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Abstract: Effective energy-dispersive X-ray spectroscopy analysis (EDX) with a scanning electron
microscope of fine-grained materials (submicrometer scale) is hampered by the interaction volume of
the primary electron beam, whose diameter usually is larger than the size of the grains to be analyzed.
Therefore, mixed signals of the chemistry of individual grains are expected, and EDX is commonly
not applied to such fine-grained material. However, by applying a low primary beam acceleration
voltage, combined with a large aperture, and a dedicated mineral classification in the mineral library
employed by the Zeiss Mineralogic software platform, mixed signals could be deconvoluted down
to a size of 200 nm. In this way, EDX and automated quantitative mineralogy can be applied to
investigations of submicrometer-sized grains. It is shown here that reliable quantitative mineralogy
and grain size distribution assessment can be made based on an example of fault gouge with a
heterogenous mineralogy collected from Ikkattup nunaa Island, southern West Greenland.

Keywords: scanning electron microscopy (SEM); automated quantitative analysis (AQM); spectrum
quantification; signal deconvolution; fault gouge; 200-nm resolution; grain size distribution; Ikkattup
nunaa; mineral maps; submicrometer

1. Introduction

1.1. Automated Quantitative Mineralogy (AQM)

Little work has been done in the use of scanning electron microscopy (SEM)-based automated
quantitative mineralogy (AQM) in the evaluation of mineralogy and microstructures of fault gouges.
Physicochemical processes taking place in these rocks are recorded in the mineralogy and the
microstructures of the fault gouge itself. However, the subsequent mineralogical assemblages
are incredibly fine-grained, and therefore it is challenging for microanalytical applications to
provide a high-resolution quantitative mineralogy of a large area in order to understand these
physicochemical processes.

“Automated mineralogy”, or more accurately described as automated quantitative mineralogy
(AQM), has been available since the early 1980s with technologies such as QEMSCAN [1] and
the more recent TIMA-X [2]. The key application area of this technique was to provide an
automated and routine analysis capability to quantify the mineralogy and textures of ore mineralogy
(modal mineralogy, liberation, association, etc.) to aid mineral processing plant development,
optimization, and troubleshooting [1,3].
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These automated mineralogy techniques control the electron beam to step across the sample
surface, at a user-defined spatial resolution (i.e., 5-µm steps) acquiring unquantified energy-dispersive
spectroscopy (EDX) spectrum. This unprocessed (no matrix corrections or spectrum quantification)
spectrum is matched to a list of known referenced EDX spectra to provide a mineral name [2,4].
Without a direct measured chemical quantification from that analysis point, spectral fingerprinting
on validated known mineral standards using external techniques such as electron microprobe is
used [2,4,5].

The EDX spectrum, once acquired, is matched to the referenced spectrum from the mineral to
classify the individual analysis. Whilst this technique is widely applied within AQM, it only provides
a “crude” assessment of the mineralogy where elemental concentrations exceed 10 wt.% [5]. As such,
this historic methodology falls short of providing a direct chemical analysis or correct analytical
procedure to provide the necessary quality of analysis or standardized results.

Since the inception of AQM technologies, no significant methodological development of this
capability occurred with little technological advancement despite the huge strides made in EDX
technology and analytical capability. Multiple examples in the literature point toward the quantitative
measurement capability of modern day EDX on major elements, which are able to achieve relative
errors of less than 2% on a standardized analysis of polished samples [6,7].

However, the development of Mineralogic provides a step change in the analytical capabilities
of AQM with the integration of these new EDX capabilities. This AQM software acquires an EDX
spectrum, and performs matrix corrections and peak deconvolution for each analysis point. Minerals are
subsequently classified based on stoichiometry values [8,9], providing new analytical capabilities for
AQM and opening up new application areas. Concentrations of elements that cannot be analyzed
correctly (e.g., H), can be assigned. The chemistry in each pixel is saved by the Mineralogic software,
and the pixel’s mineralogy can therefore be reinterpreted after the analysis. Thus, each EDX analysis
provides one pixel on the false-colored mineral map [9].

In dispersive spectrometry, fundamental electron beam interaction with the sample still poses
challenges. All electron beam microanalysis users will be aware of the challenges of carrying out
an analysis at low spatial resolutions. As a result of the energy of the primary electron beam
(acceleration voltage; kV) hitting the sample, X-rays are generated from an interaction volume,
which may consequently be measured by the SEM’s energy-dispersive X-ray spectrometer (EDX).
The size of this interaction volume is a function of the primary energy of the beam and the mean atomic
number of the sample, and it is usually presented as the diameter of the beam inside the sample material
projected in the X-Z plane, which is also called the diameter of the footprint of the electron beam [10].
The interaction volume is larger than the diameter of the beam on the landing spot. In geological
samples, typically containing silicates, interaction volumes can be in a region of 2–5 µm, with a 20-kV
primary electron beam. Therefore, providing a chemical analysis and mineral classification based on
an EDX spectrum can be challenging for fine-grained material, due to the “mixing” of compositions of
a number of grains. For those grains, the interaction volume can result in the generation of X-rays from
multiple minerals at a single point, providing complex mixed mineralogical compositions. Whilst these
challenges remain, there is little alternative substitute for the quantification of such mineral assemblages,
as gray level alone is not enough to separate and quantify the mineralogy and textures.

In this study, we provide a proof of concept in showing the capability of a new generation of
SEM-based AQM to map the mineralogy and investigate the grain size of the fault gouge of varying
composition at a 200-nm spatial EDX resolution.

1.2. Geological Background

The sample that was used for this study was collected in southern West Greenland from the
northern coast of Ikkattup nunaa Island in the Ikkattoq anlanngua fjord (Figure 1). This locality is
situated in the southern part of the Ravn Storø Supracrustal belt, which is intruded by a well-known
Meso-Archaean Fiskenæsset anorthosite-leucogabbro complex. The fault rock sample represents an
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amphibolite intercalated with orthogneiss. The amphibolite is part of the ca. 3.0 Ga Ravn Storø
Supracrustal complex, whereas the intruding orthogneiss was dated to 2.88 Ga. Later tectonic activity
in the area includes two folding and thrusting events during the Neo-Archaean, during which the
Kvanefjeld block to the south collided with the Bjørnesund block (which includes the sample locality
and the Fiskenæsset complex to the north of the outcrop). The thrust zones were reactivated in an
extensional setting during the latest Neoarchaean or earliest Palaeoproterozoic, and the fault gouge
studied here most likely was formed during this extensional event ([11]; and references therein).
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Figure 1. Geological map showing the Bjørnesund region in southern West Greenland. Sample locality,
as well as the major tectonic boundary between the Bjørnesund Block and the Kvanefjeld block are
indicated [12]. Map adapted from the Geological Survey of Denmark and Greenland (GEUS) [13];
reproduced with permission from GEUS.

2. Materials and Methods

The fault gouge was studied in a polished thin section and shows a mixture of grains that
were originally part of the orthogneiss and of the amphibolite. Intensive mixing of the different
minerals in the fault gouge prevented healing of the fault gouge to larger grain sizes [14]. Therefore,
many comminuted grains of sizes smaller than 200 nm are still present in the sample. However,
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mineral reactions can be observed: epidote, illite, and chlorite (chamosite) formed to replace the
original mineral assembly.

To perform the microanalysis, the thin section across the fault rock was coated with carbon and
studied with a Zeiss SIGMA 300VP Scanning Electron Microscope (SEM) equipped two Bruker XFlash
6|30 energy-dispersive spectroscopy detectors (EDX), with 129-eV energy resolution and with the
Zeiss Mineralogic automated quantitative mineralogy software platform. The region was selected
and imaged to provide a high-resolution back-scattered electrons contrast (BSE) mosaic of the region
of interest. In addition, on this region of interest, a 200-nm quantitative mineralogical analysis was
carried out using Mineralogic, creating a mineral map (Figure 2).
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Figure 2. Large area overview image of the scanned sample area. (a) Displays the high-resolution
BSE image (b) Displays the false-colored mineral map and key, displaying the mineralogy across
this location.

To analyze the fine-grained fault gouge, we reduced the acceleration voltage of the primary
electron beam to 10 kV to reduce the interaction volume [15–17], and therefore to minimize the amount
of mixed pixel data, and used the 60-µm aperture providing a 1.8-nA beam current. Despite this
reduction of primary electron energy to 10 kV, the interaction volume still has a diameter of up to
approximately 1 µm for minerals with the lowest average atomic number (Z) and down to 400 nm
for a high Z phase on top of a low Z phase (Figure 3). 200-nm EDX pixel size would greatly provide
oversampling and a large volume of mixture pixel signatures.

Despite this, the data below outlines how the analysis and advanced mineral classifications
employed in the Mineralogic mineral library were able to deconvolute any mixed signals and provide
a reliable quantitative mineralogy and textural assessment. We were able to do this due to the
access to fully quantitative EDX classifications for each pixel within the Mineralogic software and
the ability to quantify the weight percent contribution of the elements present on a per-pixel basis
(see also [9]). This enabled the creation of highly discriminatory mineral classifications whereby
“contamination” of the chemical analysis provided by the above described mixed signals were able to
be identified and factored into the mineral classifications of the mineral library to enable the correct
classification (Figure 4). This capability and deconvolution procedure allowed the creation of true
mineral classifications without the need for creating false mixed signal classifications. The mineral
classifications could be used on particles down to 200 nm, even though the interaction volume of the
beam was larger than 200 nm. Therefore, the obtained resolution of the analysis is 200 nm, which is the
applied pixel size for the mineral, despite the larger size of the interaction volume.
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Figure 3. Monte Carlo simulations for the trajectories of 20,000 electrons in quartz (SiO2) and pyrite
(FeS2) in carbon-coated samples. Arrows show the width of the interaction volume at 10 kV for 50%
and 90% of the electrons. (a) Quartz, (b) pyrite, (c) 200-nm pyrite on top of quartz, (d) 200-nm quartz
on top of pyrite. Simulations were made with Casino [18,19].
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Figure 4. Detailed view of a false-colored mineral map and the associated BSE image. Each pixel
represents 200 × 200 nm. Grains of ca. 200 nm can be recognized and classified from the
energy-dispersive spectroscopy (EDX) data for that pixel. Yellow boxes display example EDX normalized
weight percentages and the interpretation of the operator for the mineralogy.
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3. Results

3.1. Mineralogy

The results presented here are for a particular area of interest that is presented and displayed in
Figure 2a (backscattered electron micrograph) and Figure 2b with the false-colored mineral map from
Mineralogic. The analysis was carried out of a 360,000-µm2 region where a quantified EDX analysis
was taken at every 200 nm, and therefore results in approximately 1.8 million quantified analyses.

Figure 2a displays the BSE data acquired from the region of interest and provides some initially
information on the mineralogy based on the average atomic number of the mineral. However, the BSE
gray-level intensity is not suitable to quantify mineral abundance and texture in these samples.
As Figure 2a,b outlines, minerals such as illite and epidote appear to have almost identical gray-level
signatures, as do hornblende, quartz, and anorthite.

However, Figure 2b displays the overlaid false-colored mineral data that was acquired at a 200-nm
spatial resolution. The false-color minerals clearly display the mineralogy and the textural variation
across this sample.

Combined with the modal mineralogy data (Table 1), these results clearly show how anorthite
(c. 39%), illite (c. 20%), hornblende (c. 20%), and quartz (c. 13%) are the dominant mineral in this
sample. It is also clear from Figure 2b and Table 1 that all the minerals show predominantly fine-grained
sizes (200 nm); however, rare large clasts of quartz and anorthite are observed while hornblende, illite,
and epidote mainly consist of a fine-grained matrix.

The 200-nm resolution of the scan was able to identify two distinct mineralogical and textural
groups in this region (Figure 5). Textural group 1 is formed by the former amphibolite minerals and
their reaction products. It can be found in the center of Figure 2, and is dominated by an epidote- and
hornblende-dominated matrix that is populated with large (up to 80 microns in length) remnants of the
orthogneiss, mainly consisting of single grains of quartz and anorthite. A second textural group can
be found that encapsulates textural group 1 and is dominated by an illite and fine-grained anorthite
matrix, which represents the remnants of the orthogneiss. In this textural group, hornblende is a minor
phase in the matrix. Figure 5c,d shows that this mineralogical and textural group is dominated by
anorthite, illite, and quartz with a small amount of epidote intergrown within this matrix.

3.2. Grain Size Distributions

Whilst the hornblende is relatively granular within this matrix, the epidote is often found as
relatively coarse grains up to 20 microns in length (Figure 6). The anorthite grains display bimodal
distribution as they are found in the matrix as grains of 1–5 microns in size, and also as much coarser
remnant clasts that can be 50 microns in length or more.

The average grain size in textural group 2 is clearly much larger than that in textural group 1,
and the matrix is dominated by illite and anorthite with only minor amounts of epidote and hornblende.
Quartz grains are more common and of a larger grain size than those within textural group 1 (Table 2).
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Table 1. Modal mineralogy data from the selected region of interest displayed in the graphical abstract.
This data displays the mineral, its area % occurrence in the sample, the average grain size of that
mineral with its standard deviation, and its average composition in wt.%.

Mineral Area% Avg Grain Size (µm) Grain Size Std Dev (µm) Average Composition

Anorthite 38.78 1.57 3.73 O 40.8; Si 35.62; Al 15.26; Ca 7.29; Fe 0.94; Mg
0.08; K 0.02

Illite 19.91 0.95 1.72 O 37.19; Si 31.84; Al 11.91; Fe 8.64; Ca 4.56; K
3.48; Mg 2.38

Hornblende 19.86 0.85 1.84 O 37.4; Si 31.01; Al 12.71; Fe 9.41; Ca 7.81; Mg
1.46; Ti 0.18; K 0.02

Quartz 13.27 1.11 2.62 Si 54.77; O 43.28; Al 1.95

Epidote 6.12 0.76 1.89 O 36.56; Si 25.6; Ca 16.18; Al 14.49; Fe 7.01;
Mg 0.09; Ti 0.07

Siderophyllite 0.25 0.44 0.46 O 34.83; Si 22.99; Fe 19.45; Al 12.26; K 6.23;
Mg 4.24

Muscovite 0.09 0.31 0.25 O 50.65; Si 30.4; Al 10.65; K 6.19; Mg 1.52; Na
0.25; Fe 0.18; Ca 0.16

Pyrite 0.08 0.44 0.32 Fe 65.19; S 34.8; Zn 0.01
Apatite 0.07 1.91 3.80 Ca 42.22; O 40.11; P 17.6; Cl 0.07; F 0

Ankerite 0.06 0.32 0.27 O 57.36; Ca 27.14; Fe 12.99; Mg 2.52
Rutile 0.05 0.52 0.34 O 65.7; Ti 34.3

Chamosite 0.02 0.61 1.02 O 33.59; Fe 24.66; Si 22.26; Al 14.33; Mg 5.03;
Ca 0.13; K 0.01; Mn 0

K
Feldspar 0.02 0.46 0.55 O 37.48; Si 34.62; Al 13.03; K 12.34; Ca 1.74; Fe

0.59; Mg 0.21

Calcite 0.01 0.85 0.86 O 52.63; Ca 44.23; Al 2.42; Fe 0.49; K 0.1; Mg
0.08; S 0.02; Mn 0.02
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Table 2. Modal mineralogy and grain size distribution data for textural groups 1 (TG1) and 2 (TG2) and comparative modal mineralogy and grain size distribution
data for TG1 and TG2.

Area Average Grain Size Grain Size Standard Distribution

Mineral TG1 TG2 Absolute
Difference

Relative
Difference (%) TG1 TG2 Absolute

Difference
Relative

Difference (%) TG1 TG2 Absolute
Difference

Relative
Difference (%)

Anorthite 40.68 39.92 0.76 1.89 1.55 1.62 −0.07 −4.50 3.59 4.21 −0.62 −15.94
Illite 15.14 23.46 −8.32 −43.09 0.87 1.08 −0.22 −22.26 1.26 2.23 −0.98 −55.94

Quartz 9.59 18.86 −9.27 −65.17 1.07 1.21 −0.15 −12.73 2.26 3.27 −1.01 −36.69
Hornblende 26.36 10.31 16.05 87.54 1.02 0.71 0.31 36.15 2.36 1.09 1.28 74.06

Epidote 6.23 5.49 0.74 12.62 0.61 1.40 −0.79 −78.44 1.59 2.71 −1.12 −52.18
Siderophyllite 0.20 0.29 −0.08 −34.21 0.41 0.47 −0.06 −14.16 0.46 0.50 −0.04 −7.59

Muscovite 0.07 0.12 −0.05 −54.68 0.32 0.31 0.02 4.92 0.27 0.25 0.02 7.87
Apatite 0.04 0.09 −0.06 −88.82 1.99 1.83 0.16 8.47 2.81 4.16 −1.35 −38.59

Ankerite 0.06 0.06 0.00 −0.89 0.32 0.33 0.00 −1.10 0.27 0.28 −0.01 −4.21
Pyrite 0.09 0.06 0.03 41.86 0.41 0.48 −0.08 −16.87 0.34 0.26 0.08 25.95
Rutile 0.05 0.05 0.00 −9.21 0.50 0.55 −0.05 −9.64 0.34 0.34 0.00 −0.12

Chamosite 0.01 0.04 −0.03 −127.75 0.41 0.76 −0.35 −60.31 0.68 1.17 −0.49 −52.38
K Feldspar 0.02 0.01 0.00 0.51 0.54 0.40 0.14 29.69 0.77 0.37 0.41 71.40

Calcite 0.01 0.01 0.00 −20.93 0.75 0.81 −0.07 −8.41 0.71 0.78 −0.07 −9.25
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Figure 6. Grain size distribution for anorthite, hornblende, quartz, illite, and epidote in the analyzed
fault gouge for textural groups 1 (TG1) and 2 (TG2). The distribution is shown as grain area in µm2

and was measured as a 2D grain size distribution. Most grains are in the smallest bin that corresponds
to grain diameters down to 200 nm.

The grain size distribution per mineral can be extracted from the Mineralogic output. Figure 6
presents the grain size distribution for one of the originally present grains, quartz, and for one of the
reaction products, illite, which formed after the breakdown of feldspar minerals. Both minerals show a
considerable decrease in grain size, with most grains in the bin down to 200 nm.

4. Implications

Fine-grained samples can be mapped for their mineralogy with EDX on an SEM with a step
size that is considerably smaller than the diameter of the interaction volume of the primary electron
beam. Whilst the BSE photomicrograph provides a higher resolution display of the region of interest,
it is clearly visible that there is not enough average atomic number contrast available between the
mineral phases present to clearly differentiate and quantify the mineralogy only based on the BSE
image. Therefore, mineral mapping at a very high resolution is necessary to obtain most of the
information on the composition of the fault gouge sample. To be able to do this, a basic understanding
of the mineralogy needs to be gathered from the sample (e.g., rock type, metamorphic facies, major
minerals). Building a mineral library based on the measured compositions is the initial starting point
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to base classifications on for a finer pixel spacing (i.e., 200 nm) and the quantification at the nanoscale
mineralogy. Whilst analyses at this resolution provided mixed pixels/signals, the ability to quantify the
wt.% contribution of the elements allows for the identification and deconvolution of the mixtures and
the successful classification of the mineralogy at this scale. Even for minerals with a low Z and thus a
high interaction volume, which is several times larger than the size of the smallest particles and larger
than the step size, a large part of the chemical information comes from the area where the beam hits the
sample. Figure 3 shows that for all the investigated cases, 50% of the electron trajectories remain within
a 75–160-nm wide interaction volume area and reach depths of maximum ca. 200–300 nm. Therefore,
the mixed signals could successfully be identified and translated into classifications in the mineral
library that enable the correct classification of those particles (Figure 4). The latter figure shows that
even for 200-nm pixels, and most of the pixels at the grain boundary between two phases, the correct
mineral could be determined from the mixed signal. Only one pixel away from the grain boundaries,
the signal for each mineral is very near its expected composition. Compare e.g., the two yellow boxes
for quartz in Figure 4.

The small step size applied for this analysis allows for an investigation of the fault gouge
mineralogy at the nanometer scale with a quantification of the mineralogy to complement the BSE
imaging. As EDX analyses are based on chemistry only, and the identification of the smallest grains is
dependent on a beam interaction volume of a size larger than the smallest grains in the sample, X-ray
diffraction or electron backscatter diffraction analyses might need to be performed in order to establish
the crystallography of the minerals with an independent characterization method. This is especially
important for clay minerals, which may show interstratifications at a nanometer scale, which might
remain unnoticed with EDX analyses only.

The minerals in the amphibolite (anorthite, hornblende) were more intensively comminuted
than the minerals in the orthogneiss (quartz, anorthite, and feldspar). Large grains of anorthite and
especially quartz are still present in the sample, even though the majority of the grains were reduced
to very small grain sizes. Illite is more fine-grained than quartz, which suggests that feldspar was
more intensively comminuted than quartz, and that the illite grains did not grow after their formation.
This brittle behavior of quartz and feldspar suggests greenschist facies temperature conditions during
comminution [20,21]. Therefore, the fault gouge formed after the uplift of the area to upper-crustal
levels (greenschist facies conditions) during a late stage of the geological history of the area. This is
also confirmed by the observed mineral reactions of hornblende and anorthite to epidote, biotite
to chamosite, and feldspar to illite, which all are typically occurring at lower greenschist facies
conditions [22–24]. No large veins and no stacks of mica grains (chamosite, muscovite) or illite were
observed, suggesting that these minerals grew after deformation, as a result of diagenetic processes
(compare to [24]).

5. Conclusions

This study is believed to be the first recorded example of a successful automated quantitative
mineralogy analysis of fault gouge to be accurately performed at such a fine pixel detail (200 nm).
The ability to quantify the EDS spectrum at each analyzed point into its primary chemical components,
and the use of in-built matrix corrections and peak deconvolutions, provide a robust analytical
framework to provide high-quality quantitative chemical data that have never before been possible in
AQM. Then, this can be used to define mineral species and use the quantified chemical capability to
identify and deconvolute the mixed signals at such fine scales, despite the mixed signatures provided
from the primary electron beam interaction. Therefore, the ability to map and successfully classify at
such high resolutions opens up a wide range of new applications in automated quantitative mineralogy
that have never before been possible.
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