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Hyperspectral core scanner: An effective 
mineral mapping tool for apatite in the 
Upper Zone, northern limb, Bushveld 
Complex
by H. Mandende1, C. Ndou1, and T. Mothupi1

Synopsis
The technological advances in efficient, rapid, and non-destructive hyperspectral core logging systems for 
systematic mineral mapping have led to the discovery and exploitation of new mineral deposits Hyperspectral 
imaging in the long-wave infrared range has been recently used successfully to identify various phosphate-
bearing minerals (monazite, xenotime, and britholite), with limited work on apatite associated with  
mafic-ultramafic layered intrusions. In this study we investigate the effectiveness of a hyperspectral imaging 
(HSI) system with long-wave infrared (LWIR) bandwidthsto identify apatite in the Upper Zone of the 
Bushveld Complex. The accuracy of the HSI results was validated by mineralogical and geochemical data. 
The two apatite-enriched zones detected by HSI suggesting widespread development of apatite throughout 
the uppermost 600 m of the Upper Zone. The lower apatite-enriched zone is approximately 40 m thick, while 
the upper apatite-enriched zone is about 23 m thick, consistent with previous thickness determinations by 
traditional logging and analytical methods. Spectral mixing observed in the response of apatite is ascribed 
either to the common association of apatite and olivine in these rocks, or to differences between the spatial 
resolution of the hyperspectral image and the size of apatite grains. The VNIR-SWIR wavelength region did 
not show prominent spectral features of apatite. Nonetheless, HSI in the LWIR range is effective in mapping 
apatite and should therefore be considered as an exploration tool. This research advances our knowledge of 
the reflectance spectroscopy of REE-bearing minerals, which makes it easier to detect, identify, and quantify 
REE-bearing silicate minerals by HSI.
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Introduction
The transition to cleaner energy technologies will see an increase in the demand for critical elements, 
including the tare earth elements (REEs), due to their importance in low-carbon technologies, particularly 
solar photovoltaic (PV), wind, and geothermal energy generation. This, combined with the uneven global 
distribution (China produces approximately 81% of global REE output) has led to a search for potential 
new sources of REEs. Apatite is in an important mineral in mafic-layered intrusions, often occurring as 
a cumulus phase in the uppermost highly fractionated Fe-Ti oxide-rich lithological units. Apatite can 
incorporate a wide spectrum of elements (e.g., F, Cl, S, REEs, Th, U, P, Sr, Pb, Mn, and Nd isotopes), which 
can be used to constrain magmatic processes, determine magma sources, and trace magma evolutionary 
paths in mafic layered intrusions. More than 0.35% REEs is typically present in magmatic apatite (Ihlen et 
al., 2014; Decrée et al., 2022), sometimes reaching substantial concentrations – up to ~19 wt% REE2O3 at 
Pajarito Mountain, New Mexico (Roeder et al., 1987; Hughes, Cameron, and Mariano, 1991). In the Upper 
Zone of the Bushveld Complex, apatite is an important cumulus mineral high in the sequence (at depths 
above about 600 m) within the uppermost olivine-bearing ferrodiorites (Ashwal, Webb, and Knoper, 2005) 
above the topmost magnetite layer 21. In this study, apatite is of particular interest because it is a potential 
source of REEs and phosphates, with up to 7 000 ppm REE content in apatite reported from the eastern limb 
of the Complex and an estimated resource potential of several billion tons of ore grading about 20 vol% 
combined ilmenite and apatite (von Gruenewaldt, 1993).

Traditional methods for determining the mineralogical and ore characteristics of apatite, for example 
by logging drill core, are usually time-consuming, qualitative, subjective, and require the use of expensive 
complementary laboratory-based techniques such as chemical assays and detailed mineralogical analyses 
which include meticulous sample preparation requirements.

Reflectance spectroscopy, a rapid non-destructive analytical technique with minimum sample 
preparation requirements, has been successfully used to study the reflectance of phosphate minerals in 
the visible to short-wave infrared regions (Turner, Rivard, and Groat2014, 2016; Turner, 2015; Laakso 
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et al., 2018, 2019). These investigations have mainly focused on 
monazite, xenotime, and britholite from alkaline, carbonatite , and 
sedimentary rocks, with fewer studies having applied hyperspectral 
technology to the detection of magmatic apatite in mafic-ultramafic 
layered intrusions. In addition, the detection of REE-bearing apatite 
in the long-wave infrared (LWIR; 8–12 μm) wavelength range is still 
poorly understood.

Reflectance spectroscopy studies the interaction of 
electromagnetic radiation with matter by recording the reflected 
energy in different spectral regions, including visible near-infrared 
(VNIR) and short-wave infrared (SWIR) to long-wave infrared 
(LWIR) wavelengths (380–1 000 nm, 1 000–2 500 nm, 7 600–12 
000 nm). HSI allows for data collection at higher spatial resolution 
(1–2 mm per pixel) for spectral sensors compared to 30 m per pixel  
achieved by multispectral sensors.

In this study we present the results of apatite mineral mapping 
of the uppermost Upper Zone intersected by the Bellevue 
borehole, drilled in the northern limb of the Bushveld Complex, 
using hyperspectral scanning. A detailed mineralogical and 
textural characterization using optical microscopy and automated 
scanning electron microscopy (SEM) combined with whole-rock 
geochemistry data is included for the evaluation of the results 
from the newly tested HSI technique. Mineral detection and 
identification achieved by the analysis of the HSI data in different 
bandwidths and resolutions is evaluated.

Regional geology
The Bushveld Complex (Figure 1), which incorporates the 
largest mafic-ultramafic layered intrusion in the Earth’s crust, the 
Rustenburg Layered Suite (RLS; Figure 1a), was intruded at 2057.7 
±1.6 Ma (Olsson et al., 2010; Mungall, Kamo, and McQuade, 2016) 
into the Kaapvaal Craton, subparallel to the sedimentary layering 
of the Transvaal Supergroup (Sharpe, 1982) as well as Archaean 
granite- gneiss basement rocks extending northwards from the farm 
Drenthe on the northern limb of the Complex (Cawthorn, Barton, 
and Viljoen, 1985; Zeh et al., 2015; Grobler et al., 2019). Based on 
variations in the cumulus mineral assemblage from the bottom 
upwards, the RLS is stratigraphically informally subdivided into five 
major units (South African Committee for Stratigraphy, 1980) — 
these are the Marginal, Lower, Critical, Main, and Upper zones.

The Marginal Zone, forming the base of the layered sequence, 
consists of several hundred metres of medium- to fine-grained 
noritic lithologies. The overlying Lower Zone is dominated by 
interlayered ultramafic cumulates including orthopyroxenite, 
dunite, and harzburgites (cf. Cameron, 1978). The Critical Zone, 
also termed the Grasvally Norite–Pyroxenite–Anorthosite Member 
(Hulbert, 1983). is famous for its remarkable layering, varied rock 
sequence, and for chromitites that constitute the world’s largest 
known chromite deposit (Cameron, 1980), making it a vital part of 
the RLS. The Grasvally Norite–Pyroxenite–Anorthosite member 
is subdivided into a pyroxenitic lower Critical Zone dominated 
by a sequence of layers that include feldspathic pyroxenite, norite, 
chromitites, and chrome-bearing pyroxenite, and a noritic to 
anorthositic upper Critical Zone characterized by anorthosite at the 
base and interlayers of pyroxenite, gabbronorite capped by the upper 
group chromitites, Merensky Reef, Bastard Reef, and a mottled 
anorthosite. The Main Zone overlying the Critical Zone comprises 
a succession of relatively homogeneous gabbroic rocks interlayered 
with anorthosite.The Upper Zone constitutes a complex sequence 
of layered rocks, including layers of Ti-magnetite and anorthosite 
dominated by a monotonous and poorly layered ferrogabbro with 

variable amounts of magnetite (Scoon and Mitchell, 2012). The 
following sections deal only with aspects pertinent to the uppermost 
600 m of the Upper Zone of the northern limb (Figure 1b).

Stratigraphy of the uppermost 600 m of the Upper Zone
The Bellevue (BV-1) borehole, drilled on the farm Bellevue 808 LR 
to a depth 2949.50 m, on which this study is based, is unique as it 
intersects two major apatite-rich zones up to 40 m in thickness.

Although apatite appears as a liquidus phase at approximately 
1 100 m depth as reported by Ashwal, Webb, and Knoper (2005), 
of interest to this study is the apatite-enriched sequence above 
the uppermost massive magnetite layer (approx. 600 m) where 
apatite constitutes an important cumulus phase (Ashwal, Webb, 
and Knoper, 2005). The sequence of rocks immediately above the 
uppermost massive magnetite layer in the Bellevue drill core (Figure 
1b) includes magnetite gabbro (Figure 1d), olivine-magnetite-
gabbro, plagioclase-olivine-gabbro (Figure 1c) and olivine-
magnetite-diorite (ferrodiorite), grading to diorites towards the 
roof contact. Using visually estimated petrographic modes for 430 
samples from the Bellevue drill core as plotted by Ashwal, Webb, 
and Knoper (2005), the apatite was intersected between depths 
of approximately 577.4 and 440 m within the olivine-magnetite 
gabbro and between 100 and 300 m associated with the uppermost 
fractionated fayalite- and/or hornblende-bearing ferrodiorites. In 
addition, several dolerite sills/dykes (up to 5 m thick) and granitoids 
(up to 9 m) intrude into the Bushveld cumulate rocks near the top 
of the sequence and sporadically throughout the Bellevue drill core.

Methodology
Sampling
Areas mapped as enriched in apatite by the hyperspectral core 
scanner were sampled for SEM and petrographic mineral analysis. A 
total of 40 samples were collected from the upper and lower apatite-
enriched zones of the Bellevue drill core (BV-1). The location of 
BV-1 is shown in Figure 1a. The samples were cut into 5 cm pieces 
of quartered core and mounted in resin to prepare 30 cm polished 
stubs. The stubs were carbon coated and submitted for automated 
SEM analysis at the Council for Geoscience mineralogy laboratory.

Analytical techniques
Optical microscopy and SEM
Petrographic studies were carried out on the polished drill core 
samples using a standard petrographic microscope (Nikon Eclipse 
E600 POL). Microanalysis on the selected polished stubs was 
performed at the Council for Geoscience mineralogy laboratory 
on a ZEISS SIGMA 300VP FEG-SEM equipped with a backscatter 
electron (BSE) detector and a Bruker XFlash 30 mm2 EDX detector, 
with 129 eV energy resolution and based on the ZEISS Mineralogic 
automated quantitative mineralogy software platform. The 
acceleration voltage of the primary electron beam was set to  
20 kV to ensure X-ray excitation for all relevant elements such as 
iron. A 120 µm aperture, providing an 80 µA beam current, was 
used to obtain a high input count rate for the EDX detector. The 
scanning parameters were a 20 μm step size and a working distance 
of 10 mm. The high-resolution BSE images were captured first, 
the EDS spectra were collected and identified by comparison with 
known phases in the database. The hyperspectral mineralogy was 
compared with mineralogical (SEM and petrographic) and whole-
rock geochemical data in order to validate the detected apatite using 
high-resolution HSI.
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HSI
The spectral data was acquired using the SisuRock hyperspectral 
scanner at the National Borehole Core Depository (NBCD) of 
the Council for Geoscience (Figure 2). The cameras in the system 
cover the VNIR, SWIR, and LWIR sections of the electromagnetic 
spectrum. An RGB (visible light) camera was fitted to the system to 
provide natural-colour images. Figure 2 shows the SisuRock system, 
with the cameras labelled in red. The system’s specifications are 
listed in Table I.
➤  Approximate pixel size - The data was processed on the mobile 

processing unit at the NBCD using TerraCore’s Intellicore® 
processing solution. The five levels of data processing provided 
by TerraCore are summarized below.

  Level 1 – Calibration stage: The spectralon-based white 
panel (100% reflectance) and an aluminium standard panel 
(used for correcting the LWIR) as well as the dark reference 
measurements were used to correct the hyperspectral and 
RGB data from radiance at sensor to reflectance, and a 

Figure 1— (a) Simplified map of the Bushveld Complex showing location of the BV-1 borehole. (b) Lithological log of the Bellevue borehole showing the uppermost 
differentiates (above 600 m), adapted from the data of Knoper and von Gruenewaldt (1996). Note: The colour key to the lithologies is not arranged chronologically. (c-
d) Plagioclase-olivine gabbro and layered plagioclase-magnetite gabbro

Figure 2—CGS SisuRock system with the LWIR camera (OWL), the high-
resolution visible light camera (RGB), and the VNIR and SWIR camera 
(FENIX) with co-registered VNIR–SWIR spectrometers
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geometric correction was applied to remove the ‘smile’ 
inherent in push-broom cameras. All image dimension 
changes, such as reducing excess imagery around the target 
material, were undertaken at level 1.

  Level 2 – Masking stage: This level involved an automated 
routine which was run to develop a mask that retained only 
the core and removed the core tray and any other external 
materials such as wood blocks. Where needed, the mask was 
fine-tuned manually by the CGS’s processing team. This mask 
was then applied to the data-set. 
At this stage, a series of processes was also run to generate 
unmasked products, including a first-pass automated mineral 
map. These products can be generated within 24 hours of 
imaging, and so can be used to aid logging in active drill 
programmes. 
 Level 2 processing also included registration using depth 
markers in the core boxes and QA/QC against expected depths 
from the imagery.

  Level 3 – Spectral processing stage: During the spectral 
processing stage, a variety of processing templates were 
applied. These included the generation of derived spectral 
parameters such as absorption depth ratios and the extraction 
of spectral parameters such as absorption depths, widths, and 
wavelengths in the VNIR–SWIR range and peak heights and 
wavelengths in the LWIR range. 
Mineral mapping was conducted via two processing 
algorithms. The first algorithm applied an automated spectral 
library matching technique (automated dominant mineral 
map) using Pearson correlation. This is a linear correlation 
method where perfectly identical spectra give a correlation 
coefficient value of 1 (i.e. similarity = 1), while a value of −1 
indicates a complete mismatch (Samuel et al., 2021). 
The second method involved the use of an SOM, which is an 

unsupervised clustering technique that ‘utilizes competitive 
learning for training neurons to represent particular subsets of 
a data-set well’ (Wong. Abeysinghe, and Hung, 2019). 
Two types of SOM classification images were produced: 
(1) box classification images and (2) borehole classification 
images. The box SOM classification provides discrimination 
details at a box level and allows discrimination in a core 
tray, but does not allow correlation across core trays due to 
the scene dependency. Borehole classification images are 
generated using the borehole SOM to provide classification 
correlation across boxes in the drill-hole (Harris, 2020).

  Level 4 – Spectral interpretation stage: During the spectral 
interpretation stage, automated dominant mineral map and 
borehole SOM results were reclassified via a QC process using 
the Intellicore® software (v1.9.3.89) in order to manage any 
misclassification typically arising from mineral mixtures. 
Misclassifications include instances where one spectral profile 
displays absorption features of two or more minerals. 
The output spectra from the automated results were compared 
with those from the US Geological Survey’s VNIR–SWIR 
spectral library, the John Hopkins University LWIR spectral 
library, and the TerraCore LWIR spectral library. 
Mismatches with the library spectra were reclassified as a 
new mineral, or an assemblage of minerals in the case of 
mineral mixtures, with the dominant mineral followed by 
less dominant minerals, according to their spectral response. 
Mineral identification of the automated products and the SOM 
results was carried out by a spectral geologist to produce a 
dominant mineral map and assemblage SOM mineral map.

  Level 5 – Product generation stage: This level involved product 
generation from all prior phases, and was staged to ensure a 
steady flow for use by spectral and project geologists. These 
products are uploaded into the Intellicore® software.

  Table I

  Specifications of the CGS’s SisuROCK system
  System parameter Hyperspectral cameras RGB camera

   Wavelength range 380–2 500 nm (FENIX) Not applicable  7 700–12 300 nm (OWL) 

   Infrared zone covered VNIR/SWIR (FENIX) Visible  LWIR (OWL)

   Spectral bandwidth 3.4/6/48 nm Not applicable

   Spectral resolution 3.5/12/100 nm Not applicable 

   Spectral bands 88/276/98 bands 3 bands

   Image dimensions 384 pixels across track 4 000 pixels across track

   Pixel size (spatial resolution) ±1.4 mm @ 32.3° FOV* ±0.12 mm @ 640 mm FOV*

   Camera serial number 351021 (FENIX) L403455K  920025 (OWL) 

   Camera calibration Spectral calibration, normalized White balance

   Scan rate 170 mm/s @ 1 mm pixel size 170 mm/s @ 0.10 mm pixel size

   Maximum sample size 1 500 mm (length) x 640 mm (width) x 300 mm (height), 50 kg

   Operating conditions Enclosed facility (limited dust), 0 to +40°C, non-condensing

   Operating voltage 220/ 240 V; 50/60 Hz

   System dimensions 5.5 m x 1.5 m x 2.5 m (l x w x h)

   Output file format BIL file format, ENVI compatible
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Results
Different mineral assemblages present different responses to these 
spectral cameras, as illustrated in Table II. The LWIR wavelength 
region is useful in identifying and mapping anhydrous silicates 
(including quartz and feldspars) and anhydrous sulphates such as 
barite and anhydrate, while the VNIR–SWIR range is important 
in identifying and mapping hydrated silicate minerals, especially 
phyllosilicates and hydrated sulphates, such as gypsum.

Unlike the VNIR-SWIR wavelength region, the LWIR range 
has good detection capabilities for identifying apatite, especially 
in samples where apatite is relatively abundant. According to 
Laakso et al. (2018) apatite grains are spectrally featureless in the 
SWIR wavelength region and thus are undetectable. The detection 
of apatite in the Bellevue drill core was based on a data mining 
approach that classifies the data using self-organizing maps (SOMs).

Detection of apatite using spectral data
Figure 3 depicts a LWIR spectrum (spectral profile/signature) for 
apatite from the TerraCore spectral reference library. The signature 
is characterized by three main features: the peak at 8 980–9 030 nm, 

the trough at 9 200–9 215 nm, and the peak at 9 338–9 578 nm.
In both the upper and lower apatite zones, the LWIR spectrum 
appears to indicate a mixture of apatite and olivine, as illustrated 
in Figure 4. Spectral mixing is described by Kruse (1994) as a 
consequence of the mixing of materials having different spectral 
properties within the ground field-of-view (GFOV) of a single 
image pixel. The response shows a class -6 spectral profile which 
represents the apatite response overlain by an olivine spectral profile 
from a spectral reference library compiled by TerraCore.  

Figure 5 shows an RGB (true colour) image of box 42 with a box 
SOM pixel spectral profile of apatite detected at the depth interval 
of 304.8–305.12 m. The point/pixel spectral signature at this depth 
shows minimal spectral mixing. Barnes, Maier, and Ashwal (2004) 
noted an oxide-rich unit with a lower part consisting of massive 
magnetite and ilmenite and an upper part of nelsonite (an apatite-
rich rock) at a depth of 305 m.

The apatite response from the point spectral signature in box 
42 was validated by comparing it with the apatite spectral signature 
from the TerraCore LWIR spectral reference library. Figure 6 shows 
the results of the comparison.

  Table II 

   Selected mineral groups and their ability to be identified in the VNIR, SWIR, and LWIR (source: TerraCore). Apatite, the focus mineral in 
this study, is highlighted

 Structure Group Example VNIR response SWIR response LWIR response

   Silicates Inosilicates Amphibole Actinolite Non-diagnostic Good Good
  Pyroxene Diopside Good Moderate Good
 Cyclosilicates Tourmaline Dravite Non-diagnostic Good Moderate
 Nesosilicates Garnet Andradite Moderate Non-diagnostic Good
  Olivine Forsterite Good Non-diagnostic Good
  Zircon Zircon Good Non-diagnostic Non-diagnostic
 Sorosilicates Epidote Clinozoisite Non-diagnostic Good Good
 Phyllosilicates Mica Muscovite Non-diagnostic Good Moderate
  Chlorite Clinochlore Non-diagnostic Good Moderate
  Clay minerals Kaolinite Non-diagnostic Good Moderate
   Illite Non-diagnostic Good Moderate
 Tectosilicates Feldspar Orthoclase Non-diagnostic Non-diagnostic Good
   Albite Non-diagnostic Non-diagnostic Good
  Silica Quartz Non-diagnostic Non-diagnostic Good
 Carbonates Calcite  Non-diagnostic Good Good

   Non- silicates  Dolomite Non-diagnostic Good Good
 Hydroxides Gibbsite  Non-diagnostic Good Moderate
 Sulphates Alunite Alunite Non-diagnostic Good Moderate
   Barite Non-diagnostic Non-diagnostic Good
 Borates  Borax Non-diagnostic Good Uncertain
 Halides Chlorides Halite Non-diagnostic Moderate Uncertain
 Phosphates Apatite Apatite Moderate Moderate Good
   Amblygonite Moderate Good Good
 Hydrocarbons  Bitumen Non-diagnostic Good Uncertain
 Oxides  Hematite Good Non-diagnostic Non-diagnostic
  Spinel Magnetite Non-diagnostic Non-diagnostic Non-diagnostic
 Sulphides  Pyrite Non-diagnostic Non-diagnostic Non-diagnostic
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Figure 3—LWIR spectrum of apatite highlighting the three main spectral features (courtesy of the TerraCore spectral reference library)

Figure 5—RGB image of box 42 with a pixel point spectral profile generated from the box self-organizing map results showing minimal spectral mixing

Figure 4—Class 6 (blue, representing apatite) LWIR response from the Bellevue borehole. The apatite appears in a mixed phase with olivine (red), as shown by the 
overlying red spectrum from the TerraCore LWIR spectral reference library
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Using class 66 of the 100 class borehole SOM results (mixed 
spectra of apatite and olivine) from the LWIR (OWL) bandwidths, 
two apatite-enriched zones were mapped (Figure 7). These are 

the lower and upper apatite-enriched zones. In the upper apatite-
enriched zone, apatite is encountered from 236–259 m. The apatite 
zone itself is <23 m thick, as the borehole intersected several non-
responsive intervals associated with metasedimentary xenoliths 
(236.3–236.6 m), pegmatitic patches (239 and 240 m), olivine-free 
rocks (241.64–241.82 m, 244.15–244.65 m, 244.95–244.50 m), 
and pegmatite (253.3–256.7 m). Thus, the apatite zone between 
248.9 and 259 m is considered a zone of apatite enrichment with 
minor non-responsive intervals. The lower apatite zone, close 
to 50 m thick, occurs immediately above the topmost magnetite 
layer. A non- responsive zone within this zone, between 547 and 
558 m (approx. 10 m) was observed, bringing the thickness of the 
lower apatite zone to about 40 m. The non-responsive interval is 
characterized by a fine-grained gabbroic rock (548–549 m) and 
an olivine-magnetite gabbro (549–558 m) as mapped by Knoper 
and von Gruenewaldt (1996). Interestingly, this apatite-poor zone 
coincides with the presence of conspicuous olivine at the depth 
interval of the latter zone (Figure 7). In contrast, the presence of 
apatite in some intervals coincides with the presence of olivine, as is 
the case, for instance, at 531–537 m (Figure 7).

Figure 6—The detected apatite point spectral profile (blue) from the drill core 
compared with the apatite signature from the TerraCore spectral reference 
library (red)
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Figure 7—Representative apatite mineral map detected using LWIR (OWL)
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 Mineralogical data
The mineralogical analysis results show that Fe-Ti oxides (magnetite 
and ilmenite), feldspar, apatite, olivine, and pyroxene are the most 
abundant phases in the lower apatite zone (Figure 8). In this zone 
apatite is mostly concentrated along grain boundaries of olivine, 
while also occurring as inclusions in Fe-Ti oxides (Figures 9a-b 
and 11). The common occurrence of apatite along grain boundaries 
of olivine (Figure 9d) in this zone may explain the mixed apatite-
olivine spectral response as illustrated in Figures 4 and 6. The 
mineralogical analysis results of the upper apatite zone indicate 
the increased presence of hydrous silicate minerals (hornblende, 
chlorite, and biotite) with minor quartz and sulphides in addition 
to Fe-Ti oxides (magnetite and ilmenite), feldspar, apatite, olivine, 
and pyroxene. Similarly, an apatite-olivine association is commonly 
observed (Figure 9f) in addition to the frequent occurrence of 
apatite as inclusions in Fe-Ti oxides (Figures 9g and 9h), and 
rarely in hydrous silicates (Figure 9c). Sulphides are also observed, 
occurring mainly as small (>50 μm) rounded inclusions that are 
usually present as separate grains in ilmenite, magnetite, and silicate 
minerals, occasionally associated with apatite (Figures 9b, 9g, 9h). 
The general distribution of apatite shown in the LWIR mineral map 
(Figure 7) coincides with mineralogical observations of the samples, 
and its spatial distribution as detected by HIS was thus validated 
(Figures 8, 9, and 11). Generally, the apatite-rich rocks contain up to 
17 vol% apatite (Figure 8).

Geochemical data
Whole-rock phosphorus (P2O5 wt.%) was also used as a proxy to 
validate the apatite detected using high-resolution HSI. The P2O5 
content was plotted as a function of drill-hole depth. There is a 
significant correspondence between the apatite mineral phase in 
the lower apatite zone detected using the hyperspectral scanner 
and the whole-rock geochemistry (Figure 11). The P2O5 content in 
the non-responsive interval from 548–558 m ranges between 2.2 to 
2.9 wt.% P2O5, which suggests the presence of apatite (Figure 7). 
While it is unclear why there is no apatite response in this interval, 
it is possible that this is related to the grade of P2O5. Alternatively, 
differences in the measured surface area can also create situations in 
which apatite grains occur within the area measured with XRF, but 
not within the area measured with HSI. The highest grades of P2O5 
(2.61–5.04%) were found towards the base of the lower apatite zone 
in the interval between 560 and 572 m, which is consistent with the 
high apatite response detected by HSI (Figure 11).  

Figure 8—Summary of the modal mineralogy (wt.%). Note: BV02 – BV24 represents upper apatite zone; BV26 – BV40 represents lower apatite zone

 Discussion
The presence of apatite in the uppermost Upper Zone of the 
Bushveld Complex has been observed and described in several 

Figure 9—Photomicrographs of the upper (A-D) and lower (E-H) apatite 
zones showing the grain size distribution, texture, and mineral associations 
of apatite in the uppermost Upper Zone. Olv = olivine, Bi = biotite, Plag = 
plagioclase, Ap = apatite, Fe-Ti oxide = magnetite and or ilmenite. A = BV001 
(236 m below the roof contact); B-C = BV016 (251 m below roof contact); D = 
BV018 (253 m below roof contact); E-F = BV028 (560 m below roof contact); 
G = BV035 (567 m below roof contact); H = BV039 (571 m below roof contact)
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Figure 10—Correlation between apatite detected from HSI and whole-rock P2O5 data for the lower apatite zone

Figure 11—Hyperspectral responses of apatite in the LWIR (OWL) of the SisuROCK-2 data-set corresponding to representative mineralogical and geochemical data-
set. Note: BV06 and BV040 were sampled at depths 241 m and 572 m, respectively
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studies (e.g., Nienaber-Roberts, 1986; Von Gruenewaldt, 1993; 
Ashwal, Webb, and Knoper, 2005). Apatite was generally 
determined in these studies by sampling of drill core, followed by 
mineralogical and geochemical investigations. This. however, is 
time-consuming and does not provide a detailed spatial distribution 
of minerals of interest as only small areas are covered. To accurately 
identify apatite in the uppermost Upper Zone, we imaged the 
BV-1 drill core in the LWIR region and used mineralogical and 
geochemical analysis as validation. This methodology is not 
intended to replace traditional laboratory techniques (optical 
microscopy, XRF) but rather to reduce reliance on them. In this 
study, HSI has demonstrated its efficacy in identifying the presence 
and the spatial distribution of apatite in the uppermost differentiates 
of the Upper Zone. From this, two apatite enriched layers have been 
identified, from 236to –259 m and from 527 to 576 m. The context 
of our findings calls for a discussion of three key observations: (1) 
spectral mixing of apatite and olivine in the apatite-enriched layers; 
(2) the near-pure pixel point spectral signature of apatite; and (3) 
the detection of REEs hosted in apatite using HSI.

Firstly, one of the challenges with mapping apatite in mafic 
layered intrusions such as the Bushveld Complex is that it is 
commonly associated with silicates (plagioclase, pyroxene. and 
olivine; Figures 9d-f), hydrous silicates (Figure 9c), Fe-Ti- oxides 
(Figures 9a-b; g-h), and sulphides (Figures 9b and 9h). These 
mineral associations can cause spectral mixing. According to 
Laakso et al. (2018) spectral mixing can cause the appearance 
and disappearance of spectral features, particularly where the 
contents of the pixels are shared by two or more minerals. Another 
possibility for spectral mixing is related to the spatial resolution of 
the hyperspectral imagery in relation to the grain sizes of individual 
minerals. In this regard, if the pixel size of an image is larger than 
the size of single mineral grains, then spectral mixing can occur 
(Keshava and Mustard, 2002). Figure 4 shows the spectral response 
of apatite which appears to be in a mixed phase with olivine. The 
common association of olivine with apatite is interpreted as the 
reason for the spectral mixture, whereby the spectral response of 
fluorapatite is overlapped by that of the much larger olivine crystals. 
As the spatial resolution (1.4 mm) of our hyperspectral image is 
lower than the average size (Dx(50)) of even the smallest apatite 
grain in the rock samples analysed by SEM (270–605 µm; Table 
III), significant spectral mixing is likely to occur. Despite challenges 
such as spectral mixing, we are confident that the apatite is correctly 
mapped by HSI as recorded by the positive correlation seen between 

the abundance of apatite mapped and the mineralogical and whole-
rock P2O5 results.

Secondly, the pixel point spectral signature of apatite detected at 
the depth interval of 304.8–305.12 m shows minor spectral mixing 
comparable to the apatite pixel spectral profile in the TerraCore 
LWIR spectral reference library. The rock has been defined by 
Barnes, Maier, and Ashwal (2004) as an oxide-rich unit with a lower 
part consisting of massive magnetite and ilmenite and an upper part 
of nelsonite (an apatite-rich rock). The nelsonite was reported to 
consist of 60% oxides (predominantly granular ilmenite with some 
magnetite) and 30% apatite (Barnes, Maier, and Ashwal, 2004). 
The lack of spectral mixing at this level is difficult to explain but 
is probably due to the high modal percentage of apatite (approx. 
30%) with no silicate mineral association. In addition, apatite in 
this rock is associated with Fe-Ti oxides, which are non-diagnostic 
in the LWIR spectral range as indicated in Table II. From this, it 
seems reasonable to assume that the spectral response of apatite is 
influenced by mineralogy, in particular mineral associations.

Lastly, the VNIR range of the infrared is effective in detecting 
REE phosphate minerals, including fluorapatite where the 
absorption features in this range are due to Nd as shown by Turner, 
Rivard, and Groat (2016). However, in our study the VNIR-SWIR 
range had limited detection capabilities in mafic-ultramafic rocks 
dominated by silica, some silicates (nesosilicates such as olivine), 
and oxides, as these minerals did not show prominent spectral 
features. Image C in Figure 12 compares the fluorapatite spectral 
profile (yellow) from the USGS library with the apatite-rich region 
of interest (ROI) spectral profile (red). The results show the absence 
of fluorapatite-diagnostic prominent VNIR features related to the 
LREE (Nd) on the ROI spectral profile (circled in black) and the 
inconspicuous spectral features in the SWIR range.

The apatite LWIR spectral profile in this study can be attributed 
to the PO4 fundamental vibrations (Christensen et al., 2000). As 
concluded by Laakso et al (2019), the LWIR range did not show 
any distinctive spectral features that can be attributed to REEs. 
Therefore, the detection of REE spectral features was not achieved 
in this study.

Although the automated hyperspectral logging system is fast, 
reliable, and effective, it does not yield quantitative mineralogical 
information from the mineral maps and images obtained using the 
SisuRock system, as the data is limited to the pixel-size resolution 
and the classification of the pixel arises from the main spectral 
feature. This is because HSI data processing tools only focus on the 
spatially distributed mineralogy and mineralogical composition 
and not the texture, grade, or geometry of the minerals in the 
drill core. In addition, it is important to mention that HSI is a 
surface technique and the mineral abundance is based on pixel 
response. For this reason, absolute mineral abundance cannot be 
quantified as the pixel size is determined by the camera spatial 
resolution. In this regard, HIS should be used in conjunction with 
laboratory analytical methods like SEM, optical microscopy, and 
XRF. Nonetheless, owing to its non-destructive nature, minimal 
sample preparation requirements, and rapid acquisition time, HIS 
provides a suitable solution for mineral mapping for bulk samples 
or diamond drill core. Although substantial amounts of drill core 
still need to be sent for in-depth mineralogical and geochemical 
analyses like SEM, petrography, and whole-rock XRF to determine 
the mineralogy quantitatively, the cost of chemical assaying is 
decreased. Instead of sampling the entire core to identify apatite-
enriched zones, the SiSuRock hyperspectral scanner can be used to 
identify target areas for analysis.

  Table III

  Apatite size distribution

  Sample         Grain size (μm) 
 Dx(20) Dx(50) Dx(80) Dx(95)

   BV-004 146 270 498 805
   BV-006 188 351 580 924
   BV-011 207 405 778 1252
   BV-022 350 605 824 1139
   BV-028 254 484 839 1236
   BV-031 220 440 828 1238
   BV-032 213 463 825 1228
   BV-033 142 283 521 832
   BV-034 149 277 503 833
   BV-035 225 446 818 1224
   BV-040 190 406 790 1213
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Figure 12—RGB image for box 77 (at depth 561-568 m) of the lower apatite zone (A), ROI highlighted in red with the corresponding LWIR spectral profile depicting 
the spectral mixing of apatite and olivine signatures and the VNIR-SWIR low response spectral profile showing inconspicuous spectral features that cannot be resolved 
(B), VNIR-SWIR comparison of the ROI spectral profile (red) with the USGS library spectra of fluorapatite (yellow) with prominent VNIR features highlighted (C)

Conclusion and recommendations
Hyperspectral imaging (HSI) is shown to be an effective and reliable 
method to characterize apatite-rich units in the Upper Zone of 
the Bushveld Complex using the LWIR spectral region, and which 
can therefore also be used to map apatite in other mafic-ultramafic 
layered intrusions.

HSI of borehole core from the upper 600 m of the Upper Zone 
delineated two apatite-enriched zones: the lower (531–575 m) and 
upper (236–259 m) zones. A pure apatite spectral signature was 
not obtained owing to spectral mixing as a result of the common 
association between apatite and silicates. Detection of sulphides and 
oxides is not yet possible by HSI as highlighted in Table II. Oxides 
are important in the context of apatite as many apatite-rich units 
succeed Fe-Ti oxide-rich layers. A technique that could identify 
the fine-grained sulphide and oxide minerals would improve 
the detection of apatite-enriched zones. This is because a close 
association between apatite and Fe-Ti oxides is a distinctive feature 
of apatite mineralization in the upper parts of the Upper Zone.

The second part of the work involved the mineralogical and 
geochemical characterization of the apatite-rich zones detected 
through HSI. The results show a good correlation with the HSI 
results. Apatite occurs in common association with oxides, 
sulphides, hydrous minerals. and silicates, confirming the 
predominant spectral mixture associated with the apatite-enriched 
zones.

This study demonstrates that the LWIR range shows good 
apatite detection in mafic- ultramafic rocks, and the association of 
apatite with silicate minerals, while the SWIR and VNIR ranges did 
not show prominent spectral features.
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