advocating this differentiation have been advanced
but they have not been widely accepted by lunar investigators.
The present tuktite Rb/Sr data is fairly consistent with such
theories of recent and continuing differentiation of the Moons

crust.
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3. Siggificance of the direct correlation of Rb/Sr ratios and

SrP1/Sr°° ratios in tektites,

Igzneous rocks that are formed contemporaneously by
orystal fractionation {"rom & common source (e.g. Gomagmatic
series of volcanic rocks) will differ in Rb/Sr ratios. At
the time of thelr formation they all had the same initial
Sr87/5r86 ratio but after fractionation they each developed
radiosenic strontium in accordance with each Rb/Sr ratio,

If the Srsz/sreb development lines are drawn for each rock
type they form an array of lines which converge back in time,
intersecting at a point whose coardimates are the time of
differentiation and the Sr82/8r86 ratio of the parent
materiasl, The common origin of a series of igneous rocks
can be tested in this manner, If the rocks crystallized
from parent materials having different Sr87/3r86 ratios or

at different times the probability of three or more develop-
ment lines meeting at a common point i1s small., Two different
points of intersection would indicate tw different source
regions, In this section such a test for a common source
region is eprlied to the tektites,

Figure 2 is a araph of the Sr87/Sr86 ratios plotted
against time, showing the Sr87/Sr86 development lines for
four groups of tektites. The four aress represented, and the
nurber of samples included b: the average, are North ’merica (3),
Philippine Islands (5), Indo China (5), and Rohemla (2), '[he
lines are draswn from the data given in Tableas 3 and L4, with

the error envelopes shown by dashed lines, The envelopes are



Figure 2 Sr87/sr® vs Time for Several Groups of Tektites

(See Figure 8, Part II, page 84)
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computed on t's basis of one standard deviation of the mean (v )
for the Sre7/8r86 and Rb/Sr ratios, The australites were

not included in this diarram because the two samples analysed
had different Rb/Sr ratios and an average woulc not be very
meaningful,

‘me basic assumption made in drawing t'ese development
lines is that the b/Sr ratios have not changed since the
tektite first formed, This was discussed earlier, A second
assumption is that the tektites from one locality are related,
other than just reosraphically., Otherwise the average Sr87/8r86
development line would be meaningless, 1Ihe constanoy of the
Rb/Sr ratio of a particular group, in contrast to the difference
between groups, supports this assumption,

It can be gseen from Figure 2 that the philippinites,
indochinites, and North american tektite lines mmrly intersect
at a common point, with coordinates of Srs'?/Sre6 = 0,7135 and
time = 175 m.y, However, the erar envelopes are so large that
the overlap of any two of these three lines extend from 0 to
350 m.,y. The error envelopes of the two lines with the smalleat
errors (the indochinites and philippinites) overlep from
spproximately 50 to 250 m.y., <Lne moldavite line, permaps
the poorest deterriined usit is based on only two samples, des
not cross the other three lines at their common point of
intersection. It intersescts the North Amerlpan line at 300 m.y.
with an error range of from 200 to L4LOO m.y., and crosses or

is within the error envelope of the other two lines from 250 to
550 m.y.
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The Sr57/8r86 development line for the upper mantle,
as determined by Faure (196l1), is shown on the same dlagram.
The tektite development lines cross this line at ages that
range from 325 m.y. (indochinites) to 525 m.y. (ilorth American
tektites), The moldavite and phallippinite lines aoctually
intersect on this line and the indochinite, philippinite,
and moldavite lines have error envelopes that overlap on tals
line; if 2 7 has been used the points of intersection of the
tektite lines upon the upper mantle line would have all been
within experimental error. Thus the tektites could have been
derived from the upper mentle at the time indicated,

The primordial value of SrBT/Sr86 determined from
achondrites and discussed earlier, is also shown on Figure 2,
Thus the maximum age for tae tektites, given by the intersec-
tion of the tektite lines with the primordial line, range
from 500 to 950 m.y.

In thie diszcussion the term "tektite development line"
has been used, The same remarks would epply to the parent
material if thae Rb/Sr ratio did not change either when the
tektite formed from the parent or during the pre-tektite
history of the parent,

It is interesting that Figure 2 shows a sympsthetlc
variation of the Sr87/8r86 ratios with the Rb/Sr raetios; if
there was no sympathetic variation the lines would not converge
back in time, Another way to show the sympathetic variation
is given in Figure 3, In this figure the Sr87/5r86 ratios
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Figare 3 Sr87/5r85 vs Rb/sr in Toktites

(See Figure 9, Part II, page 87)
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are plotted against tae Rb/Sr ratios for the various tektites
enalysed, snd the aversages for the differsnt groups are shown,
The standard deviation of the mean (7 ) for the Sr87/Sr86
and the Rb/Sr ratios are shown by the lengths of the vertical
and horizontal lines respectively, In such s diagram all
samples of equal age will lie on a straight line, Such a
line, the 175 m.y. isochron, is drawn through the averages
for the North Ameriecan, Philippine, and Indo China sarples,
The moldavites lie above this line, reflecting the fact that
in Figure 2 their development line was above the point of
intersection of the other three lines, More experimental
work is necesgsary to refine this data, especially to see if
the moldavites actually lie ebove the 175 m.y. isochron (i.e,
do not intersect with the other three lines at the common
point), but the present data seems more than coincidental or
circumstantial and sugrest that the North American, Philippine
and Ind Chins tektites differentiated from a common source
material epproximately 175 m.y. ag0., CERTAINLY IT IS DIFFICULT
TO RECONCILE THIS DATA WITH TEKTITEZ PRODUCTION WITHIN THE LAST
30 moy, FROM RANDOMMATERIALS OF DIFFERENT AGES AND COMPOSITIONS,
Sympathetic variation between the Sr87/Sr86 and Rb/Sr ratios
in such a case would be highly unlikely.

This homogenelty of age values, whether these are actual
ages of the tektites or the parent material, is indeed
difficult to reoconcile with any terrestrial origin in view of

their widespread geozraphic locations end varying KeAr ages,
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The extra-terrestrial theories are not much more attractive.
me model that would explain their Rb/Sr - Sr87/8r86 ratio
relations, K-Ar ages, lack of cosmic-ray induced radio-
activity (Anders, 19605 distribution in restricted strewnfields,
and second period of meltinz would be as follows:

1) The fusion and ejection of large bodies from the
surface of the lMoon or some other body in the solar system
about 175 m.y. ago. The glassey blocks would have a common
Sr87/8r86 ratio, which would be the same as the parent material,
approximately 0,713, TDue to differences in selective volatill’y
the Rb/Sr ratios of the various bodies were different; however,
it is certainly difficult to see why the Sr should vary and
not the Rb, The Sr87/8r86 ratio of 0,713 is compatible with
a basaltic surface .5 billion years old, but the compositional
changes necessary to derive a tektite from basalt do not seem
possible by high temperature fusion., A more plausible occurrence
would be production of the large tektite bodies from materisl
that was similar to tektites in composition due to recent
differentiation or some chenge that increased its Rb/Sr ratio,
Tilton (1958) after analyzing three tektites for lead isotopes
and one tektite for uranium and throium, reached the conclusion
that the tektites, or parent material, had undergone differentia-
tion within the last tens of millions of years. This work
should be extended to check the apparent agreement with this

investigation,
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2) The bodies independently spiraled toward the Larth,
arriving in the LEarth's stmosphere 30 to less than 1 m.y.
ago. Since their common origin each had developed Sr87/8r86
ratios in accordance with their different 3b/Sr ratios. Since
each body was of considerable sizgs the interiors were protected
from cosmic rays,

3) The large bodies broke up in the tarth's atmosphere
and the tektites formed from a particular body fell in a
specific strewnfisld, The bodies probably entered the -arth's
atmosphere along orbits nearly parallel to the surface of
the Earth (7'Keefe, 1960) since considerable ablation of the
individual tektite took place., During this ablatlion the
tektites were heated sufficiently to csuse the escape of
argon, giving rise to the young argon ages.

The principal difficulty of any extra-terrestrial origin
for tektites 1s the existence on some body in the solar system
of suitable parent ﬁaterial. However, it is believed the Rb/Sr -
Sr87/3r86 relationship, and the lack of large variations
in Sr87/8r86 ratio in tektites, makes any of the proposed

terrestrial theories even more unattractive,
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STUDIES oF TEKTITES-II MAJOR ELEMENT COMPOSITIONS OF TEKTITES

ABSTRACT =37 tektites &nd 2 "emericenites" were partlelly or com-
pletely analyred for mejor elements, Included were 15 phllippin~
ites and 12 indochinlites, lany chemlesl similerities ers noted
between the philiprinites and indochinites, but the two groups
eppeer different in "10p, AlyCq, TiOp &nd, in particuler, Cag
contents, The Cal0 contents of  the indochiniter &re distinctly
lower, and the Vg0 contents higher, than the andlyses in Barnes
(1949), Reel veristions, up to spproxirstely 10: for scme con=-
stituents, exist within the philippinites and indochinites, &nd
even within tektites from restricted sites, Tektites from two
sit2s in the Fhilip.ine Islends e&re identicel, within experimen=
tel error, in mean composition, No decresse in slkell slement
content 18 obzerved from Indo-Chine to the Philippine Islends
(1,8, west to esst) 2= 1s obrerved scross Australis, Selective
volitilization cennot sccount for the differences in the two
groups, Perheps the higher Cs0 and Sy contents of the philip-
pintites sre due to conteminetion of the perent meterial by lime-
stone, Nerative correlations of 510 with the other met jor ele-
ments, which exhibit positive correlation esmong themselves, are
exhibited by the tektiter in sgrecment with Taylor et a1l (1961),
A new tektite from Merths's Vineysrd is remerk&bly similer chem-
icelly to the Ceorgla tektites and at lesest some of the Texss
tektites, Lvidence is preosented thet the Texas sar;les sre not
two geogrephicelly separate showers &s su;gested by Fernes
(1960) but sre intermixaed,

Introduction

Barnes (1940) compiled &ll the enslyses of tektites
evelleble et thet time, He licsted 61 enalyses, not including
tho gquestioneble Darwin Cless &nd Lyvien lesert Gless; these
included 19 moiilavites, 2 bediasites, 24 indochinites, L
philippinites, 9 billitonites and essoclated tektites, 9 sustra=-
lites, end 3 Ivory Coast tektites, Since 1S40 the only complete
me jor element enslyses of tektites to epresr in the litereture
ere one bediceite (Barnes, 19%6), & new tektite from Mertha's
Vineysrd, Vessachusetts (Kaye, et a2l, 1961), snd one Georgia
tektite (Clerke snd Cerron, 1961), Plneon and Schnetzler (1S59)
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reported the sverage k, Ne, I'e, VMn, &nd T1 contents of 11
philiprinites and indochinites, and Tejlor (1960) reported the
elkell element contente of 1ll; sustrclites,

From the published enelyses it is obvious thet the tek-
titee from e given locallty ¢re cuite similer Iln chemicel com=
position, end thet thore is some eimilerity between the differ-
ent grouys of tektites, However, it 1s difficult, if not
impoesible, to define the limits of varisbility smong the sevorsl
groups of tektlites from the publicshed snalyses, &s asch anelyst
worked on only & few specirens, end undoubtedly different meth-
ode of chemicel enelysis were used by the verious enslyets,

Theraefore, it seemed desireble to anelyze & represente=-
tive number of tektites from seversel cifferent loceslities Ly
uniform methods of enslysls, making use of reliable rock stande
erds to monitor the asccurscy of the work, I rom such & study
1t should be possitle to define the limite of verietion in the
chemicel composition of tektites tolh within & group &snd between
groups, As Taylor (1960, p, B5) ststes, "Uniformity of composie
tion for groups of tektitss, If established, would have fare
reaching implicstions," Certeinly, if, in sddition to thelr
peculier composition, widely seapersted locelities had ersen-
tially the seme composition, it would be difflcult to postulete

eny probteble torrestrisl origin,

Chemicel Anslyses
Anslyticel Frocedures

The ma jority of snalyses reported in this pLaper were
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mede by tre "repid silicsta" method of Shapiro snd Brannock
(1956), A lerge number of snomslous A1l303 results were
obteined using this method so it seemsd doaireble to determine
thles constitusnt by some other means, It wes found thet slue
minum, &e well &s sllice under certein conditions, could be
determined by X-ray fluorescence technigues with no loss in
eccurecy and considerstle improvement in precision (in the

caso of sluminum) over ths rspid silicete method,

"Rapid silicate" Techniques

The repid silicste procedures of Shapiro snd Brennock
(1¢56) ere primerily colorimetric methods of snslysis, The
intensity of light pessing through verious colored complexes
of S105, ﬁ1203, totel Ve, T10p, ¥nO, and P205 is determined on
& spectrophotometer, while Ca0 and MgO 2re determined ty photo-
metric titration, Nap0 and K50 sre determined by fleme photo-
metry. “he repld silicete method is especially attractive
because most of the determinations ere independent of each
other =so that gross errors Iin one determinstion do not affact
subroquent results, Also, the menipulstions sre simpler then
in conventionel methods of silicete enalysis (there are no
sepsrations, precipitetions, etc,) so that groess errors due to
improperly performed procedures ere not usually encountersd,

Beckman lodel B spectrophotometers wors used 1in the
colorimetric and photometric titration procedures, end &
Perkin-Elmer Model 146 flame photometer was used in the

determination of Napd &nd K20,
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The rapid silicate procedures used in this investigation
were exactly &8 described by Shapiro end Brannock (1956) except
for Ca0, Mg0O, end FeO,

The autometic photometric titration procedure, employ-
ing & spectrophotometer end recorder, &s described by Shapiro
aﬁd Brennock, was used in the determinetion of Ca0 and MgO,
However, they heve since modified the chemical procedures, eli-
mineting the seperastion of iron and sluminum necessary under the
system described in their paper, snd they have supplied the
M,I.T, repid silicete laboratory with the necessary detaills,

In the modified procedure iron and sluminum sre complexed with
& mixture of sodium cysnide and triethanolamine, and do not
interfere with the calcium and magnesium titrations by Versene,
Calcium 1s titrated et a pH between 12 and 12,7, using murexide
es an indicator, (CaO+Mg0O) &8 MgO 1s titrated with Versene at
e pH of approximetely 9,5, using Eriochrome Black T as an indi=
cator, The result obtained for CaO (changed to the correspond-
ing emount of MgO) is subtrected from the result for (CaO+MgO)
es Mg0 to obtain the asmount of MgO, Thus the accuracy of the
MgO determination 1s dependent upon the accuracy of the CelO
determination, The stendard used for both the Ca0 and (Cal +
MgO) es MgO analyses 1s the National Bureau of Standard dolo-
mite no, 88,

Fe0O was determined in most samples by the cspectro-
photometric method of Shapiro (1960) rether then the chemicel
dichromete titration procedure described by Shapiro and Brannock
(1956). Results obtained by the two methods on the seme seamples
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were in good sgreement (Schnetzler, 1961, Table L), The
spectophotometric method is much faster snd results in consid-
ereble saving of sample,

Hp0 wes not determined in the tektites es Friedman
(1958) showed thelr water content to be extremsly low (epprox-
tmately 3 to 100 ppm), fer below the detectable limit of the
Penfield method,

Sample solutions were made in duplicate from two separ-
ate portions of the powdered tektite, In the 8102, A1203, total
iron, Ca0, (CaO+Mg0) as Mg0O, Nap0, and K0 determinations duplie-
cate portions of each solution were analyzed, making & total of
four eliquots of each sample, Four spectrophotometer reading
were made on each aliquot in the S10p, A1203, and totel iron
determinetions, while an average of four fleme photometer read-
ings were made for each Nap0 and Kp0 determinations, Thus the
S102, Al203, total iron, Nap0, and K20 determinations were made
from 16 instrument readings in total, One titration of Caf and
(CaO+Mg0) as MgO was made from each aliquot, meking & totalof
four for esch ssmple, The MnO and Ti02 determinations were
made from only one sliquot of each sample solution, es the pre-
cision was sufficlently high in these procedures to sllow fewer
replicate determinations (Phinney, 1959). Four spectrophoto-
metric reedings were mede of each eliguot in the MnO determina-
tions, snd two spectrophotometer readings were mede of eech
aliquot in the Ti0p2 determinations, FPpy0g was determined from
two aliquots of each welghing but this element proved to be so
low in tektites that the method wes unrellable, and in the
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mejority of samples 1t was not determined. FeO was determined
by titretion or photometrically on two seperate welghing of
the sample, In the photometric determinations two instrument
readings were made in each determination,

The above scheme was followed in most anslyses, Occa-
slonally, however, the lack of sufficient sample necessitated
the determination from only one weighing, or if duplicate
welpghings were maede they were diluted to smaller volumes, so
thet fewer sliquots could te teken for some of the determina-
tions, Also, when the precision sppeared to be poor, the
sample solutions were rerun, so some results are an average of
a greater numter of aliquot cdeterminations then discussed 1in
the scheme above,

Duplicate peirs from one welghing were ususlly esnalyzed
in one dey and the duplicate pairs from the other weighing on
another day. The samples to be anslyzed 1ln any one day were
chosen at random; therefore the tektites from any perticular
aree were analyzed at various times during the period of the

investigetion and not as & group,

X-ray fluorescence techniques
Chodos and Engel (1961) have determined the total 1iron,

Ca0, Mg0O, K20, T102, and MnO contents of amphibolite rocks by
fluorescent X-ray spectrogrephy, end the results esre in sccept-
ehle sgreement with wet chemlicel enslyses of the same samples,

However, they found that the sllica and aluminum results did



2-7

not compare favorsble with the wet chemicel results, being
accwrate only to about 54 of the amount present, They ettrib-
uted this error to metrix effects, 8s their samples varied con-
siderably in mejor element composition,

As the variation of the major elements in tektites is
smell, it waes felt the matrix effects should be negligivle in
these semples, Since the sluminum determination 1s the least
satisfactory of the repld silicate procedures it waes decided to
attempt to enalyze for thils element by the X-ray fluorescence
method, and ss the determinstion of sllica by this procedure
would eliminete one of the sample solutions in the repid sili-
cate procedure, this element wes also attempted by the Xeray
fluorescent method, It wes belleved this method might be suce
cessful in this investigetion, while it had falled for Chodos
and Engel (1961), for three reasons: 1) the matrix problem
should be essentially non-existeﬁt, at least smong the Pacific
Ocean areas tektites, 2) the tektites, being & fairly homogens-
ous gless, should not exhibit the 1nhomogenelty of particle
size and mineralogicel composition thet would be found in =
powdered rock ssmple, &nd 3) the machine svailasble allows the
repid comparison of stendard end sample, which wes not the casse
in the machine used by Chodos and Engel, thus reducing instru-
mentel drift,

One disadventage of the X-ray fluorescent unit used 1is
that the samples sre inverted when put into the machine, mesking

it necessary to heve & mylasr window over the sample holder to



contaln the powdered sample within the holder, It was found
the 0.5 mil myler window cut the intensity of the team for the
silica K{radistion by & factor of~1)D end for eluminum Kiradis-
tion by a factor of <~ 25, This reduction in beam intensity
greatly incresses the counting time necessary for the desired
precision, and nullifies the advantage of speed this method
originelly promised, Some of the semples had not been com-
pletely powdered, end the solld portions were large enough to
£111 the aperture in the semple holder shield; thus they could
be run as solids end the mylar window could be elimineted,
However, the mejority of the samples had been completely pow=
dered., An sttempt was mads to press them into & brickette under
high pressure, but the powdered tektite glasses would not form
hard brickettes, and the danger of losing the whole sample wss
felt to be too greet to pursue this approsch, Thus 1t was
decided to sacrifice speed, &nd use the mylar window with the
powdered samples, Larger shlelds were used for the powdered
samples than for the solids so that the counting rates for the
powders were only & factor of 3 lower for silica end € lower
for aluminum than the counting rates of the solids,

The preparetion and pecking of the powdered samples
were essentially es described by Chodos and Engel (1961 ), A
cut surfece of the rolid which was free from bubbles was pol-
ished to eliminate any effect of surface lrregularity, snd

mounted behind 8 shield which did not have & myler window,
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The X-ray fluorescent unit used wes & North American
Phillips instrument with & tungsten terget tube, The operating
conditions were: EDDT e¢rystal; pulse height analyser base
volts = 1,50, window volts 6, flow proportional counter volts =
1650, WNumber of counts for powder: SiK« pesk 51,200, backe
ground 800; Al Ko peek 8000, background 800, Number of counts
for solid: S1i Ko pesk 102,400, background 800; Al KoL 25,600,
background 800,

The stenderds used were selected tektites which had
been enelyzed for silica and aluminum by rapid silicete pro-
;cedures. Table 1 compares the vealues obteined by the two meth-
ods, The numbers inr parentheses asre the number of determina=-
tions by the X-ray fluorescence method, It can be seen thet the
A1203 results for the powdered samples &s well as for the solid
semples ere in very good agreement, The maximum difference
between the two methods is about 2% of the emount present,
while the everere difference is sbout 1% of the amount present,
In the last two semples llsted in Table 1 the Alp03 powder end
solid X-ray fluorescence results are compered,
| The 510, X-rey fluorescence results, however, are not
satisfactory in the powdered samples, As silica 1s the predomi-
nent constituent in tektites relatively more precise values are
desired than for the other constituents, A 1 or 2% error is
permissible in Al;04, but not in S102,

However, the 5102 determinstions in the solid samples

ere in good agreement with the values obteined by the rapid
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Table 1 Comparison of Rapid Silicate and Xe-ray Fluorescence
Analyses for Si0p and A1;0,

(See Table 15, Part I1I, page 107)
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silicate procedure, Another resson to believe the solid semple
5102 results are scceptable, while the powdered sample values
are not, 1s the fact that the constituents totel close to 100%
using the solid sample S102 results, while the totels, using
the powdered semple 510, results, vary approximately between
95% and 107%,

From the deta given in Table 1, end the confirmetion
by totaling to 1007 it wes concluded that the X-ray fluorese
cence S102 and A1203, determinations on the so0lid semples, end
the A1203 determinetions on the powdered samples were eccept-
sble, and comparable to the rapid silicste determinations,
However, the S10p determinstions on the powdered semples were
not comparable to determinations by the repid silicate pro-
cedure, end were not reported,

There ere several possible causes for the poor Sio2
results on the powdered samples. FProbably the greastest error
is in the packing of the semple in the holder, Chodos &and
Engel (1961) state that duplicete psckings should egree within
sbout 1%, Duplicate packings in this investigation disagreed
by as much es 2%, Differences 1n grain size, resulting in dif-
ferences 1n surfece area exposed to the beam, might have been a
minor factor, The sample holder wells might not have been of

uniform size~-unfortunestely, this was not checked,

Precision and Accuracy
Mercy (1956) presents an extensive discussion on the

precision and accuracy of the rspid silicete method of s&nalysis,
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However, the procedures for Al, totel Fe, Ti, Ca, and Mg have
been changed since hls work, Phinney (1959), Brownlow (1959)
and Moore (1960) discuss the precision and accurscy found in
routine anslysis in the M,I,T, repld silicste laboratory,

As most of the values reported in this peper are the
meen of replicate determinetlions, en estimste of the precision
is possible from the tektite dsta, In addition, the rock
standerd G-l and W-1 (Fairbairn et al, 1553) were interspersed
with the samples during the enalyses to monitor the results, so
en estimete of the accuracy may be obteined,

" The standsrd devietion of the mean (¢) 1s the most
important statistic as all results, except some of the aluminum
results obtelned by X-ray fluorescence, are the mesn of repli-
cete anslyses, The replicete tektite rosults, together with
the anelyses of G-1 and W-l, suggest that the averasge precision
(¢) of the rapid silicete date is approximetely: S10p, 0,2%;
A1203, 1.4%; T10,, 1.57%; total Fe, 0.5%; Mg0, 1%; Caf, 1%;
Nay0, 14; K50, 1%; and MrD, 2%, These values egree in general
with those given by Mercy (1956, p., 168), The precision (¢) of
the photometric FeO determinations 1s approximstely 27, the
810, X-rey fluorescence determinations 0,5%, and the Alp0g Xeray
fluorescence determineations 175 or less,

The results of replicate snaslyses of G=1 and W=l are
glven in Table 2, The columns labeled 2,B, C, etc, represent
differsnt welghings, while the numbers in psrentheses are the
number of determinations thet were mesde of the sample, The

averages wers célculated from the values glven in columns A,
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Table 2 Analyses of Gel and Wel

{8s¢ Table 17, Pard I1, p 112)



2=-1l

B, C, etc,, welghing each value by the number of determinations
that were mrde of thet solution, The esccepted values (X) for
G-l and W-1l, and the "scceptable range" (X - S, X + S) are from
Stevens (1960, p. 32)s The only results that are outslde the
"ecceptable range" esre Ca0 in G-1 &nd S10, in W-1, The high
results for Nas0 in both G-1 and W-1 (elthough they ere both
within the "acceptable range") ere in excellent agreement with
fleme photometric determineations 1listed by Steven (1960, p. 36).
As most of the enelytical procedures used are independ-
ent of each other & totsl of the constituents close to 100¢ is
much more indicative of accuracy then in sonventional methods
of analysis where & constituent may be iIncompletely precipi-
teted et one point and later precipitated wlth enother constitue-
ent, and still givé 8 good summation. It cen be seen in Table
3 that 211 the analyses totel close to 1004, The date in
Tables 2 and 3, therefore, indicete that the éccuracy of this

work is acceptable,

Results

The results of the chemicsl eanslyses sre glven in Table
3., Included ere pertial or complete analyses of 37 tektites and
2 "smericenites," The specific gravity and total iron contents
ere 8lso liéted. The index of refraction is given for & few of
the tektites,

£ description of these semples cen be found in Schnetzler

(1961),



&1

Table 3 Analytical Results

(See Table 19, Mart II, page 117)
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The columns labcled A end B 1in ell but three cases
represent dupiicete welghings of the semple, fnd, es dlscussed
ebove, for rmost of the constituents the result in each column
1s the average of duplicate analyges. Insufficient amounts of
samples Tl'102, TL1O4, and T3310 were aveileble to allow dupli-
cate welphings; therefore the columns A end B in these three
cases ove duplicate enelyses from only one weighlng,

The results obtained by X-ray fluorescence are desig-
nete¢ by en asterisk--all results not so designated were
obtuined by repid silicate techniques, In most X-ray fluores=-
ceace 8102 determinations, three independent measurements were
rade and all three are given in the table, If both repid sil-
icete and X-ray fluorescence determinations were made on &
sample the repid silicete results &re given in Table 3, A
comparison of the results obtained by the two methods in these

samples 1s given in Table 1,

Discussion

The eversge compositlons for the various tektite local-
1ties calculated from the ssmples analyzed in this work are
presented in Table lj along with the averesges calculated from
the analyses compiled by Barnes (1940). 1In this table n is the
number of samples from which the averages were computed except
for S10p and Alz03 where the number is given in perentheses,

As the sampling of the phllippinites reported in this

-
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Table l} Average Compositions of the Various Groups of
Tektites

(See Table 20, Part II, page 135)
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paper 1s more extensive then that in Bernees it is felt the new
aversge for this group 1s more representative of thelr compo-
sition., The differences between the old &and new data are
attributed to the small number of samples previously snclyzed,
Twenty-Tour indochinites hed previously been enaslyzed, however,
end it can be seen in Table l that the new and old averesges are
in close egreement for many of the constituents, The most
notable exceptions ere Fep04, Fe0O, Mg0O, &nd Cal, Fe203 wes
reported in only 5 of the 2] indochinite enalyses compiled by
Bernes, Whether this constituent was not determined or not
detected in the other 19 samples 1s not stated, but as it 1is
usually determined by the difference between total iron and
Fe0, and as it is very difficult to prevent a small rercent of

2 from oxidizing to Fe+3 during digestion of the sample,

the Fe'
a small amount of F0203 usually appears in any rock enalysis,
Thus 1t 1s assumed the F3203 content was determined in only 5
samplos and the discrepancy is not surprising considering the
limited number of semples reported and the poor precision of
the method &t these low levels of concentreation, As the total
iron averages of the old and ncw deta are very similar, the
discrepancy between the FeO results is aslso explained 1f the
snelyst of the samples reported by Barnes assumed all the iron
was in the +2 oxidetion state rether than determining both FeO
end totel iron,

However, the MgO end Cal aversges for the indochinites

reported in this paper are distinctly different from the



everages from Barnes; the Ca0 averages of this work are lower
and the MgO correspondingly higher than the data from Barnes,
None of the Cal0 results reported here approach the esverage from
the litersture (Cal0 = 2,06 is the highest value found as compered
with the literature aversge of 2,51) and only lj of the 2l; Ca0
values from the literature ere in the renge found by the new
enalyses, Only two of the MgO contents reported here are as
low or lower than the averege of 2,00 calculsted from the 11it-
erature, It should sgein be steted that the ssmples were
analyzed in & completely rendom fashion, with & mixture of
indochinites, philippinites, sustrallites; etc. in each group of
seamples snalyzed in any perticulsr dey., In fact, the difference
of Ca0 content between the philippinites and indochinites was
not noticed until aefter all the analyses had been completed,
Evidence that the CaQ(and MgO) values reported here &re not in
error ere: 1) the Cal0 values for the philippinites &nd austrae-
lites appeer to be in falr sgreement with the litersturse--at
least they are not all lower then the literature snelyses, and
2) the vslues obtained for strontium (Schnetzler, 1961), which
hes & close geochemicel coherence to calcium, ere céistinctly
lower in the indochinites than the values obtained for the
philippinites, In the conventional method of rock analysis
calcium and magnesium ere separated by the precipitation of
calcium oxelaete and the determinstion of magnesium i1s from the
filtrate, As 23 of the 2 indochinites from Barnes were snsl-

yzed by one analyst, it 1s suggested that consistent incomplete



sepsrations may have ceused hlgh Ca0 and correspondingly low
Mg0 results, The methods used in the analyses reported here do
not require the separation of calecium sand magnesium, end the
date for G-l and W=l suggest'that the Ca0 and MgO determinations
were eossentially correct, Thus, 1t is suggested that the Cal
and Mg0O results reported in the litersture for the indochinites
ere in error snd the aversges reported here should be conside
ered closer to the true averasge for the group.

It can be seen from the deta in Table 3 that there
sppeers to be some variation in the composition of the tektites,
both between groups snd within groups, It should now‘be deter-
nined whether this variation is reel or merely snalytical error,
Table 5 comperes the scatter of results, expressed as the rela-
tive deviastion (¢), of the philippinites and indochinites listed
in Table 3 with the enalyticel precision &s estimated from the
dete, The rubidium and strontium velues are from Schnetzler
(1961, Table &),

In Table 5 it cen be seen that A1203, MgO, Cal, NayO0,
end MnO exhibit & significantly greater variation in the
philippinites then can be accounted for by purely snalytical
error, while all the ma jor constituents in the 1ndochinites
exhibit & sreater scatter of results than the estimate of
analyticel precision, The scatter of rubldium end strontium
results in both the philippinites and indochinites is also
greater than predicted from Just enalyticel error, Thus, it

appears there sre reel differences 1n composition within the
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Table 5 Comparison of Scatter of Analytleal Results and
Analytical Precision

(See Table 22, rart II, page 140)
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philippinite and indochinite groups. Taylor (1960) found the
same order of megnitude of variation in the alkell elements
in 1} sustralites, He found & relative deviation of 12,67 in
Na, 7.6% in K, and 12,1% in Rb, The larger devistions than
found here, perticulerly in the case of Rb, are probably due in
part to the greater deviations in his znalytical methods, viz,
the emission spectrogreph &8s compared to the mess spectrometer,
The first 6 samples (T3959 through T3965) listed in
Teble 3 are from one site in the Philippine Islands~--the Senta
Mesa site in Rizal Province, The next 7 samples (T3379 through
T398)) come from esnother site-~-the Pugad-Babuy site in Bulskan
Province, DPoth of these sites are on Luzon Island nesr Manile,
Therefore, the opportunity exists to test if veriations exist
within smell ereas, and between two eress which, due to their
proximity, might be assumed to have & common origiln and/or
perent meterial, The esveresge composition for each site, and
the stetistical computations have been celculated from the data
in Table 3, and ere shown in Teble 6, By comparison of the
relative deviation (c) values of this teble with value= esti-
me ted for the analytical procedures given in Table 5, it
eppears thet many of the constituents have & greater variation
than can be sccounted for by analytical error. Even if these
devistions ere compared with the most pessimistic estimates of
analytical precision, A12039 Mg0, Ca0, and Ney0 In the Santa
Mesa samples, &nd Ca0, Nap0, and MnO in the Pugad-Babuy samples
axhibit significently greater verletion than just snalytical
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Table 6 Average Compositions of the Samples from the Santa
Mesa site and PugadeBabuy site, P.l,.

(See Table 23, Part II, page 142)



2-2l

error, Thus the date suggest th:zre ere real differences in
compositions, not only within & given locallty ahch as Indo-
China, but also withiv(restrictad tektite sites, although the
aversge compositions of tektites from different groups may be
i1dentical,

Next to be considered is, does the deta suggest the
philippinites end indochinites are significantly different in
composition to be considered two independent populations?
According to the Null Hypothesis (Moroney, 1956), there is
only a 5% probability that the difference between the sverage
of two groups 1s equal to two stendard devietlones of the dif-
ference if the actual difference between the two groups 1s
zero, Moroney (1956, p. 220) regards this occurrence as
"probably significant" while a difference of three or more
standard ceviations can be regarded as "definitly signifi-
cant,”" the probability being less then one half of one percent
that so great & difference should occur by chance in random
sampling of one population, Applying this hypothesis to the
indochinite end philippinite date 1t is found that five of
the constituents exhibit differences that ere definitely
significent, The difference in the means of the two groups
for S10p, A1203, and T10, equals approximately three standard
deviations of the difference, while the dlfference in strontium
velues equals 9 stendard deviations, and the difference in Ca0
values equals 15 standard devistions of the difference, The
date for the other constituents does not suggest any significant

differences in composition,
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If the seme test is applied to the data in Table 6 for
the two sites in the Philippine Islands it is found that only
MnO reaches the "probably significent” level-~the difference
equaling two standard ceviations of the difference., As the
probebility of this occurring if the asctual difference between
the groups 1s zero 18 approximetely one in twenty, and as there
were ten pairs of canstituents tested, it 1s felt the occur-
rence of only this much difference in one palr 1s not signifi-
cant,

Thus the data suggest there 1s a real difference in
the meen composition of the indochinites and phllippinites
enalyzed, but no significant difference 1z demonstrated between
the tektites from the Sente Mesa and Pugad-Babuy sites, slthough
Beyer (1955) ststes that the semples from the two different
sites hove quite distinct differences in physicel asppeerance,

~Taylor (196C) found & decrease in slkali element con-
tent in 1l australites from west to east, parallel to the
decrease in specific gravity reported by Baker and Forster
(1943), Over a distance of approximately 1300 miles all the
alkell elements exhibit & uniform change of approximetely 207,
Cohen (personal communicetion) believes this uniform change in
composition supports his theory that the Paciflic Ocean area
tektites were formed by the impact of a large meteorite some=-
vhere in China, The tektites represent the fused terrestrial
meterial thet was thrown high into the atmosphere and ecross
southeast Asle and Austrelis, the slkall elements being

selectively volatilized during their paessapge through the
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atmosphere, Baker and Forester (1543, p. 399), assuming there
was such & chemicsl change from their specific gravity deter-
minations, suggest that the tektites were ablated from &
meteorite which passed from west to east across Australia,
Whatever the cause of this uniform chenge in chemicel composi=-
tion of the tektites across Austrelis, 1t 1s spparent from the
data in Tebles 3 and I that sodium, potassium &nd rubidium do
not show any significant decreese from Indo-China to the
Philippine Islends (i.e, west to eesst), desplte the fact that
these two locslities ere approximetely 800 miles spart, There
also appeers to be no uniform change in composition in & north-
south direction since the Koueng-Tcheou-Wan samples ere quite
similar in composition to the Dalat ssmples which lie spproxi-
mately 650 miles to the south,

Thus the data presented here does not indlcate any
gsolective volatilization of elements during pessage of a parent
body from west to east (or in any other direction), &s suggested
by the compositionel chenges in australites, The two elements
which exhibit the greatest difference between the two groups,

Ca and Sr, would not be expected to bé aslectively volatilized
without much greater volatilizatlon of meny of the other ele=
ments, e.g. the slkalies, As Lovering (1960) points out, it 1s
reasonable to assume that the relative volatilities would cor-
respond to the boiling points of the normasl oxides, and the
order might be approximately Mg0, Ca0< A1203 < S10,, Fe0 ( Nap0,
K0, Fusion studies by Lovering (1960) and Friedmen et al (1960)

suggest that this order 1s essentlally correct,



1A
B

Thus 1t 1s concluded thet selective volatilization is
not the cause of the differences observed between philippinites
and indochinites, They might be completely independent groups,
from completely different source meterials, in which case their
Bimilerities would be just as difficult to explain, Consider-
ing these similarities (for example, total Fe, Mg0O, K20, NapO,
Mn0) it might be more reasonsble to considsr the higher calcium
end strontium contents of the philippinites due to contaminsa-
tion, by some unknown means, by & high celcium~strontium source
(1imestone?).

Several interesting features can be seen from the deta
in Table 3 that, elthough not entirely originel with this work,
confirm the observations of eesrlier Investigators, One is that
the Fe and Mg contents of the indochinites exhikit & much
greater renge than in the philippinites, but there appears to
be no directionel trend to the variestion, 1In contrest to
chromium end nickel whiaé ere present in much greater concen-
tration in the southern than in the northern indochinites
(Preuss, 1935; Ehmann, 1960), Ehmann feels these lerge differ-
ences in Cr and Ni are strong evidence that the indochinites
represent two sepereste occurrences, The ma jor elements
reported here, however, dc not indicete any grouping into two
seperate populatlons,

Taylor et al (1961) pointed out the inverse relation-

ship between 8102 and the other me jor constituents in austra-

lites, &nd the positive correlations the other constitusnts
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show emong themselves, These reletionships can be seen in most
of the elements in Table 3., The correletion coefficients of
the verious pairs ars not eas statistically sipnificant as those
reported by Taylor, largely because the variations exhib!i~d by
indochinites and philippinites are not as great ss those in the
sustralites and the analyticel error masks the smell variations,

The similarity of the two "americenites™, T3967 and
T3996 to obsidisn, and dissimilarity to tektites, 1s apperent,
In view of the snalyses reported by Mertin end Koomens (1955)
and those reported here, it is belleved these objJects are mswrely
stream worn obsidian pebbles end they should not be considered
as possible tektites,

Table 7 1s & summary of the chemical enslyses of North
American tektites, taken from both the litereture and this
work, The first column is the analysis of sample T4091 from
Martha's Vineyard, Massachusetts given in Table 3, end elso in
a paper by Keye et al (196l1), The second column is another
enalysis of the same sample by Clarke and Carron (1961). The
excellent egreement between these two independent anaslyses 1s
considered confirmation of the accuracy »of the work, The
Georgia sample listed on the third column was esnalyzed by
Clarke and Carron (1961), This semple, U,S, National Museum
no, 1396, hes besn enalyzed for rubidium snd strontium snd
strontium i1sotopes (Schnetzler, 1961), K=-Ar age (Reynold, 1960),
tracé elements (Cohen, 1959; Clarke and Cerron, 1961), megnetic
susceptibility (Senftle snd Thorpe, 1959), and absorption specta
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Table 7 Chemical Compositions of Martha's Vineyard, Georgia
and Texas tektites

(See Table 24, Part II, page 18)
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(Stair, 16553 1956). A photogreph of this semple is shown by
Bruce (1959),

Barnes (1940) reported the analyses of two bediasites
from Grimes County, snd the average 1s glven in the last
column of Table 7. After 1940, tektites were found approxi-
metely 75 to 125 miles southwest of Grimes County in Fayette,
Lee, 8nd Gonzgles counties, &and an analysis of a semple from
this newer area is given by Barnes (1956), This analysis 1s
given in the fourth column of Table 7, Barnes (1960) suggests
the two aitqs, considering their different compositions as
indiceted in columns lj and 6, represent two separate showers,
He elso states the similerity in physical appesrance betwsen
the Fayette County and Georgla samples suggest they could have
come from the seme shower, Clarke and Carron (1961), comparing
the Martha's Vineyard and Georgla samples suggest that an srti-
ficiel origin mey explein their remarkeble similerity, They
belleve the Grimes County samples ere from an .extensive and
bonafide tektite strewn field, but that the Fayette and Gonzales
County glasses cannot be considered true bediasites, and mey
also be of ertificial origin (personel communicetion),

A tektite from Grimes County, Tj106, was partially
enslyzed during this investigetion end the results are given in
the rifth cblumn of Table 7, It cen be seen that most of the
congstituents resemble the Fayette County semple more closely
than the previously analyze§ Grimes County samples, The MgO,

and especlally the Ca0, contents ere strikingly different from
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the two older Grimes County enalyses, TL106 appears closer to
the older Grimes County snelyses than to the Fayette County
anelysis only in total iron end T4102, This dete suggest several
porribllities, One, the Mg0O end Ca0 analyses of the two Grimes
County bediasites in Barnes mey be lncorrect---perhaps due to
incomplete precipitetion of calclium, so that the bulk of the
calcium was included in the MgO determinétion. The combined
Ca0 and Vg0 valuses of all the Grines snd Fayette County samples
ere similar, A second possibility 1s that the two types of
bediasites sre not physically seperated, &s suggested by Barnes
(1960), but intermixed, as T4106, which most closely resembles
the Fayette County semple, wes found in Grimes County, Or it
mey be thet there esre not two completely separate compositionsl
types but & gradation over a wide renge of composition. Meny
more semples from Texas need to be analyzed to determine the
true chemical nature of this field, Mr, Sumner Wolfson of
Boston University, who collected T41l06, was quite emphatic that
1t came from Grimes County,

In any event, it sppears that the Marthe's Vineyard
tektite, Ceorgies tektite, and at least some of the Texas samples
are remarkably similer in composition., An artificial origin,
suggested bj Clarke snd Carron (1961), is not supported because:
1) the Texas field, which sppears to heve ssmples quite similar
in composition to the other two sreas, 1s a large fleld end the
similarities of the semples in this field with those of other
recognized fields has been well documented (Barnes, 1940; 1960);



2) 1t 18 difficult to believe sufficient amounts of argon would
be retained during recent melting to pive KeAr eges of 32 and
29 million years es given by the Georgie and Texas samples
respectively (Reynolds, 1960); 3) the chemical composition is
much different from normel men-made glass, and hes an extremely
high melting temperature; end lj) the similerity in composition
seems even more strenge i1f the obJectS are men-mede, for it
seems quite coincidentsl that three sepsrate glass-mekers would
choose rsuch similer, snd odd ingredients,

It should be emphasized that the Marthe's Vineyard
sample 18 a single find and this area should not be considored
& toktite locality until more sre found, However, it 1is sug-
gested that the most logical explenation of the similarities
found in the North American semples enalyzed to date is that
they are pert of the seme shower, Confirmation of this aweilts
the discovery of more semples and additional analyses,

Although the results of this investigation do not point
toward & specifie mode of origin for tektites, they add to the
limiting fectors that must be accounted for in any proposed
theory of origin, However, the small chemicel variastions that
exist In tektites from e particular locelity, the similarities
between localities, and the typs and degree of the differences
thet exist between localitles, exhibited by the philippinites
and indochinites enslyzed in this investigestion, ere difficult

to ascribe to a terrestrial origin,
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Part II

(Complete description of thesis investigation)



SEGTLON I

INTRODUGTINN

Interest in tektites has increased tremendouusly in the
past few yoars; howsver, despite the growing vaiume of Llteraturs
on the subject, the origlin of tektites is still quibto uncerteln.

A ahsrt resums cn tektites $8 given in this ssctlon,
but no attvempt has bosn nade to present a cemplete summary of
the papers concerning tertites that have sppearsad sines thsy
were ~irst dlscovered 175 years ago, Comprehensive summarles,
with extensive bibliogrephiee, may bs found in papsra by
Suess (1900), Barnes (1940)and Baker (1959}, In addition
Volums 1, Number L, 1958, of Gsocheunica e% Ccamochsmica Acts
eontains a number of papers rresented at a conferencoe on
tektites held under ths auspices of the U, &, Natlional Academy
of Bcience,

Tektites are small glasay bodles which are found by
the thousends in certain large areas of ths world. 'They
contain no crystels and many have regular shepes, sush as
spherss, disks, pears, rods, dumbbslls, stc, They usually hevs
a tlack to green higaly vitresous appearance and thin ehlps erhlbit
a light green to brownish green tint, They vary in welght from
less Lnan & gram to several kilograms., (Lacsroix, 1935)

Tektites occur in "strewn fislds®™ which vary from usveral
tens of square miles to sub=contisntal in ares, Tektlter are
found in southern Australis, in varying degrees of concentrailon,

over an ares of 2,000,000 square miles, while none are found in



norshern Australia, Dach large group of tektites is usually ziven
a local neme; thus the sccepted strewn filelds, and ths common
nams for the tektiter ¢f sach, are, in Czschuslovakia (moldaviiss}:
Augstralia end nelghbering islands to the south ({australites;
the islands of Bornev snd Billiton, ead the Malay Peninsule
(billitonites); Indo-China, south Chine, and Siam (indochiniteg);
the Philippire Islonds (rizalites or philippinites); Texas
(bediasites); Java (Javanites); the Ivory Cozst (no special nums)
and Genrgla (no special neme), A tekiite was recently found in
Massachusetts (Kaye et al, 1Y6l1l) but until other taktites ayre
found in the wviecinity this area cannot be consldered a tektito
site, Bayer (1955) estimuted that spproximately 650,000 tektites
have been collected from these localitiss, diatributed thusly-e
australites 40,000, bediasites 2000, billitonites 7509,
indochinites L0,000, Ivory Coast tektites 200, javenites 7000,
moldevituas 5500, philippinites £00,000, Probsbly no more than
20 samples have been recovored f{rom the Georgia site (RBruce, 1959!.
Besides thege groups of tektites thers are other glassy
ob jects that are consldered tektites by some investigators. Thenwe
include Darwin glass from Tasmania, which are hlghly vesicular and
have no regular shaepe (Spencer, 1939); Lybian Degert gless, whish
is radicslly different in composition from auy tektite, bsing
aloal pure asilica (Spencer 1939 ); and the "americaniies” Trom

Peru end Columbla, which have smell crystals {Martin and Koomans,
1955) eand much more water than any tektites (Friedman, 1958),
dther types of glasey objects that have been related to tektitss



by some investigators {(fo example, Spencer, 1939, and Cohen,

196%) are the “impactitss.,” Thoge objecte are found assoccialad
with meteorite craters in many parts of the world anc ars obviously
forme¢ by fusion of the terrestriel material upon impact by tae
meteorite (Nininger, 19%52), They commonly exhibvit incomplete
fusion and do not have any rezular shapa., They also contaln

small sphevules of nickel-iron., Tektltea, however, sre not found
1n close gssoclation with any known crater and no trensitionazl
forme betwesn tektites and impactites have besn reporied,

Tsktites seem to have no relation to thm formations
in waleh they oececur, They ars found upon, and occaslonally in,
superficial depoalts which range in age from Tertlary to Reseat.
Thage deposits overlie rocks of very divers@voharaat@?--ignamuag
metamcrphic¢, and sedimentary, both acid and baasie, and of
almost every age from praeCambrisn to Recent (Baker, 1959},

Beyer (1942) gives tha following ages for the verious
groups of tektites, based upon geological evidence: Ivory Coast,
late Mesozolc; bedimsites, Eocens; moldavites, Middie Miocena;
indochinites, billitonites, javenites, and philippinites, Middle
Pleigtocene; sustrslites; Recsnt., Reynolds (1950 ) K«Ar datss
supported thess ages except for the australitesa, Ths ages 16
reported were: bedlasites and Ceorgia tektites appreximately
30 msYo, moldevites approximately 13 m.y., and all tie Paclfie
Ocean teltites about 7.5 = 0.2 M.ye

Enmaim and Kohman (1953) msasured the content of the

6

cosmic rey produced nuclides Ald and Belo in tektites and



coneluded they mush have spent at least one millicn years in spacs,
Howoveor the measuremanitc were border line, enf Andera (1960}, using
mora sensitive instrumentation, was ungble to confirm the resulte,

Tektites from ail parts of ths world are remarkebly similer
in chemlcal composition. Thsy contain gt least £5% 8ilica, but
usually have high iron, caleium, end magnesium, and low potassium
and sodium in comparison to know terrestrisl glasses of similar
silica content., Friedman (1958} found the water content of
tektites to be between 2C and 100 parts per million, much lowey
than any terrestriel rock,

The outer surfaces of tektites are marked to verying
degrees with pits and greoves which havs been 1nterpreted by some
(for exemple Jswald, from O'Keefe, p, 6, 1966) as the result of
motion througzh the atmosphere end by others (for example “errill,
1911) as the result of the etching action of soil aclids., Howaver,
extensive studies on ths shapes ¢ tektites by Fenner (1938)and
Baker (1959) indicete all the ahapes can be explalned &s a zequsence
of forms characteristic of & fluld body in rapid rotation, In
addition many australives and a few indochinites and Javanites
exhibit a sesond period of melting which is interpreted as dus
to ablation during motion through the atmosphers (Barnes, 1940),

The interiors of the tektitas exhibit flow structures,
straln, lechalaturite particies, and smell bubbles (Barnss, 1960],
Suess (1951) found the pressure inside these bubbles to be less

than 10°3 atmosphere meking the designation "volds" more
appropriats than "bubbles.”
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Many different theories have been formulated to acccunt
for the origin of tektites aend they can be classified into two
categories, one, assigning & terrestrlal, snd the other an exiLrae
terrestrial origin, Most carly investigatora believed them to
ve a special form of obsidian (Dunn, 1935; Merrill, 1911), -
although thay sre often found far from any evidence of volceilsm,
Other early theories advanced included proposals that they wers
men-mode (Hillebrand, 1910), concretions (Jensen, 1915), dehydrated
silicate gelmasses (Easton, 1921) ete, These theories have been
abandoned by almost all atudents of tektites,

Late in the 19th century several investigators proposed
an extraterrestrial origin for tektites, the first being Verbeek's
(1897) proposing that the billitonites were ejected from volcanos
on the moon. Suess (1900), on the basis of thelr surface markings
and diseimilarity to terrestrial glasses, propossd that the three
types of tektites known at that time were forms of zlass meteurites,
A medification of tnis theory is that tektites are the residual
incombustible silicecus contents of combustible mstellic metsorites
that burnsd as they fell through the atmosphere (Fenner, 1938),.
stair (1956) and Caasidy (1956) considered that tektites could
heve originated at the dlsruption of e planet gimilay to the
Earth,

Nininger (1943), reflecting upon the craters on the

Moon and the lengths of the rays smanating from these craiers,
proposed that tektites were knocked off the Moon by mateorive
impacts, Varsavsky (1958) has calculated that possible trajectories
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exizt by which lunar material can be focused $o restricted portions

of the earth, OJ'Keefe (1960) noted that a veported fall near

Igast, Esthonias had s chemical composition similar to tektites,

end he suggested that tektites are ablated from similar moeteorites

as they come into the earths atmosphers Iin near sateliite orbits.

An orbit nearly horizontal with the earths surface sllowa the
spread of tektites over great distances snd sllows deep melting

to form the flanges observed in some tektites, He stated that

the reflecting properties of lunar rays, tae polarization of

light from the Hoon's surface, and the radar reflectivity of the
Moon are best expleined i1f the Moon's surfacs has a composition
ainilar to tektites and ths Igast object,

Suess (1951) proposed that tektites may be fragments of
the head of a comet that was outgassed and fused by passags
cloge to the sun,

Because of the peculiar distribution and chamical compesie
tions exhibited by tektites, sny terrestrial theory of origin
postulates some sort of catastrophiec event, The first serious
challenge to the extra-terrestrisl theories was propcsed by
Spencer's (1933) meteorite splash theory. He suggested that
tektites were composed of terrestrisl materisl which had been
fused by meteorite impacts upon the Farth, Barnes (1940),
reviving an early theory by Rutley (1885), proposed that tektites
may be formed by lightuning striking sedimentary rockse-that 1=,

they are a form of fulgarite, Recently Hawkinas (1960) has
supported this theory.



In an attenpt to sxplain the widespread distribution cf
apparently related tektites, and their chemical similarity %o
certain terrestrial material, Urey (1357) sugrested that collisions
of comets with the Earth would result in the fuslon of large
volumes of materials end this debrls would be scattered over
large areas., He pointed out that tektites could not heve passed
through space in e cluster, hecause a cluater of ths density
necessary to produce %hs observed dlatribution of ausiralites
would be unstable and would be torn apart by the Sun's gravitae
tional attraction in a short time, A cluster of density sufficient
for gravitational stability would pils up australites to a depth
of 100gms/cm2° The explosion of the comet would occur high in
the atmosphere and would fuse material over a wlde area but
probably procduce only a small depressiocn,

Cohen (1961) has also theorized that tektites were formed
by a gigantic impact, but he belleves the mechanism was the
impact of glent meteorites or aesteroids, He pointa to the 17
mile wide Ries Kessel crater as the point of impact that producsd
the moldavites, which extend from 150 to LOO miles east of the
erater, The presence of coesite at this crater sugrests thst
it is of meteoritic origin (Shoemaker end Chen, 1560}, Cohen
believes the chemical compogitions and shapes of the moldavites
vary f{rom west to east in e manner consistent with his thsory.

He has associated the Ivory Coast tektites with the RBosumtivi
erater in Ghana, and suggests there should be sn immense creter
in China which produced all the tektites in the Paclfic Ocean

aref.



In summary, thes majority of present day investigators
believe the mochanism and materiasls ave avallsble to produce
tektites on ths Earth (Krinov, 1958, Rinehart, 1958; Friedman,
1958; Barnes, 1958; Hewkins, 1960; Urey, 1957, 1959; Cherry,
Taylor, and Sachs, 1960; Cherry and Taylor, 1961; Taylor, 19€0;
Cohen, 1960, 1961; Tilton, 1958), Howevar,other current investi-
rators believe the similsr compositions of tektites, and th@iv
widespread distribution sugrest an extraterrestriasl origin
(Pinson, 1958; 7'Keefs, 1,60; Cassidy, 1956, 1958; Versevcky,
1958; Chapman, 1960; Baker, 1959, 19603 Lowman, 1960), and some
of these invesgtigators believe the evidence points toward the
Moon as the most probable source.

The fellowing sections discuss two different studies of
tektites, It was felt the strontium isotepic composition of
tektites might suggest possible parent materials, end the variae
tion of isotopic composition, compared to the veriation observed
in terreatrial materisls,should test the feasibility of their
being derived from pre-sxisting terrestrial rocks., This study
is deacribed in Section II. A study of the chemical compesie
tion of tektites is given in %ection III, It was felt the
variation in chemical composition between individual tektites,
and between pgroups of tektites, could not be asccurately
determined from the published analyses, as these snalyses are
the work of many enalysts of different skillis ueing different
me thods, and in some cases only a few analyses of tektites from

a given site have been raeported, For example, only four
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philippinites have bsen analyzed although spproximately 500,000
have been collected, As the degree of uniformity of composie
tion is sn important factor that must be consldered in any
theory of origin, it was felt this uniformity should be
investigated further,
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SECTION II
RUZINIUM AND STRONTIUM CONTENTS, AND STRONTIUM
ISOTOFIC COMPOSITION OF TEKTITES

A, Introduction

There are four natural isotopes of strontiuma-Srah, Srsé,
Sr87, end Srss. The isotopes of mass 8L, 36, and 88 are none
radiogenic (that is, they are not formed by the decay of another
isotope) and non-rsdioactive, Howsver the strontium 1sotope of
mass 87 is formed by the decay of the rubidium isotope of mass 87.
Thus the radiogenic Sr87content, conveniently expressed as ths
Sr87/Sr86 ratio, increases with time in & closed system contalning
rubidium. The relative lsotopic abundance of Sr87 in a given
system 1s determined by 1) the Rb/Sr ratio of the system, 2) the
isotopic sbundance at an initial time, and 3) the time elapsed
gince this initlal time,

Thege quantities can be related by the followlng equation,
which is derived in Appendilx Bs

(sr87/ 5086)p = (5r%%/5r8€)0 + L.256 x 1072 (RD/ST)E
where (Sr87/3r86)p 18 the ratio at the present tine, (Sr87/SP86)o
is the ratio at some initial time, Rb/Sr ie the elsmental weight
ratio, and t is the time, in billions of years, from the initial
time to present.

Ir (SrBT/Sr86)p is plotted versus time on Cartesisn
coordinate graph psper this equation describes a family of
straight lines which have slopes determined by the Rb/Sr ratios
and which intersect at the initisl Sr87/8r86 ratio, (Sr87/8386)o2

when t=0, (Figure 1),
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Pinson et al {1956) reported the Sr87/8r86 ratio of &
philippinite as 00733%0,003, At thet time they suggested thatb
the reletive strontium isotopic composition of tektites from all

86 ratics are

known localities should be measured; if the Sr87/ Sr
jdenticel in correspondsnce to their Rb/Sr ratios this would
prove their extra-terrestrial origin, as this circumstancs
occurring in terresirial rocks from different parts of the
world would bve 5ighly improbable,

lLater Pinson st al (1957a) reported the rubldium end
strontiunm contents and the strontium lsotopic compositione of
three indochinites, two australites, and two philippiniteas.
The Sx'a?/Sr86 patios for these seven tektites ranged from 0.7i8
to 0,735, everaging 0,724, The Rb/Sr ratios varied from 0,39
to 1,08, but there was no apparent sympathetic variation between
the Sr57/8r86 ratios and the Rb/Sr ratios, The computed eges,
assuming an initial ratio of 0,712 varied from 180 to 730 MeFos
with estimated errors of ¥ S0%,

The velue of 0.712 is often assumed in age dating for

8¢ ratioc found in

the initiel ratio beceuse this is the SrBZ/Sr
sea water by several inveatigators (Pinson et al, 1957b; Gast,
1960) snd it is assumed this ratio is representative of ths
crust of the earth, If the materisl under investigation has &
high Sr87/8r86 retio relative to 0,712 this assumptlon ls
usually satisfactory, but when ths Sr87/3r86 ratio is nearly

squal to 0,712, as 1t 1s in tektites, a knowledge of ths true
initial Sr87/8r86 ratio is neceasary if the age is to have any



meaning, Strontium that has a Sr87/8r8b ratio of 0,712 is
often called "normal®™ strontium,

In 1958 Pinson et al reported that ¢bhe 5r87/8r86 measurae
ments discuseed above were in srrvor and the corrected valusag
should be about 0,712, the same ratio as "normsl™ strontiun,

They reported a correction had to be made to compensate for
insufficient resolution in the mass gpectromster which caused

the "tail" of the large 88 peak to snhance the 87 peak, Since
the corraocted ratios were "normal® Pinson et al sctated the
tektites Gid not contain radiogenic strontium and had essentially
a zero age, The suthors atated, however, concerning the initial
Sr87/Sr86 ratio, "since we do not know the source materiel

from which the tektites were derived it is speculativa and
arbitrary to select a value,"

It is apparent from the research of Pinson and co=workers
that the tektites ars not favorabls samples for sge dsteraminae
tions, They do not have high Rb/Sr raetios and they apparently

86 ratics, making

have young ages--thus thsy have low Sr87f3r
an accurate kmowledgs of the initial Sre?/Sx-86 NecesSary.
Howaver, in view of ths questionable velidity of the correction
that was epplied and in view of the lmprovement in mass
spectrometric technigues, it was thought a re-investigation of
the strontium isotopic composition of tektltes mirht prove
fruitful, The variation of isotopic composition compared to
posaible parent materials would be particularly lnstructive,

As the strontium isotopic composition 1s directly related to
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the Rb/Sr ratio as well as the sge, the slsomental rubidium and

strontium contonts were aliso investigated,



Be Anslviicel Techniguegs

1, Introduction

Rubidium and strontium wers determined by the stable
isotope dilution method and by Xeray flmorscénaeo Tra strontlum
isotopic compoaitions wers determined mass gpsctrometrically
on "raw" (unspiked) strontium extracted from the tektites.

The techniques used for ths isotops dilution end isotove
compoeition determinations have been described in the Annual
Progress 3eports of the ¥%,I,T, Geochronology Laboratery and in
the literaturs (Faure, 1961, p. 15-18L; Hart, 1960, p. 182-192;
Pinson, 1960; Herzog and Pinson, 1956), A general discussion
of the stable isotope dilution method plus an extensive biblioge
raphy is given by Webster (1960). Rriefly ghis methed involvss
the use of a spike, & solution of the analysis element whos?
isotopic composition has besnredicelly changed and 1¢ accurately
known. A known amount of this spike is sdded to & krown amount
of sample and the isotopic composition of this mixture is
determined on a mass spectrometer. Irom the mesasured lsotopic
ratic the amount of the elsment in the sample can be determinad,
This method is especially attractive because, once tre spike
and semple have been mixed, quantitative recovery of the mlxture
i8 not neceszary,

In tektites, and samples with Rb/Sr ratios less than
about 1, the enrichment of SrO7 will be quite small, end, in
generel, it is unsatisfactory to determine the isotopic composie

tion from the spiked sample, The greatest accuracy in the
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determinction of SpY' cnelchment iz ebteined from unsplked
strontium bagause the 8?87/8?86 ratio 1ig independent of splle
calibration and pipetting errors., Thus the strentium isctople
composition and the alsmentel contents were determined on
separaie fractions of the sample.

Another portion of the powdered sample was used in the
Xepay flourescence rubidium and sirontium dsterminations. in
this analyticel method the sample is irradiated with a beem of
X-rays which cause ths 8jpction of electrona from the innep
shells of the atoms in the specimsn, Electrons from the outer
orbits may return to ths vacent orbit and X-rays (called
fluorescent Xerays) of wavelength characteristic of each element
will be produced, A general discussion of Xeray fluorescence

analytical techniques is given by Shalgosky (1960).

2, Materizls and Equipment

Purity of Reapents: Demineralized water was used throughout

thagse procedures, It was obteined by passing distillied water
through & Bernsteed Bantam demineralizer column, The ammonlum
hydroxide, hydrochlorie acid and nitric ecid used wers digtillad
in a vycor still, The hydrefluoric acid snd ammonium oxalate
were analyticsl reagent grade,

fon-exchange columns: The ion-exchange resins used wore

manufactursd by the Dow Chemical Company, Midland, Michigen,
The resin was Dowex 50, 8% cross-linked, 200-4C0 mesh hydrogen

ion, cation exchange resin, This resin approxime tely halfl

f11led & 1" x 20" vycor column, and was suppertsd in the column



by 2 small "wad" of vycor gless woal in the tip. The colunns
were washed with two column volumes of distilled 6N HC1 and
two column volumes of distilled 2N HCl1 Ybetwszen samples.

Sr85 tracer: Sras tracer was prepared by irrediating

RbCl with 15 Mev deuterons in ths 4.I.T. Cyclotron. Sras is
produced by the reaction Rbss(d, en} Sras, and has a half 1lifs
of 65 days.

kpproximately 0.8 grams of RbCl were packed in a small
aluminum foil esnvelope, After 2 one hour irrsdiation, and a
cooling period of several days, the envelopes was opsned in 2
fume hood in a beskeo?y containing e small smount of wster to
reduce ths possibllity of the powder being blown into the alrp,
HCl was added antil the normallity of the solution was approxie
mately 2. The dissolved savple was then put on a cation
exchengs column and . gluted with 2N HCl, As radloactive Rb86
is alsgo produced (Rbsgéd,p) Rbeé) the progress of both the
rubldium and strontium fractions in the column can be followed
br nonitoring their activitiéa with o Geiger counter. The
strontium fraction was collested, dried, redisolved in 2N HC1
and put through the column agsin, The strontium fraction was
agein collected, diluted with 2N HCl to approximately 500 ml
and stored ian a polyethylene bottls, The preceding work was
done in & fume hood with suffieient lead brick shleld to protect
ths snalyst., Lsss than five millilliters of this trsascer per

sample was necessary to give & clear indilcation on the Geiger
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countor, This muech tracsr did not give detscheble quantisies

of rudidium or strontium in the mass sgpe ctroms ter,

8
Sr“u« Sraﬁ, z2nd Rb87 gspike soluticng: Comprehsnzive

discussions of the preparation of the spikes used in the ‘. I,T.
Geochronology Laboratory are given by Pinson (1960, p. 237-
2hly) and Faure (1961; p. 149=165), Ihe preparetion of these
spiken was the result of the combined efforts of membsrs of
the laboratory under the supervision of FPrefessor W, i, Pinson.

The spikes wers obtained from the Oak Rldgs National
Laboratory as salts that were enriched in a particular isctope,
The salts were welghed, dissolved, and diluted to a known volume,
However, as no guarantee of purity was given by Nak Ridgs, it
was necessary to calibrats the splkes against rubidium end
strontium "ghelf" solutions, 1[he shelf solutions contain a known
concentration of the element of normal isotopic compesition,

The rubidium shelf solution was prepared from FbCl which
was purified by passing it through an lonesxchangs column,
A welghted portion of this purified salt was then diluted to a
known volums., After correction for a small potagslum impurity
the cslculated concentration of rubidium was 1iC.9 mem/mi,
Tuplicate gravimetric analyszes of this solution were in satige
factory agreoment with this calculated value, averaging lhzcg‘pgm/mlg
Strontium carbonate (Eimer and Amend, lot L92327) was used fop
the strontium shelf solution, The oconcentration of tais solu-

tion was 280 pgm Sr/ml,
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Triplicate isotope ratio and isotope dilution analyses
to determine the rubidium isotopic composition and coneentratlion
of the Rbs? aplke gave the followins results:
85/87 = 01760, .01739, ,01787 averaging .01779%,00009 (¥ ).
Bb pgm/ml = 63,49, 64,07, 62,30 averaging €3.3020.52 (7).
The lsotopic composition was idsntical, within experimental error,
to the Jak Ridge analysis.

Triplicste determinations of the strontium isstopic

86

compositiocn of the Sy~ spike are given in Teblo 1,

Table 1. Isotspic Ratio Analyses of the Sr86 Spike

Nete 8L/88 86/88 87/88 Seans

6/60 - 12,4168 11176 70

7/60 007 12,4715 1.hoo2 72

2/61 -0077 12,3765 1.L4002 S0
Average » 0076 12,4216 1.,4060
T £ .0001 t,0275 *,0058

The strontium concentretion in this spike was dstermined by three
indepsendent isotope dilution aneilyses. The results wsre 21,5,
214l and 21.56 mgm Sr/ml, averagingA21°Sl‘ugm Sr/ml.

The calculated strontium concentration in the S?su spike
was 19.8 ugm/ml and an isotope dllution analysis was in very
good agreement at 19,74 megm/mi. The atomic sbuncdsnces of thus
isotopes of this spike, ealculated from two isotope ratiec measure-

ments were B4 = 0,536, 86 = 0,140, 87 = 0,043, end 88 = 0.281.
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06 spike was used in preference to the Sr“sg4 aplics

The ®p
to reduce the chance of isotope fractionation in the maas
spectrometer. However, several samples were double gpiked,

that 1s spiked with both the Sro¥ and spo°

spikes, and the
results based on the 85/85and the 86/88 ratios wers in good
acrcement,

Mags Speectrometer: The masa spectrometer used was a

standard beinch radius, 60%- seetor, solid source, single collsetor
Nier type instrument, Amplification of the ion currsnt was
obtained by rieans of a vibrating reed electrometer, A Duo-leal
forepump coupled with a high capaclity mercury diffusion pump

using a liquid nitrogen cold trap were used to obtain the

operating pressures in the raenge of 10’6 to 10°7 am of Hg.

The filament was 0,001" x 0,030" tantalum ribbon which was spot
welded to poats in the sourcs,

Xeray Fluorescence Unit: Ths analyses were macde on a

North Ameriecan Phillips Xe-ray fluorescence unit with a tungsten
targey Xeray tube, Ths cryetal was LiF and the detector was
a scintiallation counter, The enelyses were made in en air

atmosphers,

3. Yubidium and Strontium Isotope Dilution Procedures

The tektites were first washed with acetone fc remcve
any laquers that may have been used to "preserve" them, They
were then cleaned in hot 6N HCl for approximately 15 minutes,
washed in demineralized water and dried, Any adhering elay or

804l in their pitted surfaces was removed, The sampliss were
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then crushed in a steel percussion mortar snd powdered in a
tungsten carbide mortar, From 0.2 to 0.8 grams of the dried
powder were weighed accurately and transferred to a large
platinum dis’i, Rubidium and strontium spike solutions were then
added by pipette in smounta that were estimated to give RbBS/Rb87
and Srae’/Srea retios close to unity., For tektlite analyses this
was usually 2 mls of esch splke, Approximately 2 mls of
l1+1 HoS%, and 20 mls of AP were added and the crucibles wera
placed on a steam bath, The samples were allowed to digest
almost to dryness andlthan approximately 50 mls of deminerallzed
water were added, This was to assure the complete removal of
fluoride ion from the solution. The complete digestion procedure
was accomplished in L to 5 hours, with occasional stirring of
the sample, By this time the sample was in solution and the
spike and sample thoroughly mixed so that quantitative recovery
was no longer necessary, Approximately 20 mls of distilled 2N
HC1 was added after the water evaporated the second time, After
the salts dissolved, the dish was rsmoved from the steam bath
and allowed to cool for several hours, The solution was then
filtered and stored in a pyrex beaker (if the sample was {o be
put on the ion exchange column scon) or a polyethylere bottle
(if there was to be a long delay in ths procedure),

A few mls of the Sres tracer were added to the solution
to enable the detection of ths sirontium in its progress through

the column. The solution was thezn put on the coiumn with a
pipette so as not to disturd the top surface of the resin, which
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had previously been leveled, After the solution had scaked into
the resin the walls of the column were washed with approximately
20 mls of 2N HCl, again not disturbing the resin, After this,
the sample was sufficiently washed down the column so that it
was no longer necessary to exercise such care concerning the
disturbance of the resin., The column was then eluted with
2N HCl, Fe, Al, Li, Na, K, Rb, Ca, Sr are eluted from the column
in that order. The presence of potassium was detected by
platinum wire flame test and when it was observed, fcur or five
20 ml portions were collected in pyrex beakers. The best rubidium
fraction will be found in the portion following the last trace
of potassium, The position of rubidium in the beakers was of ten
checked on a flame photometer, The beaker which contalned the
most rubidium was evaporated to dryness and a few drops of HNOB
were added, Jne drop of thils RbN’>3 solution was then taken up
in the glass tip of a small syringe and carefully put in the
middle of the tantalum wire filament., A small current was
then passed through the filament and the sample was dried to
a cake, The sample wag now ready for the mass spectrometer,

The eluted strontium, detected by the Srt> activity,
was also collected in 20 ml portions in pyrex beakers and
evaporated to dryness, The 2 or 3 beakers with the highest
gctivity were chosen and aspproximately S mls of 2N HCl was used
‘to wash the strontium from these bveakers into a 50 ml Vycor dish,

This concentrate wes then evaporated to dryness, and the resulting
SrCl, residue was dissolved in a drop of HCl and approximately 1 ml
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of water, A small crystal of ammonium oxalate and several drops
of ammonium hydroxide were added. In a few minutes a precipitate
of strontium oxalate formed, The supernatant liquid was removed
by a syringe with a clean glass capillary tip., The precipitate
was washead several times with a few mls of ice~cold water,

the solution removed each time by the syringe. This washing
removes any soluble rubidium oxelate that may be present,

The precipitate was then pulled up into the glaess tip of the
syringe and carefully placed in the middle of the tartalum

wire filament, It was then drled by psssing a small current
through the filement, When the sample was dry, the current

wag increased until the filament was red hot {(for only an instant)
to convert the oxalate to the oxide, The sample was now ready

to put in the mass spectrometer,

Lo Strontium Isotopic Ratio Chemical Procedures

The chemical procedures for the strontium isctopic ratio
determinations were similar to the chemical procedures for the
strontium 1sotope dilution determinationa except in & few
details, One dlfference was that the welight of the tample did
not have to be determined accurately, Approximately 0,5 to 0,8
grams were usually sufficlent for the recovery of 50 or mors
micrograms of “r, The second, anéd most important dif'ference,
was thst no rubidium or strontium spikes were used; the isotopic
ratios were determined on the sample strontium alone with no
addition of any foreign strontium, except the Sr85 tracer. To

keep contamination from splke strontium to a minimum several
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ioneexchange columns, a set of pyrex beakers, and several vycor
dishe s were used exclusively for isotope ratio work,
Quanti tative recovery of the strontium in this procedure
was not necessary, However, as much as possible of the etrontium
was collected from the ione~exchange column to reduce the effect

of any possible isotopic fractionation in the column.

5. Mass Spectrometric Techniques

Once the chemical procedures described in the preceding
sections were completed the source was re-assembled end put
into the mass spectrometer, The pumps were turned on end when
the pressure fell to approximately 2 x 10"5 mm Hg the filament
tenperature was slowly rasised, If the run was a rubidium or
strontium isotope dilution determination the pesks were immediately
located, the ion beam was focused, and the magnetic sweep started,
Approximately LO to 50 sets of peaks (or scans) were recorded
on a Rrown Electric Strip Chart Recorder for the isotope dilu-
tion anal yses, As rubidium is ioniged off the filament 8t a
much lower temperature than the strontium, no strontium was
observed during a rubidium isotope dilution run. However,
during the higher temperature strontium isotope dilution runs
rubidium was Usually observed, especially during the first part
of the run, As the stnonﬁium 1aopopes of intereat were those
of mass 84 end 88Aor 86 and 88, depending on which spike was

used, the rubidium isotopes, 85 and 87, did not interfere.
If the run was an isotopic ratio determination it was

necessary to burn off all the rubidium before strontium peaks
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could be recorded, as the Rb87 peak would enhance the Sr87 psak,
This was accomplished by setting the filament tempereture Jjust
below the temperature at which strontium emission occurs., The
sample was conditioned at this temperature for 2 or 3 hours.
In addition to burninz off the rubidium this condltlioning seemed
to improve t'e quality of the analysis-enabling longer, steadier
runs than if the sample had not been condl tioned.

This period of condi tioningz also allowed time for the

-6 mm Hg, It was found that

pressure to fall below 5 x 10
pressures much above this resulted in poor resolution, caused

hwy diffusion of the ion beam due to collielons between the ions
and gas molecules in the tube. In particular the tall 88 peak
overlaps the smaller 87 peak, givinz false Sr87/8r86 ratios,
This enhancement is what Pinson et al (1958) thought had
happened during their analyses of tektites and was the reason
for their "pressure broadening" correction,

After the conditioning period (the pressure was now
about 1l or 2 x II.()"‘6 mm Hg) the rilament temperature was slowly
raised until the strontium emission increased spontaneously.

The magnet sweep was then turned on and the sets recorded.

The optimum operating condition--that is thes condition giving
maximum precision and minimum chance of fallure--seemed to be
obtained when the emission was allowed to grow sponteaneously

to a pesk height of 2 to 6 inches on the 100 millivolt scale
(Sr86 and Sr87) and 1000 millivelt scale (Sree) of the vibrating

reed electrometer (VRE), Usually the emissicn leveled off and

87 to 120 scans could be recorded without changling the filament
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temperature, Runs made on lower VRE scales had a higher noise
to signal ratio, thereby causing more uncertainty in the posi-
tion of base lines and pesk topsa,

After a strontium isotope dilution or isotope ratio
analysia the fllament was cleaned by raising the fllsment
temperature, Cleanliness of the filament was checked by scanning
for strontium lsotopes at & temperature higher than for a normal
run., Using this method of cleaning it was possible to make as
many a8 nine strontium determinations on a single filament,
and 1t was possible to intersperse isotope dilution and 1sotope
ratio runs with no sppsrent danger of contamination, However
this practice was generally avoided, A new filament was

employed for each Rb analysis,

6o Xeray Fluorescence Techniques

The powdered sample (=200 mesh) was packed into a depression
20 mm in dameter and 3.5 mm deep in & nylon sample holder and
the surface was zmoothed off, The sample holdey was then put
into a frame which contained a 0,5 mil mylar window which
prevented the powder from falling out of the holder when thes
sample holder was inverted in the machine, After the sample was
put in the Xeray beam the region of Ko radiation of rudbidium
and astrontium was scanned to determine the exact location of
the peaks, and to pick the angles on both sides of the peaks
where background could be obtalned free of any interfering
element emission, Operating conditions were: LiF crystal;
pulse height analyser: base volts = 41.5, window volts = 5,60;

number of counts on peak and backgzround = 102,400,
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The goniometer was set at ths proper angles and the
times necessary to accumulate the fixed number of counts were
measured at the pesk and background positions, The calculated
counts per seoond (cps) for the backzrounds were subtracted
from the peask intensities to give a net pesk intensity., The
intensity value obtained for the standard samples were plotted
against the ppm strontium, obtained by isotope dilution analyses,
to yield a calibration curve (Figure 2). Strontium values for
the unknowns were obtained by interpolation from this calibrae
tion curre. The rubidium values in the standard were too
similar to enable a curve to be drawn, so an average value of
counts per second per parts per million rubidium was calculated,
and this value was used to calculate the rubidium contents of
the unknoun;o

It was found that ohly samples of quite similar major
element composition could be compared in this manner, The
indochinites and philippinites could be compared but samples
from other localities gave spurious results when compared with
samples from these two localities, This matrix effect could
have been eliminated by the addition of an internal standard,
However, it was found that the tektites from a given locallty
were similer enough so that unknowns and standerds from the

area could be compared,



210 B 1 T 1 1

200 —

190 I— aao

180 — T3962

170 —
Sr

ppm ama
T3984
160 — T3986/
a._ o
150 —

140 —

130 —

00 O oTa219 . '
120 1 l | | | l | | |

T3765

360 400 440 480 520
c/s

FIG. 2 STRONTIUM X-RAY FLUORESCENCE CALIBRATION CURVE.

560




29

Co Precision snd Accuracy

ls Introduction
In this section the preclsion and accuracy of the
elemental and ierotoplic results will be discussed, The precision
of an analytical method contains only the effects of random
errors., It is a measure of the reproducibility of the method
and does not indicate how near the result 1s to the true value.
The accuracy however also includes the effects of systamatic
errors, and 1s a measure of the degres of agreement with the
trus value, The eveluation of accuracy requires a material
of known composition or the use of several distinctly different
analytical procedures, It is assumed that several different
procedurss yill not have similar systematic errors and agreement
between results from different procedures indicate the aystematic
errors are negligible,
In other words, the precision is a msasure of the
performance of aen analytical procedure while the sccuracy is a
measure of the confidence that can be put in the results from
that anslytical procedure (Youden, 1959, pme 47)s
Precision in this paper will be expressed in terms of
the following expressions:
2
Standard deviation (of a single analyels)J = gﬁg'i“'

Relative deviation (of a single analysis) C = T {10q)
X

Stendard deviation of the meen § = | £4-
n(n-1)

{100)

Relative deviation of the mean 'E'n

x4
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where n is the number of determination and d is the difference
between each observation and the average (X) of all observations,
The relative deviation is called the coefficient of variation

or porcent spread by some authors,

Statistics predioct that two-thirds of all observations
should fall within one <y~ of the average and that 95% of eall
observetions within@ V of the average, As Ahrens (195L, p. 39)
pointe out, this is true only if the dlstribution is normal
(1,e, Gaussiaen), However, he states that if the dispersion 1s
small ( ¢ << 15%) a normal dstribution may be safely assumed
as the general nature of the distribution is of little consequence.
In this investigation a normal distribution is assumedas the

relative deviastions are certainly lsss than 15%,

2, Precision and accuracy of the isotope dilution analyses

The precision, or reproducibility, of the rubidium and
strontium isotope dilution anal ysed was determined by making
triplicate analyses of a tektite (T3987). These results are
compared in Table 2 with precisions found by other investigators
in the M.I.T. Geochronology Laborstory., The same routine
procedures were used in all cases., As all the tektites except
73987 were analysed only once by isotope dilution the atandayd
deviation of a single analysis (™ ) is of major intereat in
evaluating the precision, It can be seen in Table 2 that relative
deviations of about 2.5% were obtained for both rubidium snd
strontiun in the tektite, Faure (1960) obtained rubidium

relative deviations of about 2% in samples conteining ebout an
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Table 2o Replicate Rb and Sr Isotope Dilution Analyses

Samole noo Rb_ppm Sr _ppm
T3987 « Indochinite i%7°; %Bgog
118.9 15222*-**
Avorane TI5:9 %agffn
6.: + 106 % 108
U N 2302
C £ 2036% +2033%

#R1292« 0livine Basalt 9,76 Averapge of 3 398.6

f + 0011 12,0
Lv a4 0019 2 307
C =1.98% 2 0,93%
#R3111 - Eclogite 6090 Average of 2 19,0
v x 0,09 3 007
g 2 00128 2 0,99
C = 1.86% 2 00,665%
#P3111 = Pyroxene 13,0 Averags of 3 261.7
7T 100147 1 506
T +0.255 1946
C +£1,96% + 3.67%
#G3111 - Garnet 1,12 Average of 3 19,00
T - 0,148 i 1,440
T 206,257 L 20'.]-2
C t22:9% 12,79
#+Rd shelf solution 6903 Average of 3
-V-:. t Oogg
v =0
C ¢ o:B%

# From Faure(1960),162-163, +* From ™inson(1960), 2.
w4+t Spiking in doubt. Omitted from average
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order of magnitude less rubidium than the tektites; his strontium
relative deviations, on samples whose strontium contents were
equal to or greater than that in the tektites, ranged from less
than 17 to almost L%. Pinson (1960) stated the relative devia-
tion of 0,8% on the rubidium shelf solution should be considered
a minimum value as this sample was not sub Jected to all the
chemioel procedures used in th2 analysis of rock samples, fFrom
the evidence given in Table 2, Faure's conclusion (1960, po. 16k)
that the probable relative deviation for a sinczle analysis is
3t 29 for both rubidum and strontium seems valid for this investiga-
tion,

Accuracy, which is the degres of agreemsent between the
measured value and the true value, includes systematlc errors
as well ae random errors, A comparison of the value obtalned
at the i1,I,T, Geochronology Laboratory on the rubidium shelf
solution ahown in Table 2 with the values obtained at two octher

laboratories is given in Table 3,

Table 3, Interlaboratory Comparison of Rb Isotope Dilution Results

¥eloTo 69,3 T 0.6
Carnegle Institute 67,5
(PoGast)U, of Minn, 68,5
Average 68,4
T 20,5
v 0.9
E  1.3%
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This data suggests that the accuracy is about 1%,
However, as mentioned above, this sample was not subjected to
as much chemical processing as a rock sample, and 1% should be
considered a minimum value, Also all three of these values
were obteined by isotope dilution eand would not reveal any
systematic error that might be inherent in the general method,
As these results wers obtained on at least three different
mass spectrometers, and using three different spike solutions,
the data would suggest there were no systematic errors in the
procedure,

Comparison of isotope dilution analyses for rubidium
and strontium in Gl and Wel to the mean of s number of analyses
by such methods as spectrochemical, flame photomgtry, neutron
asctivation, end Xeray fluorescence (Steven, 1960, pgs. 97 and
99) indicate the accuracy micht be about I 5%, Webster (1960,
Po 221) states that an absolute accuracy in the range of 1 to
5% should be possible,

3. Precision and accuracy of the strontium isotope ratio analyses
In an attempt to determine the precision of the strontium
jsotope ratio analyses, two tektites were analysed in triplicate.
The results are shown in Table L.
An isotopic fractionation correction was applied to
the s,82/3r86 ratios on the sssumption that the Srab/'Sr88 ratio
is a constant and equal to 0,119 (Nier, 1938). Ihe run-toerun
variations of the Sr86/3r88 ratio from this value were attributed
to instrumental fractionation, chiefly fractionation of the
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Table ljo Triplicate Isotone Ratio Analyses

sample  vate B7/86  (B87/86) 86/88 84/88 secans Eg;/q

no corr
" 10/2;/60 o:‘n'm 027189 o:u99 ‘e 88 o:§%
" 12/6/60 0.7221 0,719} 001185 0,0066 120 0.05%

Averags (0o7196 O, o °

T + 0,001 0,000 0,000L
T ¢ 0319;@& 0.06% 00347
T 2 00002& 0.,0007 0.0008
C % 0,337 0,09% 0064%

73990 10/23/60 0,7:4ly 00,7186 0,1208 - 112 0.,04%
n" 10/31/60 0.7195 0.717% 01187 000066 108 0.06%
" 11/7/60 0,7161 0,7193 001205 00,0067 95 0,06%

Avorage 06,7167 0,718} 0,1200 0,0066

¥ 0,0016 00,0006 00,0007
T 0,22% 0,08% 0058%
X 000026 000010 000011
* 0936% 091&% 009&%

N9 ni<
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1sotopes of different mass off the filament, Half of any
correction necessary to re-adjust the Sr86/Sr88 ratio to
0.1194 was applied to the SrB'T/Sre6
the mass difference between Sr87 and Sr86 is only half the

ratio, This is because

difference between Sr86 and.Srsao

The formula used for this correction is:

8 , =8 X +

(- (0] (n
It can be seen thet in the two samples shown in Table L

the precisions of the Sr87/Sx-86 ratios were improved by about

a factor of three by the application of the fractlonation

correction, This same correction procedure has been applied

by other members of ths M,1,T, Geochronology Lasboratory with

spproximately the same results, A triplicate strontium isotope

ratio determination by Hart (1960, p. 1l94) showed a relative

deviation (¢) for the measured Sx'87/8r86 ratio of 0.34%. The

corrected Sraz/Sr86 ratio showed a relative deviation of 0,.1%,

while the average sr8?/8r86 ratio remeined essentially unchanged

by the correction procedure. Replicate analyses of a basalt

by Faure (1961, po 178) illustrated the same nagnitude of

improvement--the measure Sr87/8r86 relative deviation was 0.36%

while the corrected Sr87/Sr86 ratio had a relative deviation

of only 0.08%, Finally, replicate analyses of a strontium

carbonate (Table 5) shows an improvement of the relative deviation

from the average measured Sr87/8r86 ratio (¢ = 0.22%) to the
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corrected Sr87/8r86 ratio (¢ = 0,12%) by a factor of about 2,
while the average measured Sre"/Sr86 ratio 1s identical to

the corrected value, ‘Thus in the five cases of replicate
snalyses to which this correction, or "normalizing” procedure
has been applied by members of the Geochronology Laboratory

in the past year, all have shown a marked improvement in the
precision of ths data without materially changing the value of
the Sr87/3r86 ratio, While the exact nature of the mass
fractionation is not complstely understood, it is felt ths
evidence mesented above justifies the use of the correction
procedure, Althousgh the fractionation has been assumed to
ocour during the ionization of the lsotopes off the filament,
it may at leest partly occur in the lon-exchange column, The
data for the strontium carbonate, which was not passed through
the ioneexchange colurn, indicate slightly less fractionation
than the other samples, which were put timwourh the column.
However, the differences between the carbonate and other
samples in the bulk and purity of the precipitate put on the
filament may cause different degrees of f{ractionation,

It should be noted that the relative deviations (c)
shown in Table L4 for the Sr86/8r88 ratios are sbout twice
those of the SrST/Sr86 ratios, supporting the essumption made
abuve that the 87/86 ratio is subject to only half the fractiona-

tion of the 86/88 ratioc, The large error inherent in measuring
the small SrBh peak height masks the fractionation sffect that
should asppear in the Sre’-&/S»re8 ratio.
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The column labeled E8?/86 in leble 4 is & measure of the
precision of ths instrumental and measurement errors, It was
obtained by use of the formula for ¢ but was given a different
symbol because it does not represent the true precision of
the enalysis--it is not the precision of the Sr82/8r86 ratio
averaged from independent replicate analyses. When the record
was msasured, the isotope ratios were calculated for each zroup
of four or six sets, [hesge groups were then used to calculate
the finel everages, Ihe differences between the Sr87/Sr86 for
the groups and ths overall average were calculated as a relative
deviation, E 87/86, Therefore it is a measure of the varia-
tion of the machine and measurement errors and was used to Jjudge
the quality of the run, Other factors, such as the number of
scans recorded, the pressure during the run, and svidencs of
excessive fractionation or contamination were also considered
in evaluating the quality of the run. In general if 381/86 was
greater than 0,2% the results were discard and the anglysis was
repeated, if possible,

From the data in Tables L and 5 and from the replicate
enalyses by Hert and Faure the standard deviation of a single
enalysis (7" ) appears to be C.001 (¢ = ,14%) or better,

In an attempt to determine the accuracy of the strontium
isotope ratio determination replicate analyses were made on

a strontium carbonate standard (Eimer and Amend, lot L92327).
These runs were made during the period of this investigation
by several members of the M.I,T. Geochronology Laboratory
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(Hart, Faure, Schnetzler, Pinson) on the same machine used to
analyze the tektites, The results are shown in Table 5. Run
number 3 was not included in the average, If it was averaged
in, it would differ from the average by 2.5 v~ and as Faure
states (1961, p. 181) the probability that this value would
occur in a population with such an average and standard deviae
tion ias less than 0,8%. 3By exeluding run 8 the average (87/86)
corr, ratio only changes from 0,7117 (including #8 in average)
to 0,7121 (excluding #8) but the standard deviation goes from
% 0,0016 to 0,0009, while the 86/88 ratio remains unchenged at
0,119},

The purpose of making the strontium carbonate runs was
to determine if our analyses were comparable to those of other
latoratories and to sees if any systematic errors developed
during the course of the investigstion. A summary of the
results obtained by the M,I,T. Geochronology Laboratory and
~ther investigators on similar strontium compounds are shown
in Table 6, While comparing these results is not e strict
meésure of the accuracy, since the results were all obtained
by a single method, mass spectrometry, and since the samples
dd not go through the complete chemical procedure, the excellent
agreement of our results with those of other laboratories
gives confidence in the accuracy of the results reported in this

tha'iso

L. Precision and accuracy of the Xeray fluorescence analyses

Replicate analyses were made by X-ray fluorescence on
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Table S

Isotopic Composition of Eimer and Amend Strontlium Carbonate

Noe Date ' 87/ 86

'87/8 86/88 88 Noo.of
(87/%).. / 8y/ Jo.o
L 3 mb o -
2 5;15/60 0711 07117 0.1195 ,0066 6l
3 ;3 007133 007130 001193 o.ooeu 80
N 20/60 00,7133 0.7127 001192 0,0062 8
5 2 1/60 007136 0,7127 00119% 000069
6 10/17/60 0.7128 0.7116 00,1190 0,0069 7
g 2/1/60 0,7111 0,7102 001191 0,0067 84
3/61 0,7083 007077 001192 0,006} =
9 2/27/61 0.7093 0.7123 0.1204 - 90
10 L4/13/61 00,7146 007132 001189 - Sh
Average 007121 00,7121 001194 000066
%- + 0,0006 £+0,0003 % 0,00017 i 0,0001
2 090%’ 2 OoOMI.% * 00”}‘ * 1052%
\' 3 000018 + 000009 b 4 OQOOO S 000027
C + 00,267 1 0013% 2 0ol42 4 homzﬂ

# Run 8 not included in averags., (See text)



Table 6. Analyses of Strontium Isotopes from Reagents

Author 81/86 86/38 81/88 Remarks
Nier, 1933 0,712%,007 0,1194#,0012 .0068+,0001; Sr metal, 99.9% pure
P2TT
mmmms o000 (+,0005 SrCla, E!Tner and Amend
1953 Averdgce of & analyses
00&58
Hergog, et 0,712 06,1196 «0070 SrC0,, Eimer and Amend
al 1953 92327
palib2
This work 0,71213,0003 0,1194%:0002 ,0066%,0001 SrC04, Eimer and Amend

92327, Average of
9 analyses,

oh
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several samples to determine the precision of the method, The
data is shown in Table 7, It aprears that the precision 1s
about the same as obtained by isotope dllution. The relative
deviations for the rubidium determinations seem to be fairly
constant at about 2,2%, while the relative deviations of the
strontium analyses range from 1% ¢o about 3%, Two to four
independent measurements were made on each of the tektites
analysed; therefore t2 results given in the following section
probably have a precision of ¥ 2% (I ) or less,

The accuracy of the X-ray fluorescence data is directly
related to the accuracy of the isotope dllution determination,
since ths latter were uséd as stencdards, Therefore the accuracy
of the X-ray fluorescence results 1s considered to be the same

as the accuracy of the isotope dilution results-<~better than

5%
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Table 7. Replicate Rb & Sr Analyses by Xeray Fluoresccnce

RD Sr
39 1) 111 167
R S i
3
) 116 168
Averages 1145 168
T £l.2 2 009
C 21,07 + 0,5%
v X2l 2 167
c 3217 +_10%
2) 113 129
109 121
) 107 123
Averages 110 125
T T1.3 1 1.8
c = 102% 2 1°%%
T % 2.5 t 3o
c k2,37 :_209%
73987 1) 1 125
2) 11 128
117 133
Averages 116 129
T = 1.5 2 2.3
C * 1.3 3 108%
g % 206 b A !.]»01
Cc 2 202% : 362%

Rb & Sr in ppm by weight
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D. Results
l. Rubidium and strontium elemental compositions

A totel of twenty-five tektites were analysed for rubidium
and strontium, including samples from the Philippine Islands,
Indo=China, Java, Australig, Georgla, Texas, 'assachusetts,
and Bohemia, In addition, an "americenite™ from the Santa "esa
site in the Philippine Islends was analysed, The samples are
described in Appendix A,

The results of the rubidium and strontium determimations
are given in Table 8, Included in this table are both i1sotope
dilution and Xe-ray fluorescence analyses. As previously
discussed the X-ray fluorescence determinations were made using
the samples analysed by isotope dilution as standards. It was
found that due to the different matrices tektites from different
localities could not be directly related, with the exception
of the philippinites and indochinites, For example, in a plot
of strontium in ppm, determined by isotope dilutlon, agaimst
counts per second, obtained by Xeray fluorescence, the phllippinites
and indochinites fell on a strai~ht line (Figure 1) but samples
from other areas plotted far from this line, Thus the Xeray
fluorescence results for the indochinites and philippinites
were obtained using s number of standards while the two
australites, TL215 and TL216 were compared to the other two

australites, T3313 and T421l;, on which isotope dilution determinae
tiona were made, and the bediasite T4300 was compared to the
isotope dilution results for I4106,
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Table 8 Rb and Sr Content of Tektites
Sample No, Locality (gb ) Sr  Rb/Sr
PITCITPINE IS TN —
73379 Santa Mesa Site 115 17 0,66
Rigzal, Prove
73962 Santa Mesa Site 111 487 0,63
Rizal, Prov. 110" 176,
176
T3964 Santa Mesa Site 126 175" 0.72
Rizal, Prov,.
73765 Pugad-Ba Site 11 191 0062
Bu%:kan,bggov. 113“ 188*
73979 Pugad=-Babuy Site 118% 17u* 0,68
Bulakang, Prove
7399, Pugad=RBabuy Site 112 1 0068
Bulakan, Prov, 115"% 168" °
73986 Rusuangs Island _iig* ‘:ig;* Py
INDOSCE LR
73987 Kouang=Tcheou Wan %%gﬁ %ggﬁ 0.88
73989 Kouang=Tcheou Wan 1107 132" 0,83
73990 North Cambodia ;%2* %Z%Z* 0091
T3991 North Cambodia gz " g%% 0,96
73993 Annam 3, §§g§* 0087
™2a19 Dalat, S. Viet-Nam 111* 125* 0689
110 125
4220 Dalat, So Viet=Nam 12,"  138% 0,90
218 Dalat, S. Viet-Nam 125" 138" 0,91
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Table 8(cont)

Sample No. Locality b Sr Rb/Sr
(ggm) {ppm)
B e
73313 Charlotte VWaters 109 15, 0.71
Ceo Australia
™al Nullarbor Plain 93 197 047
™215 Nullarbor Plain 135%  205% 0066
4216 Nullarbor Plain Wt 218" 0066
TORM AMERLICA o -
4091 Massachusetts 78 177 Ophh
106 Texas 70 152 0.l16
4300 Toxas 66" 153"  0.43
271 Georpia I 170 Oolih
Th090 Czechoslovakia W6 136 1,07
(moldavite)
T3967 "Americanite" PeI, 181 98  1.85
#* X=ray fluorescence analysis. Others by 1sotope dilutiocn.

e Discarded isotope dilutionecontamination.

# Averags of 3= See Table 7
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A previous isotope dilution determinastion was made of the
rubidium and strontium contents of T3379 by Pinson et al (1958)
and they reported 10416 and 112%6 ppm b and 162%8ppm Sr. The
compositions reported in Table 8 are belleved to be more accurate
due to better knowledge of the spike composition--however the
two results agree with the stated limits of error,

The X-ray fluorescence results shown in Table 8 are
the average of from two to four independent measurements made
on different days., Variation of any analysis from the average
was less than 3% so only the averages are reported,

The Rb/Sr ratios given in Table 8 were caloulated from
the isotope dilution results in all cases where isotope dilu-
tion and Xeray flurcescence results are both reported, Ratlos
calculated from the X-ray fluorescence data would esgree in
almost all cases with the isotops d lution ratios and any
disagreement would be slight,

Table 9 is a summary of the rubidium and strontium
results compiled from Table 8, everaging the date for each
locality.

Figure 3 is a graphical presentation of the rublidium
and strontium results given in Table 8, while Figure L 1s
a graphical presentation of the Rb/Sr ratios from the same

table,

2. Strontium isotoplc composlition
Eighteen tektites were analysed for strontium isotoplc

composition, The results are given in Table 10. One run, T3379
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Table 9
Summary of Rb and Sr in Tektites
Locallty o, of Samples Rb Sr Rb/Sr
Philippine Is,. 7 117 173 0,68
T X 1,9 4 00017
€ 16% 2,385 2.5%
T 2 S 1006"" Oe
C h°3% 601% 605%
Indo=China 8 118 132 0.89
T T 2.5 oT5 0,01
E 201% 1033% 05/“
< 2 7 09 00038
| o 509% 307% ll»o3/°
Java 1 98 153 0,64
Australia L - 120 194 0062
v  11.7 13,9 0095,3
T 908%  Tel% 8e5%
T 2 2305 2767 0,11
c 20 m@37«; 17%
Bohemia 1 6 136 1,07
North America L 72 2163 Oolily
T 2 2.6 6.2 000065
T 3,66 3.8% 1.5%
T 25,2 125 0,013
c Te TeT% 3%

Rb & Sr expressod as ppm by weight
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™ble 10 « Strontium Isotopic ratio results

Noo Locality Date 87/88 ( 87/9:9)-1* 86/88 8,/88 Scans  Eg7/88
"hilippine Islands
T3379  Santa Mesa Site 5/14/60 7236 7239 1195 0069 55 0,135
Rizal, Prov.
10/20/60 7011 - «1233 ;0067 - @
11/2/60 +7166 7173 1196 L0067 36 0007%
4/2/61  JT172 7172 L1194 - 52 0.06%
Average for T3379 oT169  oT7T172 01195 L0067
T3962 Santa Mesa Site 11/9/60 07150 07‘168 01200 00067 100 00&].%
Rizal, Prov,
T398)  PupgadeBabuy Site 7/5/60 o7261 o7249 o1190 0068 42 00235
Pulal 2rove
it 11/3/60  oT172 o717 1195 00067 88  0.06%
T3765 Pugad-Babuy Site 3/2,/61 ,7192 .7192 L1194 - 96 0,11%
Bulakan, Prov.
73986 Busugana, Is. 7/29/60 7181  o.7193 L1198 L0072 66 0c11%
11/17/60 7241 L7204 o1182 ,0065 92 0.06%
Average for T3986 07211 L,7298  L,1190 0068

0s



Table 10 « conte

Noo Locality Date 87/88 (87/gg)r86/88 8,/88  scens Egy/s8
Average for Philippinites oT1T9  o7181 1195 0067
T 1 .,0009 *.0006 *,0002 *,0001
T~ +,0021 +,0013 .000h 2.0001
Indo=China
73987 ﬁouang-'rcheou- 8/25/60 oT193 07202 1197 0072 108 0,04%
an
10/25/60 o714 7189 01199 - 88 0,06% v
12/6/60 o722% o719 1185 L0066 120 0005%
Average for T3987 7196 o7195 21194 00069
23990  North Cambodia 10/23/60 oTUh 7186 01208 - 112 0.04%
10/31/60  o7195  oT174 01187 0066 108 0,06%
11/7/60 o7161 <7193 01205 #0067 95 00,06%
Average for T3990 07167 7184 41200 00066

73991 North Cambodila 7/1/60 7205 7227 01198 0077 20 0,205 "
11/20/60 7213 7195 1188 L0065 90 0.05%




Table 10 = conte

Noo Locality Date 87/88 (87/§§ ' 8/838 84,/88 Scans  Eg7/88
73993 Annam 8/23/60 7230 7215 L1189 L0068 116 00,05%
11/15/60 7245 o721 L1184 - 80 0012%
Averapge for T3993 07238 o724 1186 L0068
7219 Dalat,S, Viet=Nam 1}/3/61 7207 7203 1193 - 76 0oy
Average for Indochinites o720 67198 L1192 L0067
T 33,0012 $,0005 +.,0003 £,0001
20006 =£,0002

T 4,0026 $,0011

Th10k Java 2/19/60 07219 7194

73313 Charlotte Watersll/23/60 .7232 .7203

01186

0118y - 52 0.4 0% "
Cental, Aust.
oniEEts 12/2/60 7232  ST1Th L1175 = 6 0.16%
Tha Mallarbor Plain 12/16/60 o7172 o7174 01195 L0067 84 00.05%
21185 0067

Avevage for Australites 07202 o717

24



Table 10 = conte
Noo Locality bate 87/86 (87/3%}1‘ 86/8

84/88 Scans  Eg7/s4

T 091 Massachusetts 1/1/60  o7175  o7169  ,1192 L0071 90 0015%

Th106 Texas S/1/60  o7207 oT186  o.1187 0068 110 00,09%
TL}Z? 1l Georncise LL/ 27/ 61 . ?153 o?n-l-7 01192 - 3100 L6 'S 0955
l&/ 12/ 61 ° 71514. 0711;,0 01189 ° 0066 176 0 907}’5

Average of T,271 o715 2T L1100 £NO066

Average for North Armerica oT179  oT166 L1120 L0068

T X .0015 £.0012 1,0002
VT £ ,0027 £.0021 1£,0003

Czechoslovakla

TH090  Nechov, Bohemia 5/5/60 7236 7257 01201 L0070 102 0,10

T331 “moldavite" 12/11/60 o7257 o7235 1187 0065 8 0,057

Averaszse rfor moldavites o726 o726 o119 L0068

£S



Table 10 « conto

-

Moo Locullty Date 87/% (81/8G), 86/88 84/88  Scans  Lypsge
Average for all tektites 07198 7190 L1192 L0067

T 400007 #£,0006 $,0002 0001

T~ +,0031 $,0026 1£,0006 +,0002

s+ piscarded - probable Sr86 spike contamination

»¢Discarded - poor run
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86/Sr88 and low

(10/20/602)waa discarded because the high Sr
Sr87/5r86 ratios suggested possible contamination from Sr86
gspike, Three other runs, T398L (7/5/60), T3991 (7/7/60)

and T3313 (11/23/60) were discarded due to the poor precision
of the run as noted by the high velue of E87/88 (see page 37).
Run 73379 (5/14/60) was judged to be of poor quality and
discarded althouzh the precision of the run was satisfactory.
The ©5 scans recorded were the sum of three short separate
runse--gach felling after only a small number of scens were
recorded, after which more saiple was put on the fllament,.

Also the pesk helghts were small and the pressure was pooYr.
Experience has indicated such runs often give spurious results
end in view of the different results obtained by two runs of
better quality the run was discarded,

In all except one case replicate runs of a saiple were
obteined by taking separate portions of the powdered tsktite
and putting each through the complete chemical and mass
spectrometric procedure, The one exception was the analysis
of T4271. The two determinations of this sample were made on
two portions of the same strontium oxalate precipitate as not
enough semple was available to make two completely independent
determinations,

The ratios Sr87/Sr86, Sr86/8r88. and Sreh/Sr88 are given

in Table 10 exactly as measured from the record, The Sr87/8r86
and Sr8§/8r88 ratios are the averages of the number of sets
indicated, The S:c'm‘/Sx'-88 ratios were determined from a smaller
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number of sets, usually 18 to 30, and therefore ere less precise,
The (SrBT/Srab) corr. ratios were obtained by correcting, or
normalizing, the .‘%3:'86/!51'8'3 ratios to a constant, and applying
hnalf the correction to the Sr87/8r86 ratios (see page 33).

The varistion in the Spo®/spd®

ratios, attributed to instru-
mental fractionation, was in one case (13990), as great as
1.7% between two independent runs. All discussions of this
data in the following pazes will be based upon the corrected
value of the Sr87/8r86 ratios; however, many of the general
conclusions derived from this work would be the same if the raw
Sr87/5r86 ratios were used instead of the corrected Sr87/Sr86
ratios,

A correction for "pressure broadening" as epplied by
Pinson et sl (1958) was not made in this investigstion,and
evidently should nof have been made during the earlier investigze-
tion, Interspersed strontium carbonate analyses (see Table S)
and basalt analyses (by Faure, 1961) were used to monitor the
tektites analyses., If corrections similer to those made by
Pinson had been spplied to the strontium carbonate and basalt
analyses the results would have been far from the results
obtained by other investigators on similar materials. Without
such a "correction" the results are in exzcellent agreement

with those of other laboratories (ses Iable 6 and Table 12),
Another indication that this "correction" should not be made

is found in the precision of the strontium carbonate runs, These

runs exhibited different degrees of resolution, from cases where
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the valley between the sr87 andSr88

peaks was almost completely
down to the base line to cases where the valley was several
inches above the true base, The procedure used by Pinson et al
to correct for this seeming lack of resolution was to draw the
baseline curvinz up from the flat portion between the (I and 86
peaks to the valley between the £6 and 87 peaks (this valley was
usually slightly above the base between the 8 and 86 peaks)
and on up to the valley between the 87 and 28 peaks (which was
normélly cons iderably above the base batween the 8L and 86
peaks), Had this ourved base been drawn on the strontium carbonate
runs, which showed considerable range in resolution, the precision
of the runs would be very poor and the average of the runs
would have been far below the accepted composition of this
standard,.

Pinson et al attributed the lack of resolution to
diffusion of the ion beam due to ions striking gas molecules
in their flirht down the tube, This is undoubtedly a factor,
but at pressures of lesm than 5 x 10°° mm Hz it 1s believed
the position of the sample on the fllament,the size of the
sample, and purity of the sample are the primary causes of
peak overlap., Occasionally runs at pressures of 5 x 1(2)'7 mn Hg
showed greater peak overlap than runs at pressures of 5 x 10”6
mm Hz, In any event, it sppeared that overlap to the exﬁent
that the 87-88 valley was half the height of the srb7 peak
could be tolerated before the 88 curve actually bezan to add to
the 87 peak,
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A summary of the results of iable 10, plus the Rb/Sr
results from Table 9, are given in Table 11,
Five philippinites, from three differen§ gltes, hpve an
average 81-87/81'86 ratio of 0.,7181, ¢ = 0.0006, v = 0,0013,
As discussed in the section on precision and accuracy the
reproducibility (V~) of strontium isotope enalyses appears to
be approximately +0.001, Thus the variation of the Sr87/Sr86 ratio
in the philippinites is only slightly greater than one would
expect from measurement error, Seven philippinites, including
the five anslysed for isotoplc composition, have an average
rubidium content of 117 2 2 ppm (v~ ) and an average strontium
content of 173 ¥ i ppms The variations are greater than
measurement error so some dif ferences exist between the samples
in rubidium and strontium contents, However, these differences
are small snd the Rb/.Sr ratios are renarkably uniform, averaging
0.68 ¥ 0,02,
Five indocainites, from four different localities,
also have homogeneous Sr87/s£86 vélues, averaging 0,7198,
T = 0,0005, v = 0.0611° This varistion is again about what
one could expect from measuremehf error, The Srs'(‘/s:-a6 ratio
for indochinites seems to differ from the ratlo measured in

the philippinites, If Xt T _and § ¥ ¥ _ are the measured
x y

values of two independent populations, there is only a 5%
probability thet ( X = §) D 27 (x.j) 1f the difference between
the true mean values is zero, where V (X-y) = (% + (ﬁ"‘

X Y
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Table 11 Surmary of the (Sr87/3r86) Ratio in Tektites

Locality No, of Samples (87/@6)corr Rb/Sr*
Thillpoine 18. 1 "Oo7181 0068
+ 0,0006 + 0,017
Indo=China 5 0o 7198 0o 89
% 0,0005 X 0,013
Java 1l 007191} Ooéu
Australia 2 007171.‘. 0062*0005
North America 3 07166 Oelily
4+ 0,0012 + 00,0065
Czechoslovakia 2 0.7246 1,07
+ 00,0010
Averags 18 007190
+ 00,0006

1) Errors are standard deviation of ths mean,

# Taken from Table 9.
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(Hoel, 1954, po 109)o In this case X = y = 0,0017 and'a: (Xey) =
¥ 0.0008, Since (x = y) ) 25—;(5_?) it can be tentatively
concluded that at the usual 95% confidence limit these two popu-
lations are significantly different, Howsver this conclusion
is based on rather limited data and more samples should be
analysed to test this point,

There is no doubt, however, that the Rb/Sr ratio of
the indochinites differs significantly from the Rb/Sr ratio
of the philippinites., tight indochinites have an average Rb/Sr
ratio of 0,89 ¥ 0,013, The rubidium end strontium contents average
118 ¥ 3 ppm and 132 ¥ 2 ppm respectively, the variation again
only slishtly sreater than measurement variation. It should be
noted that the average rubidium contents of the indochinites
and philippinites are identical within experimental error
but that the strontium content of the indochinites is significantly
lower than the strontium content of the philippinites,

Two australites nave identical Srm/Sr86 ratios at 0.,717L
while a javanite has Sra"'/Sr86 ratio of 0.7194. The Rb/Sr
ratios of the two sustralites are dissimilar aowever=e0.L7
and C.71, end the 3b/Sr ratio of the Jjavanite 1s 0.6L, similar
to the pailippinites., Two other australites, whlch were not
analysed for isotope ratios have identical 3b/Sr ratios of 0.66,
The four sustralites have an averase 7b/Sr ratio of 0.62 ¥ .05,

gimilar to the philiprinites but exhaibiting much larger variation,

However, more sampline is needed of this i~portant group of

tektites,
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The three kortn Americen tektites have an average Sr87/5r86
ratio of 00,7166 t 0,0012, Unfortunately only small amounts of
these samples were available and replicate runs could not be
made in order to confirm tne measurements, The Empire,

Georglea Sr87/Sr86 ratio, although significantly lower then the
other tektites, was obtained from two exceptionally long and
steady runs., The strontium carbonate standerd (Run 10, Table 5)
was run Immediately after the first of the Georgia snalyses to
check for any instrumental bias, The “assachusetts and feorgla
tektites contain quite similar rubidium contents (78 and 74 ppm
respectively) and strontium contents (177 and 170 ppm
respectively), The two Texas sanples contedn 70 end 66 ppm
rubidium end 152 and 153 ppm strontiume-slishtly less than the
Massachusetts and Georgla samplese-but the Rb/Sr ratios of the
four are smazingly similar for samples from such widely separated
localities,

Two two moldavites asnalysed gave the highest Sr87/Sr86
ratios of the tektites analysed, averaging O°7Zh6; dnly one
of these samples wasz analysed for rubidium amd strontium, and it
has the highest Rb/Sr ratio of any of the tektites analysed;
viz, 1,07, Die to the small size of the sample available, the
other moldavite (T331lL) could not be analysed for rubidium
and strontium, However, values of 130 ppm Rb and 136 ppm Sr
were reported for this sasple by Pinson et al (1353),

The average Sr87/Sr86 ratio for all 18 tektites analyezed
is 0.7190%0,0006,



E. Discussion

™ scussion of the rubidium and strontium elemental
compositions determined in this investigation will be deferred
to Section III, in which the chemical composition of tektites
is treated, Due to the direct relationship between the Rt/Sr
ratios and the astrontium lsotopic composition, it was necessary
to present the data on the preceding pages, and the Rb/Sp
ratios, ae they pertain to the i1sotopic composition, will be

discussed in this section,

1, The existence of radiogenic strontium
The first conclusion thaet can be reached from this

investigation is that the work of Pinson et al (1953) was in
error and that tektites d contain radiogenic sirontiume-~in the
limited sense that their Sr87/Sr86 ratio 1s greater than 0,712
("normal" strontium) or 0,700 (primorfial strontium). As the
initial strontium isotopic ratio, that is the ratlo when the
tektites were formed, is not known, they cannot be directly
dated. However, limitations upon thelr age, and a possible
means o determining their initiel retio will be dlscussed in
the following pares,
2. Sienificsnce of the noneradiogenic strontium isotopss in

tektites

Kohman (1958) proposed an extra-golar system origin for
tektites and suggested a posaible experlmental test of the

theory. He stated that due to the apperent varlety of processes

for the synthesis of elements in the universe and the continuing
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level of such activity ("urbridge et al, 1957), it 1s likely
that matter formed outside our solar system will have different
isotopic composition from that observed in our solar system,

Since the publication of Kohman's aypothesis severel
investigators have indicated that tektites have the mame
isotopic composition as terrestrial material, Friedman (19568)
found the deuterium content of the water in tektites to be
in the same range as in terrestrial waters; Silverman (1951)
found the oxygen isotopic composition in tektites similar to
ratios found in terrestrial sediments; Tilton (1y58) found the
lead isotopic composition similar to modern terrestriesl lead,
and Pinson et al (1956, 1957a, and 1958) found the strontium
isotopic composition to be normal, The simllarity of the K/Rb
ratio in tektites to terrestrial and meteoritic materials was
noted by Tavlor and Ahrens (1958), indicating that they were
formed by similar processes,

'uring the period of this investigation tne tektite
analyses were intersperssed with analyses of terrestrial rocks
by G. Taure and strontium carbonate by various members of the
".I.T. Geochronology Laboratory, A total of 48 strontium isotope
ratio determinations were made, including 26 tektites, 63
terrestrial rocks (mostly basic 1sneous rocks), and 9 Srco3
standards,

Therefore an excellent opportunity exists to compare
the non-radiogenic atrontium isotopic composition of tektites

to that of terrestrial materials analysed in the same period
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of time, on the same mass spectrometer, and using the same routine
procadures,

A summary of the noneradiogenic isotope ratios obtalned
during this period is given in Table 12,

The Sr86/8r88 ratios were usually calculated from about
80 to 100 scans while the Sr&"/SrB8 ratios were calculated
from only about 18 to 30 scans. Thus the preclsion error of
the Sreh/Sraa ratios (as much as 5%) is much poorer than the

83 natio (approximately 0,5%).

pracision error of the Sree/Sr
The numbers in parentheses beside the Srsh/Sr88 ratios are
number of analyses used to compute the average ratio, as the
Sral‘/SrB8 ratio was not determined in all anal yses.

It can be seen that the non-radiogenic strontium lsotope
ratios (Sr&‘/Sr88 and Sraé/Sres) are not significantly different
between the three types of materials at the 95% confidence
limit ( 297 ),

Thus it can be concluded that the strontium stable
isotopic composition of tektites is essentially the same as
terrestrial and meteororitic materials, and thls information,

combined with the findings of the earlier investigators, makes

an extra~solar system origin highly improbable.

3, Significance of the variation of the Sr°//sr8® ratio in tektites

The ma jority of tektite investigators currently belleve
that tektites were formed by the fusion of terrestrial materials,

Different mechanisms for this fusion have been propoased, such

as impact of meteorites or comets, and lightning., All of these
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Table 12

The Sr86/3r38 and Srau/Sr88 Ratios in Tektles ani Torrostrial

Materials
Material 86/88 81,/88 No. of
Samples
87605 aen 520065 1T
T 2 00,0002 £ 0,0001
¢ = 000005 + 0,0003
Terrestrial fiocks 001190 00066 (55) 63
T * 00,0001 .+ 0,00003
T 2 00,0006 + 0,0002
Tektites 001192 0,0067 (1)) 26
¥ £ 00,0002 2 0,0001
v b 4 060006 : 0,0002
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theories are similar in that they all sugrest a random process,
and they differ only in the magnitude of tektite production
per fusion, The probabllity of fusing a certain type of
material should be in direct proportion to the extent of that
material on the earth's surface, unless the process of fusion
was restricted to certain portions of the earth, Evidence
indicates that the infall of metsorites (and therefore by
analogy, comets and asteroids) is random (Xrinov, 1960),
The process of fusion by lichtning might occur more often in
certain regions than in others; Hawkins (1959, p. 6) points
to the fact that tektites are found primarily in the temperate
and equatorial regions of the earth where thundsrstorms are .
most frequent, but certainly such regions contain a myriad of
reolozical mesterials of all ages,

Clarke (1924, p. 34) estimated that 75% of the land
surface of the earth is covered by sedimentary rocks and 25%
by igneous rocks, Pettijohn (1957, p. 11) eatimated the
composition of sedimentary rocks to he shale, sandstone, and
limestone in the proportion of 58, 22, and 20 respectively,
The igneous rocks can be grouped roughly into two types:
basic (basaltic) and acidic (granitic) that ocour in the
proportion of about 1:2 in the earth'®s crust, Thus the
probability of a particular general type of rocks being fused
by a random process should be rouchly as follows: shale L%,
sandstone 16%, sranite 1¢%, limestone 14%, baszalt 9%,

In view of the large compositionsl variation one would
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expect if the fusions were random, the ratier simller chemical
composition of tektites might be attributed to one of two
possibilities, 1) Only materials of a certaln type would form
durable tektites; other materials would not form glasgses
(however George (192l;) states that glasses ranging in S17, from
4O to 80% are known) or tektites formed from these other
materials would devitrify rapidly. 2) Selective volatilization
of elements during the high temperature fusion would chenge the
chemical composition toward some common composition, thus suppres-
sine the chemical variations, In view of thls second possibility
it might not be possible to identify the parent material from
the chemical composition of the telktite (Lovering, 1960, p. 1029),

However, during & high temperature fusion there should
be no selective fractionation of the 1sotopes, as the degree
of fractionation decreases with increasing temperature and
increasing mass, Thus the relative isotopic composition of
the tektite should be the same as that of the parent provided
this composition has not changed by radioactive transformations
since the time of fusion, K-Ar dating of tektites, determined
by Reynolds (1960) and Gentner end Zahringer (1959, 1960) give
ages of 30 m,y. or less for the moldavites, bediasites and
Georgia tektites, and less than 1 m.y. for the Facific Oecean
area tektites, 1.6, philiprinites, indochinites, javanites,
australites, etc. According to the terrestrial fusion theories
these ages must be the time of formation of the tektite, They

might very well be the age since the second period of melting
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which some tektites exhibit, but the terrestrial fusion
theories suzpest that the second period of melting, caused by
the tektites falling throurh the atmosphere, immediately
followed the {irst melting,

As the half-life of the decay of Rb87 to Sr87 is quite
long, approximately L.7 x lowyears (Glendenin, 1961) , and the
Rb/Sr ratios in tektites are not largs, no measurable increase
in the Sr content could ocour in 30 m,y. Therefore if the KeAr
aces represent the times since formation of the tektites from
their parents, the SraT/Sr86 ratios in the tektites will be the
same as in the parents and comparison of the Sr87/Sr86 ratio
in tektites with thet of various terrestrial and extra-
terrestriai materisls might sugrest possible parent material
and/or meds of origin. |

Sr87/Sr56 ratios and Rb/Sr ratios in various types of
terrestrial and extra-terrsstrial materials are given in Table 13,
Unfortunately, 1t has been common practice in age-dating to
use only a few favorable minerals rather than the whole rock
so that data of interest to thls investigation is sparse,

It can be seen that certain types of rocks show & very
limited range of‘Sr87/Sr86 values waile others exaibit a
considerable range, Thies 18 due to the magnitude of the Rb/Sr
ratio, the range of the Rb/Sr ratio, and the range of the age

of the samples analysed, Grenites have a very large variation
in Sr87/8r86 ratios, As all but one of the 21 granites in

Teble 13 48 over 1000 m,y. 01ld it is spparent thet the variation
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Table 13 Sr87/3r86 ratlios and Rb/Sr ratios in terrestrial

and extra-=terrostrial materials

Material & Mo, of | R & ' Range | Av,
Refe'rence Samales _ggﬁ‘%_g% Sr%’f;sraé’ Rb_[_g_; It (gr
Gast (1960)F | 10 | .720«1.003 | 0,830 " 035=3+9 | 1ob
f"ﬂi!’baim gt 11 0732‘1.25 05868 025‘600 lo?

al 71961"
BASALT

Gast (1960) 5 070525711 0,708 - -
Faure!1961)3 | 25 0705=0710 | 0,708 “ 00224518 | 0,05
OBSIDIANS

Pinson & l

80tt1n0(1‘361) 9 0701@".724 007114‘ 102"310 11.02
LIMESTONE

Gast (1960) s oT0L=712 06709 - -
SHALE

Faure (1961 | 2 | o720=0723 | 0.7215 - -
CHONDRITES I

Herzog and 2 | o753=.755 | 0.75%4 033=036 00345

rinson (1956 )6

Gast (1960) 5 0739=5811 0,764 - -
ACHONIDRITES

Gast ‘1960) 3 07002&4027 007015 o 0,01
Herezog &

inson (1956)| 1 - 0.703 - -
SEA WATER

Pinson et ) l - 00712 - 00016

al (19576)° | | |

|

One age 200 Mmeyo=cthers 10002700 MmoY¥.
Ages from 1200=2200 moyo

Recent oceanic and continental basalts
Ages range from 0 to 60 meyo

isagt and west coast composite samples
Homestead and Forest City chondrites
Pasamonte achindrite

Mid-Atlantic

Q=3 O\ O =
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shown is due to the variation in high Rb/Sr ratioa, Ths Rb/Sr
ratios in the granites range from 0.25 to 6.0, averaging about
1.7, while the Sr87/Sr86 ratios range from 0.72 to 1l.25. The
average Sr87/8r86 ratio of 0,85 is undoubtedly not & representa-
tive number for average granite but is a reflection of the
great age of the samples analysed,

Rasalts, however, do not show this extreme range in
Sr87/5r86 ratios due primarily to their low Rb/Sr ratios, Ths
basalts analysed by Faure wers Recent bapalts, but due to their
low Rb/Sr ratios little change in the Sr87/5r86 ratios should be
observed in older basalts, The range of the Sr8?/8r86 ratios
in the basalts analysed is from 0,704 to 0,711, averaging 0.708,
while the Rb/Sr ratios range from 0,02 to 0.18, averaging 0,05,

Nine obsidians analysed by Pinson and Bottino show a
1imited Sr87/8r86 ratio of from 0,704 to 0.724, while the Rb/Spr |
ratios are quite higheefrom 1,2 to 31! The low Sr87/8r86 values
are due to the young ages of the samples, and since obsidians
generally divitrify quickly (geolosically speaking) high Sr87/Sr86
ratios similar to that observed in granites would not be expescted,

Limestones, both young and o0ld, have low Sr87/8r86 ratios
due to their extremely low Rb/Sr, The Rb/Sr ratio in limestones
is sbout 0,008 (Paure, 1961, p. 115),

Faure analysed two composite samples of Paleozolc shales
from the east and west coasts of North America., The measured
Sr87/8r86 ratios are quite similer--0.720 and 0,723, The Rb/Sr
ratios were not determined in these samples, Turekian and
Wadepohl (1961) and Faure (1961) have estimated the average
Rb/Sr ratioc in shale to be 0.47 and 0,50 respectively, Thus
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rocké of this high a Rb/Sr ratio (and undoubtedly having
considerable variation in this ratio) and of varyinz ages
should have highly varying Sr87/81-86 ratios, Such variations
are suppressed between composite samples,

Chondrites have fairly high, varying Sr87/Sr86 ratios,
Unfortunately Gast (1360) d1d not analyse his five chondrites
for rubidium and strontium, but it is assumed the variation
shown by these specimens is due to slishtly different Rb/Sr
ratios snd the ages are all the same--approximately L.5 x 107
years, This should be investigated further,

Achondrites have extremely low Sr87/3r86 ratios which
show almost no veristion (See Table 13). Under the assumption
that 1) all terrestrial and meteoritic strontium was derived
from a homogenciud parent material and thus had the same
abundance of Sr87 and 2) the meteorites have existed as closed
chemical systems since’their formation approximately L.5 L.Y¥e
agzo, the achondrites probsbly give us a pood approximation of
the initiel Sr87/8r86 ratio, As Patterson (1956) aend hais
co-worker have demonstrated that these assumptions hold true
in the case of lead, by analogy the assumption should be true
for strontium, The achondrites have extremely low Rb/Sr ratics
( -005) so their initisl Sr87/3r86 ratio has remsined essentlially
unchanged for 4.5 x 107 years. The lowest valus found for
achondrites (0,7004) 1s accepted hers as the primordial
Sr87/8r86 ratio,

From the above discussion 1t 1s obvious that thas dats
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is too meeger to define the Sr87/8r86 ratios in the various rock
types, The data does show, however, that a great deal of
variation does exist,

To complete this rather sparse summary of measured
Sr87/3r86 ratios found in terrestrial and extra-terrestrial
materials, several estimates of the average Sr87/8r86 ratio in
the crust of ths Earth should be mentioned, Gast (1960) assumed
an initial ratio of 0,71lL, an average Rb/Sr ratio of 0.33 and
an average age of 2 billion years and arrived at & present day
sr87/5r86 ratio of 0,742 for the silicic crust.

Faure (1961, po 139) in an estimate of the upper limit
for the Sr87/3r86 ratio in the crust assumed an initial ratio of
0,700L, a Rb/Sr ratio of 0,25 and an are of L,5 billion years,
The caleulated Sr87/sr86 ratio was 0,748, Reasoning that the
contiental masaes are younzer than L.5 billion years, he set
a lower limit to the average f-‘r’87/8r86 ratio by assuming that
the continents are only 1 billion years o0ld and the initial
ratio was 0,706 (calculated from basalt analyses). This lower
1imit calculated to be 0,717, He therefore concluded the
average ."r87/8r86 value for the crust must be between 0,717
and 0,748,

Faure also calculated the average Sr87/8r86 ratio of a
geosynclinal assemblage of sedimentary and volcanic rocks,

Bagsed on Foldervaart's model for rocks of young folded belts
this Sr87/3r86 ratio is approximately 0,720, in excellent
agreement with the enalysed composite shales,
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The next question that should be discussed 1s: How many
independent fusions by the various mechanisms would the 18
tektite samples analysed for strontium isotopic composition
repressent? As they came from at least 1} different sites
sepsrated by more than ten miles, they would represent at
least 1l independent fusions if they were formed by the impact
of lishtning randomly striking the earth, A few of the samples
such as the two labeled "lNorth Cambodia" may have been collected
from exactly the same site, but this is unlikely so the 18 samples
probably would represent 13 fusions by lishtning,

If the tektites were formed by the impact of metsorites
all the tektites within several square miles, or even tens of
square miles may have been formed from one impact. Thus, as
the sanples anal ysed are from 12 provinces, states, or countries,
any of which is more than 100 miles from its nearest neighbor,
they should represent l2 different meteorite impacts.

Thes number of impacts necessary to form the tektites by
fusion by asteroids or comets 1s considerably less than either
of the other two theories just discussed, Cohen (1961) suggested
that all the Paciflc 7cean area tektites were produced by one
collision, all the North American tektites were the result of
another, a third produced the moldavites, anéd a fourth the
Ivory Coast tektites, Reynolds' {1360) KeAr work implies at
least five groups, while Raker (1y59) claims the geological
evidence points to eleven groups (includins the Georgla field
which he did not discuss, but excluding the iarthats Vineyard
specimen). Urey (1957), in discussing the comet hypothesis,
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conceded that probably all the Paciflic Ocean area tektltes were
not formed by one impact but suggests the comet head split and
produced multiple, simulteneous impacts in the various tektite
localities of the Pacific. Thus it is proposed that the 18
tektites asnalysed would represent at least six separate impacts
of asteroids or comets, these ailx impacts consisting of the
moldavites, North Americen tektites (=rouped on the basis of
similarity of compbsition), australites, javanites, philippinites,
and indochinites,

The 81'87/.‘51'86 ratios in ﬁektites zlven in Table 10
and the Sr87/Sr86 ratios taken from the literaturs for varlous
materials as given in Table 13 are plotted in Figure 5. As
most of the materisls shown in this figure have low Sr87/Sr86
ratios, an expanded plcture, with the Sr57/Sr86 scale running
from 0,700 to only 0,760, is given in Pigure 6, Figure 6 has
only the lower one-tenth of the Sr87/Sr86 scale of Figure 5,

It can be seen from these diagrams that tektites do
not show the variation one would expect if they are the produect
of random fusions of tgrraatrial materials-ewhether the tektites
analysed represent 1li, 12, or &6 separate random impacts. As
mentioned above some investigators maintain that only a certain
type of material could product tektites, “or example Urey (1957)
stated that a tasic magmas will crystallize even when undergoing
repid cooling but the more viscous acid melt will be unable
to form crystals and remain as a rlass, 0Of the more acldic
rocks the ones most commonly mentionel as possible parents for

the tektites include siliceous shale (Urey, 1959), granite
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(Mason, 1959) and granophyre (Lovering, 1960), But these are
types that should have large variations in Sr87/8r86. They
have high average Rb/Sr ratios (approximately 0.5 in shales
and 1 in grenites, and also presumable granophyres) and
exhibit, or would be expected to exhiblt, a wide range of
Rb/Sr ratios, The Sr87/8r86 ratio in shales will vary according
to the proportions of young leweratio volcanic material,
loweratic limestone, old high-ratio oranite, etc,, that %together
contributed to meke up the rock, For example, certainly A
largely detrital micaeous shale derived from an ancient landmass
would have a much greater Sr87,/sr86 ratio than s felspathic
ghale with a hich proportion of endogenelc constituents or
recent volcanles,

Thus the resulté of this investigation do not support
the theory of tektite production by rendom fusion of terrestrial

materials, particularly the random fusion of shale or granite.

L. Significence of the tektite Sr07/spf6 ratio growth with time
It is interesting to see what conclusions can be drawn
if 1t is assumed that the Rb/Sr ratios in tektites have not
changed substantially since they were formed from a parent material.
It is proposed that the K<Ar ages date the period of
seocwnd melting that 1s observed in some of the tektites., This
second melting caused the melting of the surface and the bulldeup
of a flange, probably heating the interior sufficlently to allow
the diffusion of radiogenic argon from the interior, but the

meltine was limited to the surface, <Taylor's (1y6l) analyses of
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8lkall elements in the flanges and cores of australites indicate
considerable selective volitization occurred, However, all tlhe
analyses in this work were performed on spacimens that did not
contain a flange--either the samples never experienced second
melting or the flenges had since wexthered away. In any event,
it 12 belisved the Rb/Sr ratios in the tektites analysed,

and thus the rate of growth of their Sr0l/srS® ratios,

were not changed during the heating that is dated by the K=Ar
measurements, and thus the Fb/Sr ratios have remeined unchanged
since formation of the tekiltes,

Figure 7 shows generaligzed Sr87/8r86 growth lines for
several types of materlals, including a line for an average
tektite which has a ®b/Sr ratio of 0,9 and a Sr87/8r86 ratio
of 0,719, This diacram, and many of the conclusions derived
from it, are the same as presented by Pinson et al (1958),

Ther are repeated here to enphasize the fact that although
the earlier data was partially incorrect many of their conclu-
sions are etill velid,

It can be seen that tae tektite Sr37/Sr86 ratio develop-
ment line does not intersect the chondrite line; accordingly
the telztites could not have been derived from chondrites,
fiowever, as the five chondrites e asured for Sr87/8r86 ratios
to date vary between 0,735 and 0,811, the probability that
some chondritee have a Sr87/Sr86 ratio of 0,720 or less cannot

be excluded,
The generalized tektite ~rowth line does intersect,

however, the achondrite srowth line, the time of intersection
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beinz approximetely S00 m.y., a0, Thus the tektites could

have differentiated from achondritic materlial at this tinme.
Several lines of evidence, including the strontium isotopice
composi tion, support the theory that chondrites and achondrites
developed simulatneously 4.5 billion years ago, but the tektites
could not be a separate class of meteorite that developed
contemporaneously with the other tyres--ecach remaining independent
since that time, |

Faure (1961) studied the isotopic composition of basalts
and from this developed the theoretical upper mantle Sr87/3r&6
ratio development line shown in Figure 7., The tektites could
have been differentiated from the mantle approximately 250 m.y.
ago, &8s shown by the intersection of the tektite and the upper
mantle line,

It i1s Interesting to compare this data with the theory
thet the tektites were derived from the 'loon, acain assuning that
the Tb/Sr ratlos have not chsnged since the tektites were formed,
Most students of the Moon (for exanple, Urey, 1952, p. 303 Spurr,
1948, p. 242; Raldwin, 1949, p. 19L) have concluded that the
present lunar surface was formed soon after the origin of the
foon, and tae Moon has remained relatively cool since that time,
Also, the age of the Moon is generally assumed to be the same
as the rest of the solar systeme-gspproximately L.5 billion years,

Assuming these conditions, it is possible to calculate the
Sr87/8r86 ratlio for various hypothetical lunar crustal materials,

Granitic material, with an average Rb/Sr ratio of 1

(Faure, 1961, p. 10{) and an initisl Sr87/Sr86 ratio of 0,700
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would have, after 4,5 billion years, a Sr87/Sr86 ratio of about
2890, far greater than that found in tektites, Chondritic
material would aave a neneralized c~rowth line as shown in
Figure 7, snd the present day Sx'87/Sr86 ratio would be about
0.750, again in excess of that found in tektites, If it is
assumed that the surface of the “oon hss a chemieal composition
similar to tektites the present day Sr87/Sr§6wratio, after a
growth for 4.5 billion years from the promordlal ratio of 0,700,
would be between 0,78 snd 0,90,

Conversely, if the Sr87/Sr86 ratio in tektites,
approximately 0,719, is assumed to be representative of the
lunar crust, and still assuming the joon formed under the
conditions discussed above, the Rb/Sr ratio of the material
that would zenerate such a Sr87/Sr86 ratio from an initial
ratio of 0,700 may be calculated, Tuls growth line is shown
on Pizure 7 and the slope of this line corresponds to a Rb/Sr
ratio of 0.1l. ime cornon terrestriasl material whose Rb/Sr
ratio most closely resembles this ratio is basalt (see [able 13),
and the marias have commonly been theorized as being covered
with basaltic lava flows, Thus a basalt that has remained on
the surface of the jioon for 4,5 billion years should have about
the same Sr87/5r86 ratio as tektites, It is difficult to
reconcile such 2 radical chenge in Rb/Sr ratio (from 0.1 to
between O,Ll} and 1l,1) with any mechanism that would throw the
tektites from the ./oon, especially high temperature fusion where
the alkall elements would be expected to wolatilize preferrentiaslly
to the alkaline earth elements (Lovering, 1960),
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Perhaps a more reasonable hypotheslis, if tektites come
from the Moon, is that thers has been differentliation of the
Moon since the start of the Paleozolc era and that tektites
are tae result of fusion of this differentl ated material or
the e Jecta from volecanos during this tirme, As pointed out by
Chapman (1960), the recent spectroscopic evidence of ~as
escapins~ from Alphonsus crater and the existence of a temporary
surface temperature of 1200=1500° K in this crater have ralsed
serious doubts concerning the widely held theory that the Moon
1s cold, without any remnants of volcanic activity, By comparing
the number of craters on the marizs with the number of meteorites
of various sizes that fall on tﬁe Earth per year, Kreiter (1960)
has concluded the marias are about 200 m.y. 0ld, However, the
same evidence has been used by other investigators to conclude
the marias are approximately .5 billion years old (Opik, 1960).
Gilvarry's (1460) theory that the marias are composed of sedi-
mentary rocks that were deposited by a hydrosphere waich had
8 1ife time of the order of 107 vears could account for observed
Rb/Sr ratios in tektites,

In short, the 3/Sr and Sr87/Sr86 ratios (and the lead
isotopic composition as determined by Tilton, 1958) in tektites
are difficult to explain if the tektites were derived from
the Moon, if the conventional nodel of a cold, undifferentiating
bodr is accepted, Recent differentiation of the Moon is almost
required if tektites were produced fron its surface; theories
advocating this differentiation have been advanced dbut they have

not been widely accepted by lunar investigators, The present
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tektite Rb/Sr data 1s fairly consistent with such theories of
recent and continuing differentiation of the Moons crust,
5. Signi canc of the sympathetic variation of Rbh/Sr ratios
and Sr /Sr ratlos in tektites.

Igneous rocks that are formed contemporaneously by
orystal fractionation from a common source will differ in
Rb/Sr ratios, At the time of their formation they all had the
same initial Sr87/Sr86 ratio but efter fractionation they
each developed radiorenic strontium in accordance with each Rb/Sr
ratio, If the Sr‘87/8r86 development lines are drawn for each
rock type thaey form an array of lines which converge back in
time, intersecting at a point whose coordinates are the time
of differentiation and the Sr87/8r86 ratio of the parent
material, (See Figure 1), The common origin of a series of
igneous rocks can be tested in this manner. If the rocks
crystallized from parent materials having different Sr87/Sr86
ratios or at different times the probability of three or more
development lines meeting at a common point 1s small. Two
different points of intersection would indlcate two different
source regions., In this section such a test for a common
source region is applied to the tektites,

Mrure 7 ie a greph of the Sr37/8r86 ratios egainst
time, showling the Srsz/Srab development lines for four rroups
of tektites, The four areas represented, and the number of

sa~ples included by the average, are North America (3),
Philippine Island (%), Indo China (5), and Rohemia (2). The

lines are drawn from the data given in Table l1ll, with the error
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envelopes shown by dashed lines, The envelopes are computed on
the basis of one standard deviation of the mean 06:) for the
Sr87/8r86 and Rb/Sr ratlos. I[me australites were not included
in this diagram because the two ssnples analysed had different
3b/Sr ratios and an average would not be very meaningful,

One basic assumption made in drawing these development
lines is that the Rb/Sr ratios have not changed since the
tektite first formed, Tais was discussed earlier. A second
assumption is thaet the tektites from one locality are related,
other than just georraphically, 1‘therwise the average Sr87/5r86
development line wuld be meaninzless, The oconstancy of the
Rb/Sr ratio of a #articular rroup, in contrast to the difference
between groups, supports tnls assumption, It can be seen from
Figure £ that the philippinites, indochinites, and tiorth Armerican
tektite lines nearly intersect at a common point, with coordinates
of Sr87/8r86 = 0,7135 end time = 175 m,y. However, the error
envelopes are so large tae overlap of any two of these three
lines extend from 0 to 350 m.y. 'the error envelopes of the
two lines with the smllest errors (the indochinites and
philippinites) overlap from approximately 50 to 250 meyo The
moldavite 1line, perhaps the poorest determined as it 1s based
on only two semples, does not cross the other three lines at
their common point of intersection. It intersects the North
American linee t 300 m.y, with an error range of from 200 to
40O meye, 8nd crosses or is within tae error envelope of the

other two lines from 250 to 550 m.¥o
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The Sr87/3r86 development 1line for the upper mantle,
a3 determined by Fsure (1961), is shown on the same diegram,
The tektite development lines cross this line at ages that
range from 325 m.y. (indochinitea) to 525 m.y. (North American
tektites), The moldavite and philippinite lines actually
intersect on this line and the indoochinite, philippinite, and
moldavite lines have error envelopes that overlap on this line;
if 2 V= had been used the polnts of intersection of the tektite
lines upon the upper mantle line would have 8ll been within
experimental error.

The primadlal value of SrBT/Sr86 determined from
achondrites and discussed earlier, 1s also shown on Figuré 8,
Thus the maximum age for the tektites, given by the intersec-
tion of the tektite lines with the primerdial line, range from
500 to 950 m.y.

In this dscussion the term "tektite development line"
hag been used, The same remarks would apply to the parent
material if the Rb/Sr ratio did not change sither when the
tektits formed from the parent or during the prestektite
history of the parent.

It is interesting that Figure & shows a sympathetic
variation of the Sr87/€r86 ratios with the Rb/Sr ratios;
if there was no sympathetic variation the lines woulcd not
converge back in time., Another way to show the sympathetic
variastion is given in Figure Y. In this fi-ure the S»r87/8r86
ratlios are plotted against the “b/Sr ratios for the verious
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tektites anslysed, and the averages for the different ~roups
are shown. The standard deviation of the mean (T ) for the
Sr87/8r86 and the Rb/%r ratios are shown by the lengths of the
vertical and horizontal lines respectively. In such a diagram
all samples of equal age will lie on a strairht line, Such a
line, the 175 m.y. isochron is drawn tarough the averages for
the North American, Philippine, and Indo-China samples, T[he
moldavites lie tfmve this line, reflecting the fact that in
Figure 8 their development line was above the point of inter-
section of the other three lines, .lore experimental work is
necessary to refine this data, especially to see if the molda-
vites actually lie above the 175 m.y. isochron (i.e., do not
intersect with the other three lines at the common point), but
the present data seems more than coincldental or circumstantial
and suc~est that the llorth American, Philippine and Indo China
tektites differentiated from a comnon source material approxi-
mately 175 m.y. ago. CERTAINLY IT IS DIFFICULT T7 HECINCILIE
T4IS DATIA WITH TEKTITE P7ODUCTIM WITHIN THE IAST 30 mey. FROM
RAN DO MATERIALS 7 UIFFERENT AGES AND CO“PASITIS. Sympathstic
variation tetween the Sr87/3r86 aré.fb/Sr ratios in such a
case would be highly unlikely,

This homogeneity of arce values, whether these are
actual ages of the tektites or the parent material, is indeed

difficult to reconcile with any terrestrial origin in view
of their widespresad geographic locations and varying KeAr

ages. The extra-terrestriel theories are not much more attractive,

One model that would explain their Rb/Sr--Sr87/Sr86 ratio reletions,
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K-Ar ages, lack of cosmiceray lnduced radio-activity, distribution
in restricted strewnfields, and second period of melting would
be as follows:

1) The fusion and ejection of large bodies fron the
surface of the Moon or some other body in the solar system
gsbout 175 m.y. 8g0. The glassy blocks would have a common
Sr87/3r86 ratio, which would be the same as the parent material,
epproximately 0,713, However, due to differences in selective
volatility the T'b/Sr ratios of tae various bodies were different.
The Sr87/8r86 ratio of 0,713 is compatible with a basaltic
surface 4.5 billion years old, but the compositional changes
necessary to derive a tektite from basalt c not seem possible
by high temperature fusion. A more plausible ocourrence
would be production of the large tektite bodies from material
that was similar to tektites in compoasition due to recent
dif ferentiation or some change that increased its Rb/Sr ratio.
Tilton (1959) after anslyzinz three tektites for lead isotopes
and one tektite for uranium ad thorium, reached the conclusion
that the tektites, or parent material, had undergone dif feren=
tiation within the last tens of millions of years, Thls work
should be extended to ctmck the apparent agreement with this
investigation,

2) The bodies independently suireled toward the Zarth,

arriving in the Earth's atmosphere 30 to less than 1 meyo
8200 Since their common origin each had developed Sr87/8r86
ratios in sccordence with their different Rb/Sr ratios. Since

each body was of considerable size, the interiors were protected

from cosmic rays,
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3) The large bodies broke up in the Earth's atmosphere
and the tektites formed from a particular body fell in a
epecific strewnfield, The bodies probably entered the Earth's
atrmogphere dlonz orbits nearly parasllel to the surface of the
Earth {O'Keefe, 1960) since considerable ablation of the
indlvidual tel-tite took place., During this asblation the tektites
were heated sufficiently to cause the escape of argon, glving
rise to the young argon ages,

The principal difficulty of any extra-terrestrial
origin for tektites is the existence on some body in the solar
system of suitable parent material, however, it is believed
the Rb/Sr = Sr87/Sr86 relationship, and the lack of large
variations in Sr87/Sr86 ratio in tektites, makes any of the

proposed terrestrial theories even more unattractive,.
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F. Coneclusions

1) The average Sr87/Sr86 ratio in 18 tektites is
00,7190 * 0,0006, Thus the earlier work of Pinson et al (1958)
on the strontium isotopic composition of tektites was in error
end tektites do contain radiorenic strontium,

2) As the non-radiogzenic isotopes of strontium are
perfectly normal the extra-solar system hypothesls of Kohman
(1958) is not supported,

3) Rubidium and strontium contents of tektites from
a given locality are very similar, but small differences exist
between localities, The Rb/Sr ratios in tektites are within
the range found in shale and grasite but do not show the varila-
tion that is observed in these materials,

L4) Tektites do not exhibit the variation in Sr87/Sr86
ratios one would expect to find if they are the result of
random fusion of terrestrial materials, particularly acld
rocks such as granites or siliceous shale,

5) Tektites could not have been derived from &ny
chondrites which have been measured., They could have been
derived from achondrites approximately 50C to 1000 mey. 8g0,
or from the upper mantle spproximately 350 to 500 m.y. g0,

€) If the tektites were derived from the :‘oon the
results of this investigation sugrest either (a) the tektlites

must have been formed somshow from a bassltic type parent
material if the surface of the ifoon is 0ld (1,60 ~ Lo5 koy.) or

(b) there must have been recent differentiation of the surface

of the Moon (i.e, within the last 500 m.y.)o If the Moon's
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surface has remained unchanged for the longer period thes tektites
could not have formed from chondritic, granitic, or tektitic
type material,

7) Sympathetic variation of the Sr87/8r86 ratios with
the Rb/Sr ratios occurs in tektites and strongly suggests
that the tektites differentiated from a common source material
spproximately 175 m.y. ago. This coupled with their widespread
geographic distribution and young Kear ages make a terrestrial

origin quite unlikely.
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SECTIMN III
A STUTY OYF THE CHE"“ICAL COMPNASITIOW 7 TEKTITES

A, Introduction

Barnes (1940) compiled all the analyses of tektites
available at that time, He listed 61 analyses, not including
the questionable Narwin OGlass and Lybian Desert Glass; these
included 10 moldavites, 2 bodiasitee,42u indochinites, L
philippinites, 9 billitonites and associated tektites, 9
australites, and 3 Ivory Coast tektites, Since 1940 the only
complete major element analyses of tektites to appear in the
litersture are one bediasite (Rarnes, 1956), a new tektite from
Martha's Vineyard, ifassachusetts (Kaye, et sl, 1961), and one
Georgia tektite (Clarke and Carron, 196l)., Pinson and
Schnetzler (1959) reported the average K, Na, Fe, in, and Ti
contents of 1l phailippinites and indochinites, and Taylor
(1960) reported the alkall element contents of 1l australites,

From the published analyses it is obvious that the
tektites from a given locality are quite similar in chemical
composition, and that there is some simllarity between the
different groups of tektites, However, it is diffieult, if
not impossible, to define the 1li~its of variability among the
several groups of tektites from the published analyses, as
each analyst worked on only a few specimens, and undoubtedly
different methods of chemical analysis were used by the various

analysts,
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Therefors, it ssemed desirable to anslyse a representaiive
number of tektites from several different localities by uniform
methods of analysis, making use of reliable rock atandards to
monitor the accuracy of the work., From such & study it should
be possible to define the limits of varistion in the chemical
composition of tektites both within a pgroup and between groups.
As Taylor (1960, p. 85) states, "Uniformity of compositlon for
groups of tektites, if established, would have larereaching
implications.” Certainly, if, in addition to their peculiar
composition, widely separated localitles had essentially the
seme composition, it would be difficult to postulate any
probable terrestrial origin,

Unfortunately the present tektite collections in this
country are rather small, Therefore, it was not possible to
obtain a thorough ssmpling of sll the mejor flelds; howsver,

a sufficient number of indochinites and philippinites were
obtained to test for varistions within, and between, these two
groups. ‘aylor's (1960) study of the alkalli elements in
australites was the first phase of proposed complete chemical
analyses, 80 it should be possibls to compare the philippinites
and indochinites with the australitss when his completed work
appears, The analyses reported in this paper on the philippinites
are especially important as only four analyses of this group

have been published, It is by far the largest, in number of
samples, of any of the tektite groups. As stated in Section I,
approximately 500,000 tektites have been collected from the
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Philippine Islands, A number of samples wers obtained from
two rather restricted sites in the Philippines, so it 1s

possible to study the varistion of composition within a

restricted group, as well as between ths larger localitles.
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B, Chemical Anglyses

1., Analyticel Procedures

The majority of anal yees rerorted in this paper were
made by the "repid silicate" method of Shgpiro and R®rannock
(1956), A large number of anomalous Al04 results were.
obtained using this method so it seemed desirable to determine
this consti tuent by some other means. It was found that
aluminum, as well as silica under certain conditions, could
be determined by Xeray fluorescence technigques with no loss
in asccuracy and considerable improvement in precision (in the
case of aluminum) over the rapid silicate method, As both
silica and sluminum are determined from a different wWeighing
from the rest of the constituents in the rapid silicate
procedure, considerable time and effort would be saved if
silica was ansal ysed by Xeray fluorescence techniques st the
same time as tne aluminum, This was done in approximately

10 of the silica snalyses,

"Rapid silicate" Technigues

The rapid silicste procedures of Shapiro and “rannock

(1956) are rrimarily colorimetric methods of analysis., The
intensity of light passing through various colored complexes

of 8105, A1203. total Fe, Tioa, MnO, and P205 is determined

on a spectrophotometer, while Cal0 and g0 are determined by
photometric titration. Nap0 and K0 are determined by flame
photometry, The rapid silicate method i1s especially attractive

because most of the determinations are independent of each
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other so that gross errors in one determination do not affect
subsequent resulte. Also, the manipulations are simpler than
in conventional methods of silicate analysis (there are no
separations, precipitations, etc,) so that gross errors due
to improperly performed procedures are not usually encountered.

rgckman fodel B gpectrophotometers were used in the
colorimetric and photoretric titration procedures, and a
PerkineElmer Model 146 flame photometer was used in the
deternination of Nas0 and K30,

In the method of Shspiro and Branmnock (1956) Si0, and
A1203 are determined from a solution obtained by fusing
approximately SO mg, of powdered sample with Na2H in a nickel
crucible, and diluting to 1 liter. S10; is determined
colorimetrically as the molybdenum blue complex, and Alp04 is
determined colorimetrically as the orange complex of calclum
and Alizarine red-3, Small corrections for the amounts of
iron snd titanium in the sample are epplied to the aluminum
results, National “uresuof Standards soda felspar no. 99 ia
used as the standard in both the silica and aluminum procedures,

All the other major elements, except FeO, are determined
on aliquote of a solution made by dlcesting epproximately 0.5
rrams of powdered sample with HF and HZSOL in a platinum dish
over a steam bath, and d luting to 250 mls,

Total iron 1s determined photometrically as the orange
ferrous orthophenanthroline complex using ferrous ammonium

sulphate for the standard,
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Ti7; 1s determined photometrically as the yellow
ocomplex prodiced by the reaction of titenium with tiron after
reduction of the blue ferric tiron complex with sodium
dithionite. National BRureau of Standards titanium dioxide
no. 154 is used as the standard,

M) is detérmined photome trically after the manganese
has been oxidized to permangenate by potassium periodate.
The standard used is National Rureau of Standards manzanese
ore no, 25b,

P2°5 is determined photometrically ss the yellow
molybdivanadophosphoric acid complex. The standard is
National Ruresu of Standard phosphate rock no. 120.

The automatic photometric titration procedure, employiag
a spectrophotometer and recorder, as described by Shapiro and
Bpannock (1956), was used in the determination of Cal and MgQ.
However, they have since modified the chemical procedures,
eliminating the separation of iron and aluminum necessary
under the system described in their paper, and they have supplied
the M,I, Tl rapid silicate laboratory with the necessary detalls,
In the modiffed procedure iron and aluminum are complexed
with a mixture of sodium cyanide and triethanolamine, and do
not interfere with the calcium end magnesium titrations by
Versene, Calcium 1s titratecd at a pH between 12 and 12,7,

using murexide as an indicator. (Ca0 + Mc0) as MYg0 is titrated
with Versene at a pH of approximately 9.5, using Eriochrome
Rlack T as an indicator. The result obtained for Ca0 (changed

to the corresponding amount of MgO) is subtracted from the
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result for (Ca0 + MgO) as MgO to obtain the amount of Mg0O, ‘lhus
the accuracy of the MgQ determination is dependent upon the
accuracy of the Ca0 determination, The standard used for both
the Ca0 and (Ca0 + Mg0) as MgO analyses is the National Puresu
of Standard dolomite no, 88,

Nas0 and Ky0 are determined on a flame photometer,
using L1 as an internal standard., Standards covering the
concentration range of the samples are prepared from anal ytical
reagent grade sodium chloride and potassium acld pathalate,

The FeQ determination, as described in the rapid
silicate pocedwre of Shapiro and Rrennock (1956) is the classical
dichromate titration procedure. It consists of decomposing
approximately 0.5 grams of the powdered sample in a boiling
mixture of sulfuric and hydrofluoric acid in a closed platinum
crucible, and then titrating the solution with potassium
dichromate, Diphenylamine sulfonic acid is used as the
indicator. As the Fe0 is rather easily oxidized by air, and
as the method is slow and necessitates great care, Shapiro (1960)
has devised & spectrophotometric method of determining Fe) which
requires less sample and can be cerried out much faster, 10 mgz,
of sample plus spproximately 20 mg. of powdered orthophenanturoline
are dissolved 1in HF and Hp87), on a steam bath, the orthophenanthroline
complexing the Fe'? as it goes into solution, Ihe absorbance

of the resulting aange complex is measured on a spectrophtometer,
and compared with the absorbance of a rock standard, Wel was

used as standard in this work, A comparison of the two methods
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of Fe?d analyses is shown in Table li, which gives the results
for five samples that were analysed both photometrically and
by titration, There appears to be very good agreement between
the two methods, Althouch the precision is poorer in the
photometric method the time saved by using this method allows
more replicate analyses to be made, and the saving in sample
ig important in cases where the sample available is limited,

H20 was not determined in the tektites as Friedman
(1958) showed their water content to be extremely low
(approximately 3 to 100 ppm), far below the detectable limit
of the Penfield method,

Fep03 1s cetermined by difference between the FeO and
total iron results, Thus “g0 and F9203 are the only determina-
tions that are not indevendent, except for small corrections
for iron and titanium that must be applied to the aluminum
results,

Sample solutions were made in diplicate from two separate
portions of the powdered tektite, which had previously been
dried in an oven at 105° C for 1 to 2 hours, The solutions
were stored in polyethylene bottles. In the S10,, A1203,
total iron, Ca0, (CaC + MgO) as ¥g0, Naj0, and K0 determina-
tions duplicate portions of each solution were analysed, making
a Lutal of four aliquots of each sample, Four spectrohotometer
readings were made on each aliguot in the 517y, Alz03, and

totel iron determinations, while an average of four flame

photore ter readings were made for each Nap0 and K0 determina-

tions. Thus the S10p, Alp03, total iron, Nay0, and K50
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Table 1
Comparison of titration and photenetric determinations
for Fel
Sample Mool Titration| Averare Spgctfoglxotometrio Averace
T4091 2,58,2.27 | 2.22 || 2,15, 2,15
T3379 Bo30,l4el6 | 4o38 | he36s 450, bholOy Lol Lo35
73993 4088,4.89 ] L4.88 bobTs LoTliy LoT7 bo73
73985 lo31,0030 | Lo30 |l 14,28 lt,28
73965 Le78,4e84 | LeB1 5:02, .80 4e91
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determinations were made from 16 instrument readings in total.
e titration of Ca0 and (Ca0 + Vg0) as Mz0 was made from each
aliquot, making a total of four for each sample, The n0 and
Tiob determinations were made from only one aliquot of each
sample solution, as the rrecision was sufficiently hich in
these procedures to allow fewer replicate deteminations
(Phinney, 1959). Four spectrophtometric readings were made

of each aliquot in the "9 determinations, and two spectro=
photometer readings were mads of each aliquot in the TiO
determinations. P 0g was determined from two aliquots of each
weipghing but this element proved to be so low in tektites

that the method was unreliasble, and in the majority of samples
it was not determined, FeO was determined by titration or
photometrically on two separate weighings of the sample. In
the photometric determinations two instrument readings were
made in each determination,

The above scheme was followed in most analyses,
Occasionally, however, the lack of sufficient sample necessitated
the determination from only one weighlng, or if duplicate
weighings were made, they were diluted to smaller volumes, so
that fewer sliquots could be taken for some of the detemina-
tions, Also, when the precision appeared to be poor, the sample
solutions were rerun, s0 some results are en average of a
greater number of aliquot determinations than discussed in the

schema above,
Duplicate pairs from one welghing were usually analysed

in one day and the duplicate pairs from the other weighinz on
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another day, The samples to be analysed in any one day wers
picked at random; therefore the tektites from any particular
area were analysed at various times during the reriod of the

investigation and not as a group,.

X-ray fluorescence techniques
Chodos and Engel (1961) have determined the total iron,

Ca’, Mzd, K50, T172, and Mn0 contents of amphibolite rocks by
fluorescent Xeray spectroorgphy, and the results are in
acceptable agreement with wet chemical analyses of the same
samples, However, they fund that the silica and aluminum
result s d1d not compare favorable with the wet chemical results,
being aceurate only to sbout 5% of the amount present, They
attributed this error to matrix effects, as their samples
varied considerably in major element composition.

Professor John Hower of the 4,I,T, Geology Nepartment
has also been working on the application of this method of
analysis to rajor elements, and has primarily been concerned
with determination of the enhancement and absorption correce
tione that must be applled if this method is to be used over
wide ranges of composition., He suz:;ested that tektites,
with their very limited compositional range, would be idesl
materials to analyse by X-ray fluorescence techniques. As all
the major elements except silica and aluminum had been analysed
in the samples, and as the aluminum determination is perhaps
the least satisfactory of the rgpid silicate procedures, it was

decided to attempt to analyse for these two elements by Xeray
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fluorescence, It was belleved this method might be successful
In this investigation, where it had failed for Chodos and
Engel (1961), for tiree reasons: 1) the matrix problem should
be essentially non-existant, at least among the Pacific Ocean
area tektites, 2) the tektites, being a fairly homogeneous
glass, should not exhibit tae inhomogeneity of particle size
and mineralogical composition that would be found in a
powdered rock sample, and 3) the machine available allows the
raplid compsarison of standerd and saiple, which was not the case
in the macvine used by Chodos and Engel, thus reducing instru-
mental drift.

One disadvantage of the Y-ray fluorescent unit used is
that the samples are inverted when put into the machine, making
it necessary to have a mylar window over the sample holder to
contaln the powdered ssmple within the holder, It was found
the 0.5 mil mylar window cut the intensity of the beam for the
silica Ko radistion by a factor of 10 and for aluminum Kol
radiation by a factor of-.-25, Thie reduction in beam intensity
greatly increases the counting time necessary for the desired
precision, and nullifies the advantage of speed this method
originally promised, Some of the samples had not been completely
powdered, and the solid portions were large enough to fill the
aperture in thes sample holder suield; thus they could be run
as 80lids and the mylar window could be eliminated. However,
the majority of the samples had been completely powdered so an

attempt was made to press them into a brickette under high
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pressure, This procedure had been successfully applied to
mixtures of oxides, and a few powdered rocks, by Hower and his
assistents, but the powdered tektite glasses would not form
hard brickettes, and the danger of losing the whole saiple was
felt to be too great to pursue this approach. An attempt to
cost a porcelain plate with the powdered semple in an ultrae
high speed centrifuge falled due to apparent contamination of
the sample with aluminum and silica from the plate. Thus it
was decided to sacrifice speed, and use the mylar window with
the powdered samples, Larger shields were used for the powdered
samples than for the solids so that the counting rates for
the powders were only afactor of 3 lower for silica and 3 lower
for eluminum than the counting rates of the solids,

The preparation and packin: of the powdered samples
were the same as described in Section II. A cut surface
of the s01id which was free from bubbles was polished to
eliminate sy effect of surface irregularity, and mounted
behind a snield which did not have a mylar window. The sample
was exposed to the X-ray beam through a O.li inch aquare aperture
in the shield, It was found the area of this aperture varied
by as much as 6% betwsen the largest and smallest used, 8o
that it was necessary to accurately determine the differences
in area and make a corresponding correction to the data,

The Xeray fluorescent unit, and general procedures,
are described in Section II. The operating conditions were:
EDDT orystal; pulse height analyser base volts = 1,50, window

volts 6; flow proportional counter volts = 1650, Number of
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counts for powder: SiK,/ peak 51,200, background 800; Al Kol
peak 8000, background 800. Number of counts for solid: SiKo(
peak 102,L00, background 800; Al Kx 25,600, background 800,

The standards used were selected tektites which had
been enalysed for silica and aluminum by rapid silicate
procedures, Table 15 compares the values ohtained by the two
methods, The numbers in parentheses are the number of determina-
tions by the Xe-ray fluorescence method, It can be seen that the
A1203 results for the powdered samples as well a3 for the
8011d samples are in very good agreement, The maximum 4 ffere-
ence between the two methods 1s about 2% of the amount present,
while the average difference is staut 1% of the amount present.
In the last two samples listed in Table 15 the A1203 powder
and solid Xeray fluorescence results are compared, The ppod
A1203 agreement between rgpid silicate and X-ray fluorescent
methods 1s rather surprising considering the spread of values
obtained for A1203 on replicate determinations by the rapid
sllicate procedure, but suggests the average of four photometrio
deternminations is quite good,

The S17 X-ray fluorescence results, however, are not
satisfactory in the powdered samples, As silica is the
predominant constituent in tektites relatively more precirse
values ere desired than for the other constituents, A 1 or

2% error is permissible in Aly03, but not in S17,.
However, the Si0O, determinations in the solid samples
ares in good agreement with the values obtained by the rapid

silicate procedure, Another reason to believe the s01id sample



107

Table 15
Comparison of Rapid Silicate and Xe-ray Fluorescence Analyses

for S10p & A1203

| |41,04 T $10;
W _&MAV{:, X=ray F1

T3379 13.34 13,34 (1) 71,8 69,9 (2)
T3995 12,28 12,29 (1) T1.2 o9 (3)
T3993 12,96 12,8, (5) 72,9 7302 (3)
73985 12,96 12,98 (12) 72,3 72,9 (17)
73987 12,77 12,53 (1) - =
73959 13.90 ULo06 (1) 71,1 73:1  (5)
73965 15.23 15.40 (1) 68,9 68,0 (2)
Solids

73983 13.82 13,93 (2) 70,8 70.6 (3)
T398, - - 7102 T1.1 (3)
73988 - - 7300 T30 (3)
215 15.20 * 15.32 (2) - -

73990 ! 13.62 * l 13.56 (2) J! - -

i Value determined as powder by X-ray fluorescence
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8119, results are acceptable, while the powdered sample values
are not, is the fact that the constituents total close to
100% using the solid sample S10p results, while the totals
using the powdered sample Si0Op results vary approximately
between 95% and 107%,

From the data given in Table 15, and the confirmatlon
by totaling to ~ 100%, it was concluded that the X-ray
fluorescence Si7, and A1203 determinations on the solid samples,
and the A1203 determinations on the powdered ssmples were
acceptable, and comparable to the rapid silicate determina-
tions. However, the 819, determinations on the powdered
samples were not comparable to determinations by the rapid
silicate procedure, and were not reported,

There are several possible causes for the poor Si7p

regults on the powdered samples, Probably the greatest error
is in the packing of the sample in the holder. Chodos and
Engel (1961) state that duplicate packings should agree within
about 17, Duplicate packings in this investigation disagreed
by as much as 2%, Differences in grain size, resulting in
differences in surface area exposed to the beam, might have
been a minor factor. The sample holder wells might not have
been of uniform size--unfortunately,this was not checked,
However, thesy should not have exhibited the extreme varilation
found in ths aquare windows used for the solid samples, since
the wells were round and it is much easier to machine a

round hole than cut a square hole to a standard sige,
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2. Precision end Accuracy

Meroy (1956) presents an extensive dliscussion on the
precision andaccuracy of the repid silicate method of analysis.
However, the procedures for Al, totalFe, Ti, Ca, and Mg have
been changed since his work., Phinney (1959), Rrownlow (1959)
and tfoore (1Y€0) cdiscuss the precision and sccuracy found in
routine snalysis in the "M.I,[l, rapid silicate lahoratory.

As moest of the values reported in thls paper are the
mean of replicate determinations, an estimate of the preclsion
1s possible from the tektite data. In addition, the rock
standard Ge=1 snd W-1 (Fairbairn et al, 1953) were interspersed
with the samples during the analyses to monitor the results,
so an estimate of the accuracy may be obtained,

The statistical terms used in this section have been
defined in Section II, In order to illustrate the precision,
or reproducibility of the analyses, the sample having the
greatest precision error for each element was determined bv
inspection, and 18 given in Table 16, In addition the preecision
for each element was calculated for a semple picked at random,
These are al2o shown in Table 16, The first row for each element
represents the most pessimistic order ~f precision while the
gecond row 1s probably more representative of the general
precision of the data, The standard deviation of the mean (¢)
is the most important statistic as all results, except some

of the asluminum results obtained by Xeray fluorescence, are

the mean of replicate analyses, These results, together with

the data in Table 18 on tae precision of the analyses of G-l and
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Table 16 Precision of the Analytical Results

cmm—

Sample no n x v C v C
WAPTID SITICATE

s10 73995 8  T1e2 - 0,72 1,08 0025 0035%
2 fr%:m L 71,8 0025 odﬁ% 0,12 037%
Al-0 73985 6 12,96 0040 3.1 0,16 1.2%
2”3 73959 L 13.90 0.29 2.1% 0015  1.0%
Total Fe T399 L 5093 0,15 2:,5% 0,07 lo2%
7397 L 5032 0,05 0:9% 0003 005%
MgO T3983 h, 2051 0009 307% 0005 109%
73995 I 2096 0,04 1,28 0002 006%
ca0 ™ha16 3.47 0013 3.84 0,07 1.9%
73379 ﬁ 2,%8 0,06 2,22 00,03 1l.1%
Nao0 216 1. 0 08 hoO% OoO!; 200%
2 %995 ﬂ 10% 0,03 2.0 0,02 1,0%
K»0 73993 2,27 0,07 3.2% 0,04 1.6%
2 73987 2 2.49 0003 132% 0,01 0o5%
MnoO ™1 2 00122 0,006 5428 0,005 3.6%
739 3 '0.102 00003 2,59 0,001 1,09

(-] Dy
T3379 Y o35 0,018 holE 0,09 2.1%
73993 3 ko773 0,05 1,18 00,03 0078

YTAY TLUOTSCENCE.
S10 73991 73,68 1,11 158 0056 0076%
2 73983 % 70,57 0050 0.7% 0029 o:l;l%
Al20 73993 5 12, 0029 2:3% 0013 1,0%
203 13082 12 15.98 o027 534 0.0  0.7%
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W-1l, sugeeet that the average precision (c) of the rapid silicate
data presented in t:-is section is approximately: Si7%, 0.2%;
A1;03, 1.L%; T10,, 1.5%; total Fe, 0.5%; ¥g0, 1%; Cad, 1%;

Nag0, 1%; K59, 1%; and ¥nd, 2%, These velues agree in general
with those given by Mercy (1956, p. 168), The precision (c) of
the photometric Fe0 determinations 1a approximately 2%, the

510, X-ray fluorescence determinations 0,5%, and the Al,0,

Xeray fluorescence determinations 1% or less,

The resualts of replicate analyses of G-l and Wel are
given in ‘‘able 17, and the statistical calculations of precision
of the data are given in Tsble 18, The columns in Table 17
labeled A,”,C, etc, represent different weighings, while the
numbers in parentheses are the number of determinations that
were made of the sample. The values given the column headed
"average" were calailated from the values given in columns
A,B%,C, etc,, weighing each value by the number of determinations
that were made of that solution, The accepted values (X) for
G-1 and W-1, and the "acceptable range" (X - S, X + S) are from
Stevens (1960, po 32). Tne only results that are outside
the "acceptable range" are Cad in G-l andSi0Op in W-1l, The
high results for Na 0 in both G-1 and W-l (although they are
both within the "acceptable range") are in excellent agreement
with flame photometric determinations listed br Steven (1960,

Po 36)e The discrepancy between conventional and flame photo-

metric determinations of this oxide should be investigated,

As most of the analytical procedures used are independent

of each other a total of the constituents close to 100 is



Gel Average
R R ) - 2 —
Al704 15.40 (1)} 13.71 (4) | W22 (4) - - Uo12 (9)
T40, - 0021 (3) | 0024 (2) - - 0022 (5)
FeO 0091 (1) - - - - 0.91 (1)
Total Fe™| 1098 (8)| 20,08 (2)| 1.95 (4) - - 1,98 (1)
Mgd 0,37 (6)] 0038 (3) - Oolily (1) - 0,38 (10
Ca0 1.19 (6)| 1,28 (4) - 1.30 (2) | 2.23 (2) || 1,23 (14)
Na 0 3052 (3)]| 3.42 (6) | 345 (2) - 3e43 (S5) || 3.45 (16)
Ko0 - 5039 (2) | 5.58 (2) - S5e34 (2) || Solily (6)
Mno 0.030(2) - 06020(2) - 0.026(2) || 0,025(6)
Pgis 0,08 (2) - - 00,06 (L) | 0,10 (2) || 0,07 (8)

Table 17 Analyses of G-1 and Wel

%cgepted X=5
alue £ +8
° {;aqaz.
Wo32 | (13.95
0026 13 -83
{0230

o | (55
200k 332
0.40 g°§7
1.40 %Zgg
3.31 '{3:08
S.42 { 5003
0003 io.oz
0410 8"{2

#* Average Fep0d; value 0097, accepted value 0095

99039 ir §9 052

ANt



Table 17 =cont

A . o | p s speeied x-s
S LR P L ()R - ) B 2 ‘;z%grﬁy BT
Al204 W72 () - 16,22 (1)} 15,02 ( 15,11 isll%:;
T102 1,08 (4) | 1012 (1) | 1.08 (4) | 1.07 (2)" 1,08 (11)" 1,07 ;'g:gl'?
Fe0 8.57 (1) 8,53 (1) - - 8055 (2) || 8.63 !éz%
Total Fe”™ - 11,14 (2) | 11.04 (6) - 11,09 (8) || 11.22 !i‘{:Z‘é
Mg0 6.7 (2] - - 6058 (2)|| 6468 (4) || 6.58 ig‘gg
ca0 10,78 (6) - 10,96 (1) - 10,81 (7) || 10,97 Jﬁ:%
Nap0 2,23 (3) 2.2 (k)| 2.26 (8) 2.2 (5)| 2625 (20} 2,07 1332-3
K20 - 0,69 (2) | 0484 (3) 0675 (4| 0677 (9) || 0067 1023’6
Mno 06165(2) | 00174(2) | 0.,174(2) | 00162(2)|| 06169(8) || 0,17 g:g
P20g 012 (6) | - - 0.1 (2)f] 0013 (B) l 0:15 | {0009
1000 | 9.4k

# Average Fep0, value 1,60, accepted value 1,62

€11
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Table 18 Precision of Anglyses of Gel and Wel

a-1 ¥ X T c C
S0z~ 12.57 -
Al704 .12 9 0419 1e3% 0657  LoOp
T10o 0,22 5 0,01 bolii 0002  9.0%
Total Fe 1.98 1 0,03 1s3% 0009  Lo7%
Mg0 0,38 10 0,01 3,28 0,04  9.7%
Ca0 1.23 1 0,02 1s5% 007  5.7%
Na20 3.5 16 0,02 06515 0607  2.0%
K20 Sl 6 0005 0:9% 0012  20.2%
Mno 0,025 6 0,003 11,0% 00,007 26,0%
P20g 0007 8 0,008 12,07 05023 33,07

Vel
$10, 53009 1 0,13 0,25% 0050 0,947
A1203 15,02 5 0035 2435 07T  501%
T102 1,08 11 00006 0055 0,02  1.7%
Total Fe 11,09 8 0,02 062% 0,06 065%
Mgo 6,68 4 0,06 0e9% 0013 1.9%
ca0 10,80 7 0,04 Oolis 0011  1.0%
NaZ0 2025 20 0,008  0034% 0004  1.66%
K20 0677 3 004 Lo8% 0011  14.0%
MnO 0,169 8 06002  1lo4® 0,006 3.8%

8

P20g 0013 0601 9.8% 0,04 28,0%
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much more indicative of accuracy than in conventional methods

of analysis where a constituent may be incompletely precipitated
at one point and later precipitated with another constituent,
and still give a good summation. It can be seen in Table 19
that all the analyses total close to 100%, The data in Tables
17 and 19, therefore, indicates that the accuracy of this

work is acceptable,

3, Results

The results of the chemical analyses are given in
Table 19, Included are partial or complete analyses of 37
telktites, 2 "americanites," 1 sample of soil from a tektite
site in Texas, and 6 obsidians, The specific gravity and
total iron contents are aleo listed, 1Ihe index of refraction
is civen for a few of the teltites,

The columns labeled A and B in all but three cases
represent duplicate weighings of the sample, and, as discussed
above, for most of the constituents the result in each column
is the average of duplicate analyses., Insufficient amounts
of samples TL102, TL104, and T3310 were available to allow
duplicate welighings; therefore the columns A ard B in these
three cases are duplicate aenalyses from only one weighing,

The results obteined by Xeray fluorescence are desig-
nated by an asterisk-~all results not so designated were

obtained by repid silicate techniques, In most Xeray fluores-

cence 8102 determinations, three independenc measurements were



116

made and all three are given in the table, If both rarpid
silicate and Xe-ray fluorescence determinations were made on
a8 sa~ple the rapid silicate results are given in Iable 19,
A cormparison of the results obtained by the two methods in
these samples is ~iven in Table 15,

Figure 10 shows in graphical form the results listed
in TIeble 19 for Si, Al, total Fe, 413y, Ca, Na, end K. The
data has been recomputed from the oxlde to the element,
Figure 10 was drawn to enable the reader to quickly co:prehend
the type of variation and degree of scatter exhibited by
each locality and the differences between each locality, The
samples are grouped along the abscissa by localities, The
order of the samples within each group is completely arbitrary,
and the order of the groups is el so completely arbitrary,
This diasram is not a variation dlapgram in the usual sense of
the word as there is no nhysical or chemical hasis for listing
the samples in any particular order, The average contents
for the various elements are shown by dashel lines for the
indochinites and philippinites., 1he rubldium and strontium
results were obtained from Table 8, Also included in this
diagram 1s an anel yses of a Georgla tektite by Clarke and
Carron (1961) « the complete analysis is given in Table 2j.



Table 19 Analytical Results

PHILIPPINITES

T3959

A 3 Avg. B Avge B Avgo
S10p || 70.6 | 713 | 7140 71.8 72,1 7002 | 70.9
Alz03 |l14416 | 13064 |13.90 12,89 | 12,50 130,38 | 13.64
T10, 0.78 C.T79 0,78 0.79 0.73 0679 0679
Fep03 ll 0,75 | 0699 | 0637 0,78 0,72 0095 | 0682
Fe0 4el9 | 4e39 | he29 4023 423 4o06 | L4418
Mg0 2,68 | 2,71 | 2.70 2056 2,58 2673 | 2467
cad 2:95 | 2.95 | 2495 2,88 2,90 3014 | 3.20
Na 0 138 | 1.37 | 1,37 1,31 1.30 1,37 | 1.36
K50 2:36 | 2038 | 2,37 2038 2036 2e31 | 2.31
Mno 06,084 | 0095 | 0,089 0.091 | 0,091 0,078 | 00079
Po0g 0,091 | 0,078 | 0,090 0,092 0,090 0,100 | 0,095
total 170,140 99.70 170,05
Fe® 3095 3083 3.82
SeGe 2,160 2,455 2.1456
n Node 1.507 | Nodoe




Table 19 - cont

PHILIPPINITES
| = ,

B Avg A B Avg
7000 - 6903 6805 68,9
Ul o017 || We93 | 15,53 | 15023

0,8 0,76 0,84 0.86 0.85
0,80 06,53 0.5 0oli7 0,50
4020 1o33 || h4o78 | Lo8h | LoB2
2066 2032 217 2,65 2,71
3034 3.38 3034 3013 3027
1033 1,76 1,28 1.30 1,29
2034 2056 2047 2o45 | 2046
00,099 0,088 || 00,095| 0.069| 0,082
- - | o062l - | o.062
100,16
307k 4,09
20411 20429
n nedo node

# Determined by X-ray fluorescence analysls



Table 19 - cont

PHILIPPINITES

T3379 73765 73978

A B Avg A B Avg B Avg

5105 || 726 [ 72.0 | 71,8 ;gzgg 70013
A1,04 |1 13063 [ 13,06 | 13,34 f 1held | - 1.11% U6l | 14,66
T102 0,76 073 0 QoTh 0.34 079 0,81 | 0,80
Fe 04 0.72 0054 0 0094 0092 0693 0061 0,65
FeO 430 Lohi6 ;.38 4.08 Lol? 4.13 Loy 4,21
Mg0 2,6l 2,56 260 2.149 2,56 2053 2,48 2.4
cao 2095 3001 | 24 3658 | 3050 3.5, 3027 3.28
Naz0 1435 1,31 | 1,33 1,31 | .33 1032 1.54 1.55
K20 2,32 2,38 2.35 2.49 2,52 2051 2,5l 2,56
MnoO 06077 | 04091 | 0,084) 0o118] 0,119 0,118 0.100] 0,096
Po0g W 00081 | 0,05h | 00068l n.d, Nnede - nede -
Total 100,33 100035
Fe” 3085 3.85 3072
SeCe n.de 2,452 20432
n nede n.da 1.5105

i Daterrilned

X-ray Iluorescsncs

611



Table 16 = cont

PHILIPPINITES
T3972 73983
A B Avg B Avg A B Avg

T0.73 | 704l | 705" 706l 70.5 | 7078 | 70093 | 706"

70039 ,, 7040 "
Uhe63 | WyoS55 | 1597 13.43 | 13.48] 13,81 | 13.83 | 13.82
0079 | 0477 | 0078 0,78 00,781 0087 | 0061 | 0084
0092 | 0093 | 0093 0662 0,63 0055 | 0059 0057
4,06 L.01 L .ol h.30 he29 hoh2 hol12 hol2
2,61 | 20,61 | 2,61 2,36 2441 | 2.4k | 2058 2,51
3012 3.16 | 3.1 3.38 3634 | 3003 | 3.09 | 3,06
1.35 1.3, 1.3, 1,57 1,56 1.26 1.27 1,27
2,40 | 2039 | 2.40 2.58 2,56 2434 | 2,36 2,35

0,088 | 0,093 | 0.090 00100 | 0,097fF 0,101 | 0,106 | 0,104

nede | nedo - 02099 | 0,1131 00064 | 0,070 | 0,067
100,42 9906l 99.61
3.78 3.78 3.83

20439 2379 20455

i# Determined by Xeray flourescence

021



Table 19 « cont

PHILIPPINITES
13984 13986

A A B Avg B Avg ﬂ A B Avg
810, ;g:gg 72,45 | 71.1* il 72,1 [ 71,10 | 70,91 | 71.0%
Alp0ql 14010 | 14017 | U237 13445 %g:g,g 12,96 || 13.43 | 13069 | 13.56"
T105 0.77? | 0081 | 0,80 0076 0,75 || 0077 | 0076 | 0676
Fe 0, 0.77 0073 0,75 0071 0,71 O.ltly 0055 0050
FeO ho30 | Lo2l | Le26 4o30 L4330 “ 4438 - 138
Mgo 2,6l | 2,66 | 2.65 2,95 2,93 || 2,60 | 2.72 | 2066
Ca0 2687 2,86 2,56 2450 2,50 2,61 2.67 2,6l
Na0 133 | 135 | .34 1.18 1.18 “ 2039 | 1.39 | 1039
K20 2035 | 234 | 2.35 2,15 2,17 || 241 | 2:40 | 2040
Mno 0,099 | 0,099 | 0,099 0,09% | 0,092 ‘ 0,104 | 00,099 | 0,102
P20 nedo | nede 0072 | 0,087 !l nede! nede -
Total 100034 99.78 99039
Fe® 3,83 30,84 3,75
SeGoe 201456 2.4145 2.437
n Node 1.507h nedo

# Datsrmined by Xeray fliuorescence

Tt



Table 19 - cont

INDOCHINITES
73987 73988 73989
A B Avg A B Avg A B Avg
- - Nede [ 73036 | 73023 | 73e3% | 7187 | 70,89 | 71.33%
12,77 | 12.53 | 12465 | 12:22 | 1256 | 12039 398 | 13.70 | 13068
0070 0,75 | 0072 079 0075 0,77 0076 0672 00Tl
0668 | 067 | 0068 | 0054 | 055 0054 | Ooh9 | Oolily | 0047
L33 hol2 ho22 liolb Lheolb Lol6 la59 5013 4086
2.4 | 246 | 2.5 | 2637 | 2.31 2,34 | 2095 | 2,90 | 2093
2,05 | 2,08 | 2.06| 2,00 | 2,08 2,0 | 1095 | 194 | 194
1,57 1,59 | 3,58 | 1.51 1.55 1.53 1,35 | 1038 | 137
248 | 2,50 | 2449 || 2447 | 2445 2,46 | 2033 | 2035 | 2.34
0o101| 0,101| 00101} 00095]| 0.095 | 0s095| 00086 | 0,102 | 0,09
02069 | 0,066| 0506 nedo | nedg - nedo | node e
99063 99073
3,75 3,61 4010
20435 2,425 2.445

# Determined by Xeray fluorescence

z27



Table 19 - cont
INDOCHINITES

€21

B Avg B B Avg
72,41 | 71.8% 73074 7741 | 77.5%
13.48 | 13.56* 1559 | 13:22 11,70 | 11.59
0.85 0,81 075 0,75 067 0,66
0,71 0.70 0,77 0,86 0086 0,82
LeBL | LoB2 || 3.70 | 3.83 - 3025
2.8 | 2685 || 1.87 | 1494 1.90 || 1.64 | 160 | 1.62
1.9 | 1.86 || 1.88 | 1.85 1086 || 154 | 1060 | 157
o3 | Leli3 || Lobl | 1e46 145 || 1,05 | 1.07 | 1.06
2,49 | 249 || 2059 | 2.6h 2,62 || 20,20 | 20,10 | 2.20
0.106| 00106] 0,092| 0009y | 0.093| 0.079| 0.077| 0.078
ned - Nede | nNede - L Nede Nsdo d
Total 100,43 100,28 100025
Fe° he22 3050 ‘ 3010
SeGe 2.4146 nede nede

# Datermined by Xeray fl.ccsscence




Table 19 « cont

INDOCHINITES
Avg B B Avg
72.9 727 71.6 71.2
12,96 12,75 12,21 | 12,28
0a 7l 0.7h 0675 07l
0650 069 0eTh 072
11088 I o6l 468 4,70
2.Th 2,67 2.95 2096
1,83 2,02 10,90 1,93
1.33 1oli7 1.56 1.5
227 2633 2636 2,38
0,106 0,088 0,092 | 00,09
- Neds Nedo -
100,26 9854
L.15 4e15
2.8 214l 7

T



INDOCHINITES

Table 19 - cont

.SJ

220
B Avg B Avg A B Avg
- neds - Neds - - nedo
13.40 - | 23.40" - 12,36%| 12476 - | 12,767
075 0,78 062 0663 0670 0,70 0670
0658 | 0657 077 0076 0035 | 0039 | 0037
o2l - - 4.50 || L4e63 | Lold | Leltd
2023 | 2027 2,80 2,80 || 2028 | 2.28 | 2.28
2,01 2,04 1.89 1,88 202 260 2%
1.55 1,53 a 1.55 1,56 - 1,56
2,50 | 2050 2,33 20,32 || 2.47 | 2.54 | 2450
0,090 | 0,092 0,100 | 05096| 00,072 | 0.090| 0.079
14,03 3.69

i# Determined by Xeray Fluorescence

Bt

3
“



Table 19 - cont

JAVANITES
- B Avg @%.g* B Avg
si0p - nodo - - nede
1,0, - 11.15"| 13.43 - 13.43%
7402 0665 | 006 || 0e70 | 0075 0072
Foo05 0,79 | 0,78 || 006L4 | 0466 0065
Fe0 5048 S.i1 6elt7 6013 6030
MgO 3698 | 3497 || Lo95 | 4097 Lo96
ca0 2631 | 2033 || 2,61 | 2.58 2,60
Naz0 1,19 | 1.19 || 1,00 | 1,02 1,01
K20 2,00 | 20,02 || 2.94 | 1.87 1,91
MnO 00122 | 011611 00,1171 00126 1 0o122
Fe® Lo75 4o3l
SeGe 20437 2,438

# Datermined by Xeray fluorescence

o2t



Table 19 = cont

AUSTRALITES
T3310 “ 2
A B Avg B Avg B Avg

5105 - - Nede - Nedo - - n.do
Alz05 || 13.21 - 13.21% - nedo || 13,82 - i3 R2®
Ti0p 0.73 - 0,73 0068 0.67 0,81 077 0679
Fep0y é] 061 0c70 | 066 068 0063 0,88 0.8 0,88
Fa0 3079 3,98 | 3,89 3.36 3.3 3.80 - 3.80
M0 1,97 2,13 2,0l 1,66 1,64 2olt3 243 2043
Cal el0 5041 5010 2,16 2515 3.57 366} 3659
Fap® I 1.27 1,29 1,28 1033 1e33 1013 lol2 1.12
K0 26h1 | 2,37 | 2,39 2037 2638 | 2006 | 2,08 | 2,07
s F Becil5 | 0.115] 0,115 0,087 0.083f 00087| ©.086; 0,086

|
re? lé 3118 3011 ﬂ 357

i

" o . N P, 5™ - -
# Beterminzd by ¥e-ruy flucresconcs




Tablo 19 = cont

AUSTRALITES
B B Avg
69,35 - Nede
15,28 - 13.48"
Ne80 0659 0059
0039 0073 071
- hol3 Lo13
2,27 2.1 2013
3016 3058 3247
1.58 1.90 1.8,
2050 2,61 20,61
0094} - 0,08
307

# Detormined by X=ray fluorescsance

L

O



Table 19 = cont.

# Detornined by X-ray fluorescence

MASSACHUSETTS BEDIASITE MOLDAVITE

091 090

A B Avg B Avg A B Avg
8102 || 80,97 | 80.40 | 80,68 - n.de - - Nedo
810, | 11038 | 1147 | 11443 - 12,697 9059 | = | 59"
TI0p || 0651 | 0051 | 0.5 OoTh | 0a74 || 0032 | 0030 | 0,31
Feg03 ] 0075 | 0469 | 0072 ] 0078 |  0a77 || 0ol8 | 0449 | Ool49
Fe0 2,18 2027 2022 3003 3615 1035 1e32 | 1lo34
Mg 0a73 | 0073 | 0073 0062 | 0061 || 2,19 | 2,20 | 2,19
Ca0 0al48 | 0052 | 0450 0056 | 056 | 2065 | 2469 | 2,67
Na,0 1.12 | 1,6 | 1.1 1.50 |  1oSh f| 0038 | 0ol | 0640
K0 2ol | 2ohls | 264k 2.1 2,10 || 3052 | 3oh2 | 3oU47
mo | 0.047| 0.047| 0.047| 0o0hL| ocoll| O.0h2| 0,063 | 0.069| 04066
POy || 0c06 | 0,06 | 0506 - - n.do - - | nede
Total 100,48
Fe© 2,23 2099 1,38
SeGo 24337 20142

621



Table 19=- cont

"AMERICANITES" TEXAS SEDIMENT
4109
Avg A B Avg
7207 - - nedo
12,75 - - nede
0,06 0034 0036 0035
0069 0,75 0687 0,81
0095 0051 - 0051
0011 Oolily Ooli3 Oolily
0,86 0sliS | O0oi8 | 0o47
3.85 0,90 0089 0,90
5.18 1.56 1,56 1.56
0,052 | 0,011 | 0,013 | 0,012
Total 97,20
Fe© 1,22 097
SoGe 20461 nedo
n 14879 n.do

0et



OBSIDIANS
| _RL222B

Table 19 - cont

A B A B B Avg
8102 - - - - - Nede
A1203 - - - - - nedo
T40, | 0.22 0021 0.11 0010 0020 | 0,20
Feg0, | 0062 0068 1,00 1001 1,91 | 1.%1
Fe0 0,32 0028 1,18 | 0o 2,02 | 2,02
MgO 0016 0,21 0025 0030 0010 | 0.00
Ca0 0,70 0070 0093 0697 0026 | 0025
Nay0 30,91 3.85 he22 | Lo25 4095 | 4096
K50 4093 1495 522 | 522 3021 | 3020
Mno 0,052 | 0,052 00,065 | 0,066 0,084| 0.088
e
Fe? liod5

%_m}

P



Table 19 = cont

OBSIDIANS
R 226
B Avg A B Avg B Avg

8102 - nedo - - n.de - n.de
A1203 - Nodo - - nedo - nedo
7102 | 0013 0ol | 0006 0,06 0006 0009 0,09
F6203 1.80 .79 = - Nede - nedo
Fe0 0007 | 0508 § 0409 | 0ol 0010 0020 | 0:23
Mg0 002 | 0025 | 0012 | 0.23| 0013 003 | 0032
ca0 1,08 | 1,08 || 0655 | 0053 0055 2,60 | 2058
Na,0 hot | he32 | 3097 | 3.94 | 395 2,61 | 2461
K0 Bo'2 | Le23 || Le69 | Le73 | LoT2 4093 | 4o95
MnO 00031 | 00032] 00032 00201 0,189 0,195 00,058 | 0,060
Fe® 1,88 u Nedo “ n.de

2ET
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From Clarke & Carron (1961)
Si not determined in all samples; in these cases it was obtained by subtraction from 100%.
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Co. Discussion

The average compositions for the various tektite

locelities calculated from the samples analysed in this work
are presented in Table 20 along with the averages celculated
from the enalyses compiled by Rarnes (1940), In this table n
is the number of sanples from which the averages were corputed
except for 3817, and A1203 where the number is given in
parentheses,

As the sampling of the philippinites reported in this
paper is more extensive than that in Rarnes it is felt the new
average for this zroup is more representative of their composi-
tion, The differences between the old and new data are
attributed to the small number of samples previously analysed,
Twenty=four indochinites had previously been analysed, however,
and it can te seen in Table 20 that the new and old averages
are in close agreement for many of the constituents. The
most notable exceptions are F3203, Fen, MgO, and CaO, Fb203
was reported in only 5 of the 2l indochinite anal yses compiled
by Rarnes, Whether this constituent was not determined or
not detected in the other 19 semples is not stated, but as it
is ususlly determined by the difference between total iron
and FeO, and as 1t is very difficult to prevent a small
percent of the Fb*a from oxidizing to Fe*3 during digestion
of the sample, a small amount of Eb203 usually eprears in any

rock analysis. Thus it is assumed the Fep03 content was



# Tep03 not reported in all analyses

1.92

Table 20 Average compositions of ths varlous groups of tektites
This work

n_S10p 1707 Fe203 FeO Mg0  Cs0 K20 Ne20 Ti0p MnO _ Fe®
Philippinites 15 70089713,85 0,70 Lo30 2.60 3.09 2,40 1,38 0,79 0,09  3.83
Indochinites 12 73,0812.83 0064 1037 2,48 1,91 240 1e45 0073 0,09 3,84
Javanites 2 - = 0071 5.86 Loli7 2,47 1.96 1,10 0,68 0,119 5,05
Aust:ialites 5 - - 065 3.95 2.11 3,50 2039 143 0.72 06092 3,52
Moldavites 1 - = 049 L3l 2:19 2,67 3046 0040 0031 0,065 1,38
From Barnes (1940)
Philippinites UL 7102 12,57 10107 Lol9 2090 3019 1093 1a52 0689 0.1l 3,98
Indochinites 2§ 7301 12,48 0.19% [o.98 2,00 2,51 2.40 1lohi5 0094 0613 3090
Javanites 6 T1e2 12,22 082" Lo8 2089 3006 2,32 1.86 0677 0017  Lo33
Australites 9 7303 12,75 0050 La25 1o98 30,01 20,05 125 0067 0616 3065
Moldavites 10 79,6 11,02 00,23% 2.2 1,30 2,90 0051 0,80 0,11  1.90

aeT
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determined in only 5 sanmples and the discrepancy is not
surprising considering the limited -number of semples reported
and the poor precision of the methoiat these low levels of
concentration, As the total iron averages of the 0ld and
new data are very similar, the discrepancy between the FeO
results is also explained if the anslyst of the samples
reported by Rarnes assumed all the iron was in the +2
oxidation state rather than determining both Fe) and totel
iron,

However, the MgO anc Ca) averages for the indchinites
reported in this paper are distinctly different from the
averages from Barnes; the Ca? averages of this work are lower
and the Mg? correspondingly higher than the data from Rarnes.
None of the Cal results reported here approach the average from
the literature (Ca = 2,06 is the highest value found as compared
with the literature average of 2,51) and only L} of the 2l Ca0
values from the literature are in the range found by the new
analyses. Only two of the 'gJ contents reported here are as
low or lower than the average of 2,00 calculated from the
literature, It should again be stated that the samples were
analysed in a completely random fashion, with a mixture of
indochinites, philippinites, australites, etc, in each group
vl samples analysed in any particuler day. In fact, the
difference of Ca® content between the phillppinites and
indochinites was not noticed until arter all the analyses
had been completed, 3vidence that the Cal (and Mg9) values

reported here are not in error aere: 1) the Ca0 velues for
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the philippinites and australites appear to be in falr agreement
with the literature--at least they are not all lower than the
literature analyses, and 2) the velues obtained for strontium,
which has a close geochemical coherence to calclum, are
distinotly lower in the indochinites than the values obtained
for the philippinites. In the conventional method of rock
analysis calcium and magnesium are separated by the precipita-
tion of calcium oxslate and the determination of magnesium
is from the filtrate. As 23 of the 2l indochinites from Barnes
were analysed by one analyst, it 1s suggested tliat consistent
incomplete separations may have caused high CaO and correspondingly
low Mgd results, The methods used in the analyses reported
nere do not reqire the separation of calcium and magnesium,
and the data for G=1 and Wel suggest that the Ca” and MgO
determinations were essentially correct. Thus, it is suggested
that the Ca0 and MgO results reported in the literature for
the indochinites are in error and the averages reported here
should be considered closer to the true average for ths group.
It can be seen from the data in Teble 19 and Figure 10
that there appears to be some variation in the composition
of the tektites, both between groups smd within groups. It
should now be determined whether this variation is real or
merely analytical error, Table 21 gives the average composition

of the 15 philiprinites and 12 indochinites listed in Table 19,
and the variation exhibited by each constituent., The numbers

in parentheses by the silica and aluminum results are the

number of samples averaged, as these constituents were not
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determined in all samples., J{able 22 compares the scatter of
results, expressed as the relative deviation (¢), with the
analytical preclision as estimated from the data presented in
Tebles 16 and 18, The precisions of the rubidium and strontium
analytical procedures are discussed in Section II,

In Table 22 it can be seen that A1203. "g0, Cal, Nay0,
and MnO exhibit a sirmificantly greater variation in the
philiprinites than can be accounted for by purely snalytical
error, even using the most pessimistic estimates of precision
shown in Table 16, while all the major constituents in the
indochinites exhibit a greater scatter of results than the
most pesaimistic estimates of analytical precision, The
scatter of rubldium end strontium results in both the philippinites
and indochinites is also greater than predicted from just
analytical error, Thus, it appears there are real differences
in composition within the philippinite and indochinite groups.
Taylor (1960) found the same order of magnitude of variation
in the alkall elements in 14 australites. He found a relative
deviation of 12,6% in Na, 7.6% in K, and 12,1% in Rb, The
larger deviations than found here, psrticularly in the case of
Rb, &re probably due in part to the greater deviations in his
analytical methods, viz., the emission spectrograph as compared
to the mass spectrometer,

The first 6 samples (T3959 through T3965) listed in
Table 19 are from one site in the Philippine Islands--the Santa
Mesa site in Rizal Province, The next 7 samples (T3379 through

7398l ) come from snother site-~the Pugad-Rabuy site in Rulakan



139

Table 21
Average Cdmposition of the Phil'ppinites and Indochinites

Philippinites
——m"‘"“"‘KTe"‘rage

—— —

T o 7 L
si0 70,8 002t 0634% 0088 1o24%
Al ?53 13,65 0020 1o uo: 0,72 Se
716 0.79 04007 0.9%  0.03  3.7%
F9203 0070 00035 500% Oem 1906%
FeO l&oBO 000&5 100%- 0017 'J-OO%
Mg0 2,60 0,03 1.3% 0,13 5.1%
CcaQ 3009 0007 Zou% 0030 96._8%
Nazo 10&8 OQOu 207% Oonl- 1002%
KQO 20 0 0003 102% 0011 h.o %
Mno 0,094 0,003 2.7% 00,010 10.4%
Total Fe(Fe203) S.48 0,03 0.6% 0,13 2.4%
#*Rb ppm 117 1.9 1.6% 5 3%
#Sr gpm 173 h 203% 1006 291%
Tndochinites — —

Average A v C

810 7300 0073 00995% 20,05 2.81%
A12§3 12,83  0.22 1,7;3? 0,67  5.2%
7402 0,73 0001l 1.9 0,05 6.6%
F02°3 Qs OoOL} 6 ell.% 0o m 22, 2%
FeO ll-o37 OQm 302% Ooug 1101%
Mg0 2.8  0.12 bo9% Ooli2 1701%
Cal 1,91 0.0l 2,0% Oolly 7.1%
N‘ZO 10‘}5 0 ow 209% 0015 10 01%
K»0 2,40 0,04 1.6% 0olly SeT%
M0 0.0 0,002  2.6%  0.009 9o
Total Fe (FQQOB) 501}9 00].!.[, 206% 00‘&9 809%
MRb p 118 2.5 2014 7 509%
#Sy ,,;;‘ 132 1.75 1.3% 409 30.7%

# From Table 9
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Table 22 Comparison of a Socatter of Analytical Results and
Analytical Precision

Relative deviation® Relative deviation™ Est. relative
of Philippinites of Indochinites deviation™of

mothod

S102 $1.2% 22,8% 2<1%
Al204 502 562 3
Bhrew O 3
Fep04q 2oly 8.9 2
Fe0 LeO 11,1 2
Mg0 5.l 171 2
cao 9.8 Tod 3
Na 0 1004 1001 2
K20 Lo Se? 3
MnoO 10.} 940 N
Rb Lo3 509

Sy 601 307

# Relative deviation of & single analysis (C)
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Province, Both of these sites are on Luzon Island near Menllea,
Therefore, the opportunity exists to test if variations exlst
within asmell areas, and between two areas which, die to thelir
proximity, might be assumed to have & common origin and/or
parent material, The average composition for each site, and
the statistical computations have been calculated from the
data in Table 19, and are shown in Table 23. Ry comparison
of the relative deviation (¢) values of this table with values
estimated for the snalytical procedures ivenin Table 22, 1t
appears that many of the constituents have a greater variation
than can be accounted for by analyticsl error., Even if these
devietions are compared with the most pessimistlic estimates
of analytical precision as shown in Table 16, Alp03, g9,
Ca0, and Na20 in the Santa !'esa samples, and CaO, Nap0, and
MnO in the Pugad-RBabuy samples exhiblt significantly greater
variation than just anslyticel error, Thus the data suzreats
there are real differences in compositions, not only within
a given locality such as Indo«China, but also within reetri:ted
tektite sites, although the average compositions of tektites
from different groups may be identlcsl,

Next to be considered 1s, does the data sugoest the
philippinites and indochinites are sicnificantly different
in vomposition to be considered two independent populations?
According to the Null Hypothesis (Moroney, 1956), as described
in Section II, there 1s only a 5% probability that the differa

ence between the average of two groups is equal to two standard
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Table 23 Average compositions of the samples from the
Santa Meoga site and the Pugad Babuy site, P.lo

santa Mes: site, P (o) PugadeBabuy site, P.I, (7)
x L vid T ¢ z " < c

3153 0T 0s83  1o2  1o75 || 70:8 0o 060 0.0%
Alao3 13,88 0035 0,86 642 Uo02 0019 0051 306
7102 0080 0001} 00035 Lol 0079 00007 00023 2,9
Total Fe

as F9203 SeSh 0607 0018 3.3 Selili 0603 06,07 1lo3
FeO l&oBS 00098 Ooah- 505 hozs 0005 0013 3'02
Mgo 2:61 0,06 00,15 S.7 2,54 0s04 00,09 305
CaO 3g17 0008 0920 693 3017 0009 0023 703
MZO 1@’40 0o07 0918 12.;9 1039 0905 0012 806
K20 2,40 0,04 0010 Lo2 204l 0,04 0,20 Lol

MnO | 0,88 00,024 0,06 6,8 I 0,98 0,042 0,11 11,0
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deviations of the difference if the actual difference between
the two groups is zero, Horoney (1956, p. 220) regards this
occurrence as "probably sirnificant" while a difference of
three or more standard deviations cen be regarded as "definitely
significant,” the probability being less than one half of one
percent that so great a difference should occur by chance in
rendom sampling of one population. Applying this hypothesis
to ths indochinite and philippinite data in Table 21 it was
found that five of the constituents exhibited differences
that are definitely significant. The difference in the means
of the two groups for 8172, A1203, and Tioa squals approximately
three standard deviations of the difference, while the differ-
ence in strontium values equaled 9 standard deviations, and
the difference in Ca"? values equaled 15 standard deviations
of the difference, The data for the other constituents does
not suctest any significant differences in composition,

If the same test is applied to the data in Table 23
for the two sites in the Philippine Islands it is found that
only MnO reaches the "probably significant" level-othe difference
equaling two standard deviations of the difference, As the
probability of this occurring if the actual difference between
the groups is zero is approximately one in twenty, and as
there were ten pairs of cons tituents tested, it is felt the
occurrence of only this much difference in one pair is not

gignificant,
Thus the data suggests there is a real difference in



the mean composition of the indochinites and philippinites
enalysed, but no significant difference is demonstrated between
the tektites from the Santa '‘esa and Pugad=Rabuy sites,

Ehmenn (1960) analy=ed one tektite from each of three
sites in the Phailippins Islands, including the Santa Mesa
and PuradeRabuy sites, for N1 and Fe, and concluded that
there was no significant differsnee in the Ni/Fe ratios,
although, as he points out, Beyer (1955) states the samples
from the different sites have quite distinet dfferences in
physical appearance,

Taylor (1960) found a decrease in alkall element
content in 1l australites from west to east, parallel to the
decrease in specific zravity reported bs Raker and Forster
(1943)s Over a distance of approximately 1300 miles all the
alkall elements exhibit a uniform change of approximately 20%.
Cohen (personal communication) believes this uniform chmre
in composition supports his theory that the Paclific Jcean area
tekti tes were formed by the impact of & large meteorite some=-
where in China., The tektites represent the fused terrestrial
material that was thrown high into the atmosphere and across
southeast Asis and Australia, the alkall elements being
selectively volatilized during their passage through the
atmosphere, 3Baker and Forester (1943, p. 399), assuming
there was such a chemical change from thelr specific cravity
determinations, sugzrest that the tektlites were ablated from

a meteorite which passed from west to east across Australis,.
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Whatever the cause of this uniform change in chemical composition
of the tektites across Austrelia, it is apparent from the

data in Table 19 and Figure 10 that sodium, potassium and
rubidium do not show any significsnt decrease from Indo-China

to the Philippine Islends (1.0, west to east), despite th»s

fact that these two localities are approximately 800 miles

apart. There also appears to be no unifom change in conmposle
tion in a north-south direction since the Kouange-Tcheou-Wan
samples are quite similar in composition to the Dalat samples
which lie approximately 650 miles to the south,

Thus the data preaented hers does not indicate any
selective volatilization of elements during passage of a
parent body from west to east,.(or in eny other direction),
as suggested by the compositional changes in australites
The t:e elements which exhibit the greatest difference betwsen
the two groups, Ca and Sr, would not be expected to be selectively
volatilized without much greater wolatilization of many of
the other elements, e.z. the alkalies, As Lovering (19€0)
points out, it is reasonable to assume that the relative
volatilities would correspond to the bolling polnts of the
normal oxides, and the order might be approximately MgO,

Cad <Aly03< 510,, Fed < Nay0, K0, Fusion studies by
Lovering (1960) and ¥Friedman et al (1960) s:zgest that this

order is essentially correct,
Thus it is concluded that selective volatilization is

not the cause of the differences observed between philippinites
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and indochinites, They might be completsly independent groups,
from completely different source materigls, in which case
their similarities would be just as difficult to explain,
Considering these similarities (for example, totel Fe, 9,
K50, Nap0, ¥n?7) it might be more reasonable to consider the
higher caleium and atrontium contents of the philippinites
due to contamination, by some unknown means, by a high caleiume
strontium source (limestone?),

Several interesting features are apparent from Figure
10 that, although not entirely original with this work,
confirm the observations of earlier investigators, e is
that the Fe and Mg contents of the indochinites exhibit a
mach greater range than in the philippinites, dbut there
appears to be no directional trend to the variation, in
contrast to chromium and nickel which are present in much
greater concentration in the socuthern than in the northern
_indochinites (Preuss, 1935; Ehmann, 1960). Ehmann feels
these large differences in Cr and Ni are strong evidence that
the indochinites represent two separate occurrences, The
ma jor elements reported here, however, do not indicate any
grouping into two seperate populations,

Taylor et al (1961) pointed out the inverse relatione
ship between S10, and the other major constituents in eustralites,
and the positive correlations the otier constituents show

among themselves., These relationships can be seen in most of

the elements shown in Figure 10, The correlation coefficients
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of the various pairs are not az statistically signifiocant as
thoss reported by laylor, largely because the wvariations
exhibited by indochinites and philippinites are not as great

as those in the australites and the ansal ytical error masks

the small varlations., However, the fact that such associations
exist is obvious from an exsmination of Figure 10,

The similarity of the two "emericenites," T3967 and
T3996 to obeidien is obvious from Iatle 19 and Figurs 10,
Koomans (1938) proposed the name "pseudo-americaniteas" for
this type of material from the Philippine Islands, suggesting
a similarity to the "americanites" from Peru and Columbia.

In view of the analyses reported by “artin and Koomans (1955)
and those reported here, it is believed these objects are
merely streem worn obsidian pebbles and they should not be
considered as possible tektites,

4109, a sample of the Wellborn sandstone from Texas,
was partially anaslysed to determine if it had sny chemical
similarity to bedlasites, Hawkins and Wolfson (1960) state
that tektites have been seen embedded in this formation, and
they suggest the tektites were farmed by lightning fusing the
sediment, It cen be seen that most of the constituents do
not resemble the bedissites, and that ths relative proportions
of the Naj0 and K,0 would have to increase during formation of

the tektites from the sandstone « an unlikely oceurrence,

Table 2, is a summery of the chemical analyses of

North American tektites, taken from both the literature and
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Table 2 " Chemical Composition of Marthats Vineyard, Georgila,
and Texas Toktites

Martha's Vineyard | Georgial Texas
(1) 2 (2) (3) wﬁm
3165 | 80 80.6 . °
Alp0y | 1143 11.3 11,21 10.96 Dedo
Fe293 0072 Ool} 0033 0015 0077
Fe0 2,22 2,2 24440 2,29 3015
Mgo 0673 007 0465 0,53 0.61
Ca0 0,50 0.7 0461 0050 | 0o56
Na 0 lelh 1.1 1.16 1,50 1,54
K20 2.4 2.l 2,38 2,17 2,10
710, 0051 0.5 Ools3 0653 007l
P05 0006 - - 0,01 -
mo_ | o047 | 0005 | 0,05 | 0003 [ ocoh2
1000483 99,95 99076 99.98
#Rb ppm | 78 (h 70
#Sr ppm |177 170 152
°m§¥ 20337 20332 g:ggg
Fe° 2,23 2010 1,88 2.99

.59
Ooll
4,00
1029
0005
1.35
1,85
0,81

3440

(

From 'J.'able

1) Kaye, Schaatsler, and Chase(1961) and this investigation
2) Clarkes and Carron (1961)
3) Barnea (1956)
% This 1nvest1§ation
»

Texas, (5)

(& | Grimos 00
o
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this work, The first column is the analysis of sample TLOGL
from Martha's Vineyard, Massachusetts given in Table 19, and
also in a paper by Kaye et al (1961), The second column is
another analysis of the same sample by Clarke and Carron (1961).
The excellent agreement between these two independent analyses
is considered confirmation of the mccuracy of the work, The
Georgia sample listed in the third column was anslysed by
Clarke and Carron (1961), This sample, U.S, National Museum
no, 1396, was analysed for rubidium and strontium snd strontium
isotopes during this investigation and the results were reported
in Section II under M,I.T. no. T4271, This same sample has
been analysed for KeAr age (Reynold, 1960), trace elements
( Cohen, 1959; Clarke and Carron, 1961), magnetic susceptibility
(Senftle and Thorpe, 1959), and absorption specta (Stair, 1955;
1956). A photograph of this sample is shown by Rruce (1959).
Rarnes (1940) reported the analyses of two bediasites
from Grimes County, and the average is given in the last column
of Table 2l. After 1940, tektites were found approximately
75 to 125 miles southwest of 4rimes County in Fayette, Lee,
and Gonzales counties, and an analysis of a sample from this
newer ares iz civen by Rarnes (1956). This analysis is given
in the fourt: column of Table 24, Barnes (1960) sugrests the
two sites, considering their different compositions as indicated

in columns lj and 6, represent two separate showers., iHe also
states the similarity in physical sppearance between the Faystte

County and Georgla samples sugrest they could have come from



the same shower, Clarke and Carron (196)), comparing the
Martha's Vineyard and Georgia samples sug:est that an artificial
origin may explain their remarkable similarity., They belleve
the Grimes County samples are from an extensive and bonafide
tektite strewn field, but that the Fayette and Gonzales County
glasses cannot be considered true bediasites, and may also
be of artificisl origin (personal communication),

A tektite from Crimes County, TL106, was partially
analysed during this investigation and the results are given
in the fifth column of Table 24, It can be seen that most
of the constituents resemble the Fayette County semple more
closely than the previously snalysed Grimes County samples,
The g0, and especially the Ca0O, contents are strikingly
different from the two older Grimss County analyses, T4L106
appears closer to the older Grimes County analyses than to the
Fayette County analysis only in total iron and Ti02., This data
suggests several possibilities, One, the Mg0 and Cal analyses
of the two Grimes County bediasites in Barnes may be incorrecte=
perhaps due to incomplete precipitation of calcium, so that the
bulk of the calecium was included in the Mgd determination., The
combined Ca” and Mz0 values of gll the Grimes and Fayette
County semples sre similar, A second possibllity is that the
two types of bediassites are not physically separated, as
suggested by Rarnes (1960), but intermmixed, as TL106, which
most closely resembles the Fayette County semple, was found

in Orimes County. Or it may be that there are not tw completely
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separate cormpositional types but a gradation over a wlde range
of composition. Many more samples from Texas need to be
analysed to determine the true chemical nature of this field,
Mr, Sumner Wolfson of Boston University, who collected TL106,
was quite empha%is that it can from Grimes County,

In any event, it appears that the Martha's Vineyard
tektite, Georglia tektite, and at least some of the Texas
samples are remarkably similar in composition, An artificisl
origin, suggested by Clarke and Carron (1961), is not supported
because: 1) the Iexas field, which appears to have samples
quite similar in composition to the other two areas, is a large
flield and the similarities of the samples in this fleld with
those of other recognized fields has been wsll documen ted
(Barnes, 15403 1,60); 2) it is difficult to believe sufficisnt
amounts of argon would be retained during recent melting to
give KeAr ages of 32 and 29 million years as given by the
Georgia and Texas samples respectively (Reynolds, 1960); 3) the
chemicel composition is much dfferent from normal manemade
glass, and has an extremely high melting temperature; and L)
the similerity in composition seems even more strange 1f the
objects are man-made, for it seems quite coincidental that
three separate glassemakers would choose such similar, and odd
ingredients,

It should be emphasized that the Martha's Vineyard

gample is a single find and this area should not be considered

a tektite locality until more are found, However, it 1s
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suggested that the most loglcal expleation of the similarities
found in the North American samples analysed to date is that
they are part of the same shower, Confirmation of this awaits

the discovery of more samples and additional analyszes,
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D, Summary

The following results were obtained from this investigation,
Although they & not definitely point toward a specific mode
of origin, they add to the limiting factors that must be
accounted for in eny proposed theory of origin.
1) The philippinites, analysed for ths first time in any
substantial number during this investigation, have many chemlcal
similarities to the indochinites,
2) However, the philippinites and indochinites analysed here
differ significantly in Si7,, A1203, Ti0,, Caf, and Sr contents,
and there 1s a very high probability that they represent
different populations., In particular the calcium and strontium
contents are distinctly lower in the indochinites than in ths
philippinites, suggesting that the two may have come from
the same source, but the philipprinite melt was contaminated, by
some unknown means, by limestone,
3) The Ca0 contents of the indochinites analysed in this
investigation are distinctly lower, snd the MMgO contents higher,
than the analyses in the literature,
) Real variations, up to approximately 107 for some constituents,
exist within the philippinites and indochinites, and even within
the restricted Santa Mesa and Pugad-Babuy sites of the Philippine
Islands, in agreement with ths variations found by Taylor (1960)
for the sustralites,
5) These two sites in the Philippine Islands d not differ
sicnificently in average chemical composition and are probably

parts of the same population,
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6) No decrease is observed in ths alkall element contents
from Indo-China to the Philippine Islands (i.e. west to east)
as Taylor (1960) observed across Australia, indicating selective
volatilization 1s not the mechanism for the differences between
the two groups,

7) 510, displays a negative correlation with the other oxides,
which show positive correlations amonz themselves in the
philippinites and indochinites, similer to the correlations
found by Taylor et al (1961) for the australites.

8) A new tektite find from Martha's Vineyard, Massachuzettis
was analysed during this investigation, and it has a remarkable
chemical eimilarity to the Georgla tektites and at least some
of the Texas tektites,

9) The partial analysis of a tektite from Grimes County,
Texas, resembles the analysis reported in the literature for

a Fayette County tektite (and also the Martha's Vineyard and
Georgia tektites), and sugrests that there are not two separate
types of Texas tektites, separated by approximately 100

miles, as suggested by Barnes (19€0), but that there 1s a
mixture of the two types or a complete gradation of composi-
tion with the group.

In conclusion, the work of the preceding section on
the strontium isotopic composition of tektites and this section
on their major element compositions do not support the theory
of formaticn by random fusion of terrestrisl materials, whether
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impact of meteorites, asteroids, comets, or lightning., The
quite similar chemical compositions, limited range of strontium
isotopic compositions, and, in particular, sympathetic Sr82/8r86--
Rb/Sr ratio variations for the various groups of tektites are
not features one would expect from the random fusion of various
types of terrestrisl materials, The sympathetie variation of
Sr57/Sr86 ratios with the Rb/Sr ratios observed in tektites
suggest they differentiated from a common, or similar, source
material approximately 17% m.ye. 820, "ut their K-Ar ages
fndicate they were last heated less than 30 m.y. ago., These
two "ages," together with their similar composition and widespread
distribution cannot be explained by any proposed theory of
terrestrisl origin,

Thus this writer is forced to tentatively accept an
extra-terrestrial origin for the formation of tektites,
fully aware that an extra-terrestrial origin raises many new
questions., In particular, what extra-terrestrial source could
have proéucod the tektites? The Moon is often sugzested as
the parent body. If the lunar surface is armroximately LieS beYe
old the observed Sra7/Sr86 ratios in tektites must have been
generated by a material having a low Rb/Sr ratio, such as basalt,
Rut how were tektites produced from a basaltic luner surface?
Another possibility is that the surface of the Moon has undergone

recent di‘ferentiation, an occurrence that is contrary to most

theories of lunar history. Perhaps new studies of the lloon will
be able to answer some of these questions, but at present it
appears that all suggested theoriles of the origin of tektites
contain difficulties,
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Description of Samples

The samples are listed in numerical order.

173310

T3313

331
T3379

T3765

73959

73960
73961
13962
T3964

T3965
T3967

73978

T3979
T3981

13983

Australite,

Australite,

Moldavite,
Philippinite,

Philippinite,

Philippinite,

Philippinite.
Philippinite,
Philippinite,
Philippinite,

Philippinite,
"Americaenite"

Philippinite,

Philippinite,
Philippinite,

Philippinite,

Given by I. Friedman, U.S.G.3., Friedman
no. 97=2; 2.5 gramnsg.

Charlotte Waters, Central Australia,
Given by I, Friedman, No Friedman no.
207 grams,

Given by I, Friedman, U,S.G.S5.

Purad-Babuy site, Rulakan Province,
Given by C, Frondel, Harvard Museum
Collection,

Pugad=Rabuy site, Rulakan Province.
Collected by Reysr, Given by Rankama,
203,.5 grams, .

Santa Mesa site, Rizal Province, Given
by 1. Friednan, U,S.G.8. 5.3 grams,

Same description as T3959. . 1.9 grams;

Same description as T3959. 2.8 grams.

Same description as T3959. k.1 grams,

Santa Mesa slte., Rizal Province,
Collected by Beyer, Given by C. Frondel,
Harvard Museum Collection #92703. L5 grams,

Seme description as T3964. 5.7 granms.

Santa Mesa site, Rizal Province, P.I,
Colls cted by Beyer., OGiven by C. Frondel.
Harvard Museum Collection #92703. L.9 arams,

PugadeRabuy site, Zulakan Province,
Collected by Reyer., Given by C, rrondel,
Harverd Maseum Collection #92703.

13.9 grams,

Ssme description as T3978.
Same description as T3978,

10,3 gms.
7.9 gma,

Same description as T3978., 9.8 gms,



T398L
13985

13986
T3987

73968
T3989
T3990

T3991
T3992
T3993

T39%4
T3995
73996

T4090

T4 091

T4102

Th10L
74106

Philippinite,
Philippinite,

Philippinite,

Indochinite,

Indochinite,
Indochinite,
Indochinite.

Indochinite.
Indochinite,
Indochinite,

Indochinite,
Indochinite.
Americanite,

Moldavite,

Tektite.,

Javanite,

Javanite,

Bediasite,
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Same description as T3978, 22,8 gms,

Busuanga Island, Collected by Beyer,
Given by C. Frondel, Harvard Collection.

3.4 grams,
Seme description as T3985, 18.3 gms.

Kouang-Tcheou-Wan, Given by C. Frondel,
Harvard Maseum Collection. 12,1 gms,

Same description as T3987. 10.6 gms.
Seme description as T3987. 25.9 gms.

North Cambodia, Given by C, Frondel,
Harvard Museum collection., 2L.5 gms.

Same deseription as T3990., 19,1 gms.
Same description as T3990,

Annam, Given by C. Frondel, Harvard
Museum Collection. 1ll.5 grams,

Same description as T3793. 9.7 gms.
Same description as T3993. 7.6 gmus,

Peru., Collected by Martin, Given by
Rankama, 26,6 grams,

Nechov, Bohemia, Given by A, Cohen of
Mellon Institute, UL.5 grams,

From Gay Head, :larthata Vineyard, Massachusetts,
Collected by J. Chase, Glven by C. Kaye

Of UoSoeGoeSe 17.8 gms. Description and
photograph in Kaye et al (1961).

From Pithecanthropus erectus beds,

Given by J. G. ster of Emory University.
1,76 grams,

Same description as T4l02, 1.82 gms.

Grimes County, Texas. Given by G. S. Hawkins

of Roston University. B.U. no. 10,
12,05 grams, Photograph in Hawkins et el

(1960j,



1,109
Thali;
Th215

Thel6
T4218

Sandstone,

Australite.

Australite.

Australite.
Indochinite,.

74219 Indochinite,

Th220

Indochinite.

RhZZZB Jbsidl an,

RL223
Rrh22Y
RLj225
RL226
RL227

T™"271

4300

Obsidlan.
Obsidian,
Obsidian.
Obsidian,
Tosidian,.

Tektite

Bedia site,
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From the Wellborn formation, Texas.

Given by G, S, Hawkine, Boston University.

Nullarbor Plain. Purchased from American
Meteorite Laboratory, Denver, Colorado.
6.5 grams,

Same description as Thallh, 8.1 gms.

Seme desoription as Th2lh. 5.5 gms.
Collected near Dalat, South VieteNam,
Purchased from American 'Meteorite Laboratory.
6 grams,

Same description as T4218., 10.4 gms.

Same description as T4218,

Pellsts from Tuff, Tonopah, Nevada,.
Spherulitic, from Yellowstone National Park.
Dufferin Island, "ritish Columbia,

Red, from Teotihanocan, lexico,

Rhyolitic, from Silver Cliff, Colorado,

Rhyolitic, from Eureka Pit, Ruth district,
Nevada,

From Empire, Georgie, Given by E, Henderson,
National Museum #1396, Photograph in
Brucs (1959)0

Grimes County Texas. Given by G. S. Hawkins
of Boston Universitye Be.Us. no. 9

9.65 grams. Photograph in Hawkins, et al
(15605
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Appendix B
Depivetion of the Sr871§386 growth equation

In the decay of a radioactive isotope, the rate of
decay, - -g% (where N is the number of unchanged atoms at time

t) is proportional to the number of atoms present:
s )

where A is the constant of proportionality for the partioculer
radioactive nuclide,
Integrating, with eppropriate limits
Yooy = - ° ét (2)
N= Nof ¥ M/ 4
where N, is the number of atoms present at time t = 0 ylelds:

. - At
1“'11'\%; = -\t or N =N A (3)
In the case of Rb87 decay this equation beoomesi

7bS87 = rb 8T ~** (4)
The numher of radiogenic Sr87 daughter stoms formed during time

t is given by

#5r87 = rp 87 . np®7 ' (5)
Substitutin~ (L) into (5):
#5087 = 707 (o At - 1) (6)

The totel number of Sr87 atorms is given by the sum of the Sx'e7
atoms at t = O, Sr°87, and the number of sr87 atoms formed
elnce t = O by the decay of Rb37, *#spd7

87

srd7 = Srq + *Sr87 (7)
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Substituting (6) into (7):

sr7 = 50,97 + Rb87 (o At . 1) (8)
As 1t is convenient to relste the concentration of Sr87 in
a sample to the non-varying Srab content, both sides of equation
(8) are divided by this constant:

87 87 87
Sr = [ Sr +[Rb . (e At & 1) (3)
SrB6 (s,x-BES )o (Sraa ) |

The atomic ratio Rb87/8r86 can be transfonmued into a total Rb/Sr
weight ratio as follows:

The atomlc welght of Sr and the fraction of SrPé in the total

Sr depend upon the amount of radlogeniec Sr87 in the sample,

and should be evaluated for each sample, However, in most
sanples only s small error is introduced if the values of
"normal®™ strontium (Sr87/Sr86 = 0,712) are used, For example

1t sr87/3r86 & 0,725, which is about the greatest ratio found

in this work, an error of ~ 1% is introduced if the figure

for normal strontium is used, 7Thust

At wt Sr x (RBST/Rb)atomic 8;,%18 x 2185 = 2.8962

At wt Rb (sr86/sr)atomic
and equation (9) becomes

5r87/5p86 ~ (s»37é) +(Rb) x 2.8962 (eMt = 1)  (10)
0

“spd Sr/ut

e ** can be expanded in the power series:

e“‘al-ﬁ)t-& (7?‘)2 + (A8

e LA R NN (11)



Ifrt =1 x 107 years and Rn 1.49 x 10-11 years =1 gn error
of only 0,01% is introduced if only the first two terms are

used instead of the first three,
Introducing tae first two terms of the power seriles

and the oonstant for A into equation (10) gives:

87 87 -2 Rb)
Sri! o~ [Sr_ + 4,256 x 10 ( t
sr86 ( Sraé) . 5

where t 1s in billions € yeare,

{12)
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