American Mineralogist, Volume 73, pages 1457-1464, 1988

CHEMOD: An automated chemical and modal analysis technique
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ABSTRACT

A digital image-processing technique was modified to provide a more accurate modal
analysis of sediments than the standard point-counting procedure. A digital backscattered-
electron image covering an area that includes at least 300 grains is processed to form a
binary image template for beam control. The automated process re-examines each feature
or grain and collects an X-ray spectrum with an energy-dispersive spectrometer. The
advantage of this procedure is that instead of analyzing a single spot on a grain, our system
rasters the electron beam over the entire grain surface. The EDs spectra therefore average
chemical variations over the entire grain. The stored analyses are background corrected,
and the element intensities are utilized to calculate oxide weight percentages for mineral
identification. All analyses were by a Tracor Northern image-processing system (1PA-5700)
adapted to a JeEOL 733 Superprobe.

To demonstrate the utility of the analytical technique, six grain mounts of sand- and
silt-sized particles from the Cubits Gap crevasse-splay, Mississippi Delta, were analyzed.
There were no size-dependent differences in the mineralogy of the samples. Quartz makes
up 50-60 vol% of the samples analyzed. Feldspars and lithic fragments occur in approx-
imately equal quantities, and each may constitute 20-30 vol% of the material. The car-
bonates and accessory minerals account for less than 5% of the rock volume. Other mineral
and rock fragment categories may be selected by modifying the elements to be analyzed
and adjusting the classification procedure accordingly.

The technique—referred to as cHEMoD—provides more reliable estimates of feldspar
abundances than optical methods because it is based on chemical composition. This chem-
ical approach provides estimates of compositional diversity within groups of minerals or
rock types. The image-analysis technique also measures grain size and shape parameters.
The outcome is an accurate and reproducible chemical, mineral, and textural analysis

from a single polished specimen.

INTRODUCTION

In this paper, we describe an automated technique for
the acquisition of chemical composition and modal min-
eral data. We refer to the analytical technique as CHEMOD
for simplicity. It employs an electron microprobe and
digital image-processing procedures to analyze the major-
element variations in individual mineral grains, to estab-
lish their identity, and to determine the volume fraction
of each detected mineral. Whole-rock data can be ob-
tained by combining the individual grain resuits. The
utility of cuemob is demonstrated for sand- and silt-sized
grains from Mississippi River sediments, but the proce-
dure can be applied to mineralogic investigations of other
sedimentary, igneous, and metamorphic rocks.

Mineral content, chemical composition, and texture,
including the shape and size of mineral constituents, are
the chief rock properties measured by petrologists. Sedi-
mentary petrologists, in particular, have used these char-
acteristics to identify source areas and to assess changes
occurring during transportation and subsequent burial. In
diagenetic studies, it is important to have analyses of spe-
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cific minerals or rock fragments in order to follow the
chemical reactions that have taken place. The investi-
gator rarely has these data available because of the tedi-
um and uncertainties associated with the currently em-
ployed analytical methods.

The standard method for mineral analysis and classi-
fication of coarse-grained materials is based on point
counts of petrographic thin sections. This optical-micro-
scope method has been refined and standardized over the
years so that a skilled operator may produce results for a
single specimen in less than 30 min. However, mineral
identifications, especially the recognition of untwinned
feldspars, are uncertain, and no direct chemical infor-
mation is attainable. There are often significant differ-
ences in mineral ratios of similar samples when deter-
mined by different authors. For example, Russell (1937)
and Potter (1978) reported quartz/feldspar ratios for the
fine-sand fraction of Mississippi River sediments of 3.3
and 5.1, respectively. caemop provides a standardized
technique that enables one to determine whether these
differences are real sample variations or are simply due
to the deviation in results by different petrographers.
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Quantitative results may be obtained by X-ray powder-
diffraction methods. These techniques are accompanied
by improved mineral identifications, but they lack direct
measurements of chemical variability. The xrp tech-
niques also require a powdered sample, so spatial rela-
tionships among minerals cannot be discerned.

Electron-microprobe analysis of small volumes of min-
eral grains was recognized for its potential in sedimentary
petrology more than a decade ago (Blatt et al., 1972; Pot-
ter, 1978) and has become a routine analytical technique
in many mineralogical laboratories (Jones, 1985). Uses
of image processing or point analyses in petrology are
discussed by Albee et al. (1977), Quick et al. (1981), Ehr-
lich et al. (1984), Jones (1985), Nicholls and Stout (1986),
and Schiéfer and Teyssen (1987). In these studies, data
were collected at points on a grid by microprobes equipped
with an automated stage or digital beam control, and long
run times were required. Other methods for the miner-
alogical analysis of sandstones by image-processing tech-
niques have been discussed by Dilks et al. (1984) and
Dilks and Graham (1984, 1985). They have used gray-
level segmentation procedures on digital backscattered-
electron images to discriminate minerals by their back-
scattered-electron intensities.

cHEMOD differs from other image-processing systems in
significant ways that provide important advantages. (1)
Our microprobe system is equipped with digital beam
control that allows the acquisition of a digital backscat-
tered-electron image that is used as a template for sub-
sequent automated analysis of discrete grains. (2) Instead
of analyzing a single spot on each grain, our system ras-
ters the electron beam over the entire grain surface. (3)
The energy-dispersive spectrometer (EDS) system mea-
sures the X-ray intensities of 16 or more elements in less
than 20 s (live time). (4) Classification of grains is com-
puter controlled and is based on X-ray intensities rather
than on properties that are more difficult to quantify, such
as backscattered coeficients (Dilks and Graham, 1985) or
backscattered-electron energies (Jones, 1985). (5) Our sys-
tem measures grain size and textural parameters including
grain area, diameter, perimeter, length, width, shape fac-
tor, grain orientation, and aspect ratio. The outcome is
an accurate and reproducible chemical, mineral, and tex-
tural analysis from a single polished specimen.

MATERIALS AND METHODS

Six polished surface grain mounts of size-fractioned
separates from Cubits Gap crevasse-splay sediments,
Mississippi Delta, were analyzed by cHEMoD. The sam-
ples were collected from traction-transported and suspen-
sion-deposited lithofacies (DiMarco et al., 1986). The sand
grains were coarser than 62 um in diameter, and the par-
ticle size of the silts varied between 5 and 62 um. Clay
minerals and micaceous particles other than those in rock
fragments were essentially absent in these coarser sepa-
rates.

CHEMOD was developed for use with an energy-disper-
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sive spectrometer on the JEoL 733 Superprobe and Tracor
Northern 1pa-5700 image-processing system at Louisiana
State University. The procedure should be readily adapt-
able for use with other analytical systems. A complete
analysis requires approximately 120 min, but the opera-
tor is only required for about 20 of those minutes. The
major steps in the procedure are listed here and then
discussed in some detail: (1) Obtain a backscattered-elec-
tron image containing approximately 300 mineral grains.
(2) Produce a binary image template. (3) Scan each fea-
ture using the template and accumulate data for stereo-
logical analysis and individual-grain eps spectra. (4) Con-
vert background-corrected peak intensities to oxide weight
percentages. (5) Use oxide weight percentages to classify
minerals. (6) Output results.

Backscattered-electron image

The grain mounts are scanned at variable magnifica-
tions to select a representative area. A digital backscat-
tered-electron image containing 512 x 512 pixels is then
obtained at a magnification sufficient to include approx-
imately 300 grains in the field of view. This number of
grains was selected because in point-count-based optical
methods, it is the minimum number required to ensure
that, at the 0.95 confidence level, a grain that makes up
1 vol% of the sample would be counted. Higher-magni-
fication images of multiple areas with fewer grains could
be employed when more detailed individual grain data
are desired.

Binary template

A black-and-white binary-image template is prepared
by manually selecting an intensity-threshold value from
the gray-level histogram of the backscattered-electron
image that separates mineral grains from the epoxy
mounting material. This template guides the electron
beam to individual mineral particles in subsequent pro-
cedures.

Grains in contact with one another produce composite
grain images, and they must be separated in order to pro-
duce accurate results. For example, if a quartz and feld-
spar grain were in contact, they would be classified as a
rock fragment with a composition dependent on the rel-
ative area percent of each mineral in the composite. This
misclassification would underestimate the modal abun-
dances of both quartz and feldspar. To avoid such an
error, images are separated by automated erosion and
dilation procedures. The erosion is performed at the edges
of grains as identified by the binary-image template. This
process works equally well for grain mounts or whole-
rock thin sections. A small amount of manual editing
may be required where automated pixel erosion is incom-
plete. One may exclude exceptionally large or small grains
by specifying maximum and minimum grain area limits
for each analysis.

The modified binary-image template is used to exam-
ine and to collect data on each grain. EDs spectra are
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generated as the beam is rastered within the confines of
each feature in the template. The EDS system provides
reliable X-ray intensities from the entire field of exami-
nation because it is not subject to the defocusing errors
associated with wavelength-dispersive spectrometers.
Analyses were acquired at 15 kV and a probe current of
approximately 0.01 pA producing an input count rate of
2000 counts per second. X-ray counts are accumulated
for a preset live time of 20 s or until 1024 counts are
registered in an individual channel. This collection time
produces a satisfactory quantitative analysis within a rea-
sonable time, and the results are obtained with minimal
sample damage due to prolonged exposure to the electron
beam. Counting times less than 20 s could not be em-
ployed because light elements (such as Na) could not be
detected at the 1-2 oxide weight percent level.

Each feature is numbered automatically by the 1pA-5700
program while X-ray spectra and data for stereological
calculations are stored. In initial experiments, back-
ground-corrected intensity values for 16 elements (Na,
Mg, Al Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, and
Zn) were obtained. The trace elements could not be used
with the same degree of confidence as the major elements;
therefore, in our application, only data for Na, Mg, Al,
Si, K, Ca, Ti, and Fe were used in the calculations for
mineral classification and bulk chemical composition.
Other applications might take advantage of many more
elemental intensities. Computed stereological parameters
include grain area, diameter, perimeter, length, width,
shape factor, grain orientation, and aspect ratio. Only
grain-area values are used in CHEMOD since it is the only
stereological parameter required for a modal analysis.

Convert peak intensities to weight percentages

Thirty mineral standards (Table 1) form the basis for
the correlation of the normalized EpDs intensities (peak
counts per total counts x 100) of eight major elements
and the weight percents of their oxides. The relationship
is linear (Fig. 1) except where absorption or fluorescence
is a problem as for Si and Fe (Bence and Albee, 1968;
Pyman et al., 1978). The calibration curves are to some
degree instrument dependent, but if the same standards
and similar instrumental operating conditions are uti-
lized, the results should be comparable. The calibration
avoids the use of Bence-Albee or ZAF corrections that
entail considerable computation time. For elements that
show a well-defined correlation between weight percent
and normalized intensity (r = 0.9), the equations of best-
fit lines are employed to calculate the chemical compo-
sition of each grain. Although the y intercepts are small
positive or negative values, the equations could still be
used for the calculation because the intensities of the ma-
jor elements were great enough to be unaffected by the
intercept error. When intensities are low, this error and
other uncertainties reduce the reliability of the calibration
and preclude the use of intensity data for elements that
make up less than 1 wt% of the analyzed grain.
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List of mineral standards analyzed by cHEMOD for cor-
relation of normalized elemental intensities with values
for weight percent oxide

TABLE 1.

. PSU Orthoclase OR-1A

. Microcline USNM #143966

Amelia Albite

. UO Biotite M1

. Kakanui Hornblende USNM #143965

. Lake Co. Plagioclase USNM #115900

. PSU Engles Amphibole

. Amphibole QC 81-23

. PSU Na-Amphibole 6-040

. UO Actinolite AM-

. UO Tremolite AM-7

. PSU Biotite R-2208

. Johnstown Hypersthene USNM #746

. Kakanui Pyrope USNM #143968

. San Carlos Olivine USNM #111312/444
. Rockport Fayalite USNM #85276

. Kakanui Augite USNM #122142

. Tiebaghi Chromite USNM #117075

. Minas Gerias Magnetite USNM #114887
. limen Mtns. limenite USNM #96189

. Durango Apatite USNM #104021

. Scapolite USNM #R6600-1

. Volcanic Glass VG-2 USNM #111240/52
. Volcanic Glass VG-A99 USNM #113498/1
. Rhyolite Glass VG-568 USNM #72854

. Hot Springs Quartz USNM #R17701

. UO Al-Ti Diopside Glass GL-34

. UO Cr-Mn-Ni Diopside Glass GL-41

. PSU Sphene

. PSU Riebeckite R-2535

WML NNRN = ==

Note: PSU = Pennsylvania State University. UO = University of Oregon.
USNM = Smithsonian Institution-U.S. National Museum.

Classification of minerals

Figure 2 illustrates the flow chart of the classification
program. Individual grain composition data are used to
assign the particle to one of eight categories. For the Mis-
sissippi Delta sediments, the major grain types are quartz,
impure quartz, sodium feldspar, calcium feldspar, potas-
sium feldspar, calcite, dolomite, and lithic fragments. A
range of oxide weight percent values is permitted within
each category because the detrital grains are commonly
impure. This provision for small variations is similar to
that employed in optical petrography in that an albite or
quartz grain may contain inclusions of other minerals,
but our ranges are based on empirical measurements of
chemical composition. For example, the sodium feldspar
category accounts for the possible incorporation of up to
5 wt% quartz in a grain in addition to potential solid
solution or intergrowths with calcium and potassium
feldspars. For this classification, the sodium feldspar is a
feldspar grain with Na dominant over Ca and K. Indi-
vidual sample results must be consulted to determine the
precise composition of a grain counted in this category.
Similar arguments apply to the other categories, espe-
cially the one termed “impure quartz,” which is probably
a mixture of quartz and <2-pm mica crystals typical of
some recycled sedimentary rock fragments. Lithic parti-
cles are essentially the igneous, sedimentary, and meta-
morphic rock fragments that would not fit into one of the
specific mineral dominant categories.
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SODIUM
y=0.125+3342x A=093
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Fig. 1. Graphs showing the correlation between eps-normalized intensities and oxide weight percent of the major elements used
in cHEMOD mineral classification. Instrumental operating conditions used were 15 kV, 10-nA probe current, focused beam, 40°

take-off angle.

Output results

A variety of choices is available for presenting the re-
sults of cHEMOD. Individual, or combined, chemical and
mineral percentage data for single and multiple samples
may be printed in tabular form. Volume percentage es-
timates of minerals and rock fragments are calculated by
summing the area measurements for the grains in a par-
ticular category and then dividing by the total of all mea-
sured grain areas. Graphic subroutines supplied with the
1PA-5700 also permit several choices for histograms or

scatter plots of variables. Serial port interfaces permit the
data files to be transferred to larger computer systems for
other statistical analyses.

The average chemical composition of the whole sample
can be determined from the individual grain data by
summing the fractional contributions. For example, the
weight percent SiO, in the whole rock (W) can be de-
termined by

n

W5102 = 2

=1

ag WSiOz,g
AVI
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ELEMENTAL INTENSITIES
ACQUIRED FROM MICROPROBE

CONVERT INTENSITY TO WEIGHT % BY CORRELATION
EQUATIONS ESTABLISHED ON STANDARDS

| IF SI > 90% and Al < 10% —‘
[1F sI > 80% and Al < 10% and K < 3% }——(E——-
QUARTZ|
[IF 87% < Si < 75% and 15% < Al < 26% and Na > K, Ca ]—1@—
[1F 60% < SI < 75% and 15% < Al < 20% &nd K > Na, Ca L—M—
[IF 52% < si < 68% and 23% < Al < 30% and Ca > K, Na }—IE,—
[ IF ca > 80% and si < 10%
|
[iF ca 2 60% and Mg

SUM WT. % Na, Mg, Al, SI, K, Ca, Tl, Fe :

seunos

QUTPUT

1. NUMBER OF GRAINS OF EACH TYPE

2. AVERAGE CHEMICAL COMPOSITION

Fig. 2. Flow chart outlining the system for assigning grains
to a mineral or lithic class based on their chemical compositions.

where a, and Wy, are the area and the weight percent
SiO, of an individual grain (g) and A, is the total area
summed over the total number (n) of all grains analyzed.
A large variety of similar computations can be tailor-
made for special applications from the basic data files
generated by CHEMOD.

DiISCUSSION OF RESULTS

The backscattered-electron image of a section of a stan-
dard field of view is presented in Figure 3. This enlarged
view illustrates the subrounded to angular and embayed
margins of the grains and the gray-level contrasts among
the mineral grains and the epoxy mounting material
(black). At the lower magnification required to obtain 300
grains in a field of view, grains in close contact (E) appear
as a single feature and must be separated in order to form
a proper binary template. Based on EDs spectra and the
derived oxide weight percentages, the grains in this field
of view are identified as quartz (Q), potassium feldspar
(K), sodium feldspar (N), calcium feldspar (C), and lithic

Fig. 3. Backscattered-electron image showing a portion of
the standard field of view analyzed by cHEMoD. Labels show a
grain contact zone (E); quartz (Q); potassium feldspar (K); so-
dium feldspar (N); calcite (C); lithics (L); and fragments (F).

fragments (L). The backscattered-electron image clearly
demonstrates the mixed nature of the two feldspar grains
near the center of the figure, and the individual grain
chemical analyses confirm that they are mixtures of so-
dium and potassium feldspars. Tiny fragments of grains
(F) were excluded from this cHEMOD analysis by setting
the lower area limit at a value equal to approximately
400 pm?2,

The sand fraction of the Cubits Gap samples have a
weighted average quartz : feldspar : lithic fragment (Q:F:
L) ratio of 56:21:24, which identifies them as a sublithic
arenite. The silt fraction of the same samples yields
roughly similar results (Q:F:L = 58:19:23) to those re-
ported for the sands, although the arenite teminology is
not applicable. The sands contain more lithic fragments
than the average for Mississippi River sediments report-
ed by Russell (1937) (Q:F:L = 69:21:10) and more feld-
spar than the amount reported by Potter (1978) (Q:F:L
= 61:12:27). These differences are expected because
cHEMoD utilizes information from the whole grain in its
classification program. The results are more reliable than
petrographic analyses because they are based on more
objective measurements.

The complete results of the mineral determinations are
listed in Table 2. Quartz is the major mineral, constitut-
ing 50-60 vol% of the sand and silt fractions. Feldspars
and lithic fragments occur in approximately equal quan-
tities and each may account for 20-30 vol% of the ma-
terial. The carbonates and other mineral (or rock) cate-
gories make up less than 5% of the rock volume. The
values reported for sands compare very well with those
obtained by manual identification procedures with the
SEM.

Comparison of the sem and electron-microprobe re-
sults provides a reasonable estimate of the reproducibility
and accuracy of caeMop. Because of the manual super-
vision of the sem-acquired EDs spectra, SEM values are
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An

Fig. 4. Composition of feldspars in the (a) sand and (b) silt fraction of Cubits Gap sediments. The classification of feldspar
compositions is from Maynard (1984). The letter symbols indicate source rock types for each compositional zone according to
Trevena and Nash (1981): volcanic (V); plutonic (P); metamorphic (M).

considered the standard against which to compare the
automated-microprobe results. Of course some small error
is expected by this comparison because different numbers
of grains and slightly different fields of view were exam-
ined. At the 50-60 vol% level, the average relative error
in the quartz determination is 4.7% of the amount re-
ported. Errors in the total feldspar and lithic fragment
estimates average 11% of the amount reported. Larger
relative errors occur when the grains make up less than
10 vol% of the sample.

The errors are due to two main factors. A true standard
is not available for compilations of grain-by-grain mea-
surements, so we cannot really derive a quantitative es-
timate of accuracy. Reproducibility errors are primarily
due to the statistical counting error associated with the
20-s accumulation time of the eps spectrum. Net peak

intensities for some elements are as low as 100 counts,
so variations of +=10% are expected in the estimates of
oxide weight percentages. The total standard deviations
of the Na,O, CaO, and SiO, estimates obtained from the
calibration curves are +0.7, 0.7, and *3.3 wt%, re-
spectively. Similar values are obtained for the other ox-
ides.

The total error arising from these two causes are of
approximately the same magnitude as those determined
by comparing the seMm and electron-microprobe results.
Typical expected errors for major (greater than 50 vol%)
and minor (roughly 20 vol%) constituents are approxi-
mately 5% and 10%, respectively. For less abundant
grains, the errors are higher.

Individual feldspar chemical analyses are plotted in
Figure 4 for the sand and silt fractions. There are points

TaBLE 2. Mineral-classification results of cHeEmop for six Cubits Gap samples

CG 2-2 CG 2.7 CG 29
) CG 2-2 sand CG 2-7 sand CG 2-9 sand silt silt silt
Mineral

(%) Probe SEM Probe SEM Probe SEM Probe Probe Probe
Quartz 58 59 50 54 50 48 60 50 55
Impure Qtz 2 — 2 —_ 3 — 3 2 3
Feldspar total 20 16 24 24 19 18 17 22 20
Ab 7 3 9 6 5 2 8 8 8
Or 8 10 11 12 10 10 5 10 10
An 5 3 4 6 4 6 4 4 2
Calcite 0 1 <1 1 1 4 0 <1 1
Dolomite 1 — 1 —_ 1 — <1 0 2
Lithics 19 24 23 20 2 28 20 2 19
Total grains 344 239 385 472 363 413 302 338 346

Note: Manual sem analyses of the same samples in the sand size fraction are listed for comparison.
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TaBLE 3. Average chemical results of cHEMOD for six Cubits Gap samples, compared with Potter's (1978) average chemical
composition of Mississippi River sands for the same oxides

Potter’s

CG 2-2sand CG2-7sand CG 2-9 sand CG 2-2 silt CG 2-7 silt CG 2-9 silt Average average
SiO, 81.10 78.21 78.06 81.14 76.48 77.50 78.75 80.15
AlLO, 8.02 9.85 8.68 7.03 10.13 7.49 8.52 6.43
FeO + Fe,0, 0.72 0.87 0.97 1.81 1.25 0.61 1.04 2.47
TiO, 1.36 0.99 1.15 1.77 1.11 0.93 1.22 0.42
Ca0 2.02 2.10 2.47 1.69 1.55 3.62 2.24 3.32
MgO 1.71 1.70 1.68 1.60 1.35 2.43 1.75 0.85
Na,0 3.35 3.16 3.97 3.76 5.81 4.88 4.16 1.19
K0 1.81 2.14 2.09 1.33 1.92 1.98 1.88 1.20

that plot within the regions of volcanic, plutonic, and
metamorphic feldspar identified by Trevena and Nash
(1981) and modified by Maynard (1984). Most of the
plagioclases are between 50% and 95% albite, and the
alkali feldspars are 45% to 90% orthoclase. The compiex
nature of the sediments is typical of what is expected in
a river such as the Mississippi that drains a large region
of complex geology. Some of the grains are apparently
complex aggregates that could not be differentiated by
CHEMOD, because they have compositions that plot within
an area where no naturally occurring feldspars have been
recognized. These complex grains are less important vol-
umetrically in the silt fractions because the smaller grains
are more likely to be single minerals. In the future we
hope to develop a procedure for the distinction of single
grains of an isomorphous substitution series and inter-
growths of different grains.

The chemical composition (Table 3) of the Cubits Gap
samples is variable, but the average is similar to the av-
erage reported for Mississippi River sediments by Potter
(1978). cHeMoD analytical determinations produce higher
estimates of Na,O, K,O, and MgO than Potter reported.
These and other differences are due in large part to the
different procedures for the collection and analysis of the
sediments. The cHEMOD values are particularly useful be-
cause they can be related directly to grains in the sample,
and the calculations avoid any assumption of stoichi-
ometry. Individual grain results such as these should be
especially valuable in studies of diagenesis and prove-
nance.

CONCLUSIONS

CHEMOD is an improved procedure for the automated
determination of chemical composition and modal anal-
ysis of a wide variety of particulate materials. In less than
2 h per sample, one can obtain analytical data on ap-
proximately 300 grains. A chief advantage of the tech-
nique is its ability to analyze the entire surface of a pol-
ished grain rather than a single point.

As applied to sediments from the Mississippi River,
cHeMoD produces a mineral analysis that agrees reason-
ably well with petrographic results obtained by others.
However, this method is automated and eliminates some
of the operator-induced errors of standard petrographic
procedures, especially those produced by the misidenti-

fication of albite. Volume percentages of minerals ob-
tained with cCHEMOD are comparable to those obtained by
optical methods, but this technique compiles chemical
results and grain-size determinations at the same time.
In the demonstrated application, Na, Mg, Al, Si, K, and
Ca oxide weight percentages were sufficient to recognize
eight mineral and grain types in the Cubits Gap sedi-
ments, but a modified program could readily employ
X-ray intensity data on more elements. Adjustments to
the mineral-classification program could facilitate the
analysis of mafic and accessory minerals that may be of
more importance to the igneous or metamorphic petrol-
ogist.

The most obvious limitation of CHEMOD is the inability
to distinguish grains with identical chemical composi-
tions, such as calcite and aragonite. Lithic rock fragments
of sedimentary, igneous, or metamorphic origin are also
impossible to separate if they have similar compositions.
Future work will focus on expanding the classification
procedures and employing pattern recognition techniques
to distinguish grains with different textures. More elab-
orate modifications of cHEMOD should expand its utility
as a complete mineral, chemical, and textural data-col-
lection procedure for igneous and metamorphic petrolo-
gists as well as for sedimentary petrologists.
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