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The thermoluminescence (TL) intensity of samples taken systematically across a large section of the Estacado
meteorite has been measured. A significant proportion of the TL in meteorites is probably caused by cosmic-ray
bombardment and variations in the natural TL throughout the slice reflect the preatmospheric shape of the me-
teorite in that plane. Before it entered the atmosphere Estacado was an elongated shape, approximating to an
ellipse of eccentricity 0.8, with a preatmospheric mass of at least 8 tons. The results are consistent with laboratory
experiments which indicate that secondary radiation plays an extremely important part in the production of TL.

1. Introduction

Attempts have previously been made to determine
the preatmospheric shape of four iron meteorites from
their spallogenic gas contents, the most successful re-
sults being obtained with the Grant and Carbo irons
[1--6]. These studies not only enabled preatmos-
pheric shapes and masses to be estimated but also
gave an indication of the various nuclear parameters
(reaction cross-sections, etc.) involved in the spallation
reactions, and proved the general validity of the spal-
logenic production model of Ebert and Winke [7].
Recently systematic measurements of the spallogenic
nuclides across stony meteorites have also been made.
Interpretation is considerably complicated by the
existence of a wide variety of target elements in stony
meteorites but from these measurements the Keyes
chondrite appears to have been a 70 by 30 cm ellip-
soid when it entered the atmosphere [8,9] and Saint-
Séverin was probably also an elipsoid [10]. Another
valuable tool for the examination of stony meteorites
is provided by charged-particle tracks, which have
enabled estimates to be made of the preatmospheric
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shape of the Saint-Séverin meteorite [11] and the
preatmospheric mass of the Patwar pallasite [12].

A third cosmogenic phenomenon available for the
preatmospheric shape and mass determinations
is thermoluminescence (TL). This is the light emitted
when electrons which have been thermally excited
to the conduction band from traps in the crystal
lattice fall to the valence band via a luminescent
centre. Any ionising radiation is capable of produc-
ing TL and in meteorites an important source is
likely to be cosmic-ray bombardment. In addition
to this “cosmogenic” component, evidence for
which we will discuss later, we expect an important
contribution to the TL by the radioactive elements
within the meteorite (a “radiogenic” component).
This work concerns an attempt to use TL to evaluate
the preatmospheric shape and mass of the Estacado
meteorite from the TL.

2. Method

A variety of meteorites with large cut faces were
sampled and their TL measured. Only the very smal-
lest, which were recent falls, had appreciable low
temperature TL, but all displayed some at higher
temperatures (300—400°C). Estacado, besides pre-
senting the largest cut face, had by far the most in-
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tense high-temperature TL and was therefore chosen
for this study. A large (17-kg) slice of this meteorite
is deposited in the British Museum (BM 1906, 259). It
had previously been removed, approximately centrally,
from a 290-kg stone measuring 58.5 X 45.7 X 44.4 cm
which was found in Hale County, Texas, in 1883. The
meteorite and slice have been described by Howard
and Davison [13], and recently the stone was ana-
lysed by Mason and Wiik [14]. It is an H6 chondrite
[15]. A second stone weighing 122 kg and measuring
30 X 30 X 50 cm was acquired in 1912 by the Ameri-
can Museum of Natural History, The total known
post-atmospheric mass is therefore 412 kg.

A polythene sheet on which had been drawn a
5-cm grid was placed over the slice. 2—3 mm long
cores, 5 mm in diameter, were then taken over the
grid using a “Diagrit™ diamond drill operated in a
hand brace and lubricated with distilled water. The
technique had previously been checked to ensure
that natural TL was not drained and that tribolumines-
cence was not created. 72 samples were taken in this
way. Additional samples were taken at the three
fusion crust edges present on the slice (Fig. 1) to en-
able measurement of “edge-effects”, but these re-
sults will not be dealt with here. The 72 samples were
crushed and their magnetic component removed.
They were then sieved (50 pum) and the TL measured
in the normal way, duplicate measurements being
made for all samples. The apparatus is described
elsewhere [16,17,26]. Many samples had their TL
measured repeatedly to ensure constancy in the sen-

Fig. 1. Location of the specimens over the slice.

sitivity of the equipment. The drained material was
then irradiated to about 50 krad by *°Co y-rays and
its ““artificial TL” recorded. The irradiated samples
were allowed to decay at room temperature for 50
hours before TL measurement so that differential
decay during a run was insignificant. The “tempera-
ture sensitization”, caused by irradiating previously
drained material, was thus assumed constant for all
specimens. This point will be discussed later.
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Fig. 2. Glow curves of material from the Estacado meteorite.

A. A curve for natural material. B. A curve for material

which has been drained of its natural TL by heating to 500°C

and irradiated to about 50 krad by ®°Co y-rays.



99

3. Results i.e. the area under the curve, was measured for each
curve and the results are presented in Fig. 3. The areas
Typical glow curves are presented in Fig. 2. The under the curves obtained from specimens that had
curves for the natural powder have a broad peak at been drained by heating to 500°C and irradiated to
about 370°C and a very weak 250°C peak, probably about 50 krad with 5°Co y-rays were also measured.
associated with weathering [16]. The total luminosity, The curves of irradiated specimens have a sharp peak
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Fig. 3. Areas under the natural glow curves as a function of distance across the slice for each row of specimens. The lines are least-
squares fits of second-order curve to all the data. Duplicate measurements are shown for each specimen.
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at 140°C (LT} as well as some high-temperature TL
(HT). LT is known to consist of two or possibly
three peaks between 140 and 200°C [16].

The data were fed into the KWIK R computer
program which fits a trend surface to a two-dimern-
sional layout of data by the method of least squares

[18.18], Curves described by a polynomial equa-
tion of any given order can be fitted to the data and
the position of the second-order curve along each of
the rows is also shown in Fig. 3. The test coefti-
cients for attempts to fit first, sccond. third and
fourth-order curves to the arcas under the natural
curves, the areas under LT and HT in artificial
curves, and ihe ratio of HT in the natural to HT in
the artificial curves were calculated. Although the
variation is not great and in places there is much
scatter the correlation coefficients for curves fitted

{-
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R g

to the naturel TL are encouraging. First, second.
third and fourth-order curves have correlation coel-
ficients of 0.70, 0.84. 0.92 and 0.94 respectively.
However, for the artificial resulls the coefficients
are low, often less than 0.5, Davis [19] points out
that correlation coefficients of 0.3 have been
achieved with fourth-order curves on randomly gen-
erated data. The F-rest similarly indicates a signifi-
cant fit has been achieved for the arer under the
natural curves but that the area under the artificial
curves and the artificial (o natural TL ratio do not
give significant trends.

Since the area under the natural curves produces
fits with good correlations with second, third or
fourth-order curves. it is necessary Lo decide which
best reflects the overall trend in the data and is least
perturbed by spurious points. In this instance it is

Iig. 4. The second-arder fit to the ures under the natural glow curves. The contours probably reflect the preatmospheriv shape of

the meteorite.



zlear that the third-order fit is already picking up in-
dividual isotated high points. caused. for example,
by local enrichiment in the feldspar content. The
best overall trend is therelore that given by the
second-order fit (Fig. 4.

4. Discussion
4.1, Preatmaospheric shape

Burrani and Christodoulides [20] have estimated
that for the Allende meteorite the dose received from
internal radioactivity is about 30 mrad.vr and that
received from cosmic-ray bombardment to be in the
arder of a few rad/yr. Although thess values were
abrained for a different meteorite it is unlikely that
the Hgures for Estacado differ by more than an
arder of magnitude. The time period invelved in the
marmer process is about 100 times greater than that
irvoeved in the latler and the total dose received in
2uch case is probably comparable. One mav there-
“mre expect TL 1o have been produced by borh mech-
<misms. Relationships between TL and exposure age
2i] and TL and K—Ar age [22] have previously
T2z investigated and, although correluations are not
zx0d, the results confirm that both cosmogenic and
radivgenie TL are present. Other investigations also
aravide evidence for 4 cosmogenic contribution to
=22 TL in meteorites. These are the systematic vari-
_tions i the intensity of the TL [ound in the Urera,
Szint-Séverin. Altende and Plainview meteorites [23—
251 which are most readily explained in terms of the
production of some of the TL by cosmic-ray bon-
Mardment, One may expect the contours of equal TL
alensity measured in Estacado to rellect the preut-
mmespherie shape of the meteorite.

Somte attenuation of the TL caused by frrernad
rzdivactivity near the surface may also be expected.
Although the presence of such an effect would not
affect our conclusions about preatmospheric shape
2nd minimal preattnospheric mass. it is doubtful that
ary signs of it survive atmospheric ablation. The depth
t2 which this effect will appesr is equal (o the range of
the ionising radfation concerned, and for ¢ and 3 par-
tivies is negligible. The range for -rays, however. is
of the order of a decameter, but even this will prob-
zoly have been removed by atmospheric ablation since
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peak ablation rates are in the order of 2.5 cmisee [26].
The Farge-scale varistion observed in the Estacado slice
15 therefore due to cosmic-ray eficcts.

The only other factor which could be argued 1o be
responsible for the contours in Fig. 4 is sample in-
homogeneity. Uniortunately. the overlap of peaks
caused by the combination of mincrals in common
chandrites made it inpossible to measure the feldspar
distribution by X-ray diffraction. Similarky it was
impossible (0 assess the feldspar content chemically
with the quantities of material available. However, it
seetns very urdikely that a feldspar enrichment over
such a large arca could be the explanation. Certainly
there was 1o visible sign of a 10--20 ¢m xenolith in
the slice. Finally, the artificially induced TL was not
higher in this region, 4s would be expected from a
feldspar enrichment.

The resulis obtained here show a build-up in TL
intensity with depth in a simidlar manner vo the low-
energy spallogenic nuclides [8,10]. This is generally
believed to be because as measurements are made
further into the meteorite secondary radiations be.
come increasingly important. Spallation reactions
uswally require the bombarding particles to have an
energy ol at least a few hundred MeV. The produc-
rion of T by the promotien of electrons to traps, on
the other hand. involves an energy transition of a few
eV, the size of the lorbidden gap. We may argue
therefore that since sccondary radiations become more
important for lower-energy products they will be of
parartount importance for the production of TL. The
only published thick rarger measurements for TL
production are those of Lalour et al. [28] whose re-
sufls also suggest that secondary radiation plays an
important part. Unfortunately their results have only
been presented in summary form and concern only
¢ umidirectional beam of incident particles. Our re-
sults with the Estacado meteorite are consistent
with the belief that sceondary radiations are impor-
tant for the production of TL.

The artificial results are a little disuppuinting in
that neither the arcas under the artificial curves nor
the ratio of natural (o artificial TL show a trend. The
ubsence of a trend in the artiticial TL suggests that
the trap numbers do not vary monotonously across
the stice. and that a signiticant number are not cos-
mogenic. Alternatively, any trend in the trap nun-
bers may be obscurcd by sample inhomaogeneity. [f
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this is the case then one may expect the ratio to show
a good trend, which it does not. The fact that the
natural TL is that of HT is probably making the

use of artificially irradiated materials unreliable in
this case. HT is very difficult to measure in the glow
curves of artificially irradiated specimens because

of the intense LT thermoluminescence. However,
there are a number of additional difficulties in using
artificiafly irradiated materials, Some meteorite
material is sensitised by being heated and re-irradiated
The luminosity of Barwell, for example, was in-
creased by a factor of eight this way [29]. This
“temperature sensitisation” is little understood and
may, for example, vary considerably between differ-
ent specimens taken {rom the same metecrite,
Secondly, Lraps may be created by the irradiation
process, and not simply populated as we are assuming
here. Finally, the absence of a trend may be caused
by the irradiation saturating the traps with electrons.
In summary, it is very difficult to isolate and remove
the effects of the large number of variables 1o which
artificial TL is subject. Consequently the presence

of trends will be very difficult to detect. Fortunately,
however, this is not true of natural TL.

We conclude, therefore, that the contours in the
natural TL are related to the meteorite’s preatnios-
pheric shape. They suggest a non-spherical, elongated
abject approximating in the plane of the slice to an
ellipse with an eccentricity of about 0.8.

4.2 Minimal preatmaospheric mass

By extrapolating the contours so as to completely
enclose the slice we may estimate the minimal pre-
atmospheric mass of the Estacado meteorite. In the
planc of the slice the minimal preatmospheric di-
mensions would be 130 X 70 cm. The derived pre-
atmospheric masses are 8—13 tons, depending on
whether the cllipse is rotated about its major or minor
axis. A possible guide to this is the post-atmospheric
shape | 13] which suggests the latter value. Assum-
ing complete recovery of the material which fell
these figures correspond to 95 and 97% mass-loss,
Complete recovery was almost certainly not the case,
which makes this mass-loss an overestimate. Con-
versely, the fact that minimum dimensions are ob-
tained meuns the values are underestimated,

4.3 Actual preatinaospheric mass

In order 1o follow the Holfman-Signer-Nier ap-
prouach | 1--6] for determining the actuat preatmos-
pheric mass, one needs a depth variation cquation for
TL in meteorites. Unfortunately no such work has
been reported. However, as an initiat attempt we may
adapt the Lberl und Winke | 7] equation, stressing
that its use here is as an empirical relationship. Then:

TL
Tly

- [_'e_kﬂ + Bc—ks)x—l

where TL s the TL intensity at a fractional depth x:
8.k, and & are constants and TL, is the TL intensity
at the centre of the preatmospheric meteorvid (x = 1).
The first exponential term represents the attenuation
of primaries with depth and the second the build-up
of secondaries with deptli. Fortunately, many of the
conditions assumed by Lbert and Wanke for the pro-
duction of spallogenic nuclides are also applicable to
TL. For example the exponential attenuation and
build-up with no energy distribution change, the ex-
istence of secondary radiations of lower energy than
the primaries (8 < 1) but which are still capable of
interacting, and the constancy of X, and k. The

main distinction between TL and spallogenic nuclide
production is the contribution to the TL by internal
radicactivity, and we have estimated that probably the
cosmogenic and radiogenic contributions are of equal
order of magnitude. No determinations have been
made of the natural radioactivity of Estacado, or of
the etficiency of natural radicactivity in preducing
TL. We will therefore derive a variety of preatmos-
pheric muasses, governed by the praportion of TL
ascribed to internal radioactivity assuming this to be
unilorm across the slice. Although this technique will
not give us a single answer it will allow some grasp of
the relative importance of radiogenic and ¢osmogenic
TL and enable limits to be fixed.

An exact fit between the theoretical and observa-
tional curves is not expected because the fomer is
the result of a combination of exponential terms
while the latter is a second-order expression. Never-
theless, u very good approximation to the TL variation
along the minor axis of the ellipse (Fig. 5} is ob-
tained by putling £, = 0.35 and k, = 1.25 and the B
values in Table 1 (Fig. 6). The same values of k, and
k, were found to fit the observational data regardless
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TARLE 1

Ruviits of fitting the Fbert-Winke cquation

y~~umed A Preatmos-  Preatmos- Mass-loss
sidiogenic pheric phenc mass (72
radius [tons)
{cm}
Iin .89 47 20-34 5. 99
2 0.92 42 14 .24 4798
"3 .95 37 10-13 96--97

1= arhitrary units of TL. The rotal (radiogenic + cesmogenic)
IL 08 9391430,
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of the amount of TL ascribed to internal radicactivity.
This is presumably because, as in the spallogenic nu-
clide case, these values are governed by the nature

of the target material. The large values of B and the
relative values of &, and k_ are consistent with our
belief in the importance of secondary radiations in
the production of TL. The values for the preatmos-
pheric radius obrained this way, and the equivalent
mass ranges calculated assuming an cllipsoid of eccen-
tricity of 0.8 are also given in Table 1. It is interesting
to observe that an assumed radiogenic contribution

to the TL in excess of about 800 arbitrary units of
TL (i.e. just over half the maximum TL ohserved in
the slice} would lead us to 4 preatmospheric radius
less than the posi-atmospheric radius. 800 therefore
represents an upper limit to the amount of TL in this
meleorite caused by its internal radioactivity, Because
of the approximations in this technique, and the em-
pirical nature of the expression (as used here) only a
unidirectional beam of incident cosmic radiation has
been considered and the results must be treated with
sOme cautiorn.

5, Conclusions

From the studies of the TL in the Estacado mete-
orite i1 appears that in the plane of the slice Estacado
was an elongated non-spherical shape, probably an
cllipse of about 0.8 eccentricity, and that the pre-
atmospheric mass was at least &8 tons and may have
been up to 34 tons. The major cause of uncertainty
in the latter value is the unknown extent of the con-
tribution of radiogenic particles to the TL. The re-
sults are also consistent with laboratory experiments
which indicate that secondary radiation plays an
important part in TL production in meteorites.
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