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ABSTRACT 

I have developed a technique that improves the speed, reproducibility, and 

sensitivity of the measurement of degree of equilibration in ordinary chondrites.  The Fast 

Electron Microprobe technique (FEM) technique provides a continuous quantitative scale 

for the amount of thermal processing a particular sample has experienced. The Fast 

Electron Microprobe technique (FEM) allows us to quickly collect sufficient data to 

determine the homogeneity and composition of olivine and low-Ca pyroxene in ordinary 

chondrite thin sections.  I have studied several meteorites that are homogenous in olivine 

composition, but heterogeneous in low-Ca pyroxene composition.   One of these samples 

(ALH 85033) has previously been classified as an L4.  The FEM technique allows 

reproducible measurements of the degree of thermal metamorphism in ordinary 

chondrites, improving our understanding of thermal processing of asteroids in the early 

solar system.  
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INTRODUCTION 

Asteroid Thermal History:    

The source of asteroidal heating is not well understood, and can only be refined 

by improving our understanding of the thermal histories of meteorites.  The primary 

hypothesized mechanisms for heating asteroids are the decay of short-lived radionuclides 

such as 26Al (e.g. Lee et al., 1976), induction effects from varying magnetic fields in the 

early solar nebula (e.g. Sonnet et al., 1970, Marsh et al., 2006), and impacts (e.g. Rubin, 

1995).  Therefore constraining the thermal histories of small planetesimal bodies is 

important for understanding the distribution of radioactive isotopes in the early solar 

system, the magnetic activity of the early protosun and solar nebula, and the chemical 

state of the objects that accreted into the Earth and other terrestrial planets. 

 All meteorites retain evidence of having undergone some form of thermal 

processing within the first few million years after the condensation of solids in our solar 

system began (e.g. Keil, 2000).  No single theory fully explains all of the evidence of 

heating found in primitive meteorites. If the amounts of 26Mg in CAIs were uniform 

throughout the solar system, for most estimated accretion times, all km-size bodies would 

have melted completely (Keil 2000). Since some chondritic (unmelted) parent bodies 

have cooling rates indicating they were tens of kms in diameter (e.g. Williams et al., 

2000), homogenously distributed 26Al is unlikely as the heat source.  Induction heating is 

traditionally assumed to require an intense solar wind, which many authors have found 

unlikely (e.g. Wood and Pellas, 1991).  Keil et al. (1997) argue that impact heating can 

only be effective when multiple impact events occur on bodies larger than a few hundred 
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kilometers in diameter, which metallographic cooling histories indicate is unlikely to 

have occurred.  For a full treatment of the arguments for and against the various heating 

mechanisms, see McSween et al. (2002).  

The predominant theory for the source of heat in primitive asteroids remains 

decay of 26Al and other short-lived radionuclides.  The 26Mg decay product of 26Al has 

been found in CAIs, chondrules, and achondrites. At measured abundances, 26Al would 

have produced sufficient heat to cause all the thermal effects seen in meteorites. The 

heating profile of asteroid parent bodies in which 26Al is active has been modeled (Ghosh 

et al., 2003; Akridge et al., 1998).  However there has not been enough information 

derived from the meteorite record to uniquely constrain these models.  In spherical 

planetesimals, heating by short-lived radionuclides produces a concentric spherical 

pattern of heating, with thinner, cooler layers on the outside edge (Ghosh et al., 2003; 

Akridge et al., 1998), which is often called an onion shell pattern.   Several studies of 

cooling rates and other thermal characteristics in relation to petrologic type have been 

conducted to determine whether the onion-shell pattern is observable in the meteorite 

record (e.g. Trieloff et al., 2003).  However no consensus has been reached within the 

meteorite community. 

Even if 26Al and other short-lived radionuclides are accepted as the source of 

heating in planetesimals, there is still controversy over their distribution.  Several authors 

have suggested that 26Al was heterogeneously distributed throughout the early solar 

nebula (e.g. Ireland and Fegley, 2000).  Others argue that observed heterogeneity is 

simply due to differences in time of formation (Huss et al., 2001).   26Al is widely used as 
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a clock to measure the amount of time between events in the early solar system.  

However, the abundance of this radionuclide can only be used as a chronometer if its 

initial abundance was homogenous throughout the early solar system. Therefore this 

controversy is of great importance to our understanding of formation processes in the 

early solar system. 

Ordinary Chondrites as Examples of Thermal Processing in the Early Solar System: 

It is commonly presumed that the process or processes that heated the asteroid parent 

bodies of the meteorites affected all the solid material in the early solar system.  

Terrestrial planets have been subsequently altered such that no direct evidence of the 

initial thermal alteration remains.  Even the melting experienced by achondrites makes 

them poor candidates for discriminating the initial patterns of heating.  At the other end 

of the temperature range, carbonaceous chondrites that have experienced significant 

thermal metamorphism are rare, and in some samples aqueous alteration overprints the 

thermal record.  Type-3 ordinary, carbonaceous and enstatite chondrites are the only large 

groups of meteorites that retain the preliminary record of heating without subsequent 

obscuration by fluid processing.   There are tens of thousands of ordinary chondrite 

samples in meteorite collections, making them ideal for thermal history studies. 
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Figure 1) Back Scattered Electron (BSE) image of QUE 97008.  This image contains 
significant silicate composition zonation within grains and variation between grains.  
Increased Fe content in silicates is indicated by lighter gray colors.  Scale bar indicates 1 
mm or 1000 µm distance. 

 
Extent of Thermal Metamorphism in Ordinary Chondrites: 

Ordinary chondrites are divided into petrologic types 3-6 based on their mineralogical 

and textural differences (Van Schmus and Wood, 1967). The majority of researchers 
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believe that these differences result largely from asteroidal metamorphism (Van Schmus 

and Wood, 1967; Dodd 1969; Lux et al. 1980; Sears and Hasan 1987). Many authors 

conclude that silicate compositions in type 4-6 chondrites were established by 

equilibration of heterogeneous silicates in chondrules and matrix of type-3 chondrites 

(see Figure 1 for example of zoned heterogeneous material from a type-3 chondrites). 

Geochronology studies suggest that parent bodies of ordinary chondrites were thermally 

metamorphosed soon after their accretion (within ~100 Myr) (Gopel et al. 1994). 

The petrologic-type scale is a semi-quantitative measure of the degree of thermal 

metamorphism or aqueous alteration a chondrite has experienced.  While there are a wide 

variety of methods for determining the peak temperature or cooling rate for chondrites, 

all of these measurements are compared with petrologic type (e.g. McSween and Patchen, 

1989; Trieloff et al., 2003).  These studies are built around the assumption that they are 

using samples of specific petrologic types.  Therefore improving the measurement of the 

degree of thermal metamorphism experienced by ordinary chondrites will improve the 

ability of the meteoritical community to correlate measurements of peak temperature, 

cooling rate, as well as other characteristics caused by thermal processing.  Summaries of 

thermal modeling for meteorite parent bodies often call for more continuous scales to 

measure the degree of thermal metamorphism (McSween et al., 1988).  The correlation of 

a variety of these thermal characteristics in meteorites is critical as it is the primary 

observational method currently available to the scientific community for determining the 

nature and extent of thermal processing in the early solar system. 
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Homogeneity of Ferromagnesian Silicates: 

 Of the many characteristics that have been incorporated into the petrologic type 

system, homogeneity of olivine or low-Ca pyroxene is the most quantitative. Several 

different statistics can be used to measure homogeneity.  For example there is both 

standard deviation (Equation 1) and average deviation (Equation 2).  Both measure the 

variance from the mean value in a dataset.  Standard deviation is less affected by skew in 

a distribution than average deviation, because of its use of squared values.  This makes 

standard deviation values more sensitive to the range of values in a dataset, and preferred 

by scientists for most uses.  Standard deviation is so common; many scientific studies 

will refer to it as sigma without any further definition.  The reliability of both standard 

and average deviations are improved by the number of points in a dataset (n in Equations 

1&2).   

! 
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$  

Equation 1) Definition of Standard Deviation (σ) where n is the number of data 
points in a particular dataset, x is the Fe wt% in olivine or low-Ca pyroxene and 

! 

x  is the 
average of Fe wt % values for all olivine or low-Ca pyroxene data points. 
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Equation 2) Definition of Average Deviation (α) using same notation as above. 
 
In the case of chondrites, meteoriticists have traditionally used Percent Mean 

Deviation (PMD).  Percent Mean Deviation (PMD) was defined by Dodd et al. (1967) as 
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the percent of the average deviation in Fe wt % within a meteorite divided by the average 

Fe wt % of that meteorite (see Equation 3).  Van Schmus and Wood (1967) adopted PMD 

for their petrologic type classification system.  Dodd et al. (1967) asserted that the limit 

of sensitivity for all ferromagnesian minerals examined by electron microprobes of that 

era was 5 PMD.   Therefore 5 PMD was used to define the boundary between 

equilibrated and unequilibrated chondrites or petrologic types 3 and 4 (Van Schmus and 

Wood, 1967).   This boundary continues to be used in more recent summaries of 

petrologic classification (e.g. Brearly and Jones, 1998). The unequilibrated ordinary 

chondrites (UOC), or type 3s, were further subdivided into a decimal system by Sears et 

al. (1980), primarily by thermoluminescence (TL) sensitivity. The TL system also 

correlates petrologic type with a range of PMD in olivine composition.   Recently, 

subtypes 3.0 through 3.2 have been further subdivided by measuring Cr abundance in 

olivine and standard deviation (Grossman and Brearley, 2005).   

! 

PMD =
"

x 
#100

       

! 

CoV =
"

x 
#100

 

Equations 3 &4) Definitions of Percent Mean Deviation (PMD) and Coefficient 
of Variation (CoV) using same notation as Equations 1&2.  Note that both measures of 
homogeneity are altered by the average Fe wt% composition of the mineral in question 
for a particular sample, leading to the possibility of apparent changes in homogeneity in 
cases where homogeneity is constant (see Table 1 for further examples).   

 
Coefficient of Variation (CoV, see Equation 4) has been suggested by Scott 

(1984) as an alternative to Percent Mean Deviation (PMD), and adopted in some ordinary 

chondrite studies, (e.g. Benoit et al., 2002) but not all.  I propose the use of standard 
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deviation alone to measure homogeneity of olivine and low-Ca pyroxene.  Incorporating 

the average Fe abundance of the mineral, as both PMD and CoV do, introduces variations 

in the reported statistics that are unrelated to the degree of homogeneity of the sample.  

For instance it can cause olivine and pyroxene statistics to appear very different, when in 

fact both data sets have a similar standard deviation.  (see Table 1). The datasets used to 

create Table 1 consist of 6 data points chosen such that as a group they have a given 

average Fe weight % and a specific homogeneity value in average deviation, percent 

mean deviation, or standard deviation. The data points within each set are evenly spaced 

from the mean; however, similar trends would be observed with more points randomly 

selected from a normal distribution.  While a more thorough statistical test of these trends 

is possible, it is not necessary for this simple demonstration of the difference between 

percent mean deviation and standard deviation. 

.  The top section  of Table 1 holds the hypothetical Fe weight % constant while 

PMD is steadily increased through the ranges used in determining petrologic type.  The 

second section of Table 1 holds both average and standard deviation constant while 

composition varies, indicating how PMD and CoV can change with composition.  The 

third section of Table 1 holds PMD and CoV constant while composition varies, 

demonstrating that the use of 5 PMD as the cutoff in equilibration for olivine or ordinary 

chondrites means different amounts of actual deviation in materials with differing 

compositions. 

  Divisions of petrologic type determined by PMD and standard deviation are 

further defined in the section on Categorization later in this study. 



 

 

17 

 

Table 1) Sample statistics based on test cases.  

 

* = Standard Deviation. Table 1 shows how the three different homogeneity statistics 
used in this study can vary as different factors are held constant. 
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Homogeneity of low-Ca pyroxene: 

It has long been known that diffusion in orthopyroxene is much slower than that 

in olivine (e.g. Dodd et al., 1967; Freer, 1981). Thus, the variation in pyroxene 

composition has the potential to record the thermal history of asteroidal bodies through 

higher temperatures than the olivines.  The relation of slower diffusion rates to higher 

recorded temperatures is explored in the Discussion section of this paper.  

Olivines and low-Ca pyroxenes in petrologic type-3 chondrites can exhibit a wide 

range of Fe contents. By definition in the petrologic type system, olivines and low-Ca 

pyroxenes in type-4 chondrites are homogenous. As a result, chondrites of petrologic 

types 4-6 are often referred to as equilibrated ordinary chondrites. Most recent published 

petrographic classification schemes continue to lump the homogeneity of olivine and 

pyroxene together (e.g. Brearley and Jones, 1998).  However, in practice only the PMD 

of olivine is reported or used to discriminate between type 3 UOCs and type 4 

equilibrated chondrites.   

Recent studies have found lamellae defined by variation in Fe content in low-Ca 

pyroxenes in petrologic types 3.8-4 (Tsuchiyama et al, 1988; McCoy et al., 1991).  

Additionally, McSween and Patchen (1989) have reported that clinopyroxenes in 

petrologic types 4 and 5 can still have a wide range of compositions and therefore, 

applying the term equilibrated to these chondrites is a misnomer.   I identified ALH 

85033, a type L4 meteorite within our study, as having homogenous olivine and 
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heterogeneous low-Ca pyroxene compositions (see section on Categorization within 

Results).   

Context of Methodology in Previous Studies: 

Other Mineral Systems for Measuring Thermal Metamorphism in Chondrites: 

While Mg and Fe homogenization in olivine is still the primary measurement used 

for determining the degree of thermal metamorphism in chondrites, additional elements 

have been previously suggested.  Grossman and Brearly found that Cr contents vary 

systematically in FeO-rich olivines from meteorites of petrologic types 3.0 through 3.2 

(2005).  They used this trend to create a scale for subdividing 3.0 and 3.1 petrologic types 

based on the abundance and homogeneity of Cr in olivine grains and chondrules.  I 

employ a similar trend to subdivide type 4 chondrites with Fe content and heterogeneity 

in low-Ca pyroxene in the Pyroxene Results section of this work. 

X-ray Map Utilization: 

The technique of collecting X-ray maps of petrographic thin sections has begun to 

see widespread use in cosmochemistry. However, for the most part these maps have been 

used to guide researchers to areas of interest in their thin sections (Benedix and McCoy, 

2001; Benedix et al., 2003; Grossman 2002). Other studies have focused on using X-ray 

maps to calculate modal mineralogy (Hicks et al. 2002; Gastineau-Lyons et al. 2002; van 

Niekerk 2003).  

The most comprehensive of these studies is that of Gastineau-Lyons et al. (2002). 

These workers calculated the modal abundance of minerals in three thin sections of L 

chondrites and five thin sections of LL chondrites, spanning petrologic types 4, 5, and 6. 
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These data were obtained by collecting an EDS spectrum at 10,000 – 80,000 points per 

thin section. The modal abundance of each mineral was determined using a set of 

compositional criteria for each mineral phase. The major and minor element 

compositions of these phases were determined by analyzing four individual grains each 

of olivine, low-Ca pyroxene, and diopside in chondrites of petrologic types 5 and 6. Four 

grains of olivine and diopside and seven grains of low-Ca pyroxene were analyzed in 

meteorites of petrologic type 4. These results suggest that oxidation of metallic iron 

accompanied thermal metamorphism in ordinary chondrites (McSween and Labotka, 

1993).  

Even in the comprehensive study of Gastineau-Lyons et al. (2002), the 

composition of silicate minerals was determined by standard EDS analytical techniques. 

To date, very little quantitative analysis of individual mineral phases has been obtained 

from X-ray maps of petrographic thin sections. There is an enormous amount of 

information in these data sets that has remained untapped. Therefore, I have developed a 

technique that not only determines modal mineralogy but also quickly builds a statistical 

database of mineral compositions. 
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METHODS 

Overview of Fast Electron Microprobe (FEM) Technique:  

 I set out to create a uniform methodology for determining the silicate heterogeneity in 

an ordinary chondrite, which can be consistently used by researchers throughout the 

world.  Through an iterative process I developed a new technique for measuring 

homogeneity of minerals that I refer to as Fast Electron Microprobe (FEM) maps or 

grids. This calibrated x-ray map or grid technique allows the quick measurement of 

ferromagnesian silicate homogeneity within individual thin sections.   

 A routine in the Cameca task language was created that allows us to collect raw x-ray 

intensities of Fe, Mg, Ca and Si from discrete footprints (routine in Appendix A), while 

also controlling the diameter of the points I am analyzing by changing the size of the 

electron beam (See Table 2 for comparison of results with different footprint diameters).  

This routine can be altered to collect other elements; however, I choose to focus on Fe, 

Mg, Ca, and Si as they are the most applicable for measuring homogeneity of olivine and 

low-Ca pyroxene, the minerals of most interest for this study.  

Table 2) Comparison of results using different grid spacing and locations on ALH 77197. 

The Data set row indicates the point diameter in microns, followed by whether that data 
is a continuous map or a grid of the specified spacing in microns.  The Average indicates 
the average Fe wt% for each mineral. 
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I collected continuous maps and tested grid spacing of various sizes between analyses 

in order to reduce selection bias (see Table 2).  I observed the least variation between 

sample sets when using a space of 100 microns between each point.  However, in some 

sections it is not feasible to collect a large number of points at this spacing, resulting in 

smaller grid spacing occasionally being used.  The FEM 100-µm spaced grid has 

significantly less bias than the selection of a handful of points, which is the typical 

method for measuring PMD at the present.   While 100-µm spacing was sufficient to 

remove sampling bias in this suite of L-chondrites, larger grids may be needed for suites 

of chondrites with larger average chondrule sizes.   

I observed that collecting FEM data under normal operating conditions  (i.e., 20 nA, 

20 ms count time) left a large amount of uncertainty in the data produced (see Figure 2).  

Through experimentation on a number of standards of known and homogenous 

composition, I determined that the optimal electron beam operating conditions for the 

FEM technique are a 200 nA current and 100 ms counting time (see example in Figure 

2).  Increasing the count time further, even at lower current settings, resulted in 

significant distress to the carbon coating.   
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Figure 2) Fe wt % Histograms from Marjalahti olivine standard.  Histograms of 
reported Fe weight percent under different operating conditions on a well-characterized 
standard of Marjalahti olivine (Fo 88).  a) 20 nA is the typical current for point analyses 
(EMPAs), however without long collection times, they produce significant error when 
collecting grids on a homogenous sample. b) Increasing counting time from 20 to 40 ms 
does not significantly improve homogeneity measurements.  c) 100 nA and 10ms 
collection times d) 200 nA and 10 ms collection times e) 100 nA and 40 ms counting 
time has a significantly lower heterogeneity measurement than for lower electron beam 
currents of similar counting times in b).  f) 40 ms counting time using a 200 nA electron 
beam.  g) 100 ms at 100nA results have low measured heterogeneity.  100nA would be 
preferable in terms of stress on the electron microprobe apparatus, however the measured 
homogeneity for this sample, which is known to be uniform in composition, is still 
greater than the sensitivity cutoff of 5 PMD typically used for equilibration of olivine in 
chondrites. h) 100 ms counting time and 200 nA produce the lowest PMD and CoV on 
this homogenous standard, therefore these are the operating conditions used in the Fast 
Electron Microprobe (FEM) method.  
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For each Fast Electron Microprobe (FEM) session an average of ten electron 

microprobe point analyses (EMPA) of both olivine and low-Ca pyroxene were also 

collected, providing accurate weight percent measurements. Individual FEM pixels that 

match these point analyses are extracted from the FEM dataset.  For some early 

calibrations, EMPA data were collected from the meteorites themselves, these data are 

presented in Appendix B.  For each element, the number of x-rays detected in a pixel is 

graphed versus to the wt% of the corresponding calibration point producing a calibration 

curve (see Figure 3).  A table of calibration values is included in Appendix C. 

 

Figure 3) Example of Calibration curve for Fe.  Fe wt % measured through EDS electron 
microprobe analysis is compared to x-ray intensities measured at the same location 
through the Fast Electron Microprobe (FEM) method.  This data is then used to calculate 
a line, which is applied to all Fe x-ray intensities in the FEM grid sets for that session.  A 
similar calibration curve is produced for all other elements collected.  High chi-squared 
values are typical.   
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A series of IDL programs have been written to apply this calibration curve to the 

entire dataset, as well as sort olivine and low-Ca pyroxene pixels out from the overall 

dataset based on their Si abundances, filter out pixels which do not have an accurate total 

weight percent, and construct a histogram of compositional variation in both olivine and 

low-Ca pyroxene as shown in Figure 4.  The IDL programs used are presented in 

Appendix D.  The weight percent data produced by this procedure were then used to 

calculate the standard deviation and other homogeneity statistics for olivine and low-Ca 

pyroxene.  

 

Figure 4) Example histogram of Fe weight % values for ALH 77197.   Histograms used 
in this study consist of number of pixels or percentage of point in a given column.  X-axis 
bins are 0.5 Fe weight % wide.  Olivine is consistently more iron rich than low-Ca 
pyroxene in L chondrites.   The average and standard deviation of Fe wt% composition 
for both ferromagnesian silicates is also provided for easy reference.  
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Once calibrated for the session, a FEM dataset takes approximately 15 minutes to set 

up and can collect approximately 40 pixels per minute.  A 100 micron spaced grid was 

collected in less than 2 hours from the majority of meteorites in our study.   A continuous 

map was occasionally collected, covering an area of 1.28 cm by 1.28 cm in 5 hours (see 

Figure 5).     

Every FEM dataset in this work contains hundreds to thousands of valid olivine and 

pyroxene data points.   Thorough data sets from previous statistical studies of Fe or Cr 

compositions of ferromagnesian silicates in ordinary chondrites have tens of individual 

electron microprobe point analyses (EMPAs), (e.g. Scott, 1984; Grossman and Brearly, 

2005).   

 

Figure 5) Map of Fe content in ALH 77197.  This map represents an area that is 1.28 mm 
on each side.  Fe content is filtered to only show composition in pixels of olivine and 
pyroxene.  The darkest pixels are 30.7 wt % Fe.  The lightest gray pixels are 14.0 wt % 
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Selected Meteorites: 

 A suite of L chondrites was selected for this study based on their published shock and 

weathering grades (Table 3).   These samples span the range of petrologic types in order 

to closely observe the compositional distribution of pyroxene in response to increasing 

thermal metamorphism.  I also included some weathered EOCs, in order to test how the 

statistics calculated from the FEM method are affected by weathering processes. 

The meteorites in this study are typical of L chondrites.  Chondrules dominate the 

samples, ranging from 75-90% of the surface area of these thin sections.  These 

chondrules vary in size from a few tenths of a millimeter to a couple of millimeters in 

size. Cryptocrystalline and radial pyroxene chondrules are present in all petrologic type 3 

samples and ALH 85033 (see samples in Figure 6).  Porphyritic chondrules are present in 

all meteorites except for PAT 91501, which is completely recrystalized.  Good examples 

of barred olivine chondrules are present in LEW 86018, ALH 77197, ALH 85045, ALH 

85033 and Gold Basin.  Chondrules with prominent rims are found in LEW 86018, ALH 

85033 and Mount Tazerzait.  Single large grain fragments bigger than most chondrules 

are present in ALH 77176 and EET 90066. 

  Matrix materials composed of fine-grained metal, sulfides and silicates are present in 

abundance in most of the petrologic type 3s.  Matrix is partly recrystalized in ALH 85045 

and ALH 77197.  However, ALH 84205 (classified as an L3.9) has more matrix 

remaining than the other high subtype-3 samples in this study.  ALH 85033 (an L4) has 

significant remaining matrix.  Tsarev (L5) and Mbale (L5/6) have small amounts of 

remaining fine-grained matrix material, especially around chondrule edges. 
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  The matrix is completely recrystalized in all other type 4-6 samples examined, leaving 

the remaining chondrule structures indistinct. 

  The samples in this study were selected for small amounts of weathering.  However all 

meteorites are finds, and some staining is present.   Rust and other alteration minerals are 

only plentiful in ALH 85033, Gold Basin, Payson, Wagon Mound, and the two NWA 

samples.  These samples show preferential weathering around edges and metal rich 

zones. 

  This collection of L chondrites contains few shock indicators, with the following 

exceptions.  NWA 1359 is heavily shock blackened throughout the sample.  ALH 85033 

contains some shock veins filled with ringwoodite. 

All but three of the thin sections used in this study are thoroughly pictured in A Color 

Atlas of Meteorites in Thin Section (Lauretta and Kilgore, 2005).   
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Figure 6) Images of meteorites in this study.  a) and b) are a plane polarized and BSE 
image of ALH 85033, an L4 meteorite.  c) and d) are a plane polarized and BSE image of 
EET 90161.   EET 90161 is an L3.3, with significantly amounts of opaque matrix 
material in plane polarized light and well-defined chondrules throughout.  Although both 
BSE images contain silicate grains with varying Fe abundance (more Fe makes the BSE 
image lighter), there is a wider variety between chondrules and chondrule fragments in 
d).  The scale bar on the BSE images indicates 1mm or 1000 µm.  BSE images and plane 
polarized images are aligned the same, allowing for comparison of features between the 
two images. 
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Table 3) Meteorites selected for this work. 

 

** ALH 84205 is found in this work to have anomalously low homogeneity for a 
meteorite of petrologic type 3.9, and is likely misclassified.    
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RESULTS 

 
Table 4) Summary of Results from this study. 
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Sigma = Standard Deviation 
PMD = Percent Mean Deviation  In this study includes smaller grains from matrix as well as large grain 
centers; therefore these PMD values have a higher variance than the typical PMD values reported.  Hence 
only four of the 31 maps collected have an Olivine PMD less than 5. 
CoV = Coefficient of Variance 
 

Overview of FEM technique results: 

 Thirty-three 100-micron spaced (Fast Electron Microprobe) FEM grids were 

collected from twenty-one meteorites.  Homogeneity of olivine and low-Ca pyroxene 

were calculated using the four homogeneity statistics defined in Equations 1-4 (see table 

4). Of these, I prefer the use of standard deviation alone, also referred to as sigma in 

Table 4.  Most grids have more than 2000 unique points.  PAT 91501 is an exception, 
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because of the presence of holes in the sample analyzed. If epoxy holes are directly 

exposed to the FEM preferred beam current of 200 nA, extensive volatilization will 

occur.  Therefore a smaller grid was collected on PAT 91501.   

Fe wt% Compositional Histograms: 

 Histograms visually represent the abundance and homogeneity of olivine and 

pyroxene grains in the selected meteorites. Only grids with1-micron diameter pixel 

footprints are represented in figures 5 thru 7. The histograms in this section were 

normalized to the number of points collected in each grid.  The x-axis represents the Fe 

Wt % of either olivine or low-Ca pyroxene grains, while the y-axis represents the 

percentage of points collected with that composition.  Average compositions and standard 

deviation are also included, providing a quantitative test of the visual information the 

histograms present. 
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Figure 7) Histograms of Fe weight % in Unequilibrated Ordinary Chondrites.  ALH 
77197 and ALH 85045 are obviously more homogenous than other UOCs.  ALH 84205 
is more similar in homogeneity to meteorites from the 3.4-3.5 range of petrologic types.  
This proves the ability of the FEM technique to place meteorites in a continuum of 
degree of thermal metamorphism.  Note the scale of percentages for this figure runs from 
0 to 6%.   
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Figure 8) Histograms of Fe weight % for Equilibrated Ordinary Chondrites (EOCs).  All 
histograms in this figure have a range of percentages from 0 to 16%.  Thus ALH 85033 is 
very similar in appearance to the histograms for ALH 77197 and ALH 84045 in Figure 7.  
The high abundance of olivine in Mount Tazerzait is further discussed in the Modal 
Mineralogy section. 
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Figure 9) Histograms of Fe weight % for two NWA meteorites.  NWA 1359 is strongly 
shock blackened, but still records a homogenous composition in the FEM technique.  
NWA 1398 had previously been classified as an H/L 3-6.  The histograms for NWA 1398 
do show longer tails of heterogeneity in Fe composition than is present in the L6s of 
Figure 8. 
 
 

Unequilibrated Ordinary Chondrites: 

 Figure 7 presents histograms for meteorites that were classified as unequilibrated 

OCs before this study began. However, there is a clear dichotomy between the majority 

of UOCs in this study and the measured homogeneity statistics for ALH 77197 and 

ALH85045.  Descending olivine standard deviation, which indicates increasing degree of 

homogenization, and therefore increasing degree of thermal metamorphism is used to 

order the meteorites in Figure 7.   

Equilibrated Ordinary Chondrites: 

 Figure 8 shows the normalized histograms for all meteorites previously classified 

as EOCs.  These meteorites are organized by previously determined petrologic type.  

Among the EOCs, ALH 85033 stands out as having a larger variation in pyroxene 

compositions than the other samples.   
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 ALH 85033 is classified as a type 4.  Its olivine standard deviation is within the 

range of all the other EOCs.  However, its pyroxene standard deviation is higher by about 

1 than all other EOCs in this study.  See Categorization section for further discussion of  

the trends and variations in standard deviation values between meteorites.  ALH 85033 is 

also classified as shock stage 6.  This may be a factor in the spread of low-Ca pyroxene 

compositions.  However, it seems unlikely that ALH 85033 would have experienced 

secondary shock effect that changed the composition of pyroxene grains, without shock 

causing a spread in the olivine grain composition.  Therefore I consider this sample a low 

type 4, which never experienced sufficient heating to homogenize low-Ca pyroxene, even 

though olivine is homogenous.   

Mount Tazerzait also stands out because it has a much larger amount of olivine 

than low-Ca pyroxene.  However, it is not significantly different in composition or 

homogeneity of olivine and pyroxene.  This olivine excess in Mount Tazerzait is 

discussed further in the Modal Mineralogy section. 

The Percent Mean Deviations (PMDs) for the EOCs in this study are almost all 

above five PMD.  Five PMD is the boundary between unequilibrated and equilibrated 

ordinary chondrites in most literature studies.  However, unlike previous work, the FEM 

technique results in collecting data from fine grains, as small as 1 micron.  While smaller 

grains will equilibrate faster, a mass of small grains will equilibrate slower than a single 

large grain of similar mass.  The inclusion of smaller grains therefore makes the FEM 

technique less likely to report a PMD lower than five than traditional reports based on a 

handful of point analyses from grain centers.   
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This effect makes the Fast Electron Microprobe technique more sensitive to 

variations in heterogeneity in equilibrated chondrites.  For example, Sierra Colorada, 

previously classified as an L5, has the highest pyroxene standard deviations of the L5s 

and L6s in this study, excepting the NWA 1398 breccia, which will be discussed in the 

unusual sample section of these results. Using the FEM technique Sierra Colorada can be 

reclassified as an L4. 

Effects of Weathering on FEM Results: 

 Gold Basin and Payson, two meteorites with a high degree of weathering from 

arid regions of Arizona, have previously been estimated as type 4 and 6, respectively.   

Optical observations of these meteorites show a heterogeneous staining on most 

silicate grains.  However, our results show that the composition of olivine and low-Ca 

pyroxene in these samples is homogenous, with olivine Percent Mean Deviation (PMD) 

of 6.5 to 6.6 and standard deviations of 2.0 to 2.2, while the low-Ca pyroxene PMD 

values are 6.3 to 6.4 and standard deviations are 0.9, similar to other meteorites of their 

type in our study. It is expected that some petrologic type 4s and all type 6s will be 

essentially homogeneous in olivine and low-Ca pyroxene, which these low standard 

deviations indicate.   

Given the heterogeneous distribution of staining it is unlikely that weathering 

preferentially produced the homogenous composition for olivine and low-Ca pyroxene.  

Our data processing technique allows us to filter out grains that are not pure olivine and 

pyroxene. Therefore I conclude that olivine and low-Ca pyroxene grains in weathered 

samples can retain their original composition, and that our method can efficiently classify 
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the degree of metamorphism experienced in the early solar system even in highly 

weathered meteorite samples.   

Unusual Samples: 

A few unusual samples were also added to our suite of meteorites.  One is NWA 

1359, a heavily shock blackened ordinary chondrites. The data in this study and in other 

work now classifies NWA 1359 as an equilibrated L5, indicating that the FEM technique 

can also be applied to determine heterogeneity in shocked meteorites. NWA 1398 is 

classified as an H/L 4-6, containing at least two distinct lithologies.  These lithologies 

were separately analyzed in order to determine their composition, with grid spacing of 

100 microns, like most FEM grids. Both of NWA 1398’s lithologies in this thin section 

match an L6 in composition and homogeneity.  The NWA 1398’s lighter lithology’s 

olivine standard deviation value at 3.1 is the only olivine standard deviation between 2.4 

and 6.0 (see Table 4).  See Figure 9 for histograms and standard deviation measurements 

of these two samples. 
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Table 5) Comparison of boundaries between groups identified in this work based on 
homogeneity statistics versus existing definitions of petrologic type. 

 

Categorization of Meteorites in this Study: 

 There are four natural groups among the samples studied, as presented in Table 5.   

The least homogenous group (A) correlates to subtypes 3.1-3.3.  Those samples have 

olivine standard deviations between 8 and 9 and pyroxene standard deviations around 4.  

The next group in increasing olivine homogeneity (B) begins with the subtype 3.4s.  

These samples have Olivine standard deviations between 5 and 8 as well as pyroxene 

standard deviations around 4.  With the currently available data, it seems that this group 

ends in subtype 3.6.  The C group in our results contains samples that are currently 

classified as subtype 3.7 and 3.8, as well as type 4.  I define group C based on olivine 
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standard deviation from 0.5 to 3, and low- Ca pyroxene standard deviation around 2.   All 

samples are at the limit of olivine homogeneity detectable by this method, such that 

olivine cannot be used to tell them apart from type 5 or type 6 ordinary chondrites.  This 

may indicate that ALH 77197 and 85045 are misclassified and should be considered type 

4s.  On the other hand it may indicate that the FEM technique is less sensitive to 

differences in olivine homogeneity than typical studies.  However, difference in the 

sensitivity of the FEM technique and the process of collecting a couple of points from 

large grain centers, stem from the inherent bias and lack of reproducibility in the typical 

PMD measurement.  For the moment I will accept that group C contains samples from 

3.7 to low type 4 petrologic types. I have identified meteorites from petrologic types 3.6 

to 4 for further study, which would allow us the boundaries of this group to be further 

resolved.  Determination of the TL sensitivity for ALH 77197, ALH 85045, and ALH 

85033 will also assist in further correlating FEM results with petrologic types.   Group D 

consists of all samples that are at the resolution limit for olivine and pyroxene 

homogeneity, with standard deviations around 2 in olivine and around 1 in pyroxene.  

This group includes high type 4s through petrologic type 7s. 

Olivine Results: 

 The gap in olivine standard deviations between 3.1 and 6.0 has interesting 

implications for the time temperature history of L chondrites (see Tables 4&5).  The 

evidence from olivine homogeneity statistics indicates that equilibrated ordinary 

chondrites experienced temperatures high enough to make the olivine diffusion 

coefficient large and  diffusive change in olivine  fast and efficient, while unequilibrated 
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ordinary chondrites never reached this temperature for a significant amount of time.  

Perhaps this gap in olivine standard deviation will be filled in by further measurements, 

but if this gap persists, it indicates a consistent structure to the thermal profile of the L-

chondrite parent body (or bodies).  

Looking at our results (Tables 4&5), the only clear boundary in olivine 

homogeneity is between 3.1 and 6.0 in standard deviation, which correlates with a PMD 

of 10 to 25, as measured by the FEM (Fast Electron Microprobe) system.  In previous 

studies the break between olivine equilibrated and unequilibrated chondrites has been 

defined as 5 PMD, based on instrument sensitivity rather than a dichotomy in 

compositional homogeneity (Dodd et al., 1967).  The fundamental difference between 

measuring points at the centers of a handful of large grains, and our technique which 

collects data in an unbiased manner from all grain sizes, allows us to perceive a 

discontinuity that has not previously been reported.   
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Figure 10) Comparison of variation in low-Ca pyroxene average Fe weight % against 
low-Ca pyroxene standard deviation for each meteorite.  Two trendlines and their 
corresponding Chi-squared values are displayed.  Polynomial estimation of trend may be 
appropriate, as partition coefficient between low-Ca pyroxene and some other mineral is 
presumably changing with highest temperature experienced.  Averaged Data averages 
either most points in group D or all points in groups A&B.  Group C meteorites and one 
Group D meteorite are left unaveraged.   
 

Pyroxene Results: 

 Low-Ca pyroxene Fe content also has a dichotomy, in this case between standard 

deviations of 4 and 1 (see Figure 10).  All samples with low olivine homogeneity (olivine 

standard deviation above 6) also have low pyroxene homogeneity (low-Ca pyroxene 

standard deviation above 4).  However, there are some samples that lie in between (see 

Figure 10). This supports the observation that low-Ca pyroxene is slower to homogenize 
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(Freer, 1981).  A trend line was calculated for the relationship between average low-Ca 

pyroxene composition and homogeneity.  The fit (chi-squared) for this trend is improved 

by averaging the composition of all samples with a low-Ca pyroxene composition of 4 ± 

0.3, and 1± 0.3. A polynomial curve is used to describe this trend because an increase in 

Fe content as other minerals add to the Fe content of low Ca pyroxene was a known 

possibility given trends in Cr content in olivine as metamorphism proceeds (Grossman 

and Brearley, 2005), and existing observations of Fe rich lamellae in low-Ca pyroxene 

within thin section from meteorites of types 3.8-4. (Tsuchiyama et al, 1988; McCoy et al., 

1991). 

   It would be useful to apply the FEM technique to more meteorites in the 

intermediate levels of pyroxene equilibration in order to determine if this trend of low-Ca 

pyroxene composition with standard deviation is consistent (see Figure 10).  

Modal Mineralogy: 

 Modal mineralogy is useful for comparing the spectra of meteorites with 

asteroids and for estimating oxidation state. Spectroscopy provides a chance to match 

meteorites with their asteroid parent bodies. Measurements of mineral abundance 

between the different petrologic types are necessary to constrain models of thermal 

processes on equilibrating OC parent bodies. 

 Early composition and abundance work in OCs focused on the elemental 

abundances (e.g., Jarosewich, 1990) or the normative modal abundance (McSween et al., 

1991).  While some modal mineralogy estimates have been made for equilibrated OCs 

(McSween and Labotka, 1993; Gastineau-Lyons et al., 2002), no modal mineralogical 
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data were available for UOCs until recently (Menzies et al., 2006). Using techniques 

from Bland et al. (2004) on ordinary chondrites, especially UOCs, Menzies et al., report 

weight % of olivine, pyroxene and several other minerals. 

Minimum volume % of olivine, pyroxene, troilite and Fe-Ni alloy can be quickly 

calculated from the number of pixels for each type over the total number of pixels for 

each Fast Electron Microprobe (FEM) grid.  The number of pixels is calculated by 

filtering the FEM grid data with respect to the range of Si values for olivine and 

pyroxene, and a range of Fe values for troilite and Fe-Ni alloy. Applying a filter for the 

total of Si, Mg and Fe abundance further refines the number of olivine and low-Ca 

pyroxene pixels. The range of Mg+Fe+Si wt % values are 55-60 weight% for Olivine and 

50-56 weight% for pyroxene.  Since this additional filter is possible for silicates, their 

values have a higher certainty than the number of pixels of Fe-Ni alloy or sulfide 

composition.  In fact, some of the intermediate Fe wt% pixels probably represent Fe-Ni 

alloys that have abundant Ni, as well as the Fe sulfides. The many unclassified pixels 

represent plagioclase, mixtures of different minerals covered in the same pixel when the 

grid footprint fell on grain boundaries, as well as non-stoichiometric glasses in the UOCs 

(See Table 6).   Filtering for Ca-rich pyroxene was also performed, however most 

samples do not have any pixels collected with Ca-rich pyroxene grains, and no samples 

have more than 0.5 volume % of Ca-rich pyroxene pixels. 
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Table 6) Modal Mineralogy for meteorites in this study.  Reported numbers are 
percentages of volume.   

 
Fe wt% >86 represents low-Ni Fe-Ni alloys  
Fe wt% 55-67 represents high-Ni Fe-Ni alloys and Fe sulfides. 
** ALH 84205 was found in this work to be of lower petrologic type than previously 
reported.  Original petrologic type is used in this table. 
 

Examining the results of the modal mineralogy calculations (see Table 6) there is 

no trend in our data with regards to petrologic type and the ratio of Olivine/Pyroxene 

(Ol/Pyx).  Given that I previously showed that low-Ca pyroxene composition does 

change with petrologic type, this indicates that the changes in pyroxene composition are 

an exchange with other neighboring minerals that results in the loss of Mg and gain of Fe 

without significantly changing the total amount of pyroxene. 

There are a few unusual cases warranting specific discussion.  ALH 77197 was 

divided into smaller 1.28x1.28 cm regions for preliminary studies.  It was found that one 
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of these regions had a very high Ol/Pyx ratio, while most were in the normal range.  This 

emphasizes the importance of collecting a grid over as large an area of a thin section as 

possible, in order to avoid insignificant local variations.  It also indicates that ALH 77197 

had not had its Ol/Pyx ratio significantly altered by metamorphic processes.  Otherwise 

Ol/Pyx ratio would have had a chance to equilibrate throughout the sample.   

Mount Tazerzait has a higher olivine content than any other thin sections in this 

study.  The composition and homogeneity of olivine and low-Ca pyroxene in Mount 

Tazerzait is perfectly normal for a meteorite of its classification. One possibility for this 

anomalous result is that it has more small metal and sulfide inclusions adjacent to low-Ca 

pyroxene grains producing erroneous olivine results.  Error will be discussed further 

below. 
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Figure 11) Ternary diagram showing relative abundance of olivine, pyroxene, and high 
Fe minerals such as Fe-Ni alloys and Fe sulfides.  Colors and symbols represent 
metamorphic groups as defined in Table 6. 

Plotting the data from the four petrologic groups defined earlier on a ternary 

diagram of olivine, low-Ca pyroxene and metal or sulfide grains, indicates no trends 

based on the extent of thermal metamorphism (see Figure 11).  The meteorites in the 

lower section of this ternary diagram have the lowest metal and iron sulfide percentages 

and the highest weathering grades of the meteorites in this study (see Tables 3&6), 

indicating that a loss of metals and iron sulfides has occurred while these samples have 

been exposed on the surface of the earth.  All of the meteorites that have been previously 

classified as weathering type A are in the top third of metal+sulfide values, a further 
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indication that metal abundance in the FEM method is dependent on the degree of 

weathering a sample experienced.   

Previous studies have also looked at the Olivine/Pyroxene ratio and petrologic 

type.  Figure 12 provides a comparison of those efforts and this work.  While the results 

of Gastineau-Lyons et al. (2002) are indistinguishable from the results for some EOCs in 

this work, Menzies et al., (2006) data is quite different from the UOC oxidation states 

found in this study.  The Menzie’s work determined olivine and pyroxene abundance 

using XRD and Mossbauer techniques.  These techniques are applicable to grains 1 

micron in size and larger.  However, the FEM technique will be more likely to hit edges 

than to record an olivine grain of 1 micron.  The discrepancy between our results and 

Menzies, et al., can therefore be explained by differences in the smallest grain size each 

study can detect.  This indicates that matrix materials in OCs are much richer in olivine 

than in pyroxene in comparison to their neighboring chondrule fragments. 
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Figure 12) Comparison of Olivine to Pyroxene ratios from Menzies et al., 2006 and 
Gastineau-Lyon et al., 2002 with data from this paper.  Ol/Pyx is used as a proxy for 
oxidation.  The technique used in Menzies et al., 2006 allows them to include very fine-
grained materials among their measurements, which probably accounts for the 
discrepancy in values between that study and others. 

Sources of Error in Modal Mineralogy Calculations: 

Error is introduced to the modal mineralogy estimates whenever the footprint of a 

FEM grid point lands on an edge between different minerals instead of on a single 
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mineral.  Therefore error can be estimated as the average circumference of a grain in the 

thin section divided by the average grain area.  Circumference is 2 π radius while area is 

4 π radius squared.  Therefore the ratio of the two is 1/2radius or 1/diameter and the 

smaller the average radius of the grains, the larger the estimated error.  Elongation of 

grains and inclusions will also add to the error.  A thin section with an average grain size 

of 10 microns will have an error estimate of 10% provided the grains are mostly round 

and inclusion free.  The expected average grain size in the meteorites of this study is 

greater than 10 microns, and therefore the error due to grain boundaries ought to be lower 

than 10%.  Also, if there is a dichotomy between the composition of small grains and 

larger grains of a particular mineral, this technique will report the composition of larger 

grains, and have a statistically significant likelihood of filtering out the composition of 

grains smaller than 3 microns, even if the smaller grains represent more mass within the 

meteorite. 
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DISCUSSION 

 Diffusion: 

 Even though the boundary between the petrologic type 3 and 4s has traditionally 

been defined as both olivine and pyroxene reaching 5% PMD, it is not surprising to find 

ordinary chondrites, such as ALH 85033, that contain homogenous olivines and 

unequilibrated low-Ca pyroxene (see Table 4).   Studies of pyroxene in chondrites have 

observed increasing pyroxene heterogeneity in petrologic type 3.8-4 in the form of 

alternating Fe-rich and Fe-poor lamellae (Tsuchiyama et al., 1988; McCoy et al., 1991).   

This observation predicts that any percentile measures of homogeneity in pyroxenes will 

decrease in the mid type 3 chondrites, then increase, and finally continue to decrease until 

equilibration of the phase is reached (see Table R+3).  Data from Dodd et al. (1967) 

demonstrate this trend in the PMD of pyroxenes from both H and L chondrites (see 

TABLE 3 in Dodd et al., 1967).  Also, the diffusion rate of low-Ca pyroxene is known to 

be less than that of olivine (Freer, 1981; and references therein).  

 This predicted trend is supported by the low pyroxene standard deviation of our 

single sample with an intermediate olivine standard deviation of 3.1 (see Table 4). 

 Dodd has long argued that mineralogical trends between the petrologic grades of 

the ordinary chondrites represent increasing metamorphism with increasing petrologic 

type (1969).  The increasing homogeneity of silicate phases argue in favor of increasing 

temperature because of Fick’s laws of diffusion: 
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for a particular volume of phase i.   
 
 Measures of diffusion coefficients for olivine and low-Ca pyroxene are 

summarized in Freer (1981).  Under the conditions in which meteorites metamorphosed 

temperature is the primary factor in diffusion coefficient changes, and olivine has a 

higher diffusion coefficient than low-Ca pyroxene.  The flux (J) is the rate at which 

concentration has changed in the system, with units of mol/m2s.  It is commonly assumed 

in studies of equilibrated ordinary chondrites that they began as unequilibrated chondritic 

samples, with large degrees of heterogeneity in ferromagnesian silicate composition. As 

each sample experienced more diffusion (the sum of J over time), they became more 

homogenous.  Therefore as J increases, the homogenization of the sample increases, 

decreasing values for standard deviation, PMD, and CoV that is measured in meteoritical 

samples today.  To the best of the author’s knowledge, this simple formula and its 

relation to phase homogeneity has not been previously discussed in studies of the 

petrologic type of chondrites.  Fick’s first law of diffusion implies that if either 

temperature or length of time can be independently determined, standard deviation or 

other statistical measures of homogeneity will provide limits on the undefined variable.    

Primary variations in standard deviation measurements could be caused by how 

homogenous the original sample was.  However, by the time a meteorite has reached the 
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mid petrologic type 3’s, metamorphic variations, caused by different diffusion rates, 

which in turn are due to different time-temperature histories, are the dominant factor 

determining standard deviation values in olivine and low-Ca pyroxene.  Variations in the 

amount of terrestrial weathering a meteorite experienced are a third control on Fe 

composition in olivine and low-Ca pyroxene.  But as stated earlier, the FEM technique 

does not appear to be affected by variations in the degree of weathering.   

Oxidation: 

 Olivine to low-Ca pyroxene (Ol/Opx) ratios, along with average fayalite and 

ferrosilite content, are often used as a proxy for oxidation state (e.g., Gastineau-Lyons et 

al., 2002).  While these three values are linked, within a sample experiencing heat they 

will reach equilibration at different scales at different times.  The data from ALH 77197 

indicate that olivine has equilibrated and is highly oxidized for an L chondrite.  The 

results show that both the Ol/Opx ratio (Marsh and Lauretta, 2005) and low-Ca pyroxene 

(Table 2) are not in equilibrium.  Understanding the kinetics of equilibration in the 

olivine orthopyroxene system in ALH 77197 and similar meteorites will improve our 

ability to constrain the intensity and duration of thermal metamorphism. 

Other Characteristics: 

 Trends in cooling rate, peak temperatures, and other characteristics related to the 

thermal processes a given meteorite has experienced may appear very different if 

scientists are using meteorites that represent different temperature ranges and thermal 

histories.  A trend that includes a high type 4 (group D) meteorite may look very different 

from a trend including a low type 4 (group C) sample.  Also, there are many problems in 



 

 

57 

the categorization of meteorites into their petrologic types. One must be sure how the 

petrologic type was determined for a given sample before trusting the result of a trend 

using that sample as a data point.   
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CONCLUSIONS 

Advantages of Fast Electron Microprobe (FEM) technique:  

 The Fast Electron Microprobe (FEM) technique developed here is faster at collecting 

the same number of data points as the traditional method.   It improves the accuracy of 

the homogeneity statistics by increasing the number of data points.   Rapid, calibrated 

grids reduce the bias introduced by selection of 3-200 points, making the comparison of 

homogeneity statistics between different meteorites and even different regions of the 

same meteorite more meaningful.   In addition, it is easier to reproduce the results of an 

FEM grid of a thin section than the analysis of a handful of selected grains. 

Collecting Fast Electron Microprobe (FEM) grids provides a detailed absolute 

ordering of the degree of thermal metamorphism experienced by every meteorite to 

which the FEM method has been applied.  These FEM datasets provide a continuous 

scale for measuring the degree of thermal metamorphism.  In conjunction with other 

minerals and elemental compositions, like Cr in olivine within types 3.0-3.2 (Grossman 

and Brearley, 2005) a continuous scale might be constructed which covers the entire 

spectrum of thermal metamorphism in chondrites.  Such a continuous scale would have 

obvious advantages over the existing petrologic type system for comparing ages, cooling 

histories, etc. between different meteorite samples.  

Once a thin section of a meteorite is made, the FEM technique can accurately 

place the meteorite in the thermal metamorphism sequence with an hour of microprobe 

time.  Future work can determine the minimum number of grid points required to 

measure the homogeneity of olivine and low-Ca pyroxene in a sample.  Meteorites from 
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which thin sections have been produced are most likely to have been included in other 

studies of cooling histories, age measurements, etc. 

Future Opportunities: 

 Once a comprehensive dataset of homogeneity in olivine and pyroxene 

compositions in ordinary chondrites is collected, the real work begins.  A wide variety of 

datasets on thermal characteristics can be compared with the more statistically reliable 

and reproducible measurements of thermal metamorphism that FEM and standard 

deviation measurements of homogeneity in olivine and lo-Ca pyroxene can provide.  The 

analysis of a large number of measurements of thermal characteristics within the 

improved reference framework of total thermal metamorphism experienced will lead to a 

better understanding of the spatial and temporal variations in thermal processing in the 

early solar system.   This increase in the quality of information available about thermal 

variations in meteorites is one of the few ways scientists may eventually discriminate 

between the various theories about the heating event(s) in the early solar system.   
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APPENDIX A 
 

Nmap is a code in the Cameca task language that instructs the microprobe to 
collect FEM data. 
 
CL 
5 SPF0 LUN FILE ACI3 
20 LOCA 
F#,I#,J#,NZ#,XST$,SPR1#,EL1$,LN1$,SPR2#,EL2$,LN2$,SPR3#,EL3
$,LN3$ 
25 LOCA SPR4#,EL4$,LN4$,ZZ# 
27 LOCA 
NX#,NY#,SX#,SY#,SPX#,SPY#,SPZ#,CPX#,CPY#,LPX#,LPY#,XDIS#,YD
IS# 
28 LOCA LPZ#,BLK$ 
30 DEFI F# 11 
35 DEFI BLK$ ',' 
45 INPU "Enter map name. (i.e. 'diop')",XST$ 
50 DEFI SPR1# 1 
55 DEFI EL1$ 'Si' 
60 DEFI LN1$ 'Ka' 
65 DEFI SPR2# 2 
70 DEFI EL2$ 'Mg' 
75 DEFI LN2$ 'Ka' 
80 DEFI SPR3# 3 
85 DEFI EL3$ 'Ca' 
90 DEFI LN3$ 'Ka' 
95 DEFI SPR4# 4 
100 DEFI EL4$ 'Fe' 
105 DEFI LN4$ 'Ka' 
110 MOV SP1 Si Ka 
115 MOV SP2 Mg Ka 
120 MOV SP3 Ca Ka 
125 MOV SP4 Fe Ka 
220 WMOV SPEC  
235 LOCA BSZ%,CTM#,BM# 
240 INPU "Set X picture size in microns (must be even 
number).  ",XDIS# 
245 INPU "Set Y picture size in microns (must be even 
number).  ",YDIS# 
250 INPU "Set number of points in X direction.  ",NX# 
255 INPU "Set number of points in Y direction.  ",NY# 
260 INPU "Set count time in msec.  ",CTM# 
262 INPU "Set beam size in microns 1 - 250.  ",BM# 
265 SPRI "!/!/Move to upper left corner of map/" 
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270 INPU "Press 1 to continue, 0 to stop ",ZZ# 
272 DATE 
273 TIME 
275 IF (ZZ# <> 1) THEN 9999 
280 DEFI SX# (XDIS#/NX#) 
285 DEFI SY# (-YDIS#/NY#) 
290 DEFI SPX# XPOS# 
295 DEFI SPY# YPOS# 
300 DEFI SPZ# ZPOS# 
305 RMOV X (SX#/2) 
310 WMOV X 
315 RMOV Y (SY#/2) 
320 WMOV Y 
325 DEFI CPX# XPOS# 
330 DEFI CPY# YPOS# 
335 DEFI LPX# XPOS# 
340 DEFI LPY# YPOS# 
345 DEFI LPZ# ZPOS# 
347 DETE OFF 
350 MODE FIX 
355 SIZE BM# 
360 PCOU SPEC CTM# 
365 FILE OPEN AP 'MAP1' F# 
370 WAIT 0 0 2 
375 FOR J# 1 NY# 
380 FAR OFF 
385 FOR I# 1 NX# 
390 DEFI CPX# XPOS# 
395 COU SPEC 
400 WCOU SPEC 
405 PRINT FILE 
XST$,",",I#,",",J#,",",CPX#,",",CPY#,",",EL1$,",",CNT#[SPR1
#] NOCR 
410 PRINT FILE ",",EL2$,",",CNT#[SPR2#] NOCR 
415 PRINT FILE ",",EL3$,",",CNT#[SPR3#] NOCR 
420 PRINT FILE ",",EL4$,",",CNT#[SPR4#] 
425 RMOVE X, SX# 
430 WMOV X 
435 NEXT I# 
437 FAR ON 
440 AMOV X LPX# 
450 AMOV Y LPY# 
470 AMOV Z LPZ# 
475 WMOV STAG 
480 RMOV Y SY# 
485 WMOV Y 



 

 

62 

490 DEFI LPX# XPOS# 
500 DEFI LPY# YPOS# 
510 DEFI CPY# YPOS# 
520 NEXT J# 
530 AMOV X SPX# 
540 AMOV Y SPY# 
550 AMOV Z SPZ# 
560 WMOV STAG 
570 FAR ON 
580 FILE CLOSE F# 
585 WAIT 0 0 2 
620 SPRI "!/!/Finished MAP!/" 
625 DATE 
630 TIME 
9999 STOP 
ST NMAP 
CL 
 
 

Xmap demonstrates that the Nmap code, which measures Fe, Mg, Si, and Ca, can 
be altered to support collection of alternate elements.  It is also a code in the Cameca task 
language that instructs the microprobe to collect FEM data. 
 
CL 
5 SPF0 LUN FILE ACI3 
20 LOCA 
F#,I#,J#,NZ#,XST$,SPR1#,EL1$,LN1$,SPR2#,EL2$,LN2$,SPR3#,EL3
$,LN3$ 
25 LOCA SPR4#,EL4$,LN4$,ZZ# 
27 LOCA 
NX#,NY#,SX#,SY#,SPX#,SPY#,SPZ#,CPX#,CPY#,LPX#,LPY#,XDIS#,YD
IS# 
28 LOCA LPZ#,BLK$ 
30 DEFI F# 11 
35 DEFI BLK$ ',' 
45 INPU "Enter map name. (i.e. 'diop')",XST$ 
50 DEFI SPR1# 1 
55 DEFI EL1$ 'Al' 
60 DEFI LN1$ 'Ka' 
65 DEFI SPR2# 2 
70 DEFI EL2$ 'P' 
75 DEFI LN2$ 'Ka' 
80 DEFI SPR3# 3 
85 DEFI EL3$ 'S' 
90 DEFI LN3$ 'Ka' 
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95 DEFI SPR4# 4 
100 DEFI EL4$ 'Ni' 
105 DEFI LN4$ 'Ka' 
110 MOV SP1 Al Ka 
115 MOV SP2 P Ka 
120 MOV SP3 S Ka 
125 MOV SP4 Ni Ka 
220 WMOV SPEC  
235 LOCA BSZ%,CTM#,BM# 
240 INPU "Set X picture size in microns (must be even 
number).  ",XDIS# 
245 INPU "Set Y picture size in microns (must be even 
number).  ",YDIS# 
250 INPU "Set number of points in X direction.  ",NX# 
255 INPU "Set number of points in Y direction.  ",NY# 
260 INPU "Set count time in msec.  ",CTM# 
262 INPU "Set beam size in microns 1 - 250.  ",BM# 
265 SPRI "!/!/Move to upper left corner of map/" 
270 INPU "Press 1 to continue, 0 to stop ",ZZ# 
272 DATE 
273 TIME 
275 IF (ZZ# <> 1) THEN 9999 
280 DEFI SX# (XDIS#/NX#) 
285 DEFI SY# (-YDIS#/NY#) 
290 DEFI SPX# XPOS# 
295 DEFI SPY# YPOS# 
300 DEFI SPZ# ZPOS# 
305 RMOV X (SX#/2) 
310 WMOV X 
315 RMOV Y (SY#/2) 
320 WMOV Y 
325 DEFI CPX# XPOS# 
330 DEFI CPY# YPOS# 
335 DEFI LPX# XPOS# 
340 DEFI LPY# YPOS# 
345 DEFI LPZ# ZPOS# 
347 DETE OFF 
350 MODE FIX 
355 SIZE BM# 
360 PCOU SPEC CTM# 
365 FILE OPEN AP 'MAP2' F# 
370 WAIT 0 0 2 
375 FOR J# 1 NY# 
380 FAR OFF 
385 FOR I# 1 NX# 
390 DEFI CPX# XPOS# 
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395 COU SPEC 
400 WCOU SPEC 
405 PRINT FILE 
XST$,",",I#,",",J#,",",CPX#,",",CPY#,",",EL1$,",",CNT#[SPR1
#] NOCR 
410 PRINT FILE ",",EL2$,",",CNT#[SPR2#] NOCR 
415 PRINT FILE ",",EL3$,",",CNT#[SPR3#] NOCR 
420 PRINT FILE ",",EL4$,",",CNT#[SPR4#] 
425 RMOVE X, SX# 
430 WMOV X 
435 NEXT I# 
437 FAR ON 
440 AMOV X LPX# 
450 AMOV Y LPY# 
470 AMOV Z LPZ# 
475 WMOV STAG 
480 RMOV Y SY# 
485 WMOV Y 
490 DEFI LPX# XPOS# 
500 DEFI LPY# YPOS# 
510 DEFI CPY# YPOS# 
520 NEXT J# 
530 AMOV X SPX# 
540 AMOV Y SPY# 
550 AMOV Z SPZ# 
560 WMOV STAG 
570 FAR ON 
580 FILE CLOSE F# 
585 WAIT 0 0 2 
620 SPRI "!/!/Finished MAP!/" 
625 DATE 
630 TIME 
9999 STOP 
ST XMAP 
CL 
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APPENDIX B 
 

Table 7) Electron Microprobe Point Analyses from meteorite thin sections. 
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Table 7) Continued 
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Table 7) Continued 
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Table 7) Continued 
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Table 7) Continued 
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Table 7) Continued  
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Table 7) Continued  
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Table 7) Continued  
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Table 7) Continued  
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Table 7) Continued  

 
 
 

 
ol = olivine 
pyr = pyroxene 
** indicates ALH 84205 has previously been classified as an L3.9, but our work indicates 
it is in the range of L3.4-3.6.   
All numbers are weight percent values. 
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APPENDIX C 
 

Table 8)  Calibration values for Si, Mg, Ca, and Fe. 

 
Numbers in parentheses indicate the FEM pixel diameter that was calibrated for that 
session in microns.  Date is presented as year, month, and day.  Dates without a number 
in parentheses were calibrated with one micron diameter footprints. 
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APPENDIX D 
 

Three IDL codes are used for each session of FEM data.  The following examples 
use the calibration data from March 6, 2006 (060306).   OlivPlot.pro filters based on Si 
content, applies the calibration curve for that session, filters again for total Si, Mg, and Fe 
weight%, and then calculates the homogeneity statistics and average Fe wt% for that data 
set. 

ol_mask=where((Si gt 2800) and (Si lt 4000)) 
Siol=Si[ol_mask] 
Mgol=Mg[ol_mask] 
Feol=Fe[ol_mask] 
Caol=Ca[ol_mask] 
SiCalibOl=(SiOl*.005)-0.4554 
FeCalibOl=(FeOl*.0257)+0.234 
MgCalibOl=(MgOl*.0055)-0.3225 
CaCalibOl=(CaOl*.0058)-0.0848 
 
totalsOl=SiCalibOl+FeCalibOl+MgCalibOl 
totals_maskOl=where((totalsOl gt 53) and (totalsOl lt 61)) 
 
 
hist_plot, FeCalibOl[totals_maskOl], binsize=.5 
 
ave=mean(FeCalibOl[totals_maskOl]) 
stddev=stddev(FeCalibOl[totals_maskOl]) 
Cov=(stddev/Ave)*100 
avedev=meanabsdev(FeCalibOl[totals_maskOl]) 
PMD=(avedev/ave)*100 
print, ave 
print, stddev 
print, cov 
print, avedev 
print, PMD 
 
END 
 
The PyrPlot.pro files perform the same function as the OlivPlot.pro only for 

Pyroxene ranges of Si content.  While pyroxene pixels are not directly filter by Ca 
content, by requiring adequate totals in Si+Mg+Fe wt% has the same effect. 

 
pyr_mask=where((Si gt 4700) and (Si lt 5400)) 
Sipyr=Si[pyr_mask] 
Mgpyr=Mg[pyr_mask] 
Fepyr=Fe[pyr_mask] 
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Capyr=Ca[pyr_mask] 
SiCalib=(Sipyr*.005)-0.4554 
FeCalib=(Fepyr*.0257)+0.234 
MgCalib=(Mgpyr*.0055)-0.3225 
CaCalib=(Capyr*.0058)-0.0848 
 
totals=SiCalib+FeCalib+MgCalib 
totals_mask=where((totals gt 50) and (totals lt 56)) 
 
 
hist_plot, FeCalib[totals_mask], binsize=.5 
 
ave=mean(FeCalib[totals_mask]) 
stddev=stddev(FeCalib[totals_mask]) 
Cov=(stddev/Ave)*100 
avedev=meanabsdev(FeCalib[totals_mask]) 
PMD=(avedev/ave)*100 
print, ave 
print, stddev 
print, cov 
print, avedev 
print, PMD 
 
END 
 
The Allwt.pro files were used to determine modal mineralogy for troilite and Fe-

Ni alloys. They can also be used to determine high-Ca pyroxene compositions.  This 
program also allows for comparison between a simple Si wt % filter for olivine and low-
Ca pyroxene and the more rigorous filters of Ol and Pyr.pro files.  In all cases, Allwt.pro 
filtering indicated a greater number of pixels than the specialized filters.  I also tested the 
overlap of these datasets, and all Ol.pro and Pyr.pro identified pixels fell within the 
Allwt.pro dataset for that mineral. 

 
SiWt=(Si*.005)-0.4554 
FeWt=(Fe*..0257)+0.234 
MgWt=(Mg*.0055)-0.3225 
CaWt=(Ca*.0058)-0.0848 
 
Ol_mask=where((SiWt gt 13) and (SiWt lt 19)) 
Pyx_mask=where((SiWt gt 23) and (SiWt lt 27)) 
Alloy_mask=where(FeWt gt 86) 
Troi_mask=where((FeWt gt 55) and (FeWt lt 67)) 
 
Ca_Pyx=CaWt[Pyx_mask] 
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Ca_Pyx_mask1=where(Ca_Pyx gt 2) 
 
 
print, size(Ol_mask) 
print, size(Pyx_mask) 
print, size(Alloy_mask) 
print, size(Troi_mask) 
 
print, size(Ca_Pyx_mask1) 
 
END 
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