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Introduction: The history of early solar system 

history is recorded in the mineral and structural com-
positions of ordinary chondrites, compositions that are 
nearly identical to stars.  Studying chondrite composi-
tions uncovers information regarding the processes 
that shaped them, and it is likely that these processes 
were active during the formation of the solar system.  

Metamorphism is one such process, and a petro-
graphic typing system has been developed based on 
the degree of metamorphism associated with a chon-
drite [1].  Type 3 chondrites the make up the lower end 
of this scale and are relatively unequilibrated.  On the 
opposite end of the scale, type 5 and 6 chondrites are 
associated with large amounts of metamorphism.  The 
extremes of this typing system have been well-studied, 
while type 4 ordinary chondrites that have received 
intermediate amounts of metamorphism have been 
studied less.  Within type 4 chondrites, primary miner-
als such as olivine and pyroxene homogenize and sec-
ondary minerals such as coarse feldspar and chromite 
form.  Our study focuses on the range of metamor-
phicsm seen in type 4s to develop a better understand-
ing of metamorphic processes on parent bodies.  

Experimental: Mineral composition data were 
measured through electron microprobe analysis by 
colleagues at UCLA and USGS.  Thermoluminescence 
measurements were done at the University of Arkansas 
using a modified medical Daybreak Nuclear and Medi-
cal Inc. instrument.  Samples were prepared for the 
latter analysis by crushing, removing the magnetic 
components, and additional crushing to producea  
powdered sample that flowed but did not clump (~200 
m grains).   

Four-miligram aliquots of each sample were heated 
in the TL rig to 500C in an intert, nitrogen atmos-
phere to drain the sample of any natural TL.  The sam-
ple was then exposed to the 200 mCi 90Sr beta cell for 
three minutes and allowed to decay for five minutes 
before being heated, again to 500C.  This heating 
produced a glow curve, which contributes three pa-
rameters for TL analysis: the maximum peak intensity 
(TL intensity), the temperature at which this peak in-
tensity occurs (peak temperature), and the full-width of 
the peak measured at half of the maximum peak inten-
sity (peak width).  The TL intensity values were stan-
dardized using the TL intensity from the Dhajala me-

teorite, and the TL sensitivity values reported in table 
1 are Dhajala-normalized. 

Results:  The induced TL sensitivity for the 26 or-
dinary chondrites tested range from 0.02 ± 0.006 to 
2.41 ±0.08 for samples of Bovedy and Bjurbole re-
spectively.  With the exception of Bovedy, these val-
ues correspond to high type 3 and type 4 chondrites 
[2].  Peak temperature and peak width data cluster on 
or above the region representative of high type 3 ordi-
nary chondrites (figure 4). 

Discussion: The values measured for induced TL 
sensitivity listed in table 1 are in agreement with min-
eral analysis and heterogeneity data with the exception 
of Bovedy.  While analysis of the thin-section clearly 
places this type 4 chondrite in the proper category, the 

Table 1 –Induced  TL data for 26 type 3, type 4, and type 4/5 
ordinary chondrites* 

Meteorite Class 
TL Sensitivity 
(Dhajala =1) 

Peak 
Width 
(C) 

Peak 
Temp. 
(C) 

Albareto LL4 1.03 ±0.2 162 ±8 205 ±6 

ALH 85033 L4 0.71 ±0.05 168 ±2 202 ±8 

Baratta L4 0.29 ±0.02 159 ±12 181 ±4 

Bjurbole  L4 2.41 ±0.08 151 ±8 205 ±6 

Bo Xian  LL4 1.25 ±0.09 165 ±4 194 ±6 

Bovedy  L4 0.02 ±0.006 155 ±7 184 ±14 

Bremervorde H3.9 1.23 ±0.04 157 ±8 200 ±1 

Cali L4 1.19 ±0.1 144 ±10 184 ±10 

Cynthiana  L4 2.04 ±0.1 186 ±5 200 ±5 

Dhofar 658 H4/5 0.32 ±0.009 141 ±5 200 ±5 

GRA 95215 L4 0.35 ±0.05 153 ±5 214 ±8 

GRA 98013 H4 0.30 ±0.01 146 ±5 197 ±9 

GRO 95541 H4 0.55 ±0.05 149 ±3 214 ±15 

Hamlet  LL4 0.99 ±0.06 151 ±5 145 ±3 

Hedjaz L3.7 0.60 ±0.02 160 ±2 206 ±3 

Julesburg L3.7 0.13 ±0.02 137 ±3 200 ±7 

Kalahari 001 H4/5 0.44 ±0.003 147 ±6 247 ±12 

LAP 02338 L4 0.47 ±0.01 175 ±6 226 ±9 

Matsitama H4/5 0.42 ±0.05 141 ±5 240 ±14 

NWA 1974 LL4/5 0.60 ±0.04 136 ±3 193 ±7 

NWA 752 LL4/5 1.16 ±0.07 138 ±2 196 ±5 

Thuathe H4/5 1.94 ±0.07 147 ±3 205 ±4 

Tiffa 002  H4/5 1.18 ±0.08 149 ±5 199 ±6 

WIS 91618 LL4 0.94 ±0.08 160 ±13 187 ±8 

Y-74002, 98 LL4 2.39 ±0.05 157 ±3 210 ±3 

Y-81075, 97 L4 1.40 ±0.05 145 ±7 200 ±0 

* Uncertainties refer to 1 determined from triplicate meas-
urement of the same aliquot.   



induced TL sensitity is uncharacteristically low, corre-
sponding to a type 3.3 chondrite.  The anomalous data 
could be the result of sampling an igneous clast within 
the chondrites, as the clasts would not be representa-
tive of the overall meteorite; therefore Bovedy is ex-
cluded from the remaining discussions.   

 
Figure 1 – TL Sensitivity is compared with the heterogeneity 
seen in olivine.   

Although there is a slight negative correlation be-
tween olivine heterogeneity and induced TL sensitiv-
ity, there is not sufficient variation in the heterogeneity 
of the olivine to enable the trend to be a relevant 
measure of metamorphism in type 4s. 

 
Figure 2 – TL Sensitivity is compared with the heterogeneity 
seen in pyroxene. 

 
Figure 3 – TL Sensitivity is compared with the changing 
Cr2O3 content in chromite.  
 

A similar negative correlation is seen in the com-
parision of pyroxene heterogenetity in the pyroxene 

(figure 2).  Pyroxene homogenizes throughout the type 
4s, and because it encompasses a larger range than 
olivine heterogeneity, this relationship better models 
progressive metamorphism in type 4 chondrites.   

TL sensitivity also relates to changes in chromite 
across the range of type 4s (figure 3).  Thus further 
analysis of chromite chemistry may provide another 
parameter for quantifying metamorphism in type 4s.    

The temperature-width plot (figure 4) provides evi-
dence of thermal history and indicates the presence of 
both ordered and disordered feldspar in type 4 sam-
ples.  The position of data on and above the upper 
bulls-eye suggests that disordered feldspar, formed at 
higher temperatures than ordered feldspar, is present in 
larger quantities in type 4s than  in type 3s.  Due to 
higher degrees of metamorphism, type 4 chondrites 
would be expected to have more disordered feldspar 
than type 3s.  The clustering of type 4 data also indi-
cates that these chondrites cooled in a way that al-
lowed a small amount of ordered feldspar to form 
amidst the disordered feldspar. 

 
Figure  4 – Temperature-width data for the samples com-
pared with the fields occupied by type 3.0-3.5 (lower field) 
and type 3.5-3.9 (upper field) ordinary chondrites [3].  The 
bulls-eyes refer to 1 sigma and 2 sigma fits to the data. 

Conclusion:  Olivine and pyroxene yield slight, 
negative correlations with induced TL sensitivities, 
and the relationship between changes in chromite and 
induced TL sensitivities suggests that metamorphism 
in type 4 chondrites may be better studied through 
further analysis of chromite chemistry.  The position 
and clustering of temperature-width data provides evi-
dence of higher metamorphic temperatures in type 4s 
than in type 3s and of cooling rates that allowed small 
amounts of ordered feldspar to form. 
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