Fully automated analysis of grain chemistry, size
and morphology by CCSEM: examples from cement
production and diamond exploration
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Computer-controlled scanning electron microscopy (CCSEM)
combines the advantages of energy dispersive X-ray spectrom-
etry (EDX) with those of digital image analysis of back-scat-
tered electron (BSE) micrographs. CCSEM analysis of a wide
range of geological or non-geological materials has been intro-
duced at the Geological Survey of Denmark and Greenland
(GEUYS) as a fast and reliable method to determine both the
chemistry of individual grains and bulk samples. The chemical
analysis is combined with measurements of the two-dimen-
sional size and morphology of every single grain.

The CCSEM technique was developed in the early 1980s
for characterisation of coal minerals (Huggins ez a/. 1980; Lee
& Kelly 1980) and studies of synthetic crystals for super-con-
ductors and catalysts (Lin & Barnes 1984). Soon it found a
broader application in the study of dust particles and fibres in
lung tissue of mine workers (Friedrichs 1987), in the analyses
of aerosols for air quality control and source emission charac-
terisation (e.g. Heasman & Watt 1989) and the degree of sin-
tering and consolidation of coal ash deposits (e.g. Huffman ez
al. 1994). CCSEM has been used in the earth sciences for the
determination of the sediment budget of a lake (Yin &
Johnson 1984), for the characterisation of soil and dust (Pirrie
et al. 2004), for provenance analysis of ilmenite-bearing beach
sands (Knudsen e a/. 2005; Bernstein ¢t al. 2008), and prove-
nance studies on sandstones in oil-bearing basins (Frei ez al.
2005). Other areas where CCSEM has been applied range
widely and include characterisation of small inclusions, e.g.
impurities in metal alloys or steel (Schwoeble e 2/ 1988),
analyses of gun-shot residues (e.g. Steffen ez al. 2007), and
analyses of bladder stones obtained from a skeleton found in a
Mesolithic cave-tomb (D’Alessio ez al. 2005). In this paper, we
demonstrate the benefits of the method with examples from

the cement industry and from diamond prospecting.

Fig. 1. A: CCSEM sample of beach sediment from Jylland, Denmark,
divided into a number of frames in a grid. Part of the grid is outlined in
white. Grains of different chemical compositions (different grey values) are
embedded in epoxy resin. B: Enlargement of one of the frames of the grid
(indicated in red in A). The guard region (yellow) prevents double or
incomplete measurements of grains (see text). The grey-level threshold
function selects the grains one by one from the matrix for analyses of

chemical composition, size and shape. Analysed grains are shown in red;

the image represents a snapshot of the CCSEM procedure.
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Analytical technique

Sample preparation

Sample material may, for example, consist of (1) a representa-
tive part of a bulk sample, (2) carefully selected grains mounted
on double-sided tape, or (3) a heavy mineral separation of a
bulk sample. Grains, beads, and powders of both geological
and non-geological origin can be analysed. For most studies,
approximately 1 g of sample material was mounted in epoxy
resin, using a technique that ensures that almost every grain is
completely embedded in the epoxy, without touching any
neighbouring grains (Frei ez al. 2005). The epoxy mounts are
cut to show a representative part of the mount, subsequently
polished and coated with carbon to enhance their conductiv-
ity. However, it is also possible to use thin sections of sample
material prepared in a similar way.

CCSEM analysis

The CCSEM analysis was undertaken using a Philips XL40
SEM equipped with two EDX detectors: a Thermo Nanotrace
30 mm? window and a Pioneer Voyager 2.7 10 mm* window
Si(Li) detector. The tungsten filament of the SEM was oper-
ated with an acceleration voltage of 17 kV, a filament current
of typically 50-70 pA, and the sample was placed at a distance
of 10 mm from the detector. The Noran System SIX software
package was used to automatically collect X-ray spectra, grain
size and morphology of all particles and to recalculate the data
following the Proza (ppZ) data correction and the filtering
quantification technique. The technique described here is an
improvement of the method described by Frei ez a/. (2005) and
Bernstein et /. (2008).

The samples were studied in the BSE contrast mode of the
electron microscope where the individual particles appear as
different shades of grey in their black epoxy matrix (Fig. 1).
Grey-level intensity thresholding by the image analysis func-
tion integrated in the software created a binary image of the
BSE micrograph and allowed for the separation and selection
of individual grains (Fig. 1B). A grid of image frames covering
the whole sample area was defined by feeding the end-coordi-
nates of the sample to the computer and by setting the required
magnification (typically 30-100x) for the analysis (Fig. 1A).
Grids consisted of 15 to 60 frames with approximately 20-35
grains per frame. A guard region between each frame ensured
that double measurements of large particles in the sample was
avoided and that only grains that lay completely within the
image frame were included for analysis and thus recorded the
true shape of grains. A ‘hole-fill’ function enabled more precise
measurement of the grain size and shape from the binary
image. Because the grains were mounted in epoxy resin in such
a way that they do not touch each other, no grain separation
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techniques had to be used, as commonly applied in automatic
particle analysis software. Thus, the original 2-D grain shape
and grain size were completely available for analysis, without
the introduction of artefacts by grain erosion and dilation or
median filtering. All standard grain-shape factors can be mea-
sured. The smallest grains in the sample can be excluded from
the analysis to avoid the measurement of particles that are only
a few pixels in size, especially if a good grain morphology reso-
lution is required.

The created binary image formed the basis for the measure-
ments of the grain chemistry. The software forced the micro-
scope to scan within the perimeter of each grain to obtain the
chemistry of either the whole grain area or from a single point
in the centre of the grain mass. A typical spectrum for one par-
ticle contained 1000-2000 counts for the highest peak.
Spectra with a very low number of counts can be removed to
ensure good measurement statistics. Commonly, 800-1200
grains were measured in approximately two hours.

The Noran software produces a results table that lists shape,
size and chemistry for each individual grain. All spectrum files
and image frames, with a typical size of 1024 x 774 pixels, are
stored after analysis. Spectrum files can be reprocessed to
include accidentally omitted elements retrospectively, without
the need to physically reanalyse the sample. The chemical data
are further reduced using a software package that is connected
to a mineral library database for automatic phase recognition
and data storage.
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Fig. 2. Grain-size distribution diagram for seven minerals from raw materials
used in the cement industry. Grain mineralogy and grain size were deter-
mined with CCSEM.



Application of CCSEM as a practical
solution

Quality control of raw materials in cement
production

For cement production, raw materials are crushed to fine grain
sizes before they are mixed and reacted at high temperatures in
a kiln. To optimise the performance of the grinding mill and
the sintering process an investigation of the grain-size distri-
bution of the limestone, iron ore, clay and sand fractions of the
cement was undertaken. The grain-size distribution of the
individual components in particular is of great importance for
further processing of the raw material into cement clinker.

The raw material was sieved into different grain-size frac-
tions and treated with hydrochloric acid to decrease the
amount of calcium carbonate in the raw material. The size frac-
tion of 10-2000 pm was analysed with CCSEM to determine
the grain-size distribution and grain chemistry. Figure 2 shows
the grain-size distribution for seven different minerals. The
mica, illite, and feldspar grains show uniform grain-size distri-
butions, whereas bauxite, hematite and particularly dolomite
grains show ranges of size distributions over two orders of mag-
nitude. The hematite grains display a bimodal-size distribu-
tion. These findings demonstrate that CCSEM is a suitable
option for routine quality control and improvement of the
production process.

CCSEM: a fast and reliable tool for diamond
prospecting?
Determinations of the elemental composition of macro-crys-
talline phases in kimberlitic rocks or in detrital sediment sam-
ples are an important tool in diamond exploration. The major
and minor element compositions of certain minerals are diag-
nostic for igneous rocks of mantle origin, and in some cases
also represent a defined probability that the crystallisation of
these phases occurred under conditions where diamond is sta-
ble. The ratios between Cr and Ca concentrations of Mg-rich
garnets and the Cr and Ca concentrations of eclogitic garnets
are examples where such probability fields have been defined
(Fig. 3; Griitter ez al. 2004). A standard method for analysing
the composition of garnets and other macrocrystalline phases
is to measure the concentration of approximately ten to fifteen
oxides with an electron microprobe (EMP). EMP is a depend-
able, yet time-consuming and relatively expensive method. We
therefore tested the potential of CCSEM analysis as a faster
and cheaper method to measure the composition of macro-
crystals in kimberlitic rocks.

We used indicator minerals from the ‘Garnet Lake” kimber-
lite body in West Greenland, where diamonds are common
(Hutchison 2005). A series of hand-picked pyrope (garnet)
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Fig. 3. Comparison of electron microprobe (EMP) and CCSEM measurements
for chromium oxide and calcium oxide in Mg-rich garnets from diamond-
bearing rocks. Note the good correlation between the results obtained with
CCSEM and the EMP data.

grains were mounted in epoxy resin. The sample was analysed
using CCSEM, with extended counting times to ensure good
statistics: the relative error in the reproducibility of the mea-
surements is ¢. 1-2% for major elements and ¢. 4-8% for minor
elements. The accuracy of CCSEM was tested by comparing
the results with compositional data obtained from electron
microprobe analyses for the same minerals (as reported by Hut-
chison 2005). Even with extended counting time, a sample con-
sisting of 200 grains can be analysed in 1-3 hours, with less than
half an hour of operator time. An excellent reproduction of the
EMP measurements was achieved by CCSEM (Fig. 3); the sta-
tistical correlation between the two methods for these elements
is 70%. The few outliers reflect those garnet grains that show a
compositional gradient from core to rim. The EMP point anal-
yses were carried out on the cores of the grains, whereas the
CCSEM analyses average the whole surface of the grains, there-
fore providing slightly different results that are closer to the bulk
composition of the grains. The vast majority of the garnet grains
analysed by CCSEM plot in the same classification field as do
the grains according to the EMP measurements. CCSEM is
therefore a good option for reliable and more rapid measure-
ments of garnet minerals in diamond-bearing rocks.

Validity of the CCSEM measurements

Comparison between EMP and CCSEM shows high accu-
racy of the CCSEM for minor elements. Figure 4 shows the
precision of the CCSEM method for a major element (93.71
wt%), a minor element (2.19 wt%) and a trace element (0.21
wt%), measured on the same sample. Five sets of measure-
ments at nine different maximum peak count settings (equiv-
alent to nine different time periods) were undertaken to
evaluate the reproducibility of the data. For standard single
spot or single grain analyses the relative errors are high com-
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Fig. 4. Precision of single grain and bulk sample CCSEM analyses as a func-
tion of measurement times. Two detectors were used for the analyses. The

precision increases with counting time.

pared to other analytical methods: 2-3% for major elements
(>20 wt%), 5-10% for minor elements (>2 wt%) and
50-100% for elements present in smaller quantities. How-
ever, these figures can easily be improved by slightly increas-
ing the counting time (Fig. 4). The precision of bulk sample
CCSEM measurements is very high: as an effect of the long
counting times the relative errors are reduced to <0.2% for
major elements, <2% for minor elements and <15% for trace
elements. This shows that the analysis time can be usefully
tailored to the sample set depending on the required preci-
sion of the measurements and the time available. Applied to
diamond prospecting, measurement times could be adjusted
depending on how marginal the sample is in the diamond
stability field.

The examples discussed above indicate that CCSEM pro-
vides an accurate and precise way to rapidly measure single
grain and bulk compositions of minerals and of other geo-
logical and non-geological materials. Coupled with measure-
ments of the grain size and other grain parameters for the
individual particles, this technique is a potent tool to solve a
wide range of problems.
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