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Abstract—Thermoluminescence sensitivity measurements have been made on 18 unequilibrated ordinary
chondrites; 12 finds from Antarctica, 5 non-Antarctic finds and 1 fall. The TL sensitivities of these
meteorites, normalized to Dhajala, range from 0.034 (St. Mary’s County) to 2.3 (Allan Hills A78084),
and, based primarily on these data, petrologic type assignments range from 3.3 (St. Mary’s County) to
3.9 (Allan Hills A78084). Although the very low levels of metamorphism experienced by types 3.0 to
~3.4 evidently cause large changes in TL sensitivity, the new data demonstrate that they are unable to
cause any appreciable homogenization of silicate compositions. We have therefore slightly revised the
silicate heterogeneity ranges corresponding to the lower petrologic types.

We have discovered that the temperature of maximum TL emission and the broadness of the major
TL peak, vary systematically with TL sensitivity; as TL increases these parameters first decrease and then
increase. Several mechanisms which could account, partially or completely, for the relationship between
TL sensitivity and metamorphism are discussed. Those which involve the formation of feldspar—the TL
phosphor in equilibrated meteorites—seem to be consistent with the trends in peak temperature and
peak width since experiments on terrestrial albite show that the TL peak broadens and moves to higher
temperatures as the stable form changes from the low (ordered) state to the high (disordered) state. (The
post-metamorphism equilibration temperature of type ~3.5 meteorites would then correspond to the
transformation temperature for the high to low form of meteorite feldspar.) Other factors which may be
involved are obscuration of the TL by carbonaceous material, changes in the composition of the phosphor

and changes in the identity of the phosphor.

INTRODUCTION

IT IS FREQUENTLY assumed that each class of chon-
drite meteorites owes its unique combination of bulk
chemistry and oxidation state to the distance from
the Sun at which it formed. If this is so, then subtle
variations in their chemical and physical properties
may be interpreted as reflecting conditions at diverse
locations in the early solar nebula, provided, of
course, it is possible to *“‘see through” the effects of
any subsequent metamorphism or other forms of
alteration they have experienced. The least meta-
morphosed, and generally least altered meteorites, are
the CI chondrites, this is not withstanding the
aqueous alteration they have apparently suffered,
(aqueous alteration appears to have redistributed ele-
ments without destroying the nebula fractionations,
e.g., Kallemeyn and Wasson, 1981; McSween, 1979).
In view of their volatile-rich nature and highly oxi-
dized state, they probably formed at fairly low pres-
sures and temperatures, somewhat further from the
Sun than the ordinary chondrites (Larimer and An-
ders, 1967; Wasson and Wetherill, 1979).

The most primitive ordinary chondrites, those
termed unequilibrated ordinary chondrites (UOC) by
Dodd et al. (1967) and assigned to petrologic type 3

* Also Department of Chemistry, University of Arkansas,
Fayetteville, Arkansas 72701

by Van Schmus and Wood (1967), show a wide range
in the extent to which they have suffered from meta-
morphism. The range is much larger than displayed
by higher petrologic types, and it 1s necessary to sub-
divide this petrologic type in order to maximize the
value of data obtained from them. At least three
schemes, including our own, have been proposed
{Afiattalab and Wasson, 1980; Sears et al., 1980; Huss
et al., 1981). We proposed a decimal subdivision of
type 3 in which the least metamorphosed UOC is
type 3.0, and the most metamorphosed is type 3.9.
Thus when seeking primordial material from the or-
dinary chondrite nebula location, it is the low pet-
rologic types 3.0-3.1 that are the most valuable; the
identification of such meteorites is one of our prin-
cipal concerns. We are also interested in the effects
of mild metamorphism on the primitive material of
the solar system, since this too may lead to an un-
derstanding of the evolution of the meteorite parent
bodies.

Petrologic studies indicate that when primitive,
highly heterogeneous material—such as that found
in petrologic type 3.0 chondrites—undergoes meta-
morphism, various mineralogical and petrologic
changes occur. One such effect is that the silicates
appear to become more homogeneous in composi-
tion. Probably the most dramatic change is displayed
by thermoluminescence sensitivity. The 13 type 3
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Table 1. The effect of weathering on TL
sensitivity measurements and its
removal by acid washing.
Weathering TL*
Sample Class Grade Sens
78084,91 H [
Acid-washed 2.3
Unwashed 0.90
17260,22 L [
Acid-washed 0.12
Unwashed . 0.085
77214,14 L C
Acid-washed 0.099
Unwashed 0.034

* Normalized to two measurements of Dhajala
which differed by 4%.

ordinary chondrites examined by Sears et al. (1980)
showed a >10%fold variation in TL sensitivity,
whereas each of the higher petrologic types showed
a range of ~ 10. This behavior is probably associated
with changes in the nature and amount of the main
TL phosphor(s). In this paper we first report new TL
sensitivity measurements on 17 finds and 1 fall. This
brings the total number of the type 3 meteorites stud-
ied by this technique to 31; less than a dozen remain
to be examined. Second, we have made petrologic
type assignments on the basis of TL sensitivity, and
on silicate heterogeneity. Third, we discuss the cor-
relation that exists between TL sensitivity and glow
curve shape. The difference in the glow curve shapes
of types <3.4 and types =3.5 meteorites is tentatively
attributed to an order-disorder transition in plagio-
clase, the TL phosphor. The temperature at which
this transition occurs in terrestrial albite is known
from laboratory experiments (500-700°C), but con-
trolled studies of the meteoritic feldspar order-dis-
order transition would be required before palacotem-
peratures can be estimated for UOC from their TL
properties.

EXPERIMENTAL

The TL sensitivity measurements were carried out in the
TL laboratory at Washington University, St. Louis. The
apparatus has been described in detail elsewhere (Melcher,
1981a). Powdered samples of ~ 50 um grains were prepared
by crushing ~200 mg chips and removing the magnetic
material with a hand magnet. Aliquots of ~4 mg were
placed in 4 mm diameter aluminum pans. These were
heated on a nichrome plate at 7.3°C/sec in a chamber which
was evacuated and then filled with oxygen-free argon. The
samples were heated to 550°C to drain their naturally ac-
cumulated TL, and then given a dose of 2.5 X 10* rads with
a ®Sr 8 source. The TL induced by this dose was then
measured using an EMI 9635QB photomultiplier tube. The
induced TL, normalized to that induced in Dhajala, is de-
fined as the TL sensitivity of the sample.

Thermoluminescence data are most commonly presented
as plots of the light intensity emitted by the sample as a
function of the sample temperature as it is heated from
room temperature to ~550°C. The resulting “glow curve”
will exhibit peaks at temperatures related to the energies of
the trapped electrons in the sample.

The major experimental problem anticipated in this study
was removing the effect of rust in the samples. Sears (1978)
has shown that rust causes a '5-'/;p reduction in the TL of
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meteorite samples. The effect may be removed either by
preparing the samples as very fine (~ 10 um) monolayers
of powder, or by washing the powdered samples in 10 M
HCI for two minutes. Normally, the first procedure is suc-
cessful, but the reproducibility of TL measurements on such
samples is poor (+15%). Samples prepared in the second
way give very reproducible results, but frequently still con-
tain rust. The ease of sample cleaning was a major surprise
in the present study. A single acid wash completely removed
the rust from all of our samples except two non-Antarctic
meteorites (Willaroy and Brownfield) which were still brown
colored after three acid washes. Despite the weathered ap-
pearance of most Antarctic meteorites (most were assigned
to the C weathering category by Score er al., 1981), these
meteorites have apparently suffered a much more superficial
weathering than the non-Antarctic finds we studied. In order
to evaluate by how much our TL sensitivity values for
Brownfield and Willaroy are underestimates, samples of
three highly weathered meteorites were run without pre-
vious acid washing (Table 1). These samples showed 2-3
fold lower TL than their acid-washed counterparts. Hence,
we suspect that the weathered state of Willaroy and Brown-
field has lowered their TL values by a factor of ~ 3, resulting
in the assigned petrologic type being low by 0.1. This has
been taken into account in the final type assignment.

RESULTS
Thermoluminescence sensitivity

Our TL data are listed in Table 2 along with silicate het-
erogeneity data. Duplicate samples were run for all except
Allan Hills A77050,3, and an attempt was made to take
samples from widely separated locations on the meteorite.
Where possible, two samples which appeared different under
the binocular microscope were selected. In general, dupli-
cates show better agreement than in our previous study. An
estimate of the uncertainty of the mean of two measure-
ments was calculated from 1/n[Z(Ax/x)*]'* where Ay is the
deviation, % the mean of two determinations and n the
number meteorite samples (18 in the present case). The
value we obtained, 23%, is appreciably better than the value
of 48% obtained by Sears er al. (1980), despite the additional
handling procedures necessary here. This is probably due
to the use of larger samples in the present study (~200 mg
compared with 30 mg).

In Fig. 1 are plotted the raw TL data with no corrections
for weathering. The samples range in TL sensitivity from
2.3, normalized to Dhajala, to 0.034. Based only on TL,
this corresponds to a range in petrologic type of 3.9 to 3.3.
The present suite of samples does not include any meteorites
as unequilibrated as Semarkona, Bishunpur or Krymka
(3.0-3.1) (Sears e al., 1980). The smaller range of TL sen-
sitivities is unrelated to the larger sample size used. Not only
are the range of values observed in the Dhajala samples
similar in both studies, but our duplicates are chosen to
fully represent the ~3 g mass from which the duplicates are
taken. The TL sensitivity of St. Mary’s County suggests that
it is more metamorphosed than is perhaps expected on the
basis of the work of Noonan et al. (1977) who observed that
this meteorite has greater inhomogeneity in its silicate com-
position than almost any other meteorite. There exists a
hiatus in TL sensitivity between Semarkona, Bishunpur and
Krymka and the other type 3 meteorites, which has been
only partially eroded by these new data.

At the upper end of the TL sensitivity range, we find that
Allan Hills A78084 resembles Bremervorde in being a type
3.9 meteorite. On the basis of Dodd er al.’s (1967) silicate
heterogeneity data we expected Prairic Dog Creek and
Clovis to also be type 3.9, but their TL sensitivities are
clearly too low for this. Even assuming the TL sensitivity
of Prairie Dog Creek is a factor of three low because of
incomplete removal of rust, its type can be no higher than
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Table 2. Samples run in the present study, in order of decreasing TL
sensitivity, and other relevant data.

¥
Silicate inhomogeneit
OTivine Pyroxene

M - “Samp‘le TL Pet.
Sample Class  W.G. Wt sens’ Mean T
B4, . .
78084,91 0.229 2.3
Prairie - 0.191 0.55 0.55 12 3 46 3 3.8
Dog Creek 0.066 0.54
Brownfield® - 0.500 0.49 0.48 3.6
0.47
77299,44 H A D.165 75 0.47 20 14 1 8 21 3.7
77299,45 0.185 0.69
Yamato L - 0,105 0,82 0.41 3.6
74191,80 0.078 0.40
Clavis - 0.500 0.29 0.29 10 3 40 3 3.6
0.28
77278,31 LL A 0.166 0.35 0.26 84 24 2 14 3 1 3.6
77278,40 0.103 0.15
77011,7 LL C 0.154 0.18 0.22 15 48 1 18 64 1 3.5
77011,19 0.159  0.26
Hil'larcy@ H - 0.088 0.15 0.20 31 27 1 6 57 1 3.5
0.106 0.26
77050,3 - 0.0%3 0,18 0.18 3.5
77015,23 L C 0.25 0.15 0.15 14 &3 1 19 59 1 3.5
77015,25 0.226 Q.15
77260,23 L ¢ 0.256 0.094 0.11 21 45 1 13 84 1 3.4
77260,22 0.184 0.12
77249,11 L ¢ 0.231 0.11 0.005 14 42 1 18 60 1 3.4
77249,21 0,301 0.083
78038,12 LL C 0.311 0.047 0.078 18 50 1 15 64 1 3.4
78038,14 0.282  0.11
77214,38 L C 0.384 0.058 0.078 14 65 1 10 54 1 3.4
77814,14 0.175 0,099
77167,11 L ¢ 0.413 0.071 0.075 24 86 1 20 84 1 3.4
0.211 0,080 100 57 2z
Quinyambie - 0,110 0.060 0.047 9 37 1 22 43 1 3.4
0.093 0.035
St, Mary's LL - 0.029 0.040 0.034 269 66 4 274 82 4 3.3
Co. 0.031 0.028

# 011A17an Hills meteorites are written simply as the specimen and sample
number. They were obtained from the Meteorite Working Group of the NSF. The
sources of the remaining samples are as follows: Dhajala (sample T67),
Professor D. Lal, Physical Research Laboratory, Ahmedabad, Narrangpura, India.
Prairie Dog Creek, Dr. M. Prinz, American Museum of National History, New
York, Yamato 74191,80, Or, K. Yanai, National Inst. of Polar Res., Tokyo,
Japan. Brownfield and Clovis, Or. H, Suess, Univ. of California, San Diego,
U.5. Willaroy and Quinyambie (USNM 6076), Dr. 8. Mason, Smithsonian Inst.,
Washington, D.C. Allan Hills A77050, 3, Or. E.R.D. Scott, Inst, of
Meteoritics, Univ. of New Mexico, Albuguerque, N.M. St. Mary's County (USHM)
5930), Dr. R. Clarke, Smithsonian Inst., Washingten, D.C.

* Normalized to two measurements of Dhajala which differed by 4%.
* Noonan et al. (1977), Score et al. (1981), Yanai {1979).

iHl.ﬂaathering Grade from Score et al. (1981); A is unweathered, C is highly
weathered.

@ Acid washing was unable to remove the brown coloration due to weathering of
these meteorites. Their TL semsitivity data is therefore probably low;
judging from the three meteorites for which samples were run in both the acid
washed and unwashed state (Table 1), they are probably low by a factor of 2-3.
The preferred petrologic types, assigned on the strength of a corrected TL
sensitivity, are indicated.

* “No." refers to a number of points analyzed, "An." to analyst; 1. B. Mason
{unpublished). 2. J.N. Grossman (this work). 3. Dodd et al. (1967). 4.
Noonan et al. (1977). C(Fa) and C(Fs) refer to the coefficients of variation
(percent standard deviation) of the fayalite and ferrosilite contents of the
plivine and pyroxene, respectively.

3.8. Similarly it is doubted that Clovis is as equilibrated as  correlation between Na and Al content of separated chon-
type 3.8. drules increases with metamorphism, being weakest in Se-
Other properties are known which can be related, directly ~ markona (3.1), stronger but still poor in Chainpur (3.4),
or indirectly, to metamorphism and we suspect more re-  intermediate in Tieschitz (3.6) and strongest in Allegan (5)
main to be discovered. For example, the strength of the  (Osborne et al., 1973; J. N. Grossman, unpublished).
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FIG. 1. The TL sensitivity of the present samples compared with the 13 falls studied by Sears et al.
(1980). No corrections for weathering have been made. For all samples shown, except Allan Hills A77050,
duplicates were run; although frequently these were indistinguishable in TL. The open symbols refer to
meteorites which McKinley er al. (1981) believe to be fragments of a single fall; those indicated with an
arrow mark refer to meteorites which B. Mason (pers. comm.) believes are a single fall. There is reasonable
agreement between the two authors. In subsequent figures open symbols refer to these possibly associated
fragments. The bars and numbers on the right refer to the petrologic type intervals defined by Sears et
al. (1980). Each Allan Hills meteorite is identified by its number only; this should be prefixed by “Allan

Hills A™.

Glow curve shape

When given the same test dose of radiation, most ordi-
nary chondrites yield glow curves which are very similar in
shape. This is not true of the unequilibrated ordinary chon-
drites which produce three easily distinguishable glow curve
shapes (Fig. 2). Since metamorphism causes such large
changes in TL sensitivity, it is plausible that these variations
are also related to mineralogical changes occurring in the
meteorites.

We will characterize the glow curve shapes by two pa-
rameters: (1) the width of the peak and (2) the temperature
at which the peak is at a maximum. Both these features are
a consequence of the broad band of TL between 80 and
250°C in the glow curve being a composite of several nar-
row, overlapping peaks (Sears and Mills, 1974; McKeever,
1980). We prepared plots of TL sensitivity against width of
the TL peak at half maximum (FWHM) (Fig. 3) and against
the temperature of the peak maximuin (Fig. 4), including
the data from Sears er al. (1980). Trends of TL sensitivity
against FWHM and peak temperature are clearly present.
For types =3.4, as the TL sensitivity of the meteorites in-
creases, the position of the apparent peak moves to higher
temperatures and it becomes broader. Meteorites of lower
petrologic type (<3.3) such as Bishunpur, Krymka and Se-
markona do not follow these trends possibly because the
dominant TL phosphor is not crystalline plagioclase. These
meteorites comprise a separate and distinct group near the
bottom of Fig. 3 and Fig. 4. Quinyambie, on the other hand,
is truly anomalous and may be the result of severe annealing
(see below).

We will attempt to rationalize these trends below, but it
is clear that whatever the explanation, this behavior em-
phasizes the unique character of the 3.0-3.1 meteorites.
Their glow curve peaks are markedly broader and more
hummocky than those meteorites just above them in pet-
rologic type (Fig. 2).

The location of St. Mary’s County on these plots is also
worthy of comment. In both its FWHM and peak position
it plots on the main trend and well removed from Bishun-
pur, Semarkona and Krymka. Thus in both its TL intensity
and glow curve shape it should be considered a type 3.3
meteorite rather than type 3.0-3.1.

DISCUSSION
The basis of petrologic type assignment

The petrologic type assignments made by Sears er
al. (1980) were based on several parameters, in ad-
dition to TL sensitivity. With a few exceptions, only
TL sensitivities and silicate heterogeneity data are
available for the present group of meteorites. It is
therefore pertinent to consider in detail the consis-
tency of the two techniques when used to measure
the extent to which a type 3 chondrite has been meta-
morphosed.

Table 3 shows the petrologic type assignments
based on various types of data for the type 3 mete-
orites considered by Sears ef al. (1980). For each pa-
rameter, a TL sensitivity against parameter trend was
identified and intervals were chosen to define the
petrologic types. These definitions are listed in Table
2 of Sears et al. (1980) with modifications to the sil-
icate heterogeneity parameter listed below. From
these, a petrologic type can be quoted for each pa-
rameter independently of the others (Table 3). This
exercise serves to demonstrate two points: first, as-
signment of a petrologic type between 3.0 and 3.9
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can be made on the basis of most of the parameters
listed in Table 3 independent of the others. It is also
clear that some parameters are better than others for
this purpose. This is because the precision and ac-
curacy of the techniques vary, and some mineral-
ogical and petrological systems are more sensitive to
the relevant levels of metamorphism than others. It
also has to be borne in mind that some systems re-
spond over a wider range of metamorphic intensitics
than others. Matrix recrystallization, for example,
separates less metamorphosed from the most meta-
morphosed but lacks resolution below type ~3.3 and
above type ~3.6. Apparently, most matrix recrys-
tallization occurs during a relatively limited range of
metamorphic temperatures. On the strength of pres-
ent data, metal heterogeneity and carbon data are
probably the weakest parameters. Metal composition
shows only a weak correlation with the other param-
eters, probably because data are few (Afiattalab and
Wasson, 1980). Carbon content does not show as
much spread, and consequently, although showing
gross agreement, its petrologic type assignments tend
to be discrepant in detail. As will become evident
below, the existence of volatile-rich clasts can also
make this parameter unreliable.
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FIG. 3. TL sensitivity compared with the width of the 80~
250°C peak. Meteorites are identified by the first three let-
ters or the last three numbers of their names (see Fig. 1).
Most meteorites plot in a band in which TL sensitivity in-
creases as the width of the peak increases. The particularly
unequilbrated meteorites, Bishunpur, Semarkona and
Krymka form a separate cluster. Quinyambie, an anoma-
lous case, is discussed in the text. Error bars for TL are the
same as in Figs. 5a,b. Error bars for peak width have not
been evaluated but they are probably £20°C.

The FeO/(FeO + MgO) ratio of the matrix, nor-
malized to the same parameter for the whole rock,
varies steadily with the other parameters and is fairly
reliable. Primordial *Ar is similar in this respect.
However, in their “resolution”, i.e., the total range
displayed by all meteorites compared with the repro-
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FIG. 4. TL sensitivity compared with the position of the
temperature at which TL is a maximum. Most meteorites
lie in a band in which the peak moves to higher temperatures
as its TL intensity increases, but the type 3.0-3.1 meteorites
lic in a group away from this trend. Quinyambie is again
discordant. Error bars for TL are the same as in Figs. 5a,b.
Error bars for peak position are comparable with the symbol
size except where indicated.
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Table 3. Assignment of petrologic type on the basis of
pach parameter separately®.
L % Mat.

Sens. C(Fa) C(Co) recryst. F/FM C 35Arp
Bremervorde 3.9 3.9 -— 3.8 3.8 3.8 3.8
Dhajala 3.8 ——— - 3.6 == === 3.7
Mezo-Madaras 3.7 3.6 3.7 3.4 3.6 3.2 3.4
Hedjaz 3.7 --- —-= --- --- ---= 3.8
Khohar 3.6 3.8 3.5 3.6 3.5 3.5 3.5
Parnallee 3.6 3.8 3.7 3.6 3.6 3.9 3.6
Ngawi 1.6 3.3 3.4 3.6 3.3 3.7 ---
Tieschitz 3.6 3.0-3.4 3.8 3.1-3.3 3.3 3.7 3.6
Chainpur 3.4 3.5 3.4 3.1-3.3 3.1 3.2 3.1
Sharps 3.4 3.3-3.4 3.5 3.1-3.3 3.3 3.0 ---
Manych 3.4 3.6 -— -—- === -== 3.6
Bishunpur 3.1 3.0-3.4 3.0 3.4 3.1 3.1 3.2
Semarkona 3.0 3.0-3.4 3.1 3.0 3.3 3.1 ---
Krymka 3.0 3.0 --- 3.1-3.3 3.0 3.7 3.2

* References Lo data used to make the assignments: TL
sensitivity, Sears et al. (1980); C(Fa) in olivine,
Dodd et al. (1967); C(Co) in kamacite, Afiattalab and
Wasson (1980), % matrix recrystallization and
Fe0/(FeD + Mg0) in fine grained matrix normalized to
whole rock (F/FM) from Huss et al. (1981); weight
percent carbon from Moore and Lewis (1967) except
Sharps which is from Fredriksson et al. (1968); pri-
mordial argon content calculated By Sears et al.
(1980) from a compilation of inert gas contents by
Schultz and Kruse (1978).

ducibility of measurements on a single meteorite,
where available, TL sensitivity is the superior param-
eter and the one which can best be used in the absence
of others. It is also one of the most accurate because
large masses may be homogenized for testing—in this
respect it resembles the **Ar measurement—whereas
other techniques necessarily use more restricted sam-
pling. We are confident that silicate heterogeneity and
TL sensitivity data are adequate to establish a pet-
rologic type.

The second point which is made by the data in
Table 3 concerns the accuracy with which one can
ascribe a precise petrologic type to a whole meteorite,
as opposed to an individual sample from a meteorite.
With the exception of the matrix data, each datum
in Table 3 was probably obtained on a separate sam-
ple of each meteorite. Different techniques yield es-
sentially the same petrologic type assignments for a
given meteorite even though different samples of the
meteorite were used. Thus, it is meaningful to sub-
divide petrologic type 3 meteorites in the way we
have suggested.

Table 3 is misleading, however, in one respect; it
perhaps implies greater uncertainty in the petrologic
type assignment than is true. This is due to the weak-
nesses in the various techniques as discussed above.
In assigning a petrologic type, attention should be
paid to the precision of the techniques. TL sensitivity
is by far the most precise technique since it has a 10°-
fold range and better than a factor of two agreement
between replicates. We believe type assignments on
the basis of TL data are good to x0.1. This is the
uncertainty at the le¢ level reported by Sears er al.
(1980).

! This procedure vields standard deviations which are
probably good to 5% absolute, or better. The uncertainty
is a consequence of the Fa or Fs distributions not necessarily
being normal.
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Silicate heterogeneity data and petrologic type
assignments

In Table 2 we list silicate heterogeneity parameters
and TL sensitivity. These are also compared in Fig.
5 where we plot TL sensitivity against the standard
deviation of the fayalite component of the olivine
and of the ferrosilite component of the pyroxene;
both are expressed in mole % and as a percentage of
the mean. For comparison, we also show the data for
falls obtained by Sears e al. (1980). The silicate het-
erogeneity data for these meteorites are largely from
Dodd et al. (1967), whose percent mean deviation
figures have been converted to percent standard de-
viations of the mole % Fa or Fs using an empirical
conversion plot.' We have chosen to use percent stan-
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FIG. 5. TL sensitivity compared with a parameter which
measures the heterogeneity of the silicates; (a) olivine, (b)
pyroxene. Large symbols refer to TL data from the present
study and silicate data from the sources listed in Table 2;
while small symbols represent meteorites whose TL data is
from Sears et al. (1980) and whose silicate data is primarily
from Dodd et al. (1967).
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dard deviation (otherwise known as the coefficient
of variation), rather than standard deviation, since
it is no less statistically valid and it enables compar-
ison of distributions about very diffcrent means.

Our data show the same broad tendency for TL
sensitivity to decrease as the silicate heterogeneity
increases as observed by Sears et al. (1980). The ex-
planation we offered before was that as metamor-
phism homogenized the mafic silicate composition,
it also devitrified feldspathic glass to produce the TL
phosphor, crystalline feldspar. The new data how-
ever, seem to indicate that the correlation breaks
down in the most highly unequilibrated meteorites
(those with standard deviations ~ 50% or TL ~ 0.05)
because the silicate distribution becomes essentially
random.

Before accepting this as a real effect we have looked
into the possibility that it is due to experimental error.
The trends could be restored for example if the he-
teogeneity data for Allan Hills A77167 and St. Mary’s
County were erroneously high by ~30%, if the same
data for Bishunpur, Krymka and Semarkona were
30% too low, or if the TL data for Allan Hills A77167
and St. Mary’s County were an order of magitude
too high. We are certain that the TL data are reliable
within the stated 48% uncertainty quoted by Sears
et al. (1980). Not only is it experimentally unlikely
that such an error could occur, but we also observed
that the glow curve shape parameters (Figs. 3 and 4)
indicate that St. Mary’s County and Allan Hills
AT77167 are more like Chainpur, Sharps and Manych
(type 3.4) than Bishunpur, Semarkona and Krymka
(type 3.0-3.1). At Mason’s and Dodd’s suggestion,
we have made further electron probe measurements
on Allan Hills A77167, Bishunpur and Krymka. The
St. Mary’s County data are thought to be very reli-
able, since they are based on over 150 points obtained
with an automated ARL probe (Noonan et al., 1977).
Our data for 77167 are given in Table 2; for Bishun-
pur and Krymka our a(Fa) was 71% (72 points) and
63% (73 points), respectively. While these are both
~15% higher than Dodd er al’s (1967) data vield,
they are not enough to change significantly the pat-
terns in Fig. 5.

Given that the effect is real—that at the least meta-
morphosed end of the range, TL sensitivity seems to
be detecting changes no longer measureable with the
silicate heterogeneity parameters,—what is the ex-
planation? As discussed below, the most plausible
explanation for the range of TL sensitivities observed
in type 3 meteorites, and its correlation with other

Table 4. Standard deviations of the
fayalite of each petrologic

type.
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Table 5. Assignments based on TL sensitivity
and olivine heterogeneity.
Olivine
TL Sens. C(Fa)
78084 3.9 4
Prairie Dog Creek 3.8 3.9
772599 3.7 3.9
Clovis 3.6 3.9
77278 3.6 3.8
Willaroy 3.5-3.6 3.7
77011 3.5 3.0-3.4
77015 3.5 3.0-3.4
77260 3.5 3.8
77249 3.4 3.5
78038 3.4 3.0-3.4
77214 3.4 3.5
77167 3.4 3.0-3.4
Quinyambie 3.4 3.0-3.4
St. Mary's Co. 3.3 3.0-3.4

metamorphic parameters (Sears et al., 1980), is that
it is caused by a metamorphism-induced devitrifi-
cation of glass. It is not unreasonable that homoge-
nization of silicate compositions, which requires
atomic diffusion over distances of several hundred
um, is a less facile process than devitrification of feld-
spathic glass which requires atom displacements over
a few A distance. We have performed simple nu-
merical experiments and found that even randomly
distributed data produced a o of only 50%; higher
values can only be obtained by producing a distri-
bution with several outliers, suggesting inadequate
sampling.

Table 4 shows our currently preferred o(Fa) values
for each petrologic type and Table 5 compares the
petrologic type assignments for the present samples
made on the basis of TL alone and silicate compo-
sition alone. Most of the assignments agree within
0.2, which we think is reasonable in view of the small
number of silicate data points sometimes available.
Four meteorites agree within 0.1, the stated uncer-
tainty in the TL data.

McKinley et al. (1981) recently presented new data
bearing on the petrologic type of Allan Hills A7701 1
and concluded that it is type 3.2 + 0.2. Matrix crys-
tallization, FeO/(FeO + MgO) of the fine-grained
matrix and the heterogeneity of the kamacite suggest
thatitis 3.5, 3.7 and 3.5, respectively, consistent with
the present TL assignment (3.5). Their o(Fa) value
for the olivine is based on a greater number of anal-
yses than ours and is consistent with a petrologic type
of 3.0-3.4. We believe that the meteorite is best de-
scribed as type 3.5 +0.1. The remaining data dis-
cussed by McKinley et al., which led them to suggest
that the meteorite was as unequilibrated as 3.2, was
the abundance of carbon and primordial argon. Huss
has emphasized that the possibility of primordial
compositional differences must also be borne in mind
(pers. comm.), and we entirely agree. Allan Hills
A77011 is known to contain volatile-rich clasts and
in this instance the compositional data are reflecting
the presence of these clasts rather than metamorphic
history. Sharps has a carbon value (0.6 wt %) which
also leads to a petrologic type assignment which is
anomalously low compared with other petrologic
type parameters (Table 3), and this meteorite is also
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known to contain volatile-rich clasts (Fredriksson et
al., 1968; Rubin et al., 1981).

Mechanism for the relationship between TL
sensitivity and metamorphism

Mineral separation experiments demonstrate that
in equilibrated meteorites the major TL phosphor is
feldspar (Lalou et al., 1970). Mason (1965), Dodd et
al., (1967) and Van Schmus and Wood (1967) have
noted that feldspar is abundant in equilibrated me-
teorites but relatively scarce in UOC, and that in
some intermediate meteorites, say type 4, appears to
have grown by devitrification of glass. The same au-
thors note that glass is abundant in the chondrules
of some UQC; Score et al. (1981) mention glass in
their descriptions of all but two of the Allan Hills
specimens discussed here. Observations of feldspar
in type 3 meteorites are few and restricted to electron
microscope studies of the higher petrologic types, for
example, Tieschitz (3.6), Bremervorde (3.9), Hedjaz
(3.7) and Parnallee (3.6) (Ashworth, 1977; 1981).
Sears et al. (1980) therefore suggested the devitrifi-
cation of glass (low TL sensitivity) to feldspar (high
TL sensitivity) as a plausible mechanism for the large
changes in TL sensitivity.

A fundamental, temperature-dependent structural
change which occurs to feldspar concerns the degree
of order in the Al-Si distribution through the feldspar
lattice; high temperatures favor a disordered structure
whereas low temperaures favor an ordered structure.
Smith (1972) has summarized the numerous data
concerning the synthesis of albite from albitic glass
as indicating that either the transformation from low
to high albite occurs at some temperature between
500-700°C, or that the transformation is particularly
rapid during this temperature interval. Pasternak and
coworkers (Levy, 1978; Pasternak, 1978) performed
annealing experiments on a terrestrial low-albite
from Amelia, VA, and examined the effect on TL
properties. They found that annealing at 1070°C for
25 days caused the TL peak to move to higher glow
curve temperatures and broaden; the same trends
that are apparent in Figs. 3 and 4 of the present work.
Pasternak ef al. (1976) also measured the X-ray dif-
fraction patterns of Amelia albite after annealing and
observed a change from low to high albite. There is
some reason for thinking, therefore, that the peak
shift to higher temperatures and the increase in peak
width with increasing petrologic type may be due to
a low-oligoclase/high-oligoclase transformation. Cer-
tainly, such an idea is not inconsistent with current
views and data on the kinetics of meteorite TL and

*It is interesting to note that if the TL sensitivity is a
measure of the amount of feldspar present, then we are
detecting and, perhaps identifying the crystallography of a
phase which is 5107 wt% of the meteorite. We understand
that measurements with a TEM, or similar instrument, are
unable to detect and measure such a minor constituent.

D. W. Sears, J. N. Grossman, and C. L. Melcher

luminescence activators in other systems in which
feldspar is the phosphor (Sippel and Spencer, 1970;
Geake et al., 1971; Valladas and Lalou, 1973; Sears
and Durrani, 1980; McKeever, 1980; Melcher, 1980,
1981b). If this is the correct interpretation of our data,
then TL has potential use as a palaecothermometer
for type 3 meteorites.? Meteorites of type 3.3 to 3.5
appear to contain feldspar which equilibrated below
the low/high transformation temperature (this tem-
perature would be 500-700°C if the laboratory data
reviewed by Smith could be applied to ordinary chon-
drites), whereas meteorites of types =3.5 have feld-
spar which equilibrated at temperatures above this
so that their feldspar is in the high (disordered) struc-
tural state. The glow curve shapes of meteorites of
type =3.2 suggest that they have not been annealed
sufficiently to produce crystalline feldspar. Their TL
emission is probably produced by feldspathic glass
and other minerals with very low TL sensitivity.

It is worth emphasizing that meteorites of petro-
logic types 5 and 6 produce glow curves which are
similar to those of type 3.5 in their width and peak
position (see, for example, Fig. 1 of Sears, 1978) and
the feldspar in these types 5 and 6 always has a high-
oligoclase structure (Van Schmus and Ribbe, 1968).

This explanation for the trends in peak position
and width says nothing about the means by which
the feldspar formed. Huss ef al. (1981) observed that
plagioclase occurs in the recrystallized matrix and not
in the opaque (non-recrystallized) matrix. Apparently
some feldspar was formed by chemical reactions dur-
ing metamorphism. This process would cause an in-
crease in TL sensitivity and it would produce the
trends observed in Figs. 4 and 5. Observations of
devitrifying glass in the type 3 meteorites are more
frequent than observations of feldspar in the matrix,
but this may be a selection effect since while chon-
drules have been much studied, the matrix has not.
Similarly, if the feldspar were being formed in various
amounts at various temperatures by nebula pro-
cesses, its crystallography would depend on temper-
ature and the observed trends would still occur.

It is possible that several other factors may be in-
volved in determining the TL sensitivity of a type 3
meteorite, although it is not necessarily clear at the
moment how any of these could cause the TL peak
to broaden and move to higher temperatures. The
inverse correlation observed between carbon abun-
dance and metamorphism suggests that carbona-
ceous material may coat the grains and produce an
effect by obscuration (R. M. Walker, pers. comm.)
or by changing the sample’s albedo (see Sears, 1980).
This possibility could be readily tested in the labo-
ratory. Less amenable to experimentation is the pos-
sibility of systematic, metamorphism-related changes
in the minor or trace element content of the TL phos-
phor which could also change its TL properties in a
systematic way. This is difficult to measure directly
because the phosphor may constitute a very minor
phase. More readily explored is the idea that several
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different TL phosphors are present in type 3 mete-
orites, and that each dominates over a different range
of metamorphism. This is especially true of type 3.0-
3.1 meteorites where the intensities are very low and
the glow curve shapes do not follow any particular
trend. This can be checked by cathodoluminescence
measurements, provided sufficiently sensitive equip-
ment is available.

Meteorites which are fragments of the same fall

Mason has frequently observed (Marvin and Mason,
1980; Score er al., 1981; and B. Mason, pers. comm.) that
many Allan Hills meteorites may be fragments of a single

fall on the basis of his petrographic and electron microprobe
studics. McKinlcy er a/l. (1981) have similarly argued that

their observations on the abundance of inclusions of graph-
ite and magnetite are evidence that many Allan Hills UOC
are members of a single fall. We will not discuss this point
at length, other than to summarize the relevance of the
present data to the question. Suggested associations are sum-
marized in Fig. 1 by the symbols described in the figure
caption. The majority of the meteorites thought by these
authors to be members of a single fall, Allan Hills A77260,
77249, 78038, 77214 and 77167, have similar TL sensitiv-
ities. Allan Hills A77011, 77050 and 77015 have identical
TL sensitivity to each other but higher by a factor of about
2 from those above. It is possible for replicates of the
same meteorite to differ in TL sensitivity by a factor of 2,
but in the present data, it is rare (only three cases out of
17). We think that our data probably indicate that these
meteorites are from two falls rather than one, but clearly
there is nothing in these data to suggest that each of these
meteorites is a separate fall. The normalized level of natural
TL (i.e., the “equivalent dose™) can also be used to look for
evidence of associations. Equivalent dose data exists for
three of the Antarctic meteorites studied here: Allan Hills
AT7214, AT7278, and A77299 (Melcher, 1981b). Although
the TL sensitivities of Allan Hills A77299 and A77278 are
similar, their equivalent doses at 200°C differ by more than
a factor of three which possibly suggests that they are not
members of the same fall. However, variations of this order
within a single meteorite are not unknown (Lalou et al.,
1970). Allan Hills A77214 appears to represent yet another
fall on the basis of both equivalent dose and TL sensitivity.
At this point no single parameter appears capable of con-
clusively identifying members of a fall and consequently all
available evidence must be evaluated. It should be noted
that all those meteorites which are probably fragments of
a single fall cluster much more tightly in TL sensitivity than
in their o(Fa) and o(Fs) values.

Quinyambie

Quinyambie does not conform to the trends in Figs. 3
and 4 and is anomalous in several respects. Its glow curve
contains a broad peak with a maximum which is at a rel-
atively high temperature.

A possible explanation is that Quinyambie has suffered
annealing of a kind different from that responsible for meta-
morphism. Laboratory experiments have shown that when
highly equilibrated meteorite samples are annealed or ar-
tificially shock loaded in the laboratory their TL sensitivity
decreases. According to Sears (1980), a temperature of
~1000°C for | hour, or a shock pressure of 335 kbar for
~35 psec (which is presumably accompanied by some an-
nealing) causes a ten-fold decrease in the TL sensitivity of
equilibrated meteorites. A detailed study is still in progress,
but it seems likely that the lower temperature part of the
TL emission (say =150°C) would be destroyed at lower
pressures and temperatures than the higher temperature part
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(say =150°C). This would explain the TL data. However,
we have examined a Smithsonian thin section of Quinyam-
bie (USNM 6076) but were unable to find evidence for a
shock event capable of affecting TL sensitivity.

A second possible explanation for Quinyambie would be
the presence of an additional TL phosphor (either natural
or a contaminant) with peak emission at 200°C. If this emis-
sion were combined with a typical type 3.4 glow curve, the
broad Quinyambie glow curve could be produced. A third
possible explanation would be the existence of anomalously
large amounts of minor TL phosphors and a marked de-
ficiency of feldspar.

The importance of shock events in the history of several
meteorite classes has often been discussed. Since feldspar
is a compressible mineral it readily absorbs shock energy
and may invert to maskelynite. Probably as a consequence,
heavily shocked meteorites have a TL sensitivity 10 times,
or more, lower than unshocked meteorites (Sears, 1980;
Sears ef al., 1982). In the case of type 3 meteorites shock
events may play an even more important role since shock
heating may be the main source of heat for the metamor-
phism (Huss, 1980; Sears and Marshall, 1980; Huss, 1980;
Huss ¢1 al., 1981). However, although caused by essentially
the same phenomena, the two types of shock have affected
the TL very differently. In the case of type 3 meteorites, it
has provided heat which devitrified isotropic glass, while in
the case of black chondrites it has produced an anisotropic
glass from crystalline feldspar. Apparently, the difference is
in the intensity of the shock, the nature of the material being
shocked, and the cooling rate following it. Type 3 meteorites
cooled rather slowly (~1°C/10°y, Wood, 1967), while
heavily shocked chondrites cooled very rapidly (~1°C/10*
y, Smith and Goldstein, 1977).

CONCLUSIONS

1) The 17 UOC meteorites studied here display
a correlation between TL sensitivity and the heter-
ogeneity of the silicate compositions similar so that
observed by Sears ef al. (1980) in 13 UOC falls. The
correlation appears to break down in the most het-
erogeneous meteorites. Metamorphism does not ap-
pear to begin to homogenize silicate compositions
until metamorphic temperatures equivalent to type
~3.4 are reached, and therefore this parameter can-
not resolve petrologic types in the range 3.0-3.4.
Based on variations in TL sensitivity and silicate ho-
mogeneity we assign the petrologic types given in
Table 2.

2) The shapes of the glow curves of type 3 me-
teorites show systematic changes associated with
metamorphism. Comparison with laboratory an-
nealing experiments suggests that the change in shape
could be associated with the order/disorder transition
in feldspar which would imply that meteorites of type
3.3 to 3.5 have feldspar in a form analogous to low-
albite, meteorites of type ~3.5 have feldspar in the
high form and meteorites of type <3.3 have feld-
spathic glass and/or other minerals as TL phosphors.
We discuss various other mechanisms for producing
the observed TL variations, but, for types =3.2 do
not find them as plausible as the devitrification of
feldspathic glass.

3) Several Antarctic meteorites which were paired
by various authors have been examined. The TL data
show a much more restricted range in TL sensitivity
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than in silicate heterogeneity, and by and large, are
consistent with the proposed pairings.

4) Quinyambie is the only meteorite which is not
consistent with the observed trends. Although several
possible explanations are put forth, none is totally
satisfactory and the behavior of this meteorite re-
mains unclear,
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