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Abstract: The ability to apply automated quantitative mineralogy (AQM) on metamorphic rocks was
investigated on samples from the Fiskenæsset complex, Greenland. AQM provides the possibility to
visualize and quantify microstructures, minerals, as well as the morphology and chemistry of the
investigated samples. Here, we applied the ZEISS Mineralogic software platform as an AQM tool,
which has integrated matrix corrections and full quantification of energy dispersive spectrometry
data, and therefore is able to give detailed chemical information on each pixel in the AQM mineral
maps. This has been applied to create mineral maps, element concentration maps, element ratio
maps, mineral association maps, as well as to morphochemically classify individual minerals for their
grain shape, size, and orientation. The visualization of metamorphic textures, while at the same time
quantifying their textures, is the great strength of AQM and is an ideal tool to lift microscopy from
the qualitative to the quantitative level.

Keywords: automated quantitative mineralogy (AQM); scanning electron microscopy; ZEISS
Mineralogic; Fiskenæsset complex; Feret angle; element concentration map; visualization; mineral
association; bulk composition; grain size

1. Introduction

Automated mineralogy, or more correctly automated quantitative mineralogy (AQM) was
developed in the 1980s to analyse the mineralogy, chemistry, and microstructures of mineral ores, fly
ashes, and sediments with an energy dispersive spectrometry (EDX) detector mounted to a scanning
electron microscope (SEM) [1–3]. This developed from a range of automated particle analysis procedures
into software platforms, e.g., Qemscan, MLA, ZEISS Mineralogic, AMICS, or TIMA-X, dedicated to
multiphase materials in a wide range of research fields including, but not limited to, forensic sciences,
archaeometry, oil reservoir geology, urban mining, and material sciences [4–13]. Within geosciences,
AQM is most widely used on ore minerals (for modal mineralogy, liberation, association, etc.) [13–15]
and oil reservoir rocks (e.g., to describe mineralogy and porosity or provenance) [16–18]. However,
other areas within geosciences have so far received less attention, (but see e.g., [19–21]). Apart from
AQM with SEM-EDX systems, AQM can also be applied with wavelength dispersive spectrometry
(WDX), micro-energy-dispersive X-ray fluorescence, laser-induced breakdown spectroscopy and
hyperspectral mineral analyses [22–24].

Many AQM systems, like Qemscan, MLA, or TIMA-X, apply spectrum-matching for the
classification of the mineralogy of the samples. This AQM technique is based on generating unquantified
EDX spectra in user-defined steps or specific spots or a raster on the sample surface. The EDX spectra
are not matrix-corrected or quantified but matched against a library of known referenced EDX spectra
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(based on analyses of standards, or calculated from mineral formulas) [5,6,25,26]. The development of
this library typically requires an extensive workflow on mineral spectrum validation using electron
microprobe validation or pre-validated mineral standards.

AQM in geosciences (outside the mining industry) has mainly been used as a qualitative instrument,
rather than a laboratory tool for quantitative measurements on mineralogy, chemistry, and morphology.
There are several reasons for this: It takes a large effort to obtain reproducible data between AQM
systems. This is caused by a lack of precise chemical data for most AQM systems, and for complex
and variable mineral systems reduces the reliability and therefore the range of application of these
AQM techniques in these research environments. Resulting from this is the fact that each mineral list
for each spectrum-matching analysis is as precise as the geological and mineralogical knowledge of
the operator. To analyze the same sample in a different AQM system, or under different analytical
conditions requires the development of a new mineral library. Furthermore, to produce valuable
petrological results, good quality data on textures and on minerals are needed, preferably with the
chemical data derived from exactly the minerals that are visualized.

Here, we will present examples where the latest AQM solutions, such as ZEISS Mineralogic can
provide new insights into metamorphic textures using advanced visualization and quantification
methods. To our knowledge, no study with a metamorphic petrology focus exist based on ZEISS
Mineralogic software, and only few studies based on other automated mineralogy platforms exist with
metamorphic petrology as a main focus outside a mining and exploration setting [27–29]. AQM serves
as an ideal tool to visualize metamorphic textures and to simultaneously quantify the mineralogy,
chemistry, and grain properties of these textures. The applied software includes the possibility to
obtain precise element chemistry and therefore to analyze minor-element contributions to variations
in individual mineral compositions and to measure grain properties within multi-phase composites;
both features are of interest for metamorphic petrologists. The ZEISS Mineralogic software also allows
to exchange mineral lists between Mineralogic users or samples, or to change acceleration voltages
without the need to create new mineral lists. These advanced chemical, mineralogical, and textural
properties are applied here to visualize mineralogy and textures in a new way.

The examples used in this study are thin sections derived from the Geological Survey of Denmark
and Greenland’s (GEUS) sample collection of rocks from southern West-Greenland (Figure 1). This
region comprises Archean basement rocks that are part of the North Atlantic Craton. The majority
of the rocks are grey and brown tonalite–trondhjemite–granodiorite (TTG) orthogneisses, intruded
by granitic and granodioritic bodies, and by TTG-composition as well as mafic sheets. Intercalated
in the orthogneisses are enclaves of supracrustal rocks including amphibolites, mafic granulites and
mica-schists, but also lenses of ultramafic rocks. The area also includes the well-known Meso-Archean
Fiskenæsset complex (a leucogabbro–anorthosite intrusive complex). The rocks of the Fiskenæsset
complex intruded 2.97–2.95 Ga in amphibolites that already were deformed and metamorphosed by
the time of the intrusion. The formation age of the amphibolites is estimated to be 2.90 Ga. [30–39].

At least three deformation phases affected the rocks in the area, where deformation was
accommodated mainly by folding, but also by thrusting at a meter- to kilometer-scale. The region
consists of several blocks or terrane that assembled into a larger unit at the latest part of the Meso-Archean
age. The first regionally recognized deformation phase in the rocks can be observed in finely foliated
isoclinally folded units (mica-schists, amphibolites, leucogabbroic rocks of the Fiskenæsset complex).
The main deformation event metamorphosed the rocks in the area at amphibolite facies and granulite
facies conditions. The effects of this main folding phase were overprinted by a later folding and
thrusting phase at amphibolite facies conditions, before minor retrogressive overprint at greenschist
facies conditions localized around late fault and shear zones. Uplift and erosion brought the rocks to the
Earth’s surface [30–32,34,36]. The tectonometamorphic processes affecting the region developed a range
of metamorphic features that are used as examples to highlight the visualization and quantification of
metamorphic textures by AQM applying the Mineralogic software.
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Figure 1. Geological map of southern West-Greenland near the village Fiskenæsset. The localities of
the samples used in this study are indicated with red dots. Map modified from GEUS [40].

2. Materials and Methods

2.1. Sample Material

Six polished thin sections from metamorphic rocks from southern West-Greenland were coated
with Carbon and investigated with SEM (ZEISS SIGMA 300VP; Cambridge, UK), see below. In the
light of this study, no cross-checks were performed on the optical microscope. More details about the
geological history of the samples were published previously [37,41]. Table 1 presents the analytical
details for the investigated samples and Supplementary 1 gives sample and outcrop images as well as
rock and mineral compositions as analysed with Mineralogic.

Table 1. Analytical conditions for Mineral mapping. Mapping step size: three samples were mapped
several times at different step sizes, see Section 3 (Examples of Applications) for details.

Sample No. Acceleration
Voltage (kV)

Aperture
Size (µm)

Mapping Step
Size (µm) Magnification Through-Put

Rate (kcps)
Dwell

Time (s)

508599 20 120 15 160 275 0.006
508607 15 120 5 & 20 235 400 0.008
510152 20 120 20 235 275 0.006
511923 20 120 5–40 235 275 0.004
521106 20 120 5–40 235 275 0.004
521111 15 120 20 235 400 0.007

Samples 508599 and 508607 represent a finely layered volcanoclastic sediment collected from
the Bjørnesund Supracrustal Belt (BSB). Hand specimen of sample 508599 is near-black with a slatey
cleavage. It consists of quartz, andesine (plagioclase), biotite, amphibole, apatite, and pyrite. The rocks
in the BSB were isoclinally folded at amphibolite facies conditions. The sample was collected close to
an isoclinal fold core, and biotite in the sample clearly defines the shape of the fold and the foliation.
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Sample 508607 was collected from the same volcanoclastic unit in the RSB. However, in this sample
contains quartz, anorthite, pale amphibole (anthophyllite based on field observations), biotite, and
large garnets with inclusions of quartz, apatite, ilmenite, and rutile were grown over the main foliation.

Samples 521106 and 521111 show the reaction products between an ultramafic rock in contact
with anorthosite or leucogabbro and intruded by a tonalite sheet. The anorthosite, leucogabbro and
ultramafic rocks are part of the Fiskenæsset complex. The intruding tonalitic sheet causes a desilification
reaction resulting in the formation of amphibole (anthophyllite, cummingtonite, gedrite or pargasite),
phlogopite, and one or more aluminium-rich phases (cordierite, spinel, sapphirine and corundum
(ruby)). Reaction temperatures are estimated to ca. 600 ◦C, using iso-chemical P–T-sections [36], with a
gradient from lower granulite facies conditions in the western part of the Fiskenæsset complex to upper
amphibolite facies close to the Inland ice sheet and in the southern part of the complex. The reaction
occurred during the main folding phase in the region. Sample 521106 and 521111 are collected from
Aappaluttoq, south of the village of Fiskenæsset, and here ruby is the main aluminium-rich phase
resulting from the reaction. The sample consists of pale amphibole (gedrite), biotite, corundum,
sapphirine, spinel, cordierite, anorthosite, hornblende, epidote, magnesite. Note that the peak mineral
assemblage (gedrite, hornblende, ± biotite, cordierite, sapphirine; ca. 630 ◦C; 7 kbar [38]) does not
contain quartz.

Sample 510152 represents a leucogabbro from the Fiskenæsset complex (Figure 1). The sample
was collected in the southern part of the complex, where the complex lies in contact with the BSB. It
consists of the minerals anorthite, Mg-rich hornblende, chromite and minor rutile. The amphibole in
the sample is a result of deformation and metamorphism at amphibolite facies conditions, where it
replaces pyroxene.

Sample 519923 is an amphibolite collected from the BSB. The hand specimen is dark green and
finely foliated with a slatey cleavage. The minerals in the sample are distributed homogeneously, apart
from tiny small faults filled with gouge and secondary minerals. Reactivated shear zones in the area
accumulated gold in slightly enhanced concentrations. The sample contains anorthite, hornblende and
the minor phases quartz, zoisite, rutile, sphene, apatite and zircon.

2.2. Whole Rock Geochemistry

Whole-rock geochemistry was carried out on a sample to characterize the bulk composition of
these rocks. The analyses were carried out by Activation Laboratories (Actlab), Ancaster, ON, Canada,
using their Research Lithium Metaborate/Tetraborate Fusion—ICP/MS analytical package. Samples
519923 was investigated, see Table 2. Both samples are described in more detail above.

2.3. Mineralogic Method

The micro-analysis on the selected thin section was performed on a ZEISS SIGMA 300VP SEM
equipped with a back-scattered electrons (BSE) detector and two Bruker XFlash 6|30 EDX detectors,
with 129 eV energy resolution and with the ZEISS Mineralogic automated quantitative mineralogy
software platform located at the Geological Survey of Denmark and Greenland, Copenhagen, Denmark.
The description of the Mineralogic method in this section, including screenshots (Figures S1–S7) from
the set-up of the Mineralogic recipes can be found in the Supplementary 2. Within each thin section,
a region of interest was selected and imaged to provide a high-resolution BSE mosaic of stitched images.
Also, on this region of interest, a quantitative mineralogical analysis was carried out using Mineralogic,
creating a mineral map with a user defined step size (or pixel size) as well as a list with parameters for
grains in the sample. The acceleration voltage of the primary electron beam was set to 15 or 20 kV,
to ensure X-ray excitation for all relevant elements (e.g., Fe, Cu, Zn). The 120 µm aperture providing
80 µA beam current used was used to obtain a high input count rate for the EDX detectors. The EDX
software is fully integrated with the Mineralogic software, allowing for matrix corrections of each
mineral. Therefore, the exact element concentrations can be calculated for each acceleration voltage.
A detailed description of the Mineralogic method is given below:
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Table 2. Bulk geochemistry of each analysed thin section. For sample 511923, this data is compared to a whole rock geochemistry analysed by Actlab. Other data
generated with Mineralogic (EDX analyses) in element wt% and recalculated to wt% oxides (and ppm for sample 511923). LOI: loss on ignition. Numbers in italics are
estimates only.

511923 Al% Ca% Cl% Cr% Cu% F% Fe% K% Mg% Mn% Na% O% P% S% Si% Ti% Zr% LOI%

MIN: element 8.05 10.2 0.01 0.02 0.03 0.01 10.6 0 5.22 0.01 0.86 38.6 0.03 0 26.1 0.36 0.01
MIN: oxide 13.9 13 12.4 0 7.91 0.02 1.06 0.06 0.01 51 0.55
MIN: ppm 295 316 116
Actlab: oxide 14.9 11 x x 13.2 0.12 8 0.2 2.01 0.07 x 49 1.02 0.72
Actlab: ppm 250 70 62

508599
MIN: element 7.74 2.25 0.01 0.01 0.04 0.03 3.96 1.59 2.17 0.07 2.94 41.43 0.01 0.06 37.51 0.05 0.00
MIN: oxide 12.94 2.79 0.01 0.04 4.51 1.70 3.19 0.08 3.50 0.02 0.13 71.02 0.07 0.00

508607
MIN: element 9.55 5.03 0.02 0.02 0.03 0.03 6.45 0.75 2.99 0.02 0.30 39.95 0.01 0.09 34.25 0.35 0.00
MIN: oxide 15.85 6.18 0.02 0.04 7.29 0.80 4.36 0.02 0.35 0.03 0.21 64.35 0.52 0.00

510152
MIN: element 16.88 11.31 0.01 2.00 0.03 0.02 4.42 0.01 3.13 1.08 38.28 0.00 22.66 0.02 0.00
MIN: oxide 27.37 13.59 2.51 0.03 4.88 0.01 4.46 1.25 0.01 41.62 0.02 0.00

521106
MIN: element 15.28 0.11 0.02 0.12 0.04 0.07 4.03 0.96 14.92 0.01 0.12 38.95 0.00 0.02 25.08 0.05 0.00
MIN: oxide 25.26 0.14 0.16 0.04 4.54 1.01 21.64 0.02 0.14 0.00 0.04 46.95 0.07 0.00

521111
MIN: element 15.10 0.23 0.04 0.11 0.03 0.06 4.67 1.52 14.38 0.01 0.14 40.58 0.00 0.01 22.87 0.02 0.00
MIN: oxide 25.96 0.29 0.15 0.04 5.46 1.66 21.69 0.02 0.17 0.00 0.03 44.51 0.03 0.00
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2.3.1. Zeiss Mineralogic Mining

The ZEISS Mineralogic software platform has a Mining and a Reservoir rock plug-in, though
analytical functionalities between both branches largely overlap. The difference between both lies
in how obtained data are visualized, e.g., as target and byproduct (Mining), or integrated with
porosity measurements (Reservoir). Here, the Mining part of the software was applied. The software
offers a recipe-based solution for all steps in the analysis (SEM parameters, holders and stubs used,
calibration for the EDX and BSE detectors, image analysis, morphological analysis, mineralogical
analysis, lithological analysis, mining output parameters, and criteria that specify how and when
the analytical run is performed and terminated). These recipes can be saved, mixed, and changed
individually, thus adapting each analysis to the sample at hand. Recipes can also be in- and exported
allowing for an exchange between different internal and external users. Routine analyses can be set up
allowing a non-geologist/mineralogist can run samples from a batch of similar samples, while the more
experienced user gets the freedom to vary many parameters for each analysis [8]. The description here
is based on Mineralogic software version 1.6.

2.3.2. Image Navigation

The Image Navigation tool of the ZEISS SEM applies digital images of thin sections, the entire
sample holder, or overview SEM-images to navigate within the sample (Figure S1). The tool allows the
user to define three fiducial points on the navigation image and connect those to stage coordinates,
afterwards the movements of the stage can be controlled from the navigation image. The tool is
especially ideal to set up analyses on holders with several samples, or on fine grained material in a
fast manner.

2.3.3. SEM Recipe

In this recipe, the SEM can be operated in a normal mode to set and save the operating conditions
for the analysis. The sample can be placed to the correct position, the beam is focused and optimized at
the required acceleration voltage (often 15–25 kV) and aperture size (often 60–120 µm). The brightness
and contrast of the image are set. The SEM recipe saves the current settings of the SEM (like vacuum
settings, beam parameters) and regulates the SEM imaging parameters (dwell time to allow for stage
movements, scan speed), see Figure S1.

2.3.4. Holder Recipe

In the Holder recipe the size and shape of both the sample holder and of the individual stubs can
be defined and adjusted. First the size and shape of holder are defined (holder set-up), afterward the
size and shapes of the individual stubs (stub setup). The recipe lists a number of standard sample
holders, but own holders can be defined as well (Figure S2). In the stub details part of the menu,
the geometrical parameters for the analysis of each particle can be defined: Z-coordinate of the stage,
magnification during the analysis, step size for the mapping of the sample, and the area or areas in the
sample that are analysed (Figure S2).

2.3.5. Calibration Recipe

Both the BSE brightness and the EDS peak position can be monitored and corrected during larger
mapping sessions. The BSE brightness is regulated using a standard with a bright- and a dark phase
next to each other, e.g., a copper–aluminium stub. The brightness of the BSE image is set such that the
bright phase in the standard (e.g., copper) has grey-values in the upper grey-level segment, but is not
completely white, while the dark phase (e.g., aluminium) has grey values in the dark-grey segment.
The interval for monitoring can be selected, e.g., every hour and for every new sample. At each
monitoring event, the SEM resets the brightness and contrast values of the SEM to match the predefined
values for the bright and dark phase in the standard (Figure S3).
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The EDS peak position can be monitored by regularly measuring suitable EDS peak, typically Cu
Kα, for the beam energy settings chosen for the analysis.

2.3.6. Image Processing Recipe

Mineralogic analyses are typically performed overlying a BSE image, but other types of images
based on electron microscope detector input, like secondary electrons or cathodoluminescence (CL)
signal can be applied too, where required. The image can be thresholded to only include certain grey
levels for the forthcoming Mineralogic analysis, e.g., with the aim only to investigate the brightest
phases in the sample, or to exclude epoxy and porosity from the analysis. The quality of the image
can be improved with a large number of image processing techniques like arithmetic functions (e.g.,
addition, substraction, inversion), logical operations (e.g., image AND image, image OR constant),
convolution and filters (e.g., median filter, sharpening, edge detection), histogram and threshold
operations, morphological operations (e.g., dilation, opening, hole fill, skeletonize), segmentation and
region based operations (e.g., watershed) or geometric and linear transformations (e.g., downsize with
a power of two).

The image processing recipe tap can also be applied on pre-set functions like the search for bright
phases in the sample (Figure S4), which can be applied to find suitable zircon or monazite minerals for
isotope dating or certain ore minerals). Here, the BSE signal is thresholded to only find the brightest
particles in a large sample and to store their chemistry and coordinates.

2.3.7. Morphology Recipe

In the Morphology recipe the grain size, grain shape and other physical parameters of the sample
that are analysed can be selected. The software offers following possibilities: area, length, breadth,
elongation, roughness, Feret maximum, minimum, and mean length, Feret maximum, minimum,
and mean angle, porosity, and grey value (Figure S5). These grain morphology parameters are provided
as output data for every individual analysed grain and can therefore be correlated to grain mineralogy
or chemistry. Morphological analyses are performed on the BSE (or other input) image of the sample,
not on the map produced during the analysis.

The morphological parameters can be classified such that grains full-filling certain size or shape
parameters are registered separately. The grains fulfilling these parameters can be filtered out after
the analysis.

2.3.8. Mineral Recipe

The Mineral recipe is the central part of the Mineralogic Mining plugin. It regulates the EDS and
mapping type parameters, holds the list of minerals, and allows for morphochemical classification
criteria (Figure S6). The Mineralogic analysis can be performed in five different ways:

• Mapping analysis, where the user defines the step size (pixel size) for the EDS map, and an analysis
is performed for every single point (pixel) of the map. Typical pixel sizes are 5–30 µm, but can be
larger for coarse grained, homogeneous samples, or as small as 200 nm [20]. This method presents
the full detail of the sample but is also the most time-consuming method.

• Spot centroid analysis, where the sample is segmented by BSE value of the grains. The method is
typically used on grains in an epoxy matrix. For each grain determined, the geometrical centre
of the grain is calculated, and a single EDS analysis on this point is performed. This method is
especially suitable for homogeneous grains, as a small variation in the chemistry, like inclusions
or zonations, will not be picked up.

• Feature scan analysis, where—like for the spot centroid analysis—the grain boundaries are
determined by segmenting the BSE image. In this analysis mode, the beam is rastering within the
boundaries of the grain, giving an average chemical composition. In case of zonations, a more
correct average grain chemistry will be found; for heavily included samples, a false mineral
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classification might be generated. The method can be nearly as fast as a spot centroid analysis,
depending on the pre-set amount of counts in the spectrum.

• Fast scan is an intermediate form of Feature scan and spot centroid analysis. It scatters a series of
point analyses across a grain and thus arrives at an average composition of the grain. The user
gets to determine the density of the spots for the analyses in an area, but each grain is analysed at
least once, independent of its size.

• Line scan analysis, where all EDS analyses are made along a line with a pre-defined step-size
across the centre of a particle or frame. All variations in composition are accounted for, and a first
impression on the grain size and texture can be obtained. The method is very fast compared to a
full Mapping analysis.

• Grey level mapping, where the sample is imaged (usually with BSE), without applying EDS
measurements. For samples with a simple chemistry, grey values can be used to separate
individual minerals. The method is very fast, but less precise than EDS-based investigations.

For all EDS-based methods, the EDS spectrum deconvolution can be specified in the same way as
for regular EDS analyses (Figure S6a). Thus, elements can be excluded from quantification (e.g., carbon
used for coating is set to deconvolution-only), matrix quantification methods can be chosen (ZAF
vs. Phi-Rho-Z), spectra output data can be normalized, and elements can be chosen to be always or
never included, if wished for, thus potential sources of peak overlap can be avoided. EDS dwell time,
and detector throughput rate can be chosen by the user. Every single generated spectrum during the
analysis is fully quantified and the weight percentages of each element in each pixel on the false coloured
mineral map is available after the analysis. User can choose to add standards-based quantification of
the spectra. These latter two points are unique for the Mineralogic software. The matrix quantification
for each spectrum also allows the user to switch between different acceleration voltages in between
samples, without the need to specify a new mineral list. Most AQM systems require the user to make
separate mineral lists for each acceleration voltage.

The mineral list for the sample analysis is created by the user based on the element wt% of the
mappable phases and can be used to produce a variety of visualizable informative image and data
outputs. For each mineral the range of tolerated concentrations for each element, as well as for ratios
between two elements, can be used to define the mineral phase (Figure S6b). Minerals are placed in a
list, which is checked against the chemistry of each analysed point, following a first-match principle
and based on the order of minerals in the mineral list, which is defined by the operator. The same
principle to build mineral lists can also be used to define element concentration maps or element
ratio maps, where individual phases are identified and coloured by the concentration of one or a few
elements. Mineral lists can be exported and imported between projects and adjusted to fit the exact
mineral specifics for the sample area of interest, allowing for slight differences in mineral chemistry
resulting from different whole rock compositions or metamorphic temperatures.

In an addition tab in the recipe, minerals can be clustered into groups (e.g., albite, labradorite
and anorthite as plagioclase). Clustered minerals can be integrated as a group when particle data is
exported after the analysis.

Additionally, morphological criteria can be used in the classification of minerals. For example,
textural properties can be defined based on the chemically mapped grains, where the grain size or
shape properties are used to synergize the chemical and textural characteristics. For example, zircons
of a size large enough to be dated with a laser connect to a mass spectrometer can be classified from
the main zircon population separately. All different ways of describing the sample (e.g., element map,
mineral map, morphochemical map) can be calculated offline from the generated data. There is no
need to reanalyze the sample after the mineral list was changed.

Many parameters affect the speed and quality of an AQM analysis, and a Mineralogic analysis is
no different. Each analysis must be optimized prior to an AQM run. Different types of analyses (see
above) will yield a difference in analysis speed and data quality. Acceleration voltage and aperture
size both control how much signal reaches the EDX detectors, where a high acceleration voltage and a
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large aperture size result in a greater signal. These parameters are typically tailored to the nature of the
question (i.e., the data required), according to which the resolution and speed can be adapted. Detector
throughput rate can be adjusted to optimize the measurement accuracy and precision. The throughput
amount (i.e., counts input) impacts the elemental energy peaks full width half maximum (FWHM) and
therefore the accuracy and precision. The dwell time (time the beam stays at one spot before moving
on) has a major impact on the analysis speed. The lower a dwell time the faster the analysis is, however
if the dwell time is too low it will result in insufficient spectrum counts for a good quality analysis.
Image capture time, determining the quality of the BSE image, and frame magnification, determining
the amount of stage movements, also affect the analysis time, but these effects are minor and have no
real influence during a mapping analysis. The last parameter to affect the analysis speed, is the step
size (pixel size) in the mineral map, where a smaller step size will increase the analysis time, but at the
same time will provide a more detailed in-depth analysis.

2.3.9. Mining Recipe

In this part of the software, particular minerals of interest and elements can be selected to perform
advanced textural and chemical quantification. In the “Assay” part of the user interface, the user has
the ability to select the elements of interest in this sample (Figure S7). The software will then perform
an assay measurement, whereby the chemically quantified pixel data and the specific gravity (data that
is added to each mineral classification) are used to calculate a mass. This is done for all pixel/elements
selected across the sample and is used to calculate an assay. This can therefore be used as a rough
“bulk rock assay” where the analysis is based on a single 2D plane throughout the entire sample.

Additional value can be gathered from this aspect of the software whereby “elemental distribution”
data can be gathered. This is where the chemical distribution is quantified. For example, when the
chemical distribution of Mn is of interest: the data will give the wt% amount of Mn in all specified
minerals, and also a distribution percentage based the total percentage of Mn found in each phase.
This data is provided from the directly chemical quantification during the automated analysis and not
from idealized or pre-defined concentrations. This provides researchers with a more reliable AQM
technique to understand and quantify chemical and mineralogical variations. However, in cases where
element concentrations cannot be measured reliably (e.g., for Boron in tourmaline), a concentration can
be assigned in the mineral list for that specific element.

The minerals to be analysed for the map can be selected, as Target minerals. Byproducts and
Gangue minerals can also be defined. The example shows a sample with a mineral list with a
morphochemical classification (Figure S7). The mutual interconnection between minerals can be
described by defining the liberation parameters, which can be exported for all minerals after analysis,
together with the association and interlocking data.

3. Examples of Applications

3.1. Mapping Speed and Composition

Sample 511923 was analyzed with the purpose of investigating how different types of Mineralogic
analyses (line scan and mapping) and a variation in step size affect the analysis speed and results in
a fairly homogenous sample. In total six different analyses at 235.2×magnification were run on the
same 0.5 × 0.5 cm area of the sample (Figure 2) consisting of 20 frames. Two line-scan analyses with
10 and 20 µm step size, plus four mapping analyses with step sizes ranging from 40 to 5 µm were
carried out on the same area of the sample. The parameters for the analyses were the same using 20 kV
acceleration voltage, 120 µm aperture, 275 kcps throughput rate for the EDX detector, and 0.004 sec
dwell time.
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Figure 2. Same area of sample 511923 analyzed with different methods. (a) BSE image. (b) 20 µm step
size line-scan. (c) 40 µm step size mapping. (d) 20 µm step size mapping. (e) 10 µm step size mapping.
(f) 5 µm step size mapping. For analysis times see Table 3. The 10 µm step size map consists of 244606
analysed pixels.
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The line-scan analyses both completed in just around 4 min, and the most time consuming of this
type of analysis is to capture the (BSE) image prior to analysis. For the mapping analyses, there is a
huge increase in analysis time, when decreasing the step size (see Table 3).

Table 3. Comparison between most abundant and selected other minerals between the different analysis
methods in area % for different step sizes in line scanning and mapping. STD = standard deviation.
Sample 511923: 24 frames at 235.2× magnification (ca. 0.5 × 0.5 cm). Sample 521106: 220 frames at
235.2×magnification (1.5 × 2 cm).

Sample 519923 10 µm Line Scan 20 µm Line Scan 40 µm Map 20 µm Map 10 µm Map 5 µm Map STD

Time (minutes) 4 3 8 21 73 282
FerroAmphibole 46.9 46.8 48.0 47.4 47.6 47.6 0.009

Hornblende 22.1 22.1 20.2 21.0 20.9 20.9 0.03
Anorthite 11.6 11.6 13.2 13.0 12.8 12.8 0.05

Quartz 6.5 6.7 5.7 5.8 5.9 5.9 0.06
Plagioclase 5.5 5.3 5.8 5.9 5.9 5.8 0.04

Zircon 0 0 0.007 0.005 0.004 0.005 0.17
Apatite 0.27 0.31 0.15 0.15 0.13 0.14 0.32
Rutile 0 0 0.04 0.02 0.03 0.03 0.19

Sphene 0.16 0.23 0.20 0.16 0.17 0.16 0.14
Unclassified 2.9 3.2 2.1 2.1 2.1 2.2 0.17

Sample 521106
Time (minutes) 40 83 298 765 3589

Pale orthoamphibole 69.0 69.8 68.7 69.6 68.8 0.006
Biotite 9.4 9.7 10.9 9.7 10.9 0.07

Corundum 7.8 7.6 8.0 7.6 8.0 0.02
Cordierite 5.8 6.4 5.6 6.4 5.6 0.06
Sapphirine 2.5 2.6 2.6 2.6 2.6 0.01

Chlorite 1.2 1.3 1.5 1.3 1.5 0.09
Hornblende 0.59 0.49 0.53 0.52 0.53 0.06

Rutile 0.007 0.02 0.02 0.02 0.02 0.29
Zircon 0 0.005 0.003 0.004 0.003 0.24

IronOxide 0.007 0.001 0.001 0.0005 0.0001 1.50
Unclassified 2.6 1.1 1.3 1.3 1.1 0.40

As seen in Figure 3, the distribution of mineral phases between the runs are very similar. Also,
when looking on the standard deviation for each mineral phase between the different analysis, there are
only small differences (Table 3). However, there are more minor phases picked up by the 5 µm mapping
method than the other methods. With the line-scan methods no zircon or rutile were analyzed, however
both phases were present in all of the mapping methods. Line scan does not find all minor phases in
the sample, and in foliated samples detected small equidimensional phases may get overrepresented
when scanning perpendicular to the foliation.

We use the more inhomogeneous sample 521106 to investigate how the different analysis methods
apply on a more complex sample. The setup is similar to that used for sample 519923, except for
the area analyzed, which is 220 frames at 235.2×magnification (1.5 × 2 cm) (Figure 4), and only one
line-scan, at 20 µm, was applied (Figure 5). The results are similar as well, with zircon not identified in
the line-scan analysis. Otherwise, the different step sizes in the mapping analysis produce results with
minimal variations (Figure 5; Table 3).

The line-scan feature has proven to be very useful as a way of obtaining a quick and precise
overview of the geochemistry and major element mineralogy of the sample. Also, a more detailed
mineral list can be built from the line scan runs. Where the focus of investigation lies on the chemistry
and mineralogy, line scan is a good alternative to running a full map. However, many textural
features (e.g., zonations, reaction rims, included minerals) and accessory minerals are not picked up by
line-scan analysis.

Mineral mapping at a large step size (here 40 µm in 8 min for 20 frames and 83 min for 220 frames)
also is a very fast analysis and gives a good overview of the entire sample (see Figures 2 and 4 to
compare image quality). Afterwards ares can be chosen for a more detailed analysis with the mapping
feature at a small step size. This two-step procedure is faster than mapping the entire sample at a
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small step-size. The difference in step sizes generally has little influence on the mineralochemical data
(Figures 3 and 5), however details like zonations or reaction rims are often not detected with a larger
step size (Figure 4).Minerals 2019, 9, x FOR PEER REVIEW 12 of 30 
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Figure 3. Logarithmic diagrams comparing the different analysis methods (y-axis) against the most
time consuming and most detailed 5 µm step size mapping method (x-axis). Data is shown as area %.
(a) 20 µm step size line-scan. (b) 10 µm step size line-scan. (c) 40 µm step size mapping. (d) 20 µm step
size mapping. (e) 10 µm step size mapping. Dateable minerals are zircon, apatite, rutile and sphene.
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Figure 4. BSE and Mineral maps of sample 521106 and a selected area for comparing the map quality
between different step sizes. (a) BSE image consisting of 220 frames. (b) 5 µm step size mineral map
(ca. 9 million pixels). The square indicates the position of details in (c,d). (c) Selected area mapped
with 40 µm step size. (d) Selected area mapped with 5 µm step size.
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step size mapping. (c) 20 µm step size mapping. (d) 10 µm step size mapping.

3.2. Garnet with Quartz Inclusions

In sample 508607 large garnet grains were observed, which were investigated for their chemistry
and mineralogy in order to gain more information on the metamorphic history of the volcanoclastic
rocks. The sample was collected from the same unit of volcanoclastic sediments as sample 508599
discussed below. However due to lithological variation, its bulk composition is different (less Na, less
K, less Si, more Ca, more Fe, more Al, see Table 2), which is expressed in a different mineralogy: quartz,
anorthite, biotite, pale amphibole, garnet, apatite and pyrite. In the most biotite-rich amphibole-poor
layers, large garnets have grown with the foliation bending around them (Figure 6). In the garnets,
inclusions of apatite, rutile, ilmenite and especially quartz are present. The quartz is irregularly shaped
with lobes intruding into the garnet. All inclusions are only found in the center of the garnets, but not
in the rim. Pyrite is partially oxidized and is found in association with biotite.

The sample was imaged with the BSE and CL detectors, as well as analyzed for its mineralogy
and chemistry, all with the Mineralogic software. In the SEM recipe of the Mineralogic software,
the detector for imaging can be selected and changed to CL in order to make a stitchable series of
images automatically. After creating a Mineral map (Figure 6), the Mineral recipe was applied to
generate element concentration maps for the main elements in garnet (in Figure 7 Mg, Fe, and Ca are
shown). The element concentrations displayed are true wt% concentrations, not relative intensities.



Minerals 2020, 10, 47 15 of 29

Furthermore, the quality of the EDS systems was monitored with point analyses on silicate standards
and yields an error < 1 wt% compared to electron microprobe analyses, with slightly too low values
for light elements and too high on the heavier elements (see Supplementary Table S1).

The mineral map (Figures 6 and 7a) reveal that the inclusions in garnet are mainly observed in the
core and inner rim of the garnet. The core of the garnet mainly yields quartz and biotite (plus pyrite)
inclusions, while ilmenite, rutile, amphibole and apatite mainly, but not exclusively, are observed in
the inner rim. The inner rim does not show biotite inclusions.

CL investigations show that the quartz inclusions in the garnet consist of smaller grains healed
into larger inclusions (black arrows in Figure 7b). Anorthite adjacent to garnet reveals growth rims in
CL (white arrows in Figure 7b), which are most strongly on the left and right sights of the grains.
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Figure 7. Detailed maps and image of the central garnet in Figure 6. (a) Mineral map. See Figure 6 for
a legend of the colours applied. (b) Cathodoluminescence image mosaic of the same garnet. White
and black arrows point to growth features in anorthite and quartz, respectively. (c) Mg element
concentration map. (d) Ca element concentration map with black contours indicating the weak zonation
in garnet. (e) Fe element concentration map. Arrows in (c,e) point to an example of an included biotite
grain with different Mg–Fe ratios.

EDS analyses of the garnet showed ca. 19% Si, 13% Al, 2% Ca, 5% Mg and ca. 26% Fe. There is
some Mn present as well (~0.5 wt%), but no Cr (less than 0.5 wt%, usually not detectable). There is a
minor compositional variation between the core and the two rims of the garnet, with no difference in Si
and Al (less than 1 wt%), but slightly lower Ca and higher Mg and Fe in the inner rim and slightly higher
Ca, lower Mg in the outer rim (the difference in concentrations between the core and rims is always
less than 2 wt%). These zonations are just visible in Figure 7c–e. With image manipulation (inversion
of Ca-image, followed by adding the images together in Adobe Photoshop©), these differences can
be enhanced and mapped. Figure 7d shows the contours for the weak zonation, based on Fe, Mg
and Ca concentrations. The small variations in the chemical composition are visible in the garnet
ternary diagram (Figure 8), where the XMg–XFeMn–XCa composition of the garnets in Figure 6 are
plotted based on pixel-by-pixel data exported from Mineralogic analyses of the garnet. The garnet is
an almandine, which are typical for aluminous rocks deformed at amphibolite facies conditions.
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Figure 8. Ternary diagram showing the garnet porphyroblast minor element composition expressed as
XMg–XFeMn–XCa. (a) Data for 6400 representative pixels; (b) Contours showing the data intensity of
(a). The Figures are plotted applying WxTernary [42].

The garnet in this samples has probably grown from a quartz consuming reaction, possibly chlorite
+ quartz + muscovite = garnet + biotite + H2O, which can explain for the biotite and quartz inclusions
in the core of the garnet (Figures 6 and 7). From the element concentration plots (Figure 7c,e) can be
seen that the composition of the biotite in the inclusions is different from the biotite in the foliation:
the included biotite is Mg-rich, while the biotite in the foliation is Fe-rich. The inner rim of the garnet
showed a continuation of the same reaction, probably at a slightly higher temperature, thus slightly
changing the Fe–Mg concentration in biotite and garnet [43] (Figure 7). Ti is largely incompatible in
aluminous garnet and remains as ilmenite and rutile inclusions. The foliation of the rock bends around
the previously formed garnet and some biotite is formed in the pressure shadows demonstrating a
weak dextral sense of shear (Figures 6 and 7). The fractured and healed quartz and anorthite visible
in the CL image show that deformation might have been fast and intense, as quartz and anorthite
typically are deforming plastically at garnet-forming temperatures [44,45]. Large rims around anorthite
show that anorthite precipitated under a differential stress from fluids during metamorphism (darker
rims of anorthite visible in the CL image (Figure 7b) are thicker along the horizontal grain axis than the
vertical). Ca in garnet may also originate from these fluids.

3.3. Reaction Rims Around Rubies

The ruby-bearing sample 521111 from the Fiskenæsset complex contains the reaction products of
the interaction of a tonalitic sheet intruding into an ultramafic rock in contact with anorthosite. As not
all of the ruby in the thin section is of gem-quality, we refer to the ruby as corundum. The reaction
occurred at amphibolite-facies metamorphic conditions, i.e., post peak-metamorphism (which was
at granulite facies conditions) [37,41]. It has been discussed previously whether the alumina of
corundum and other aluminous minerals (spinel, kornerupine, cordierite, and sapphirine) are primary
or secondary minerals [37,38,41,46]. Reaction temperatures are estimated to be ca. 600 ◦C, for the
southern part of the complex [37,41], but may have been higher nearer to the village of Fiskenæsset
where the current sample was collected. with a gradient from lower granulite facies conditions in the
western part of the Fiskenæsset complex. The corundum-forming reaction occurred during the main
folding phase in the region [37].

Like for the garnet example above, the sample was mapped for its mineralogy, and afterwards
recalculated with new mineral lists to create mineral association maps and an element ratio map
(Figures 9 and 10). The mineral association maps can be made in the Mineral recipe tab by redefining
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the colours of the minerals, highlighting two or three phases, while all other mineral phases are
displayed in white. As for the element concentration maps, the mineral list can also be redefined to
show steps in element ratios in order to display e.g., changes in Si/Al or Fe/Mg ratios in the sample.Minerals 2019, 9, x FOR PEER REVIEW 19 of 30 
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Figure 9. Corundum (Ruby-)bearing rock showing the mineral assembly after the formation of
corundum, sapphirine, cordierite, anorthite, pale amphibole and biotite (peak metamorphic reaction
products) and the retrograde reaction products magnesite, chlorite, and quartz. (a) BSE image of a
selected part of the sample. (b) Mineral map of nearly the entire thin section of the sample (1.63 million
pixels). (c) Mineral association map of biotite and ruby. All other minerals are displayed in white.
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Figure 10. Detail of the sample displayed in Figure 9. (a) Corundum-sapphire-cordierite association
map. (b) Corundum-sapphirine-anorthite association map. All other minerals are displayed in white.
(c) Element ratio map showing the Si/Al ratios in the sample. wt% indicates that wt% data were used
to calculate the ratios. Legend for (a,b) in Figure 9.

Desilification of the ultramafic rock results in the formation of pale amphibole (mainly gedrite),
biotite, and one or more aluminous phases (cordierite, sapphirine and corundum), e.g., by the reactions:
olivine + K-feldspar (tonalite) + H2O = biotite + anthophyllite or olivine + SiO2(aqueous) (tonalite) =

anthophyllite [41] (Figure 9). The intruding tonalite is not peraluminous and can therefore not be the
source of aluminium, however anorthite is able to react in a balanced reaction: olivine + anorthite +

H2O (tonalite) = Ca-bearing amphibole + corundum [41]. In the case of sample 521111, where reaction



Minerals 2020, 10, 47 20 of 29

temperatures may have been slightly higher, the corundum mineral is surrounded by two rims of
reaction products (Figures 9b and 10a,b). Corundum in the centre, sapphirine around the corundum,
and cordierite or anorthite around the sapphirine. The reaction rims are very well developed with the
same width all around the corundum minerals, no symplectites or other fine-grained minerals are
observed in the reaction rims, which are therefore interpreted to have developed near-simultaneously
with the corundum-forming reaction at peak or near-peak metamorphic conditions. Figure 10c indicates
that the minerals formed in the reaction rims are increasingly rich in Si compared to Al, ranging from
no Si in ruby to more Si than Al in cordierite. This shows that the degree of silica-desaturation of the
rock may have fluctuated during the ruby-forming reaction, or that the Al from the original anorthite
was consumed towards the end of the reaction series. Cordierite or anorthite as the outer reaction rim,
occur systematic (Figures 9b and 10a,b) and may reflect the original hornblenditic and anorthitic layers,
respectively, in the anorthosite before intrusion of the tonalite. Biotite is not associated with corundum
(Figure 9c), but cordierite seems more strongly associated with biotite, than anorthite (Figure 9b).
Here, sapphirine and cordierite are peak metamorphic minerals, ruby started growing just before
peak metamorphic conditions, sapphirine and ruby are part of the peak metamorphic assemblage,
and cordierite and anorthite grow immediately after initial decompression [42], as was also observed in
other parts of the Fiskenæsset complex [37,41]. However, a decrease in temperature could additionally
create retrograde sapphirine or plagioclase, as also was described previously for other parts of the
Fiskenæsset complex [46].

3.4. Grain Size Distribution of Chromite in Leucogabro

Within the Fiskenæsset gabbro and leucogabbro thin layers of chromitite have been observed,
which previously have been investigated for their platinum group elements content [34,47]. Within
the Fiskenæsset complex both primary and secondary chromite occur [48]. The chromite in the layer
is homogeneous in composition but shows a wide variation in grain size. The chromite grains are
situated in the Mg-rich hornblende layers of the metamorphosed gabbro (Figure 11a), while only a few
grains are associated with anorthite. The chromitite is highly dominated by chromite (Figure 11b),
thus individual chromite grains are touching each other, which makes automated grain size analysis
more complex.

In order to measure the grain sizes a modified version of the watershed method, which the
image processing tap of the software provides, was applied. After thresholding to select the chromite
grains from the rock, the image was eroded in three iterations, followed by dilation, as a modification
of the opening function that is routinely applied—this gives better separation of individual grains.
The watershedding was set to 40 units difference in order to separate touching grains. After image
processing the chromite was selected by mineral classification (minerals tab) and characterized by
morphology and chemistry in the same tab.

The association data for sample show that 54% of the chromite is in contact association with
hornblende and only 17.1% with anorthite, while 23% is associated with the background (mainly
holes and cracks between chromite grains) and the remaining fraction of the association is made
up by minor phases including rutile and chrome-spinel. The grain size distribution of the grains is
visualised in Figure 11. It shows that individual chromite grains in this layer range in size (Feret mean
diameter) from 100 to 1000 micrometer. Part of these grains are clusters of several grains, despite
the watershed procedure during the image processing. Chromite settled together with hornblende
during the cumulation of the igneous rock. Individual chromite grains were already inter-grown
during their crystallization and their grain size and texture have not been affected by metamorphism.
The chromite grains in this sample are primary minerals. An analysis of the roundness and orientation
of the individual grains (Feret angle) shows that the chromite grains are not systematically flattened
during the three tectonometamorphic events that affected the area, showing that the chromite grains
are very rigid under those tectonometamorphic conditions (ca. 600 ◦C, 5 kbar [37,41]).
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Figure 11. Leucogabbro with bands of chromite, sample 510152. (a) BSE micrograph of part of sample,
showing chromite grains in white. (b) Mineral map of a larger part of the same sample. Chromite is
associated with hornblende. 1.63 million pixels. (c) Grain size map showing the same part of sample as
in (a), with colour-coding of the chromite grain sizes. (a,c) partially overlap with the upper left part of
(b), indicated with squares in (b,c).

3.5. Maximum Feret Angle Determination

Sample 508599 was investigated for the size and orientation of the biotite minerals in the thin
section, which define the foliation and the isoclinal fold in the sample. The orientation of the biotite
minerals can be described with the maximum Feret angle. The maximum Feret angle is the angle
between the maximum Feret diameter of a particle and the horizontal axis. The maximum Feret
diameter is the longest diameter of irregular shaped particles.

In order to measure these morphological features for biotite in the volcanoclastic sediment, in the
image processing recipe the BSE image of the sample (Figure 12A) was thresholded by grey scale
value to only investigate the minerals with a bright BSE contrast; these include mainly biotite and
a few accessory phases. The biotite grains are now isolated features of single grains or clusters of
grains that lie in a darker matrix. The biotite grains can thus be investigated with a spot centroid or
feature scan analysis. The mineral list was adapted to show all none-biotite grains in black, while a
morphochemical criterion was added to the biotite classification in order to classify the biotite grains
in colours according to their Feret angle (Figure 12B). The results are shown in Figure 12, together with
the BSE image and the mineral map of the entire thin section.
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Figure 12. Isoclinal fold in a volcanoclastic sediment containing biotite, amphibole, anorthite and quartz. (A) BSE micrograph of the sample. The three main phases
(biotite, anorthite and quartz) are light, intermediate and dark grey respectively. (B) Maximum Feret angle map over the thin section. All none-biotite minerals are
black, while biotite is coloured by its maximum Feret angle. Positive and negative angles are indicated in the same colours. (C) Mineral map showing the distribution
of the mineral phases in the sample. This mineral map contains 2.04 million pixels. Squares define three smaller areas within the sample, with their own data for
surface area and association data.
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The BSE image and the Mineral map show a different behavior for the individual minerals in the
sample across the isoclinal fold. In the flanks of the fold, biotite occurs in clusters of grains. Individual
grains are occasionally oriented randomly, but the larger clusters of grains are oriented into elongated
clusters with low Feret angles (preferentially 20–40◦; see Figure 13), while most individual biotite
grains and smaller clusters have lower Feret angles (mainly 0–20◦) and are stacked stair-case-wise to
follow the local foliation. Thus, the individual grains follow the main foliation in the area (oriented ca.
0–10◦ with respect to the horizontal axis), while they form stacked arrays that follow the local foliation
(20–40◦) in the individual fold flank. In the core of the fold, biotite occurs more scattered, and all Feret
angle orientations with an large elongation are observed between −30 and 40◦ (Figures 12 and 13),
while the grains with the largest area have orientations around 40 and −10◦ (Figure 13), fitting with
the orientation of the two flanks mapped in Area 2 (Figure 12). In the least deformed part of the fold
(Area 3) biotite grains are smaller and show no preferred orientation for the most elongated grains
(Figure 13).Minerals 2019, 9, x FOR PEER REVIEW 24 of 30 
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Figure 13. Plots of the maximum Feret angle frequency, and this angle compared to the elongation and
area of the biotite grains and clusters of grains. Figures represent the entire map in Figure 12, as well as
the three areas outlined in Figure 12C.

In the less extensively deformed parts of the fold, quartz and plagioclase occupy roughly the
same percentage of the area (compare least deformed Area 3 to intensively deformed Areas 1 and 2 in
Table 4). Both minerals are partially intermixed but prefer to cluster with their own phase. In the flanks
of the fold, a more well-defined layering of quartz, biotite and anorthite occurs, where both quartz
and biotite are sandwiched between layers of anorthite. In the core of the fold, hardly any quartz
minerals are observed. Biotite is associated with anorthite (Figures 12C and 13). This is illustrated
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for association data for the three areas in Figure 12C (see Table 4). Area 1, derived from the core of
the fault, and Area 2, derived from the flank, show that biotite is strongly associated with plagioclase
(45.3 area% and 48.7 area%, respectively), while in the least deformed Area 3 this association is only
34.0 area%. Plagioclase in the flanks of fold (Area 2) is strongly associated with biotite (45.3 area%),
and the association with quartz is the least of the three areas (34.5 area%). Plagioclase in the core of the
fold (Area 1) is forming the sandwiching layer between biotite (37.8 area% association) and quartz
(40.9 area%). In the least deformed part of the sample, plagioclase is strongly associated with quartz
(51.6 area%) and much less with biotite (21.3 area%), which is partially caused by a much lower area%
of biotite in this section.

Table 4. Area% and association data for biotite, quartz and plagioclase in the three areas indicated in
Figure 12C. TS = thin section.

Mineral Area in TS (%)
Association Data (%)

Plagioclase Quartz Biotite

Area 1
Biotite 19.8 45.3 35.4 -

Plagioclase 40.2 - 40.9 37.8
Quartz 35.6 46.6 - 34.2

Area 2
Biotite 23.1 48.7 31.7 -

Plagioclase 40.3 - 34.5 45.3
Quartz 31.1 43.5 - 37.7

Area 3
Biotite 11.3 34.0 40.8 -

Plagioclase 36.1 - 51.6 21.3
Quartz 45.5 47.7 - 23.7

Folding in the area occurred at ca. 600 ◦C [37,41]. Under these conditions all three minerals
(quartz, anorthite and biotite) deform plastically under most strain rates [44,45]. Quartz, which under
these conditions is more plastic than plagioclase, moves to the flanks of the fold, while the more
rigid plagioclase is pressed towards the cores of the fold (compare Areas 1 and 2 in Figure 12C and
Table 4). Biotite rotates by a combination of recrystallization and mechanical fracturing and healing to
accommodate to the main stress in the region and can be used to read the record of the main foliation
outside the isoclinal fold (Figure 13), i.e., 0◦. However, the movement of quartz and plagioclase also
force the biotite to follow the local foliation, leading to a stacking of horizontally oriented minerals
into a local foliation of ca. 30◦ to the horizontal fold axial plane (compare to Figure 13). Continued
stress on the rock will remove the evidence for a fold core from the record of the rock, leaving the
sample layered by mineral phase and with clusters of flat-lying biotite. We are thus able to study the
generation of a schistose layering from an initially little deformed rock in a single sample by studying
individual areas of the fold core.

4. Discussion

The five examples of application above show a small set of the vast range of possibilities for
modern AQM systems, like Mineralogic, where visualization of the data and the generation of
chemical, mineralogical and morphological data are combined. Traditionally, mineral compositions in
metamorphic rocks are quantified with optical microscopy or microprobe analyses, while metamorphic
textures are investigated with optical microscopy and often unquantified or, mainly in case of
deformed samples, quantified by electron back-scatted diffraction. By applying AQM, visualization
and quantification can be combined in one tool and executed on the same minerals. The AQM software
is creating a false-coloured mineral map, while simultaneously measuring grain morphology and
chemistry. The false-coloured map resembles the optical microscope mineral display of metamorphic
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textures, but also forms the basis to gain quantitative data for the sample. Compared to the microprobe,
AQM offers mineral maps and not only element maps. This is combined with the higher analytical speed
for EDX analyses compared to the wavelength dispersive spectrometry analyses on the microprobe.
The diversity and flexibility in the chemical, textural and mineralogic visualization is demonstrated in
this paper as a means of contextualization of what can initially be complex data sets.

AQM is often regarded as a slow analytical tool. However, depending on the information required,
analytical speed can be adapted to the optimal combination of mineralochemical precision, map-quality
and time. An area of 1.5 × 2 cm can be analysed in 83 min at a 40 µm step size, and provide almost
identical mineral concentrations, when compared to runs with smaller step sizes and longer analysis
times (Table 3; Figures 3 and 5). A time-saving approach could be to first run a large (here 20 µm) step
size line-scan or Mineral map (here 40 µm step size) on the selected sample, then build a solid mineral
list and run selected area(s) with a smaller step size to obtain detailed information on specific features
e.g., reaction rims. Further, these investigations indirectly showed that the general reproducibility of
the data, even while generated at different step-sizes (pixel sizes), is good.

Within the Mineralogic software platform, it is also possible to analyze samples with different
acceleration voltages, without changing the mineral list. Samples 521106 and 521111 originate from the
same area, were analyzed at 20 and 15 kV respectively, and were recalculated with the same mineral
list without any adaptions (Table 1).

The garnet and ruby examples outline unique capabilities the Mineralogic software is able to access
when compared to other AQM platforms. Because Mineralogic’s EDX software is matrix-correcting and
quantifying every spectrum for every pixel in the mineral maps and for each spot or feature scan for
every epoxy-embedded particle, the exact chemistry is known with the same precision as for EDX point
analyses. Elements can be easily detected with concentrations down to ca. 0.5 wt%, and major and
minor elements can be analysed with an accuracy of 1–2 wt%. This is a large improvement compared to
spectrum matching AQM platforms, which are not able to detect elements in concentrations of less than
5% [22]. Also, by obtaining the chemistry for every pixel makes the addition of new minerals to the
mineral library more certain, and easily adaptable to changes in composition due to slightly different
metamorphic conditions (e.g., Mg/Fe ratio dependence on pressure and especially temperature during
metamorphism). The ability to measure detailed chemistry of the minerals for every pixel of the
mineral maps has been applied to make element concentration maps (Figure 7c–e) and element ratio
maps (Figure 10c). But the chemical data can also be exported after analysis, e.g., to obtain a bulk
geochemical assay or to obtain raw data for a garnet XMg–XFeMn–XCa ternary diagram (Figure 8).
A comparison with whole rock geochemical data and EDS generated data with Mineralogic on a
homogeneous sample (Table 2) shows a good agreement in the results between the two methods.
The tested sample had slightly higher Ca and lower Si in the analysed thin section than the bulk rock
sample and comparable results for the other elements., The discrepancy in Ca and Si probably occurred
due to the presence of a calcite vein in the thin section.

The garnet example shows how the zonation into core-inner rim-outer rim could be observed by
the garnet elements Fe, Ca, and Mg. These three zones in garnet were each associated with their own
set of inclusion minerals, visualized in the mineral map of the sample (Figures 6 and 7a), revealing
three stages of the metamorphic history of the garnet. Similarly, the Si/Al element ratio map show how
silica-concentration is increasing in the reaction rims around corundum in the sample, causing the
formation of sapphirine, cordierite and anorthite, each with a higher Si/Al ratio. Sapphirine, cordierite
and anorthite are clearly associated with the ruby, as is visible in the mineral association map for
these three minerals (Figures 9 and 10). Mineral mapping of the reaction rim showed that these are a
prograde/peak metamorphic feature and not part of the retrograde reaction path [41].

The chromite-bearing gabbro example and the biotite example show the power of morphochemical
classifications of the minerals (Figure 11). The ability to precisely select certain minerals and to cluster
and colour-code them by morphological features is a very powerful feature in AQM software products.
For the chromite-bearing leucogabbro sample it was demonstrated that the Mineralogic software can
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evaluate and colour-code the grain size distribution of grains in a rock. Image processing tools help to
automatically separate near-touching grains (though not the entirely clustered grains). The strong
preference of chromite for the hornblende layers is quantified by the mineral association data that
AQM software is able to produce.

The biotite sample’s Feret analysis is an example of a monomineralic display used to illustrate a
morphological criterion. Here, the most important mineral is mapped out only, and colour-coded by
its mineral orientation (Figure 12). However, the results are not only displayed, but the data for the
analysed particles from the mineral map formed the basis for association data, Feret angle orientation
and Feret elongation, grain size (area) as well as modal mineralogy (Figure 13 and Table 4), showing
how intensive isoclinal foliation causes mineral layering in the formation of a schistosity.

Even though most scientific investigations cannot exist without the availability of numerical data
and the quantification of processes. However, the visualization of results and qualitative observations
still remain very important in order to fully understand the data, and often this visualization is the key
to gaining new insights through conceptualization of the data.

Here, we show that AQM software in general and especially Mineralogic software is able to
generate many different ways of displaying the same sample and thereby highlighting several aspects
of same sample. In the examples above we apply BSE and CL images, mineral maps, element
concentration maps, element ratio maps, single mineral maps, mineral association maps on paired
mineral groups, and morphology maps highlighting grain shape and orientation. Still these range
of maps are only a small selection of the range ways the same sample can be displayed. As most
humans are visually oriented, this displaying of results makes it easier for us to gain new insights.
Visualization of the data adds context and meaning to the data tables. For example: the zonation of
the garnets would not be visible without the Fe, Ca, and Mg concentration maps (Figure 7) and the
orientation of biotite with respect to the local and main orientation of the foliation was more easily
visible with colour coded oriented minerals (Figure 12).

The flexibility of having platform independent, acceleration voltage independent mineral
classification, precise chemical measurements allowing for element concentrations and element
ratio maps supplement and support the quantified data analysis, and interpretations, and on these
topics ZEISS Mineralogic has proven its worth for metamorphic texture investigations, as well as a
large number of other areas of investigation.
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