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Theinduced thermoluminescence and thermal history of plagioclase feldspars
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ABSTRACT

Feldspars are a common component in igneous and metamorphic rocks. Most feldspars exhibit
luminescence, and this has proved useful in a number of mineralogical applications. In this paper,
we concentrate on the thermoluminescence (TL) properties of feldspar, or the luminescence pro-
duced when a sample of feldspar is heated. We determined the induced TL properties of four feld-
spars of various compositionsin their natural states, and after heating, and we compared the TL data
with structural changes as determined by X-ray diffraction. Themajor TL peak at 120-240 °Cinthe
TL glow curve, a plot of light intensity against temperature, varies significantly among feldspar-
bearing samples. Meteorites and lunar samples with slow cooling histories of ~10 °C/My as deter-
mined by independent methods, haveinduced TL peak temperatures of ~120 °C, while sampleswith
fast cooling histories (~100 °C/My) have induced TL peak temperatures of ~220 °C. This variation
in TL peak temperature can be reproduced by heating the present feldspar samples, meteorites and
lunar samples prior to the TL measurement. Most of the present samplesin their natural state had TL
peak temperatures of ~120 °C. Heating below 750 °C in the laboratory caused no changein TL peak
temperatures or the structural disorder of the feldspar, while heating >750 °C caused TL peak tem-
peraturesto moveto ~220 °C and disordered the fel dspar structure. We suggest that induced TL peak
temperature in feldspar is influenced by the degree of Al-Si ordering in the feldspar. Thus, induced
TL peak temperature can be used as an indicator of cooling rate for igneous and metamorphic rocks.

INTRODUCTION

Feldspar exhibits a wide range of compositions and Al-Si
ordering, which makes the mineral well-suited to recording
evidence of the metamorphic and igneous history of rocks(e.g.,
Schandl et al. 1986). Feldspar is also one of the most-common
mineral groups in terrestrial metamorphic and igneous rocks,
and in lunar samplesand the major meteorite groups (e.g., Smith
1974; Papike et a. 1991; Rubin 1997). However, their com-
plexity results in difficulty in interpreting composition, crys-
tallographic order, and macroscopic and microscopic texture
and some features probably reflect metastability rather than
equilibrium conditions (e.g., Groveet a. 1983; Carpenter 1994).

Feldspars commonly show intense luminescence under the
appropriate stimulation. Cathodoluminescence (CL), the emis-
sion of light during exposure to an electron beam, has been
described for feldspar by Marshall (1988) and Mora and
Ramseyer (1992), for instance, whereasthe CL of lunar samples
and meteorites has been described by Sippel and Spencer
(1971), DeHart et al. (1992) and Gétze et al. (1999). Optically
stimulated luminescence (OSL), that is, the emission of visible
light under stimulation from discrete wavelengths of visible
light, is likewise a common feature of feldspars (e.g., Poolton
et al. 1996; Duller 1997; Krbetschek et al. 1997; Wintle and
Murray 1997). Thermoluminescence (TL) is the emission of
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visible light stimulated by heating the samples (Chen and
McKeever 1997). All the common feldspar species exhibit sig-
nificant TL (Prescott and Fox 1993).

Over the past decade, the luminescence properties of feld-
spar have enabled dating of sediments, especially loess depos-
its (e.g., Rendell and Townsend 1988; Berger et al. 1992;
Huntley et al. 1993; Prescott and Robertson 1997). The tech-
nique is based on the removal of previous luminescence by
exposure to sunlight during transport and the subsequent
buildup of “new” luminescence in feldspar due to exposure to
ionizing radiation from radionuclides in the surrounding soil
and cosmic rays. A similar technique is used in archeological
dating where the TL was “initialized” when the pottery was
fired (Aitken 1985; Roberts 1997). We have discussed the ap-
plication of TL propertiesto the study of thethermal history of
meteoritesand lunar samples (e.g., Sears 1988; Benoit and Sears
1993; Batchelor et al. 1997). In the present paper, we report
laboratory and heating studies of the TL properties of feldspars
as atest of TL data as an indicator of state of structural order
and thus thermal history.

EXPERIMENTAL METHODS

Three coarsely crystalline feldspar samples, including a
single crystal of oligoclase from Muskwa Lake, Canada and a
poly-crystalline sample of bytownite from Crystal Bay, Min-
nesota, (e.g., Miller and Weiblen 1990; Table 1) were obtained
from Wards Scientific, the samples having been characterized
by Ostertag (1983). A sample of pulverized orthoclase perthite
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of unknown provenance was obtained from the National Bu-
reau of Standards. Eight coarsely crystalline feldspar samples
covering the plagioclase series were also obtained from Wards
Scientific (Table 1). These samples have been characterized to
varying degrees by authors quoted in Smith (1974). A well-
analyzed sample of bulk Apollo 16 lunar soil was also included
(seeMcKay et al. 1991, for references). Meteorite sampleswere
obtained as 250 mg chips from the Antarctic meteorite collec-
tion of NASA/NSF, Johnson Space Center (see Grossman 1994,
for details of characterization).

Approximately 250-300 mg of each sample was ground to
100 mesh (150 micrometer diameter) in an agate mortar and
pestle. In the case of meteorite samples, Fe-Ni metal, whichis
nonluminescent and heterogeneously distributed in the samples,
was removed with a hand magnet. Three 4 mg aliquots were
then placed in copper pans. Each pan was placed in the TL
apparatus and heated to 500 °C to eliminate pre-existing ther-
moluminescence. The sample was then given a ~20 Gy dose
from a 200 mCi ©Sr-Y beta source and the induced TL mea-
sured. The sample was heated from room temperature to 500
°C at a heating rate of 7.5 °C/sin a nitrogen atmosphere and
the TL measured as a function of temperature. Our TL appara-
tus is a Daybreak Nuclear and Medical Systems TL system
fitted with blue bandpass and IR filters (Corning 7-59 and 4-
69) with awavelength sensitivity of 400~700 nm. Samples of
the Dhajala H3.8 meteorite were measured at the beginning
and end of each measurement period to monitor the perfor-
mance of the equipment over time and to provide alaboratory
normalization for TL intensity measurements. Datafor thethree
aliquots were averaged, the uncertainties reflecting the preci-
sion of the measurement.

The heating experiments were performed on ~100 mg
samples of powder in silicaglasstubes, which had been flushed
three times with dry N, and then evacuated and sealed. The
tubes were placed in awire-wound tube furnace in which ther-
mal profiles were determined by independent thermocouples.
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After heating, samples were removed from the furnace and al-
lowed to cool to room temperaturein air, on the order of afew
minutes or less. Samples were heated for times ranging from 1
hour to 100 hours and temperatures ~440-1080 °C.

X-ray diffraction (XRD) measurements were made on pow-
dered samples using a Diano 8500 series diffractometer at the
Department of Geology, University of Arkansas, Fayetteville.
A 40 kV, 20 mA CuKasource was used. Duplicate XRD mea-
surements were made with a Norelco diffractometer at the
Johnson Space Center with the same conditions. Scans were
made over 20 angles of 29 and 32° at ~0.25 °C/min. The data
were analyzed by determining the difference between the
postitions of the (131) and (131) diffraction peaks, as described
by Kroll and Ribbe (1983).

RESULTS

All the feldspars in this study produced glow curves con-
sisting of asingle broad peak, typically with a shoulder on the
higher temperature side of the peak (Table 2; Fig. 1, Hag et al.
1988; Batchelor et a. 1997). The position of the peak in the
glow curve in each sample ranged from 120 to 280 °C but was
highly reproducible for aliquants of the same sample. TL sen-
sitivity, defined as the maximum intensity of the TL peak nor-
malized to the maximum intensity of the peak of alaboratory
standard, also varied significantly from sample to sample, but
was reproducible for aliquants from the same sample. The TL
sensitivity of our plagioclase samples generally decreased asa
function of Ca content (Fig. 2; Table 2). A similar trend has
been reported by Prescott and Fox (1993).

Samples heated at temperatures <600 °C showed no sig-
nificant differencesin TL peak temperature with those of un-
heated samples. Samples heated at 750 °C, however, had glow
curves significantly different from those of unheated samples.
In the case of the oligoclase sample, the glow curves of heated
samples are characterized by the growth of the shoulder on the
peak in the unheated sample (Figs. 3 and 4). Similar effects

TaBLE 1. Samples used in our study and approximate feldspar composition

Type of Feldspar Locality

Environment

Feldspar compostion*

Albite Amelia Court House, VA
Albite Keystone, SD

Albite Bancroft, Ontario
Andesine Essex Co., NY
Anorthite Grass Valley, CA
Anorthite Apollo 16 landing site
Bytownite Crystal Bay, MN
Labradorite Lake St. John, Quebec
Oligoclase Mitchell Co., NC
Oligoclase Muskwa Lake, Canada
Orthoclase National Bureau of Standards

Pegmatite Ory 7Abgg sANg 0
Pegmatite

Vein (plutonic?) OrosAbg; ,ANg 3
Plutonic Or; 6ADg AN 51
Plutonic Oro,Abg7ANg3 1
Lunar regolith Org,Ab; 4ANgg 4
Plutonic Oro4Ab,; 0AN77 6
Plutonic Orp.4Ab, 6ANss o
Pegmatite Orp5Ab765AN 7
Plutonic Or,ADb750AN g 7
unknown Org,Abs, ANy, 7

* Data from compilations of Deer et al. (1963), Smith (1974), Smith and Brown (1988), and McKay et al. (1991).

TABLE 2. Induced thermoluminescence properties of a series of plagioclase feldspars

Sample, locality

Induced thermoluminescence
peak temperature (°C)

Thermoluminescence sensitivity,
relative to Dhajala = 1.0

Albite, Amelia Court House, VA 162 =1
Albite, Bancroft, Ontario 121 +5
Albite, Keystone, SD 146 £ 2
Andesine, Essex Co., NY 118 =2
Anorthite, Grass Valley, CA 129 +2
Bytownite, Crystal Bay, MN 110 =2
Labradorite, Lake St. John, Quebec 102 = 4
Oligoclase, Mitchell Co., NC 179 =7

17.8 = 0.8
35 x2
11.0 = 0.6
51 =03
0.030 = 0.002
0.056 + 0.004
0.42 =0.03
28 +0.2
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were present in the other samples, although the heating tem-
perature required to produce significant changes in the glow
curve varied among the samples, e.g., ~740 °C for perthite and
bytownite, and ~800 °C for lunar soil 61501, in which the pri-
mary phosphor is anorthitic feldspar (Figs. 5, 6, and 7). No
systematic changesin TL sensitivity were observed as a func-
tion of heating temperature, although some samples had higher
TL sensitivity after heating to >800 °C.

Oligoclase

Perthite

Bytownite

f ] ] f
Lunar Soil

Luminescence intensity (arbitrary units)

61501

100 200 300 400 500
~Glow curve temperature (°C)

FIGURE 1. Thermoluminescence glow curves of feldspar samples.
The glow curves consist of asingle peak, typically with ashoulder in
the high temperature portion of the peak. The dlight rise at temperatures
>450 °C reflects intrinsic black-body radiation.

>

FIGURE 3. Thermoluminescence glow curve for heated and

unheated oligoclase samples. Heated samples were heated for

approximately 100 h. Heat treatment significantly altersthe TL glow

curve of oligoclase, resulting in an increase in glow curve peak
temperature.
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FIGURE 2. Thermoluminescence sensitivity of plagioclase
feldspars. Compositional data are not available for these samples, so
they are plotted in the middle of the compositional range of their
classes. TL sensitivity generally decreases with increasing calcium
content in this series. This change probably reflectsfiltersused in the
apparatus and changesin the peak wavel ength of TL emission (Prescott
and Fox 1993).
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FIGURE 4. Induced thermoluminescence peak temperatures for
orthoclase perthite after heating for various temperaturesfor 10 or 100
h. One sigma uncertainties for time and heating temperature are <1%,
while uncertainties shown for TL data are one sigma based on
measurements on three aliquants. Filled symbolsarefor the major peak,
and open symbols are inflections on the major peak in the glow curve.
Sample is a National Bureau of Standards orthoclase perthite
(Or412Ab1ANL, 7).

The heating experiments (Fig. 8) suggest that the activation
energy (E,) for changesin glow curve shapes, using an empiri-
cal fit to an Arrhenius equation (e.g., Guimon et al. 1985), is
~14 kcal/mol for lunar soil 61501. Guimon et al. (1985) found
a similar activation energy of ~10 kcal/mole for the induced
TL pesak shift for an unequilibrated ordinary chondritein which
the TL was produced by afairly sodic feldspar (approximately
Abg,Any,Ory). Pasternak (1978) found a value of ~20 kcal/mol
for the peak temperature change for Amelia albite.

The relative positions of the (131) and (131) lines in the
powder XRD pattern of sodic feldspars are interpreted as re-
flecting the degree of ordering of the feldspar structure, nota-
bly inAl-Si ordering (e.g., Kroll and Ribbe 1983; Meneghinello
et al. 1999). Asshownin Figure 9a, an oligoclase sample heated
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FIGURE 5. Induced thermoluminescence peak temperatures for
oligoclase after heating for various temperatures for 10 or 100 h. One
sigma uncertainties for TL data are shown based on average of three
aliquots. If not shown, analytical uncertainties are within the size of
the symbol. Filled symbolsare for the major peak, while open symbols
areinflections on the major peak inthe glow curve. Sampleisacrushed
single crystal from Muskwa Lake, Canada (Or, 3, Abgo, ANyg7).

to >850 °C hasalarger A131 and thus ahigher degree of disor-
der than unheated samples. The data plotted in Figure 9b sug-
gest arelationship between induced TL peak temperature and
the degree of disorder indicated by the X-ray data (see also
Table 3). Samples with high induced TL peak temperatures
(~220 °C) exhibit significant degrees of disorder, whereas
samples with low induced TL peak temperatures have higher
degrees of order. Pasternak (1978) made a similar observation
to those described here for samples of Amelia County abite.
The correlation between TL peak temperature and the 26 pa-
rameter is not linear, however, and the TL peak temperature
shift occurs only after heating >750 °C, whereas significant
aterations in the structure monitored by XRD require heating
to >850 °C.
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FIGURE 6. Induced thermoluminescence peak temperatures for
bytownite after heating for 100 h at various temperatures. One sigma
uncertainties are shown for induced TL data, based on averages for
threealiquots. If not shown, analytical uncertaintiesarewithinthesize
of the symbol. Filled symbolsarefor the major peak, while open symbol
isfor an inflection on the major peak in the glow curve. Sampleis a
crushed polycrystalline sample from Crystal Bay, Minnesota,
(OrosAbzoAN7e).

DiscussioN
Induced TL and therole of structure

Themechanism for TL productionin feldsparsisuncertain,
but TL emissions of wavelengths detectable with the present
apparatus are typically ascribed to Fe?*, Cu®, and Ti** impuri-
tiesin the feldspar structure (Huntley et al. 1988; Prescott and
Fox 1993) or to Al-O—-Al electron hole luminescence centers
(see Krbetschek et al. 1997, and references therein), although
other impurities such as Mn? and Fe** may also play arole
(Telfer and Walker 1978). Since TL sensitivity isnot radically
changed by laboratory heating, it is unlikely that the changes
in TL peak temperature can be ascribed to significant changes
in the types of luminescence centers, unlike the changes ob-
served in calcite where the development of translation gliding
is probably involved (Bergues and Chayé d' Albissin 1990).

A more likely explanation for the heating results is rela-
tively minor alteration of the feldspar structure around lumi-
nescence centers (Sears et al. 1984, 1990). The influence of
feldspar structure on luminescence has not been studied in de-
tail, although changes in TL properties due to phase changes
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FIGURE 7. Induced thermoluminescence peak temperatures for
Apollo 16 lunar soil 61501 after heating to various temperatures for
10 or 100 h. One sigma uncertainties are shown for the induced TL
data, based on averages for three aliquots. If not shown, analytical
uncertainties are within the size of the symbol. Thissampleisamixture
of anorthitic plagioclase, glass, shocked plagioclase, and minor amounts
of pyroxene and olivine (McKay et al. 1991).
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FIGURE 8. Induced thermoluminescence peak temperatures for
Apollo 16 lunar soil 61501, after heating for various times. At 900 °C
samples heated for <5 h exhibit peak temperatures similar to unheated
materia (Fig. 7).
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TABLE 3a. Induced thermoluminescence and powder XRD properties of heated and unheated samples of feldspar and Apollo 16
lunar soil

Heating Heating Thermoluminescence Peak Thermoluminescence Peak —
Temperature Duration sensitivity* Temperature sensitivity* Temperature A26, (131)—(131)

(°C) (hours) (°C) (°C)

Oligoclase Muska Lake
0 0 1+ 0.09 150 = 12 1+ 0.09 280 = 12 1.51 = 0.04
438 11 0.78 = 0.02 146 = 8 0.65 + 0.03 286 = 7 1.51 = 0.02
438 100 0.79 = 0.04 146 = 6 0.64 = 0.05 296 = 6 1.52 = 0.03
533 10 05 = 0.2 154 = 8 0.45 = 0.04 291 = 5 1.52 = 0.03
533 100 0.48 = 0.06 135 = 5 0.43 + 0.01 282 = 3 1.51 = 0.03
635 10 0.56 = 0.03 143 = 3 0.58 = 0.09 285 = 2 1.51 = 0.04
635 96 0.61 = 0.05 177 = 7 0.73 = 0.1 287 = 6 1.54 = 0.03
743 10 0.61 = 0.03 204 = 7 0.86 + 0.09 300 = 1 1.54 = 0.04
743 96 0.51 = 0.05 137 = 4 4.45 = 0.2 234 = 8 1.54 + 0.05
786 10 0.57 = 0.05 142 = 2 1.07 = 0.2 226 = 3 1.53 = 0.03
786 96 0.8 = 0.07 150 = 6 1.76 = 0.3 280 = 10 1.61 = 0.04
886 1 0.46 = 0.03 136 = 7 155 = 0.5 242 = 8 1.54 + 0.05
886 2 0.47 = 0.04 136 = 7 1.7 = 0.2 250 = 7 1.55 = 0.05
886 11 0.49 = 0.02 132 = 8 239 + 0.2 267 = 11 1.64 = 0.03
886 20 0.43 = 0.04 133 =+ 6 22+ 03 259 = 9 1.66 = 0.08
886 100 0.45 = 0.05 139 = 4 259 =+ 0.4 277 = 4 1.72 = 0.03
976 10 0.36 = 0.08 - 253 + 0.3 279 = 9 1.77 = 0.07
976 96.2 0.27 = 0.07 131 = 3 201 = 0.4 290 = 10 1.83 = 0.03
1080 1 0.41 = 0.03 - 22 =01 268 = 5 1.73 = 0.05
1080 2 0.36 = 0.05 - 2 = 03 270 = 6 1.78 = 0.08
1080 10 0.4 = 0.07 - 253 + 0.2 268 = 3 1.85 = 0.02
1080 20 0.55 = 0.05 - 4+ 05 276 = 6 1.85 = 0.04
1080 100 0.77 = 0.2 - 6.99 + 04 286 = 8 1.82 = 0.07
Orthoclase National Bureau of Standards

0 0 1=+01 127 = 3 - - -
438 10 1 = 0.09 128 = 2 - - -
438 100 1.2 £ 0.1 124 = 3 - - -
533 10 0.84 = 0.06 122 = 3 - - -
533 100 09 = 0.1 121 = 3 - - -
635 10 0.51 = 0.05 128 = 4 - - -
635 100 0.58 = 0.05 122 = 4 - - -
743 10 0.56 = 0.07 133 = 3 1.1 = 0.3 311 = 6 -
743 100 0.51 = 0.05 132 = 6 1.1 =03 308 = 4 -
786 10 0.49 = 0.06 134 = 6 2.7 + 0.3 299 = 2 -
786 100 0.85 = 0.06 161 = 3 31+ 03 309 = 4 -
886 10 1.08 = 0.03 126 = 7 9=+2 301 = 3 -
886 100 1.7 =+ 0.3 130 = 6 19 = 3 316 = 2 -
976 10 0.8 = 0.2 134 = 5 10 = 2 309 = 3 -
976 100 45 = 05 128 = 2 56 + 5 304 = 3 -
1080 10 - - 15 = 3 296 = 3 -
1080 100 - - 46 = 6 306 = 3 -

Notes: Sample sources: Orthoclase perthite, National Bureau of Standards, Washington, D.C.; Oligoclase, Muskwa Lake, Canada, (Ostertag 1983).
* For oligoclase and perthite the TL sensitivity is normalized to the sensitivity of the original, unheated, sample.

have been noted in other materials (Townsend et al. 1997), in
part dueto the difficulty of monitoring structurein K-rich feld-
spar, the most common phosphor in TL sediment dating appli-
cations (Garcia-Guineaet al. 1996). Measurements of electron
spin resonance, a related phenomenon, stress the importance
of Al-O~-Al electron hole defects, that is, an O~ atom bonding
two Al tetrahedra, as the major source of luminescence centers
in feldspar (Petrov et a. 1989; Petrov 1994). The diffusion of
Al in tetrahedral sites in feldspar is known from laboratory
experiments to be very slow, especially at temperatures <1000
°C. Thisisreflected in our heating data, our results indicating
that there is not adirect link between TL properties and Al-Si
ordering (Fig. 9). Activation energies for the TL changes are
much lower than for Al-Si ordering in abite (10-15 kcal/mol
vs. ~75 kcal/moal, respectively, McKie and McConnell 1963).
Thetwo phenomenaaretherefore not simply related, or TL isa
more sensitive indicator of the onset of crystallographic disor-
dering than X-ray measurements. Pasternak (1978) suggested
that the TL shift reflected defect formation preceding the struc-

tural transition. Petrov et al. (1989) noted variationsinthe ESR
spectra of albite after heat treatments of =700 °C, which they
attributed to localized increases in Al-Si disorder around Fe**
sites. Notably, however, the changes are apparently not revers-
ible under laboratory conditions, as repeat measurements on
samples after heat treatments >750 °C do not show shiftsof TL
parameters back to original values. This stability hasalso been
noted in X-ray-determined structural studies of |aboratory-
heated feldspar samples. (e.g., Ribbe 1983). As our heating
experiments were conducted with dry powers, it is unlikely
that Al (and thus TL center) mobility was enhanced by hydro-
gen (Goldsmith 1987).

Induced TL and thethermal history of feldspars

If induced TL peak position in feldspar is related to order-
ing in the feldspar structure, the TL peak temperature should
reflect cooling history. The thermal history of igneous bodies
can be examined by application of radiometric dating techniques
(e.g., Dalrympleet al. 1999) or by various “ geospeedometers’
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TaBLE 3b. Induced thermoluminescence and powder XRD properties of heated and unheated samples of feldspar and Apollo 16 lunar

soil

Heating Heating Thermoluminescence Peak Thermoluminescence Peak —
Temperature Duration sensitivity* Temperature sensitivity* Temperature A26, (131)—(131)

(°C) (hours) (°C) (°C)

Bytownite Crystal Bay, Minnesota
0 0 1=+03 140 = 3 - - -
438 100 0.74 = 0.07 150 = 5 - - -
533 100 1.65 = 0.07 153 = 2 - - -
635 100 1.24 = 0.2 163 = 3 - - -
743 100 - - 1.41 = 0.05 196 = 8 -
786 100 059 = 0.1 164 = 7 09 = 0.1 246 = 6 -
976 100 - - 54 + 0.6 272 = 5 -
1080 100 - - 7.7 + 0.8 273 = 3 -
Lunar Soil 61501

0 0 - 0.11 =+ 0.01 136 = 4 - -
500 10 0.21 = 0.03 137 = 4 - - -
500 100 0.28 = 0.06 139 = 4 - - -
700 10 0.25 = 0.05 146 = 4 - - -
700 100 0.26 = 0.04 140 = 4 - - -
800 10 0.23 = 0.06 156 = 7 - - -
800 100 04 = 0.1 157 = 9 - - -
900 1 0.22 + 0.06 149 = 10 - - -
900 2 0.3 = 0.04 154 = 4 - - -
900 10 0.44 = 0.09 188 = 7 - - -
900 20 0.39 = 0.05 208 + 4 - - -
900 100 0.61 = 0.05 206 = 4 -

Notes: Sample sources: Bytownite, Crystal Bay, Minnesota, (Ostertag 1983); Lunar soil 61501, Apollo 16 collection, NASA, Johnson Space Center,
Houston, Texas. TL data include sensitivity and peak position of the two major peaks found in these samples.
* For bytownite, the TL sensitivity is normalized to the sensitivity of the original, unheated, sample. For lunar soil 61501, TL sensitivity is normalized

to a sample of the Dhajala (H3.8) meteorite.
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FIGURE 9. Plot of the difference between XRD peak positions for the 131 and 131 reflections and induced TL peak positions for heated
samples of oligoclase (see Fig. 5). The A26 parameter is used as an indicator of crystallographic ordering, with values of ~2.0 being disordered,

and values of ~1.5 being ordered (Kroll and Ribbe 1983).

(e.g., Domeneghetti et al. 2000), but the extensive sampling
and analysis required by these techniques can be prohibitive.
Our samples were chosen for the presence of large feldspar
crystals and thus were typically taken either from large igne-
ous bodies or pegmatites (Table 1). Samples from large igne-
ous bodies might be expected to have experienced slow

post-crystallization cooling histories, and we find that these
samples generally exhibit low induced TL peak temperatures
compared with heated feldspar samples (Table 3; Fig. 5).
Samples from pegmatites, including the Amelia albite and
Mitchell County oligoclase (Lemke et al. 1952; Lesure 1968)
have a largely unknown thermal history (e.g., Webber et al.
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1997; Baker and Freda 1999), but it is likely that these small
bodies had significantly faster cooling ratesthan large plutonic
bodies at ~750 °C, the temperature of TL “closure” (Fig. 5).
Crystals of Ameliaalbite are well-ordered (Harlow and Brown
1980; Yang et al. 1986), which would seem to contradict our
interpretation of our TL as indicative of rapid cooling. How-
ever, as noted above, the connection between crystallographic
order and induced TL properties is indirect, and we suggest
that the data can be interpreted as indicating conditions suit-
able for formation of highly ordered crystals, but with rela-
tively rapid cooling compared to plutonic bodies. Other possible
interpretations, however, might emphasize the role of trace el-
ement composition in pegmatitic feldspars. Trace “dopants’
areoften used in TL radiation dosimetry to alter the TL proper-
ties of synthetic crystals, such as various Mg-, Ti-, Na-, Cu-,
and P-doped LiF crystals used in variety of personnel and en-
vironmental radiation dosimetry measurements (e.g., McKeever
1985), and pegmatitic feldspars commonly contain minor
amounts of a variety of trace elements (Smith 1983). The in-
fluence of trace elementson TL properties of feldspar isacom-
plex, and poorly documented, phenomenon (e.g., Poolton et
al. 1996; Krbetschek et al. 1997).

One way to examine the possible role of cooling history on
TL properties of feldspar isto examine lunar samples and mete-
orites with igneous and metamorphic histories (Table 4). These
samples have been extensively studied, and in some cases con-
tain mineral phases suitable for independent cooling rate esti-
mation. The cumulate eucrite meteorites, igneous meteorites
thought to come from the asteroid Vesta, have low induced TL

peak temperatures (of ~130 °C) and had slow post-igneous cool-
ing rates of ~6 K/Ma (Warren et al. 1989; Batchelor and Sears
1991). Lunar mare basalts have high induced TL peak tempera-
tures (~220 °C in the glow curve) and thus apparently disor-
dered feldspars, and have inferred cooling rates of ~30 °C/h
(Stewart et al. 1970; Onorato et al. 1978; Batchelor et al. 1997).

Equilibrated ordinary chondrites, which did not experience
melting but did experience significant degrees of metamorphism
and have microcrystallites of sodic feldspar in glass, have inter-
mediate induced TL peak temperatures (~190 °C in the glow
curve) (Haqg et al. 1988). For these meteorites, cooling history
can beinferred from compositional profilesin Fe-Ni metal grains
(Wood 1967; Willis and Goldstein 1981) and cooling rates are
on the order of 10-1000 °C/My (Lipschutz et al. 1989; Table 4).
Although the range of induced TL peak temperatures exhibited
by equilibrated ordinary chondritesis relatively small, TL peak
temperature correlates with cooling rate determined from the
composition and structure of Fe-Ni metal grains (Fig. 10).

Our study has shown that induced TL properties of fel dspar
may be associated with structural order, perhaps degree of Al-
Si ordering in tetrahedral sites. However, thereis clearly not a
direct linkage between the two phenomena. Induced TL can be
used as a qualitative indicator of thermal history of feldspars,
or perhaps as a semi-quantitative indicator of thermal history
if correlated against other cooling rate indicators. Unlike XRD
methods, induced TL measurementsdo not requirelargesingle
crystals or mineral separates, and, in comparison with other
cooling rate determinations, induced TL requires less sample
processing and instrumentation. In addition, induced TL data

TABLE 4. Induced thermoluminescence properties and cooling rates for lunar and meteorite samples

Sample Induced thermoluminescence
peak temperature (°C)*

Cooling rate, Source of
temperature range

cooling rate estimatet

Cumulate Eucrite Meteorites

ALH 85001 115 + 2 ~6 K/My, 1600-1000 °C A
Moore County 118 = 3 ~6 K/My, 1600-1000 °C A
Serra de Mage 102 = 3 ~6 K/My, 1600-1000 °C A
Lunar Mare basalts
10020 220 = 20 0.1 - 30 °C/h, ~1200 °C B
10049 200 + 10 0.1 -30 °C/h, ~1200 °C B
12021 225 + 10 0.1 -30 °C/h, ~1200 °C B
15449 200 = 10 0.1 - 30 °C/h, ~1200 °C B
Equilibrated ordinary chondrite meteorites
ALH A76008 180 = 2 5 K/My, ~550 °C C
ALH A77012 172 = 2 10 K/My, ~550 °C C
ALH A77014 186 = 5 2 K/My, ~550 °C C
ALH A77262 197 = 3 100 K/My, ~550 °C C
ALH A77274 195 = 4 150 K/My, ~550 °C C
ALH A77294 188 = 2 25 K/My, ~550 °C C
ALH A78076 182 = 2 10 K/My, ~550 °C C
ALH A78111 182 =+ 3 40 K/My, ~550 °C C
ALH A78115 174 = 2 10 K/My, ~550 °C C
ALH A78134 190 = 1 50 K/My, ~550 °C C
ALH A79026 205 = 4 200 K/My, ~550 °C C
ALH A79035 184 = 1 100 K/My, ~550 °C C
ALH A80121 187 = 1 50 K/My, ~550 °C C
ALH A80131 193 = 4 150 K/My, ~550 °C C
ALH A81015 198 =+ 2 10 K/My, ~550 °C C
ALH A81092 195 + 11 130 K/My, ~550 °C C
ALH A81105 192 = 1 10 K/My, ~550 °C C
ALH A82102 190 = 6 100 K/My, ~550 °C C

* Induced thermoluminescence data from Batchelor and Sears (1991), Benoit and Sears (1993), and Batchelor et al. (1997).
T Data type and source. A = Sm-Nd isotopic system. (Warren et al. 1989; Tera et al. 1987). B = Olivine compositional profiles (Onorato et al. 1978).

C = Metal composition/structure (Benoit and Sears 1993, 1996).
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FIGURE 10. Induced TL peak temperature and metallographic
cooling ratesfor equilibrated H chondrites. The metallographic cooling
rates are estimated from compositional profilesin Fe-Ni metal grains
as discussed by Willisand Goldstein (1981), the raw data presented in
Benoit and Sears (1993). Petrologic type refers to the degree of
metamorphism exhibited by the meteorites, type 6 being the most
metamorphosed. Induced TL peak temperature tends to increase with
increasing metallographic cooling rate even within the limited range
of peak temperatures and metallographic cooling rates noted for this
class of meteorites (e.g., Lipschutz et al. 1989).

can be used for samples covering the full range of plagioclase
feldspar compostions, whereas XRD studies are limited to Na-
rich feldspars. An obvious application of induced TL asather-
mal history indicator is examination of the cooling history of
large differentiated igneous intrusions.
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