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Abstract. In this study we present a novel method for the automatic detection of minerals and elements using
hyperspectral transmittance imaging microscopy measurements of complete thin sections (HyperTIM). This is
accomplished by using a hyperspectral camera system that operates in the visible and near-infrared (VNIR) range
with a specifically designed sample holder, scanning setup, and a microscope lens. We utilize this method on a
monazite ore thin section from Steenkampskraal (South Africa), which we analyzed for the rare earth element
(REE)-bearing mineral monazite ((Ce,Nd,La)POy), with high concentrations of Nd. The transmittance analyses
with the hyperspectral VNIR camera can be used to identify REE minerals and Nd in thin sections. We propose
a three-point band depth index, the Nd feature depth index (NdFD), and its related product the Nd band depth
index (NdBDI), which enables automatic mineral detection and classification for the Nd-bearing monazites in
thin sections. In combination with the average concentration of the relative Nd content, it permits a destruction-

free, total concentration calculation for Nd across the entire thin section.

1 Introduction

The detection and classification of minerals and elements
are crucial in mineral exploration and outcrop characteriza-
tion. They are the main drivers of past and recent scientific
research in spectroscopy and imaging spectroscopy (Hunt,
1977; Boesche et al., 2015). Hyperspectral imaging cameras
have been successfully used to detect minerals and elements
in outcrops, rock samples, and drill cores using reflectance
measurements (van der Meer et al., 2012). Whereas hyper-
spectral imaging is widely used for reflectance measurements
in the geosciences, transmittance measurements using imag-
ing spectrometers are mostly applied in biology, agricultural,
and food sciences. Examples of hyperspectral imaging trans-

mittance applications include imaging transmittance mea-
surements of leaf traits (Bergstrisser et al., 2015), plant—
pathogen interaction (Thomas et al., 2017), quality of blue-
berries (Leiva-Valenzuela et al., 2014), and insect damage
in soybeans (Huang et al., 2013). In geosciences, hyper-
spectral transmittance measurements have been conducted
using point spectrometers. Examples of transmittance mea-
surements involving (non-imaging) point spectrometers in-
clude the measurement of thin sections and powdered min-
erals for evaluating the effects of mineral orientation using a
Fourier transform infrared (FTIR) micro-spectrometer (Eka-
terina and Veronique, 2009), as well as measurements of the
transmittance, reflectance, and emission of meteorite sam-
ples over a spectral range from the ultra-violet (UV) to the

Published by Copernicus Publications on behalf of the European mineralogical societies DMG, SEM, SIMP & SFMC.



276 H. L. C. Daempfling et al.: Automatic element and mineral detection in thin sections using HyperTIM

infrared (IR) using two FTIR spectrometers (Maturilli et al.,
2016).

This study presents and discusses a new method for the de-
tection of minerals and chemical elements involving hyper-
spectral imaging transmittance measurements of complete
thin sections from rock samples. The measurements are per-
formed by using a hyperspectral push broom imaging cam-
era that operates in the visible and near-infrared (VNIR). It is
designed for a broad variety of applications in the laboratory.
The camera is equipped with a microscope lens for the use
in the laboratory environment. A special measurement setup
to mount the thin sections for transmittance measurements
was constructed. The method was developed to analyze sev-
eral thin sections containing Nd-bearing monazites from var-
ious regions including Norway, Sweden, South Africa, and
Namibia.

In this study we present an application of this method to a
polished thin section from a monazite-rich sample, collected
from the Steenkampskraal monazite mine in South Africa.
The thin section was additionally examined using a petro-
graphic microscope and analyzed using an electron micro-
probe in order to provide a geochemical reference frame for
comparison with our analytical results. Using this sample as
an example, we present the mineral and element detection
capabilities of the hyperspectral imaging camera when mea-
suring transmittance in the VNIR spectrum.

2 Geology of Steenkampskraal

The Steenkampskraal monazite ore body is located ca. 70 km
north of Vanhynsdorp in the Western Cape Province, South
Africa. It represents one of the largest vein-type monazite—
apatite—chalcopyrite—-magnetite deposits in the Mesoprotero-
zoic Bushmanland subprovince of the Namaqua-Natal Meta-
morphic Belt (e.g., Kilian, 2011; Basson et al., 2016). The
ore body is lenticular-shaped, with an average thickness of
about 0.5 m. Mesoproterozoic granite gneiss hosts the ore
body, which is situated in a structural zone characterized
by early ductile shearing and overprinted by later brittle de-
formation and faulting. The ore occurs as fine-grained mas-
sive lode that is exposed on the surface for about 400 m,
with a known down-dip extension of 450 m. Preliminary U-
Pb geochronological data on monazite suggest that forma-
tion of the Steenkampskraal monazite ore body occurred
at 1046 7.5 Ma (Knoper et al., unpublished data, cited by
Basson et al., 2016). Mining of monazite for Th was active
from 1952 to 1963. Detailed studies of the ore body have
been made by Pike (1959), De Waal and Viljoen (1970),
Andreoli et al. (1994, 2006), Basson et al. (2016), Read
et al. (2002), Kilian (2011), Jones and Burnett (2013), and
Jones and Hancox (2012). The ore body contains up to 55 %
following Andreoli et al. (1994) and up to 80 vol % monazite
with a total rare earth element (REE) concentration of ca.
45 wt % following Kilian (2011), with the light rare earth el-
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ements (LREEs) predominating. Highly fractionated P-rich
immiscible liquids in a tectonically instable environment are
suggested to form the deposit (Andreoli et al., 1994).

3 Methodology

In order to perform the transmittance measurements, we used
a HySpex VNIR 1600 hyperspectral imaging camera. The
push broom line scanner utilizes a Kodak KAI-2020 CCD as
the detector element, which is part of the Adimec1600m/D
camera (Lenhard et al., 2015). It operates in the spectral
range from 400 to 1000 nm with 160 bands and 1600 spa-
tial pixels per line (Lenhard et al., 2015). The resulting hy-
perspectral images were analyzed with feature-fitting tech-
niques, and then compared to petrographic microscope im-
ages and electron microprobe analyses (EMPAS).

3.1 Measurement setup

All analyses with the HySpex camera were conducted in the
optical laboratory of the German Research Centre for Geo-
sciences (GFZ) in Potsdam. The HySpex camera is mounted
on an aluminum frame for translational measurements in the
laboratory (Rogass et al., 2017) (Fig. 1, label 1). The frame
supports a motorized sample tray (translation stage) that car-
ries the samples (Fig. 1, label 7). The speed with which the
translation stage moves and transports the samples through
the field of view of the sensors depends on the integration
time and the fore-optics of the fixed camera (Rogass et al.,
2017). To measure transmittance with the HySpex camera a
special sample holder was constructed (Fig. 1, label 3). The
holder was painted in matte black to reduce reflection and
to buffer and reduce the effects of specular reflection by the
light source. The light from the lamp was reflected by a white
reference panel with a spectrally known diffuse, Lambertian
spectral reflectance standard: 95 % reflectance, SphereOptics
SG3151 95% A (Fig. 1, label 6). The lamp irradiates the
white reference with a 45° angle through the open side of
the sample holder (Fig. 1, label 5). The white reference dif-
fusely reflects the light through the opening slit at the top of
the sample holder where the thin section is mounted (Fig. 1,
label 4). The HySpex camera is mantled in order to reduce
the stray light from sources other than the opening slit of
the sample holder. Black cellular rubber was used to darken
the space between sample holder and camera as this mate-
rial mainly absorbs light in the considered wavelength range
(Fig. 1, label 2). Measurements with an epoxy-covered mi-
croscope slide were conducted in order to subtract the irradi-
ation, reflected by the white reference plate and the absorp-
tion and transmittance features of the epoxy and glass of the
microscope slides, from the spectrum of the rock thin sec-
tions. The integration time was calibrated from several test
runs until a strong signal was acquired and oversaturated pix-
els were not present (Table 1). A high signal to noise ratio
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Figure 1. The setup to perform the transmittance measurements.
The HySpex VNIR-1600 camera was used for the measurements in
this study.

Table 1. Specifications of the HySpex VNIR-1600 camera (Lenhard
et al., 2015) and the applied setting.

Imaging system/camera VNIR-1600
Detector technology Si CCD
Spectral range 416-992 nm
Spectral sampling interval 3.6nm
Spectral bandwidth 3.5nm
Pixel size (microscope lens) 24 um

Field of view ~17°
Pixel/line (across track) 1600
Channels 160
Radiometric quantization 12 bit

Max frame rate 135Hz
Detector temperature Ambient
Integration time 70000

High SNR mode 6
Acquisition time ~ 60 min
Processing/classification and mapping time  ~ 30 min

(SNR) mode was used to reduce noise in the collected spec-
tra. It is embedded into the software of the HySpex data ac-
quisition tool and determines how often a frame is repeat-
edly captured. These measurements are averaged to reduce
the zero mean, white Gaussian noise in the measurements.
Since the measurement time for each thin section is roughly
multiplied by the number of measurements set at the high
SNR setting, an optimum between signal quality and practi-
cal measurement time had to be found. A high SNR mode of
6, which resulted in a roughly 60 min overall measurement
time, was chosen for the thin section with the given integra-
tion time shown in Table 1.

3.2 Data processing

First the raw image data with the “HySpex RAD” software
was processed, rescaling the digital numbers (DNs) into ra-
diance in accordance with the camera’s radiometric profile
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(calibration is done by NEO yearly). The files were then spa-
tially resized. The parts of the images not covering the thin
sections (the black surface of the sample holder) are cropped
to shrink the file size in order to speed up the following cal-
culations and also save data storage space and memory. Af-
ter the images have been cropped, the transmittance of the
rock thin sections are isolated. Each pixel of the according
image is divided by an averaged spectrum of the measured
epoxy-coated reference slide. This spectrum includes that of
the light source (white reference) so that the images are nor-
malized and only the transmittance of the thin sections re-
mains, ranging between 0 and 1.

3.3 Identification of minerals

For comparative data analysis, we fitted spectral reflectance
library data to the obtained hyperspectral image data. The
USGS Spectral Library version 7 (Kokaly et al., 2017) had
to be spectrally resampled with respect to HySpex spec-
tral bands using the spectral resampling tool embedded in
ENVI. The spectral resampling tool in ENVI utilizes a Gaus-
sian model of the spectral response functions (SRFs) for
all HySpex bands, which is derived from former calibration
measurements (Norsk Elektro Optikk, 2020). The spectral
signatures of certain minerals and elements in Nd-bearing
monazites are characterized by multiple absorption features
in the VNIR range (Boesche et al., 2014). Absorption fea-
tures can then be used to identify minerals in hyperspectral
imaging spectroscopy (Boesche et al., 2014). The automatic
identification and mapping of Nd-bearing monazite were im-
plemented through the following steps. Three characteris-
tic absorption features of Nd-bearing monazite for mineral
identification and mapping were used: ~ 580, ~ 740, and
~ 800 nm, following Boesche et al. (2014). The law of con-
servation of energy justifies using the position of the absorp-
tion features derived from reflectance spectra for transmit-
tance measurements. The representative spectral absorption
features of elements and minerals have the same position
in measured transmittance spectra, given that they are not
opaque. A three-point band depth index for each of the three
main absorption features of Nd was used for detection and
mapping.

The Fe feature depth index (IFD) was adapted (Mielke et
al., 2014) (Eq. 1) to the three features of the monazite-bound
Nd (~580, ~ 740, ~800nm), resulting in the Nd feature
depth index (NdFD), with the shoulders and maxima shown
in Table 2. The NdFD is the difference between the trans-
mittance (¢) in the absorption maxima (f (AM)) of the spe-
cific feature (see Table 2) and the linearly interpolated trans-
mittance value of the specific feature (;,;(AM)) see Eq. (1)
(adapted from Mielke et al., 2014). #;n (AM) is calculated fol-
lowing Eq. (2), where ¢ (LS) is the transmittance of the band
closest to the position of the left shoulder of the feature (see
Table 2), and ¢ (RS) is the transmittance of the band closest to
the position of the right shoulder of the feature (see Table 2).
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Equation (3) shows the application of Eqs. (1) and (2) for the
first main absorption feature of Nd.

NdFD = fin (AM) — t (AM) (1

tin(AM) = £(LS) + (¢ (RS) — #(LS)) x AAM LS 2)
ARS —ALS

NAFD 1 = £i5(578.46nm) — ¢ (578.46 nm) 3)

tint(578.46nm) = £(563.91 nm)

+ (¢ (618.46nm) — £ (563.91 nm))
A578.46nm — A 563.91 nm

X
A618.46nm — A 563.91 nm

The NdFD was applied to each pixel of the hyperspectral im-
age to highlight the monazite and Nd (Nd)POj,) distribution
in the thin section (see Sect. 4.2). The three bands in the
resulting image represent the absorption depth of the three
characteristic absorption features for Nd: NdFD 1: Band 1
at ~580nm; NdFD 2: Band 2 at ~740nm; and NdFD 3:
Band 3 at ~800nm. The resulting three bands are mul-
tiplied by each other to create the Nd band depth index
(NdBDI) (see Eq. 4). The NdBDI image is a single-band
greyscale image used for classification mapping and can be
compared, for example, with SEM/BSE (scanning electron
microscope/backscattered electron) results.

NdFD 1 x NdFD 2 x NdFD 3 = NdBDI “)

The classification map is then created using the NdBDI
greyscale value image. The resulting monazite map displays
Nd-bearing monazite as red pixels, while the rest (no detec-
tion of Nd) is displayed as black pixels. The red pixels of
the monazite classification map can also be overlaid on a
true color RGB image of the thin section to mark the mon-
azites. The pixel-wise classification of Nd-bearing monazite
and the knowledge of the relative Nd content (wt %) of the
monazites (either content estimate by a database or more ex-
act by EMPA) allows for the free determination of the total
weight content (W) of Nd in the thin section by the calcula-
tion shown in Eq. (5).

W (Blement) = APixel) X T X N(Mineral)

X P(Mineral) X C(E]ement)a (5)

where weight content of the element is W glement) (Ug), pixel
size is A (pixel) (um?), thickness of the thin section is 7' (um),
number of pixels classified as mineral iS NMinerar), bulk
density (electron density) of classified mineral is oMineral)
(ug um—3), and relative element concentration in the mineral
is C(Element) (0-1).

The results from the mineral chemical analysis are com-
pared to the results from the processed hyperspectral images
of the thin sections for method assessment. This includes the
analysis by a petrographic microscope and EMPA. All cal-
culations were conducted using the programming language
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Table 2. The absorption maxima and left and right shoulders of the
three absorption features of monazite-bound neodymium used for
each NdFD calculation.

Feature 1 2 3
Absorption maxima (AM) 578.46nm  745.74nm 800.3 nm
Left shoulder (LS) 563.91nm 720.29nm  785.75nm
Right shoulder (RS) 618.46nm 774.84nm  836.66 nm

Python 3. The three-point band depth index, the IFD follow-
ing Mielke et al. (2014), and the automatic calculations can
be adapted for any element or mineral that has characteristic
absorption bands.

EMPA measurements

A profile across the main monazite bands of thin section
STK 115¢ was mapped on a JEOL JXA-8200 electron mi-
croprobe at the University of Potsdam. The elemental profile
map was generated with an acceleration voltage of 20kV, a
beam current of 20 nA, a pixel size of 2, and a dwell time
of 20 s. The conditions used for additional analyses of mon-
azite grains along the profile were 20kV acceleration volt-
age, 40 nA beam current, and a beam size of 2 pm. Counting
times were between 10 to 25 s on the peak for major elements
and 50s for REE and other trace elements. Spectral lines,
standards, and data reduction were applied following Lorenz
et al. (2019). The following spectral lines and mainly Smith-
sonian natural mineral standards were used: fluorapatite (P
Ka, Ca Ka), wollastonite (Si Ka), YPO4 (Y La), LaPO4
(La Lar), CePO4 (Ce L), PrPO4 (Pr LB), NdPO4 (Nd Lp),
SmPO4 (Sm Lg), EuPO4 (Eu La), GdPO4 (Gd L), DyPO4
(Dy LB), HoPO4 (Ho Lg), ErPO4 (Er LB), YbPO4 (Yb La),
LuPO4 (Lu L), monazite (Th M), and crocoite (Pb MpB).
The EMPA data were reduced using the PRZ-XXP (Phi-Rho-
Z method) correction routine.

4 Results and discussion
4.1 Microscope and electron microprobe results

The thin section used (sample STK 115c) contains medium-
grained monazite forming layers intergrown with quartz or
allanite. In the monazite layers, pyrite occurs as an inter-
stitial phase along monazite grain boundaries. Layers, ad-
jacent to the monazite-rich part, are dominated by coarse-
grained anhedral quartz and anhedral to euhedral pyrite or
quartz—allanite rich layers. More fine-grained layers or coro-
nas between quartz contain allanite (ca. 20wt % LREE,
Ce > Nd > La), monazite, and fluorapatite (Table 3, Figs. 2
and 5c¢).
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Figure 2. Thin section under crossed nicols (Mnz: monazite; Qtz:
quartz; All: allanite 4 quartz + apatite; Py: pyrite). The monazites
show strong birefringence (interference colors).

Table 3. Chemical composition of the REE-bearing monazites
(wt %) from five locations and the average of them (below detec-
tion limit (bdl) is counted as 0). Microprobe analyses.

Chemical composition of monazites along the mapped profile in
sample STK115¢ (wt %)

1 2 3 4 5 Average
SiO, 069 076 0.60 0.71 0.62 0.676
P05 29.11 2937 2891 29.68 29.01 29.216
CaO 1.27 1.14 1.28 1.18 1.27 1.228
Y,03 210 214 212 212 214 2.124
Lay03 1266 12.78 12.78 12.73 12.79 12.748
Cey 03 2795 2745 2825 27.64 28.07 27.872

Pr, O3 2.96 2.88 2.87 2.80 2.94 2.89
Nd,03 10.16  10.01 10.24 9.99 10.12 10.104
Smy03 1.43 1.38 1.40 1.34 1.42 1.394
Euy03 0.15 0.07 0.11 0.11 0.12 0.112

Gdy03 1.65 1.64 1.60 1.66 1.70 1.65
Dy,03 0.42 0.43 0.41 0.44 0.40 0.42
Ho,03 0.09 0.09 bdl bdl 0.06 0.048
Ery O3 0.19 0.21 0.21 0.24 0.11 0.192
Yby03 0.06 0.07 bdl bdl 0.07 0.04
Luy0O3 bdl bdl bdl bdl bdl bdl
PbO 0.42 0.43 0.47 0.42 0.46 0.44
ThO, 8.86 8.89 8.49 8.57 8.53 8.668
Sum 100.16  99.73  99.75 99.63  99.83 99.822

4.2 Hyperspectral transmittance imaging microscopy
(HyperTIM) results

The false color image in Fig. 3 is the result of the trans-
mittance calculation. The RGB bands at R 603.91 nm, G
578.46nm, and B 563.9 nm are displayed in order to high-
light the monazites by one major absorption band (AM
at ~580nm). Color saturation was adjusted (300 %). This
image already enables a quick manual assessment of Nd-
bearing monazites through the purple color as the greenish
part of the RGB representation is absorbed (Fig. 3a). A com-
parison between the measured spectral signatures of a 3 x 3
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pixel area on a monazite and a measured monazite from
the USGS Spectral Library reveals that the absorption fea-
tures share the same position and shape, only varying in fea-
ture depth (Fig. 3b). This similarity in reflectance and trans-
mittance measurements is expected as the absorption fea-
ture positions are the same. Hence hyperspectral signal pro-
cessing methods, other than a three-point band depth index,
could also be used for analyzing the images as they can be
treated as being very similar to more classical reflectance
measurements, with the exception of opaque minerals. The
false color RGB image calculated by the three-point band
depth index (R: NdFD 1: Band 1=~ 580nm; G: NdFD 2:
Band 2=~ 740nm; B: NdFD 3: Band 3 =~ 800nm) dis-
plays and highlights the monazites through purple and bluish
pixels, while other minerals remain dark (Fig. 4a). Color en-
hancement (Saturation 400 %) improved the visibility of the
monazite. The NdFD image highlights Nd bound to mon-
azite due to the three characteristic absorption bands of the
embedded Nd (~ 580, ~ 740, ~ 800 nm), whereas other min-
erals that do not contain Nd in detectable concentrations are
displayed as dark. Hence, the relative absorption depth of the
three bands (R: NdFD 1: Band 1 =~ 580 nm; G: NdFD 2:
Band 2 =~ 740 nm; B: NdFD3: Band 3 =~ 800 nm) deter-
mine the brightness and color of the pixel. The variation from
purple to blue for the monazites is the result of differences
in the relative absorption depth of the three bands towards
each other and might be caused by slight chemical variations
in the monazite Nd content by two different temporal stages
of formation or from different mineral orientations. The ef-
fects of slight variations in the relative feature depth is elimi-
nated with the calculation of the NdBDI image by Eq. (4). In
the NdBDI single-band greyscale image, the overall absorp-
tion depth of the three features determines the brightness of
each pixel. Hence the stronger the cumulative absorption is,
the brighter the pixel is displayed (Fig. 4b). The single-band
greyscale image allows an easy comparison with standard
analysis techniques such as SEM/BSE imaging. We inter-
pret the greyscale feature depth image as a correlation-scale
image representing the correlation towards the Nd bound
to monazite. Our algorithm then uses the greyscale image
to create the classification image, which displays the pix-
els identified as monazites in red and non-classified pixels
in black (Fig. 4c). The resulting classification image can be
overlaid with a true color RGB or over a crossed nicols im-
age for easy context interpretation (Fig. 5a). The classified
pixels are counted automatically, resulting in 363 522 pixels
that have been classified as monazite through their Nd con-
tent by the algorithm. HyperTIM is able to detect Nd in all
non-opaque crystals in the thin section through its spectral
signature, but in order to calculate an estimated value for the
total content of Nd in Eq. (5) (W(ngy in pg) in the thin section
by applying Eq. (5), this method requires an average con-
centration of the relative Nd content (wt %), which is here
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provided by an EMPA measurement.

WnNd) = AvNIR-Pixel) X T X NMonazite)
X 0(Monazite) X C(Nd) (6)

WNd) = 576 um? x 30 um x 363 522
x 4.58 x 1070 ugum™3 x 0.0866

Woy = (249148 ke |

where A (vNIR-Pixel) 1S pixel size: 24um x 24um= 576
(um?); T is thickness of the thin section: 30 um; NMonazite)
is number of pixels classified as monazite (through Nd con-
tent): 363522; and pMonazite(Ce)) 18 bulk density (electron
density) of monazite:

4.58gecm™ = 4.58 x 10 ugum 3

(Webmineral, 2020). C(ng) is the relative element concentra-
tion in the mineral:

10. 104(Nd203) -0.857 (conversion factor)
100

= 0.0866[0-1]

(see Table 3).

The total Nd (Wg)) content in the thin section was es-
timated/determined to be 2491.84 ug. The accuracy of this
value is dependent on the accuracy of the classification and
the assumption that the Nd concentration in the Monazite is
0.0866 on average. Further study would be required to geo-
chemically validate and evaluate the accuracy of these mea-
surements and calculations, which are only shown here as a
first proof of the concept.

4.3 Comparison of the results

A comparison of the processed images (Figs. 3 and 4) with
the XPL (cross-polarized light) image (Fig. 2) reveals that
the images created by the three-point band depth index (RGB
(NdFD) and greyscale (NdBDI)) (Fig. 4a and b) already en-
able a quick visual detection of the monazites. Figure 4a
and b also have the advantage over classical XPL analysis
by highlighting only Nd-bearing monazites, while the other
minerals are not displayed. The classification image/map, on
the other hand, also shows monazites at the edges of the
thin section and others that are only slightly visible in the
greyscale image. This is caused by a weaker absorption depth
probably due to imperfect lighting, thickness variation, or a
lower Nd content, but they still classify as monazites in the
map as all three absorption bands are present. Figure 5 shows
a side-by-side comparison of the HyperTIM classification
and an area of the thin section that has been mapped with an
electron microprobe (Fig. 5¢). The result from Nd>O3 map-
ping by electron microprobe across the profile region shows
that the highest Nd, O3 concentrations occur within the mon-
azites (green) and lower concentrations within the allanites
(blue) (Fig. 5¢).
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Figure 3. (a) False color (saturation 300 %) hyperspectral transmit-
tance image of the thin section to highlight the monazites by the
first Nd absorption feature (Feature 1 in b) at R: LS: 563.91 nm; G:
AM: 578.46 nm; and B: RS: 618.46 nm. (b) Comparison between
the measured spectral signatures of a 3 x 3 pixel area on a mon-
azite and a measured monazite from the USGS Spectral Library
(modified based on Kokaly et al., 2017). The three main absorp-
tion features of Nd are highlighted, and the left shoulder (LS), the
absorption maximum (AM), and the right shoulder (RS) of the first
feature are indicated.

In the following the advantages and disadvantage of Hy-
perTIM are discussed and compared to chosen classical ana-
Iytical methods used in this study such as XPL and EMPA.

4.4 Advantages of HyperTIM

The comparison shows that HyperTIM can accurately map
non-opaque monazites based on their Nd content (Fig. 5).
HyperTIM’s largest advantage over classical methods is the
time required to fully map a thin section. This is due to the
automation of the mapping process. XPL requires a trained
expert to manually look over a thin section. While analy-
sis software for light microscopes automates the mapping to
some degree, the complete automatized mapping of an entire
thin section is a novel feature of the HyperTIM method pre-
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Figure 4. (a) Three-point band depth index (R: NdFD 1: ~ 580 nm;
G: NdFD 2: ~740nm; B: NdFD 3: ~800nm) highlighting the
monazites via light purple and blue pixels (saturation 400 %); other
minerals appear dark. (b) Single-band greyscale image derived from
the three-point band depth index image by Eq. (3). The overall ab-
sorption depth of the three features (~ 580, ~ 740, ~ 800 nm) de-
termines the brightness of each pixel. (¢) Classification image/map.
The pixels from the greyscale that show absorption at all three fea-
tures are identified as monazite (Nd) (red), and other minerals/ele-
ments are not classified (black).

sented here. Compared to EMPA, HyperTIM has the advan-
tage that hyperspectral cameras are usable with less training,
mostly cost less, and require less operating expense to use.
Thin sections analyzed with HyperTIM require no prior
preparation or coating, while for EMPA a carbon coating of
the thin sections is needed. A HyperTIM measurement of an

https://doi.org/10.5194/ejm-34-275-2022

Pixels classified
as Monazite

Figure 5. (a) True color RGB (R: 640.27 nm; G: 549.36 nm; B:
458.44 nm) with monazite (Nd) map classification overlaid. Red
pixels are classified as monazite (Nd). The other pixels are dis-
played according to their true color information (R: 640.27 nm; G:
549.36 nm; B: 458.44 nm). Area shown in (b) and (c¢) is indicated by
a white rectangle. (b) Close up of (a) (indicated region). (c) Result
of Nd,O3 mapping by electron microprobe across the profile re-
gion indicated in (a) (white rectangle), showing the highest Nd, O3
concentrations within monazites (green) and lower concentrations
within allanites (blue).

entire thin section requires roughly 1 h (plus 30 min of classi-
fication/mapping), while electron microprobe element map-
ping for a small fraction (shown in Fig. 5c) of the thin section
required 84 h. Hence, the time and preparation efficiencies
of HyperTIM are the largest advantages over classical an-
alytical methods. The full automation possibility and speed
of HyperTIM measurements (unsupervised classification) of
entire thin sections could be used to map large amounts of
thin sections in a relatively short amount of time.

4.5 Disadvantages of HyperTIM

The biggest disadvantage of HyperTIM is that it is not possi-
ble to map opaque minerals. This can be seen in the case of
the allanite present in the studied sample. The opaque allanite
(< 10Nd wt %) is mapped by the electron microprobe, while
due to its opaque nature it was not mapped through Hyper-
TIM. HyperTIM is also only able to map elements and min-
erals based on their spectral absorption properties and create
classification (pixel-based location maps) of these. The to-
tal element content calculation we have demonstrated in this
study relies on the average concentration of the relative Nd
content (wt %). This was provided by an EMPA measure-
ment. It is still unknown how many minerals and elements
can or could be mapped with HyperTIM as this depends on
the instrument used and wavelength ranges used for the mea-
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surements, and no mineralogical databank exists yet for hy-
perspectral transmittance measurements.

5 Conclusion

HyperTIM represents the first scanning transmittance mea-
surement method that involves imaging microscopy for en-
tire rock thin sections. This study shows that HyperTIM can
be used to detect, classify, and map minerals and their as-
sociated elements such as Nd-bearing monazite in thin sec-
tions. The classification of the minerals is fully automated
through the programming language Python. In the process-
ing, a three-point band depth index algorithm is applied
(NdFD), and a single-band greyscale image (NdBDI) is de-
rived from it. A classification image/map is then derived from
the greyscale image, which in combination with an average
concentration of the relative Nd content (wt %) (from EMPA)
is used to calculate an estimate of the total mass content of
Nd in the entire thin section. HyperTIM is a time-efficient,
novel method for destruction-free mineral and element detec-
tion, classification, and quantization in entire thin sections,
which complements more classical methods and especially
EMPA, which in combination allows for a more exact ele-
ment quantization. While it is not possible to map opaque
minerals using HyperTIM, it is a much more time and cost-
effective method for mapping non-opaque minerals. The au-
thors of this study therefore conclude that the ability of Hy-
perTIM to map entire thin sections in relatively short time
compared to classical methods and the ability to use auto-
matic mapping algorithms to speed up analysis of thin sec-
tions are strong advantages over classical methods.

6 Outlook

As this study intends to function as a first technical proof
of concept for a novel analytical method, a thin section with
an abundance of monazite and neodymium was chosen as a
showcase. Further research with more thin sections is needed
to assess the sensitivity and accuracy, as well as to validate
the element content calculations/estimation geochemically.
HyperTIM is a destruction-free process/method and can be
applied to other minerals, elements, and substances with
characteristic absorption bands, including REEs and other
economically critical resources. The general methodology of
HyperTIM can also be applied to other wavelength ranges
including UV (ultra-violet), SWIR (short-wave infrared), or
TIR (thermal infrared) if used with other hyperspectral in-
strumentation.

Although most absorption features of elements and min-
erals should share the same position in transmittance and
reflectance measurements as explained in Sect. 3, their in-
tensity could vary to such a degree that some might be ex-
clusively measurable in transmittance. As HyperTIM mea-
surements of rock thin sections are a novel field, absorption
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features of elements and minerals exclusive to transmittance
measurements due to stronger crystal lattice effects and other
absorption effects than present in reflectance measurements
might present a possible new research field. This possible
difference in measurable absorption in reflectance and trans-
mittance of naturally occurring minerals is suggested by re-
search in the field of crystallography, industrial applications,
and in crystal thin film research. Also, a combination of re-
flectance and transmittance measurements is a possible fu-
ture solution to map minerals that are opaque and do not al-
low transmittance measurements in the studied wavelength
ranges. This makes HyperTIM very promising for further re-
search and studies on absorption characteristics and element
abundances in thin sections of all rock types.
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