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Abstract: The so-called iron boomerang is constructed by using a combination of spectral metrics
derived from the 900 nm 6A1→4T1 Fe3+ crystal field absorption. Previous work showed the iron
boomerang provides qualitative information about the mineralogical type of spectral datasets of
Western Australian iron ore deposits. That work is expanded to demonstrate how the shape of the
iron boomerang is driven by a linear mixing regime between hematite and ochreous and vitreous
goethite. The iron boomerang enveloping shape is defined by mixing pathways between 3 different
2-endmember systems of hematite–ochreous goethite, hematite–vitreous goethite and ochreous–
vitreous goethite and a 3-endmember mixing regime in the interior of the boomerang. This provides
a novel methodology of quantifying the relative hematite, ochreous, and vitreous goethite content
from spectrally derived data. A combination of 4 spectral metrics as input features to a random
forest regression model results in modelling root mean squared errors (RMSE) of approximately
4% when all endmembers are known and in a system where the endmembers are not known the
RMSE is approximately 10%. Additionally, a means of identifying potential hematite endmembers
from a spectral dataset is presented. Lastly, the regression models are applied to 3 iron ore diamond
drillcore from the Hamersley Province in Western Australia and demonstrates that the proportions of
hematite, ochreous, and vitreous goethite can be estimated downhole which, in turn, provides ore
zone delineation and hardcap and hydrated zone identification.

Keywords: hematite; goethite; vitreous; ochreous; spectral; unmixing; iron

1. Introduction

The use and importance of spectral data within the minerals industry is now com-
monplace and as such has led to a proliferation of spectral metrics and methods to infer
various characteristics of the samples under investigation [1–4]. The various methods
encompass a variety of spectral regions that have strengths in relation to the detection of
certain minerals in those regions and which may also be deposit specific [5–8]. For example,
in the visible-near infrared (VNIR) spectral region, defined between 350 nm–1300 nm, iron
bearing mineral [4,9,10] signatures are dominant while the short-wave infrared (SWIR),
between 1300–2500 nm, are well suited for supergene minerals, such as kaolinite and
gibbsite, and to the exploration of alteration mineral assemblages associated with base
and precious metal hydrothermal deposits [5,8,11–14]. This study primarily focusses on
the VNIR spectral region for the purpose of defining a quantitative analysis of hematite,
ochreous, and vitreous goethite in iron ore hosted in banded iron formations (BIF).

The estimation of percentages of hematite, ochreous, and vitreous goethite have
focussed on the 6A1→4T1 Fe3+crystal field absorption (CFA) around 900 nm since it is
so heavily influenced by the presence of iron oxides [2,3,6,7]. Such methods include
the hematite/goethite ratio in spectrally measured core, or chip samples [1,15–17]. The
efficacy of such methods when using the 6A1→4T1 CFA wavelength of continuum hull
corrected spectra demonstrates that it is possible to accurately determine such quantities.
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Additionally, the full width at half maximum (FWHM) of the 6A1→4T1 CFA has been
used to classify ochreous and vitreous goethite [2,3,18,19] while another simple ratio of the
reflectance at 1300 nm to that at 1800 nm has been used to infer a quantitative amount of
vitreous to ochreous goethite [20]. A singular methodology allowing the inference of all
three iron oxides is lacking, however, it is well established with a 2-member system either
consisting of ochreous–vitreous goethite only or hematite–goethite with no distinction
between the goethite type.

In Western Australia, the major iron ore deposits currently mined are (1) channel iron
deposits (CID) and (2) banded iron formation (BIF)-hosted high-grade iron ore deposits.
The BIF-hosted deposits or bedded iron deposits (BID) are in turn subdivided into the
minor Martite–Microplaty hematite and the dominant Martite–Goethite iron ores. The
iron-bearing minerals in these deposits will almost always include hematite (also called
martite when replacing magnetite) and microplaty when occurring as micron-sized plates
and ochreous and vitreous goethite. Ochreous goethite is defined as yellow in colour and
powdery to friable, whereas vitreous goethite is dark red–brown to black in colour and a
relative hardness described as medium to hard [21,22].

In the previous study [23] a scatterplot of 2 spectral metrics, namely the Fe Oxide
Wavelength and Fe Oxide FWHM, as calculated from hull corrected spectra of the 6A1→4T1
CFA, were shown to produce a distinct shape, consistent across differing datasets, aptly
named the iron boomerang. That study was qualitative and did not attempt to quantify
the ratios of hematite, ochreous, and vitreous goethite. The shape of the iron boomerang
is modelled by linear spectral mixtures of hematite, ochreous, and vitreous goethite from
which targeted spectral metrics can be extracted and combined with a suitable model to
define the mixing ratios of samples where the quantities are unknown.

This paper outlines the datasets used and any pre-processing preparations, followed
by the definition of the spectral metrics used as input to the model. The results of several
experiments are presented that define the iron boomerang and how it is affected by various
combinations of hematite, ochreous, and vitreous goethite with an application to iron ore
drillcores from the Hamersley Province in Western Australia. Finally, a discussion and
review of all the findings and comments on potential future work is presented.

2. Datasets and Preparation

The work presented herein is based on spectral measurements of laboratory sam-
ples and HyloggerTM spectra [24–27] collected from iron ore diamond drill cores. Three
spectral datasets of hematite, ochreous, and vitreous goethite were used to investigate the
initial spectral mixing space of the iron boomerang. The ochreous and vitreous sample
sets have XRD validation while the smaller hematite set are synthetic samples without
accompanying XRD. Additional datasets include 3 diamond drillcores from the Hamersley
Province in Western Australia. The latter were used to show the application of the proposed
methodology to spectral samples of unknown hematite, ochreous, and vitreous relative
mixing ratios.

2.1. Hematite, Vitreous & Ochreous Goethite Endmembers

A total of 10 ochreous and vitreous samples used in this study were measured by X-ray
diffraction (XRD) for mineralogy and by X-ray fluorescence (XRF) for chemical composition.
The bulk mineralogy of the ochreous and vitreous goethite types includes predominantly
pure goethite, with minor or trace amounts of hematite, kaolinite, and quartz with accessory
phases such as calcite, anatase, and rutile. Of the 10 XRD goethite samples, 5 are ochreous
goethite and 5 are vitreous goethite.

From the 10 available samples 4 were excluded due to the presence of hematite
(contained in 2 ochreous and 2 vitreous samples) and a 5th ochreous sample due to the
presence of approximately 23% wt. kaolinite. The bulk composition of the remaining
2 ochreous and 3 vitreous samples are shown in Table 1 and the XRD patterns of all
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10 samples in Figure 1. The red and green patterns in Figure 1 are the samples that were
excluded from any further analysis in this study.

Table 1. XRF results detailing the major oxides for the 2 ochreous (OG1 and OG2) and 3 vitreous
(VG1, VG2, and VG3) endmembers used in the analysis.

%
Fe

%
Fe

2O
3

%
Si

O
2

%
A

l 2
O

3

%
Ti

O
2

%
M

nO

%
C

aO

%
P

%
SO

2

%
M

gO

%
LO

I
37

1

%
LO

I
37

1–
65

0

%
LO

I
65

0–
10

00

%
To

ta
lO

x

OG1 57.6 82.4 2.97 2.09 0.07 0.24 0.17 0.215 0.16 0.30 9.63 0.89 0.30 99.8

OG2 56.1 80.2 3.91 2.38 0.07 0.39 0.06 0.267 0.15 0.45 10.20 0.95 0.33 99.7

VG1 53.0 75.8 6.60 2.92 1.21 <0.001 0.09 0.081 0.33 0.01 11.20 1.16 0.58 100.0

VG2 56.3 80.5 1.81 2.40 0.82 0.00 0.05 0.115 0.37 0.01 11.70 1.07 0.61 99.6

VG3 55.0 78.7 4.87 2.40 0.34 0.00 0.20 0.066 0.15 0.06 11.40 1.07 0.32 99.7
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Figure 1. XRD patterns for the 5 ochreous (A) and the 5 vitreous goethite samples (B) used in the 
study. Two of the ochreous samples in (B) were excluded due to occurrence of hematite, shown in 
red, and one due to the presence of kaolinite shown in green. Two of the vitreous samples in (B) 
were also excluded due to the presence of hematite (shown in red). 

Four hematite samples were used to represent the initial hematite endmembers and 
consist of a synthetic hematite (Bayer 160), natural microplaty hematite and martite and a 
mixture of synthetic 95% hematite (Bayer 160) and 5% magnetite (Bayer 330). The latter 
sample is not used extensively in this study but is included to show the effect that mag-
netite can have on the formation of the boomerang and what might be expected if mag-
netite is present. 

2.2. Additional Ochreous and Vitreous Preparation 
The 2 ochreous and 3 vitreous samples were crushed and dry sieved to 6 different 

size fractions of +16 mm, +9.5 mm, +6.7 mm, +4.75 mm, +2 mm, and +1 mm and multiple 
spectral measurements across the varying particle sizes were collected. This increased the 

Figure 1. XRD patterns for the 5 ochreous (A) and the 5 vitreous goethite samples (B) used in the
study. Two of the ochreous samples in (B) were excluded due to occurrence of hematite, shown in
red, and one due to the presence of kaolinite shown in green. Two of the vitreous samples in (B) were
also excluded due to the presence of hematite (shown in red).

Four hematite samples were used to represent the initial hematite endmembers and
consist of a synthetic hematite (Bayer 160), natural microplaty hematite and martite and a
mixture of synthetic 95% hematite (Bayer 160) and 5% magnetite (Bayer 330). The latter
sample is not used extensively in this study but is included to show the effect that magnetite
can have on the formation of the boomerang and what might be expected if magnetite
is present.

2.2. Additional Ochreous and Vitreous Preparation

The 2 ochreous and 3 vitreous samples were crushed and dry sieved to 6 different
size fractions of +16 mm, +9.5 mm, +6.7 mm, +4.75 mm, +2 mm, and +1 mm and multiple
spectral measurements across the varying particle sizes were collected. This increased the
total number of spectral measurements available and allowed for natural spectral variability
to be incorporated into the study.
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2.3. Spectral Averaging

The reflectance spectra of each size fraction were collected with a pistol-grip 8◦ fore-
optic mounted to an ASD VNIR/SWIR spectrometer. The pistol-grip was fixed above the
samples to give a 7.5 cm measurement height. Each size fraction was placed into a tray and
the surface levelled to minimise variation in sample height and measurements in a 5 × 3
grid collected (15 locations and spectral samples per size fraction). It is noted that surface
leveling is not as effective for larger size fractions and the number of between-sample
voids increases. The resulting spectra for a given size fraction were averaged using an
equal weighting to obtain a single representative reflectance spectrum for each of the 6 size
fractions. This yields a total of 12 ochreous endmember spectra and 18 vitreous endmember
spectra. The resulting spot measurement from the mounted pistol-grip is approximately
1 cm and is comparable to the HyLoggerTM spot sample size (approximately 8 mm) used
in the collection of the Hamersley Province diamond drillcore samples.

The resulting spectral endmembers are shown in Figure 2A for hematite, Figure 2B for
ochreous goethite, and Figure 2C for vitreous goethite. The scatterplot of FWHM versus
continuum hull corrected Fe Oxide wavelength is approximately linear as shown by the
blue line in Figure 2D. The samples are coloured according to their composition while the
averages of the goethite samples are shown with black dots.
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Figure 2. The spectral endmembers and their locations when plotted as continuum hull corrected
Fe Oxide Wavelength versus FWHM. (A–C) show the resulting spectral averages of the available
endmembers across the 6 differing particle sizes (not highlighted). (A) 3 hematite endmembers and
1 magnetite+hematite endmember, (B) 12 average ochreous goethite endmembers, (C) 18 average
vitreous goethite endmembers. (D) The continuum hull corrected Fe Oxide Wavelength and Fe Oxide
FWHM values of the spectral endmembers prior to any averaging are shown and coloured as per
(A–C) for type identification. The samples shown as black points are the ochreous and vitreous
spectral average iron boomerang values, while the line is to simply highlight that the boomerang
values of the endmembers are approximately linear.

2.4. Drillcore Data

The proposed regression model, still to be defined, was applied to 3 diamond drillcore
from the Hamersley Province in Western Australia. A spectral mask was applied to ensure
that any spectral core sample registering an absorption depth in the 2000 nm–2500 nm
spectral region due to clays, micas, or carbonates was excluded. The spectra were collected
with a HyLoggerTM with further processing carried out in Python. All 4 spectral metrics
used are calculable by a user within the CSIRO developed The Spectral Geologist (TSG)
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software if required. It is noted that the definition of asymmetry within TSG is not the same
as that used here but is still compatible.

3. Methods

The concept of the iron boomerang was introduced in [23] in a qualitative study
as it applied to BIF hosted iron ore deposits. The generalised properties noted in that
study are shown in Figure 3 (modified from [23]). Calculating the values of 2 spectral
metrics, namely, the Fe Oxide Wavelength and the Fe Oxide FWHM, in drillcore data
and plotting one against the other will produce plots resembling that of Figure 3. The
study provided a qualitative assessment of the boomerang but did not expand on the
quantification of the internal mechanisms behind the iron boomerang. Here the methods
and workflow required to build a prediction model using a random forest regression (RFR)
to predict relative mixing ratios of hematite, ochreous, and vitreous goethite is outlined.
The choice of a RFR model trained on spectral metrics as opposed to other unmixing
approaches [10,28–30] is discussed later.
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Figure 3. A density plot showing the general composition and placement of key locations within the
iron boomerang. At each end, and, if present, spectral endmembers of hematite and vitreous goethite
can be found. Traversing the iron boomerang from left to right and bottom to top the proportion
of hematite to goethite decreases toward a more goethite dominated region at wavelengths greater
than approximately 920 nm. As the continuum hull corrected Fe Oxide FWHM increases within the
goethite dominated region a move from more ochreous goethite to greater proportions of vitreous
goethite is observed with ochreous goethite endmembers generally located in the orange circled
region. Away from the endmembers are mixtures of hematite, ochreous and vitreous goethite.

3.1. Spectral Metrics

A total of 6 spectral metrics calculated from the 6A1→4T1 Fe3+crystal field absorption
(CFA) centred around 900 nm, and an additional spectral metric defined between 1550 nm
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and 1850 nm is required. Table 2 summarises the spectral metrics, the wavelength region
over which hull corrections are applied and an explanation of the metrics. Of the 7 calcu-
lated spectral metrics, 4 are input features to the RFR model. Prior to the calculation of any
of spectral metrics a continuum hull correction is performed to remove the background
effects and provide spectral normalisation.

Table 2. The spectral metrics used in the formation of the iron boomerang and the subsequent mixing
ratio modeling.

Product Wavelength Region Metric Notes

Fe Oxide Depth 740–1360 nm The maximum depth of the
hull corrected 6A1→4T1 CFA

Fe Oxide Wavelength 740–1360 nm Location of the
deepest wavelength

Can either use the actual spectral
band corresponding to the maximum

depth or can interpolate between
points centred around
this point to produce

a refined value.

Fe Oxide FWHM 740–1360 nm
The full width half maximum

value at the location
of the deepest wavelength.

Requires the depth of the Fe Oxide
feature at the Fe Oxide Wavelength

and the λFWHML and λFWHMR values.
FWHM = λFWHMR−λFWHML

λFWHML N/A

The wavelength of the
6A1→4T1 CFA to the left of
the Fe Oxide Wavelength
at the corresponding Fe

Oxide FWHM depth

Used to define 6A1→4T1
CFA asymmetry

λFWHMR N/A

The wavelength of the
6A1→4T1 CFA to the right

of the Fe Oxide Wavelength at
the corresponding Fe
Oxide FWHM depth

Used to define 6A1→4T1
CFA asymmetry

Fe Oxide Asymmetry 740–1360 nm
The asymmetry of the
absorption feature at

the FWHM depth.

Ranges from −1 to 1 with −1 being
left symmetrical and

0 being symmetrical and
1 being right symmetrical.

Asymmetry = 2 ×
(λFWHM_R−Fe Oxide

Wavelength)/(λFWHM_R−λFWHM_L)−1

SWIR Drop-Off 1550–1850 nm The hull corrected
maximum depth

Increasing depth is indicative of
vitreous goethite

An example of a full range hull corrected spectrum, for illustrative purposes, is shown
in Figure 4 and the key locations corresponding to the spectral metrics used and defined
in Table 2. The point of maximum absorption of the 6A1→4T1 CFA is the Fe Oxide Depth
which in turn informs the location of the Fe Oxide Wavelength and value of the Fe Oxide
FWHM. The exact location of the Fe Oxide Wavelength can either be taken as the spectral
band at the point of deepest absorption or a polynomial fit around the point of deepest
absorption can be used for a more refined Fe Oxide estimate [11]. The wavelengths that
intercept the hull corrected spectrum in a line perpendicular to the Fe Oxide Depth, and at
the Fe Oxide Wavelength and labelled as λFWHML and λFWHMR are used to calculate the Fe
Oxide asymmetry. Lastly, a continuum corrected maximum depth is calculated from the
region in Figure 4 labelled as SWIR Drop-off and provides a means of gauging the potential
vitreous goethite content.
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Figure 5 shows 2 iron boomerang plots generated from spectral mixtures (discussed in
the following section) of one of each of the hematite, ochreous, and vitreous endmembers
in Figure 2. Figure 5A is coloured by the Fe Oxide asymmetry and Figure 5B by the SWIR
Drop-off metric. Figure 5 represents the total of the 4 spectral metrics used as input features
in the RFR model for the prediction of the relative hematite, ochreous, and vitreous goethite
mixing ratios.

3.2. Linear Mixing

In [23] and with reference to Figures 2 and 4 the locations of the endmembers and
their location within the iron boomerang suggested the outer edges of the boomerang are
mixing pathways between the endmembers. To determine the viability of the suggestion,
linear mixtures of the 3 endmembers of hematite, ochreous, and vitreous goethite were
calculated. While linear or nonlinear mixing models could be used, we have opted to
use linear mixing as early experimentation demonstrated that this approach was better
suited to the problem. Known mixing ratios of the 3 endmembers were created, which
in turn allow the calculation of the iron boomerang spectral metrics (see Table 2) and the
subsequent plotting of the Fe Oxide Wavelength and Fe Oxide FWHM to ascertain the
resulting mixing space, an example of which are seen in Figure 5.

The linear mixing model used is the pseudo absorbance rather than weighted end-
member reflectance since the addition of absorbances in this regime is linear. The linearly
mixed absorbance spectra are then back transformed into reflectance where any further
spectral processing occurs. In the results section the expected errors in the mixing ratio are
presented for both absorbance and reflectance mixing models. The pseudo absorbance is
given by [31]:

Aλ = ln
(

1
Rλ

)
(1)
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where Rλ is the endmember spectral reflectance at wavelength λ. The calculation of the
linear mixing [32] in absorbance space, and with wavelength dependencies not shown but
implied, is given as,

AMixed =
p

∑
i=1

Wi Ai with 0 ≤Wi ≤ 1 and
p

∑
i=1

Wi = 1 (2)

where Wi is the fractional weighting of endmember Ai. Lastly, this is transformed back into
reflectance space,

Rmixed =
1

exp(AMixed)
(3)

where Rmixed is the resulting linearly mixed spectrum. The spectral metrics outlined in
Table 2 can be applied to the mixed spectra for plotting and training of an RFR model.
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3.3. Random Forest Regression

A random forest regression [33–35] model is used for estimating the mixing ratios
with the 4 previously defined spectral metrics used as input features. The choice of an
RFR model as opposed to a direct spectral unmixing methodology [29,36,37] was made
because it allows mixing ratio prediction without having to be overly concerned about the
characteristics of the instrument providing the spectral samples. If an RFR model is utilised
incorporating the spectral metrics previously outlined, then those same metrics can be
calculated from a different instrument with different spectral band wavelength sampling
and FWHM characteristics without the need for spectral resampling.
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This scenario can occur when the RFR model is built on a benchtop, or laboratory-
based spectrometer but the user wishes to infer the mixing ratios from samples collected or
measured with a different spectrometer. The differences in the instruments would prefer-
ably be minimal as might be expected with hyperspectral instruments. However, inherent
instrument differences can lead to differences in the calculated metrics. The results shown
later in Section 4.3 discuss the effect of unknown spectral endmembers and demonstrate
that the method itself is robust to variations that may occur in the spectral metrics.

In all cases the random forest regression models used are from the Python scikit-learn
library [38], specifically the sklearn.ensemble.RandomForestRegressor library. The library
implementation of the RFR has several hyperparameters that may be set if the user desires.
In this study we only changed one hyperparameter from the default setting. The maximum
tree depth was set at a value of 16 instead of the unbounded default. This was done after an
initial assessment of the maximum tree depth on the final modelling error. Values greater
than 16 did not yield any significant improvement and using a smaller maximum tree
depth produces physically smaller RFR models. The number of estimators was left at the
default of 100.

The input features to the RFR are the Fe Oxide Wavelength, FWHM, and Asymmetry
and the SWIR Drop-off while the values trained against are the mixing ratios of the hematite,
ochreous, and vitreous goethite endmembers. The mixed spectra were calculated at 5%
intervals. Using the scikit-learn implementation allows for a multiple output so a single
model for a given set of four features will infer all 3 mixing ratios simultaneously.

3.4. Workflow

The process for building a RFR model for inferring the relative hematite, ochreous and
vitreous goethite mixing ratios is as follows:

1. Define hematite, ochreous, and vitreous endmembers;
2. Use Equations (1)–(3) with the endmembers of step 1 to generate spectral mixtures of

known mixing ratios for the hematite, ochreous and vitreous endmembers;
3. Calculate the spectral metrics in Table 2 for each spectrum in step 2; and
4. Train the random forest regression model with a maximum tree depth of 16 with

100 estimators with the Fe Oxide Wavelength, FWHM, Asymmetry, and SWIR Drop
calculated from step 3 as the input features and the known mixing ratios of hematite,
ochreous, and vitreous goethite as the target values.

To infer the relative hematite, ochreous, and vitreous mixing ratios from a given
spectral sample of unknown mixing ratios, one simply calculates the Fe Oxide Wavelength,
FWHM, Asymmetry, and SWIR drop for that sample as outlined in Table 2 and runs the
RFR model developed in step 4 in prediction mode using those 4 spectral metrics as the
required input features.

It is noted that the term relative is used throughout the study. In VNIR/SWIR spectral
data certain minerals do not have diagnostic features and cannot, therefore, be accounted
for, or the spectra masked prior to prediction. Such minerals would include quartz, for
example. If the system is simple enough and only contains hematite, ochreous, and
vitreous goethite then the returned mixing ratios from SWIR masked spectra can represent
absolute values.

4. Results

This section details results related to the characteristics of the iron boomerang and
how its distinctive shape is formed via a linear mixing regime. It is demonstrated that
linear mixing of the hematite, ochreous, and vitreous endmembers are the cause of the iron
boomerang shape. This is followed by an accuracy assessment of the RFR model and lastly
the application of RFR models using in-situ spectral endmembers to 3 Hamersley Province
diamond drillcore.
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4.1. Boomerang Shape and Linear Mixtures

There are a total of 864 spectral combinations of the library endmembers (4 × 12 × 18)
which are multiplied by the total number of mixture weights used (444 mixture values in
5% increments). The bulk of the results shown do not include the 95% hematite−5% mag-
netite endmember as it is only used to show the effect of magnetite on the iron boomerang
result for interest but is not used to infer the potential accuracy.

Shown in Figure 6 is the calculated Fe Oxide Wavelength versus Fe Oxide FWHM
values for each of the 4 hematite endmembers linearly mixed with a single ochreous and
vitreous endmember and coloured, except for the edges, by the ochreous goethite mixing
ratio. In each case the distinct iron boomerang shape is produced and shows that its
shape is explained by linear mixtures of hematite, ochreous, and vitreous goethite. The
inset spectral plots show the endmembers used to generate the given iron boomerang.
Figure 6A is the martite endmember, Figure 6B is the hematite (Bayer 160) endmember,
Figure 6C is the premixed hematite−95%–magnetite−5% endmember and Figure 6D is the
microplaty–hematite endmember.
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Figure 6. The effect of the hematite endmember on the iron boomerang. Each plot is the iron
boomerang manifold for the 3 spectral endmembers shown in the respective inset reflectance plot.
The only variable in figures (A–D) is the hematite endmember. The upper-edge of the boomerang
corresponding to a 2-mixture state of hematite and vitreous goethite (Hem-VG) while the lower-edge
is a 2-mixture state of hematite and ochreous goethite (Hem-OG). The interior of the boomerang
are 3-mixture states of the hematite, ochreous, and vitreous endmembers and are coloured by the
percentage of vitreous goethite in the mixture. Note the void in (C) around an Fe Oxide Wavelength of
970 nm and Fe Oxide FWHM of 370 nm is a product of the linear mixing. The hematite endmembers
are (A) martite, (B) hematite (Bayer 160), (C) hematite−95%–magnetite−5%, and (D) microplaty–
hematite.

In each of the plots of Figure 6 the edges are given a single colour to highlight those
mixtures which are due to 2-part linear mixtures of either hematite–ochreous goethite
(Hem-OG, lower purple edge) or hematite–vitreous goethite (Hem-VG, upper brown
edge) or ochreous–vitreous goethite (OG-VG, right-hand black edge), while the interior
of each boomerang are mixtures of all 3 endmembers where the mixing ration of any
given endmember is greater than 0. The internal colouring in this case is the ochreous
goethite percentage in each mixture with bright colours representing increasing proportion
of ochreous goethite and dark colours decreasing proportions.
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Figure 6C, the hematite−95%–magnetite−5% endmember shows the effect that mag-
netite can have on the boomerang shape. Voids are noted along the top edge (2-part linear
mixture) and is distinctly different from Figure 6A–C but is explained by examining the
resulting spectrum generated in the 2-part linear mixture between the hematite endmember
beyond 1000 nm and the vitreous endmember as described in the following section.

4.1.1. Hematite and Vitreous Linear Mixtures

Figure 7 shows the linear mixtures between the 4 hematite endmembers and all
18 vitreous goethite endmembers but coloured by the hematite endmember. The 18 vitreous
goethite endmembers do not show large variational changes to the leading edge but are
primarily driven by the hematite endmember as noted earlier. In Figure 7A the inset plot
shows the 4 hematite endmembers (0) martite, (1) hematite (Bayer 160), (2) hematite−95%–
magnetite−5%, and (3) microplaty–hematite. The deviation of the magnetite effected
endmember is most distinct and is explained by considering Figure 7B. In Figure 7B the
resulting hull corrected spectrum of the magnetite endmember and a vitreous goethite
endmember in the 740–1360 nm spectral region is shown as a function of the hematite
mixing ratio. As the proportion of vitreous goethite decreases the resulting linearly mixed
absorption feature develops an observable 2 feature absorption and, in this case, causes the
Fe Oxide Wavelength, as determined by the Fe Oxide Depth to abruptly shift from shorter
wavelengths to longer wavelengths leading to the voids observed in Figure 6C.
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Figure 7. (A) The distribution of the 2-mixture models for the 4 hematite endmembers (inset spec-
tral plot) mixed with the 18 vitreous endmembers. The 4 hematite endmembers are (0) martite,
(1) hematite (Bayer 160), (2) hematite−95%–magnetite−5%, and (3) microplaty–hematite. (B) The
hull corrected linear mixtures of the hematite−95%-magnetite−5% endmember (see inset spectral
plot) and a randomly selected vitreous endmember to show how the Hem-VG mixing gaps in (A) are
manifested. The hematite endmember induces a leap from shorter wavelengths to longer wave-
lengths once the vitreous goethite reaches a high enough proportion (approximately 70% in this
example). This is, generally, confined to those hematite’s that have a large drop-off from approxi-
mately +1000 nm.

4.1.2. Hematite and Ochreous Linear Mixtures

Figure 8 shows the results of making linear mixtures of hematite and ochreous–goethite
only. Again, the inset plot shows the 4 hematite endmembers of (0) martite, (1) hematite
(Bayer 160), (2) hematite−95%–magnetite−5%, and (3) microplaty–hematite. In this case
the magnetite–ochreous produces a long-tailed edge that is distinct in appearance as
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compared to the other 3 hematite endmembers. As with the hematite–vitreous mixtures in
Figure 7, the 2-endmember mixtures shown in Figure 8 are between the individual hematite
endmembers and all 12 ochreous endmembers and coloured by the hematite endmember
used to create the mixtures.
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Figure 8. The distribution of the 2-mixture models for the 4 hematite endmembers (inset spectral plot)
mixed with the 12 ochreous endmembers. The 4 hematite endmembers are (0) martite, (1) hematite
(Bayer 160), (2) hematite−95%–magnetite−5%, and (3) microplaty–hematite. The hematite−95%–
magnetite−5% endmember (see inset spectral plot) has a distinct distribution but unlike mixtures
with vitreous–goethite is essentially continuous.

4.2. Known Endmembers

To assess the potential accuracy of the proposed random forest model, based on Fe Ox-
ide features extracted from linear mixtures of hematite, ochreous and vitreous endmembers,
several random forest model configurations were tested. The first is the best-case scenario,
while the second is a leave-one-out scenarios. In the best-case scenario, the assumption is
that the entire set of potential endmembers are known a-priori and, hence, the input features
to the random forest model cover all possible mixing scenarios. To assess the accuracy in
this scenario the model was run in a repeated K-fold scenario comprised of 4 folds and
repeated 5 times where each repeat selects 5 different folds than those previously used.
This is the equivalent of holding out 25% of the input features and mixing ratios in each
fold and training with the remaining 75%. After each K-fold the root-mean-square-error
(RMSE) between the held out mixing ratios and the predicted mixing ratios (based on the
held-out features) is calculated.

Table 3 summarises the results for the best-case scenario and is considered as the
baseline accuracy. We do not show the results of each of the fold and repeat runs as they are
extremely repetitive and are well summarised by a final average RMSE and the standard
deviation of all calculated 20 RMSE values. In general, an approximate 4% modelling error
is found for each of the three endmembers.
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Table 3. The average RMSE modeling error and standard deviations for a repeated K-fold scenario
comprised of 4 folds and 5 repeats where each repeat selects 5 different folds than those previously
used. This is the equivalent of holding out 25% of the input features and mixing ratios in each fold
and training with the remaining 75%.

Hematite Ochreous Vitreous

Average 0.043 0.040 0.048

Standard Deviation 0.001 0.000 0.001

4.3. Unknown Endmembers

To assess the model when unknown endmembers are present and unaccounted for, in
this case limited to unknown hematite endmembers as the effect of unknown ochreous and
vitreous is minimal as shown earlier, several leave-one-out scenarios are run. In these cases,
a RFR model was built with either one or two of the three possible hematite endmembers
and the mixture of either one or two remaining hematite endmembers with the ochreous
and vitreous endmembers was used to make a prediction and the RMSE calculated.

Table 4 shows the results of this analysis. The first column shows the hematite used to
build the RFR model while the last column shows the hematite/s used to calculate the test
3-way mixtures of hematite, ochreous, and vitreous goethite, and input into the RFR model
for prediction. So, in the first row of Table 4 the model is built using the martite–hematite
endmember, while linear mixtures of the same ochreous and vitreous goethite with the
hematite (Bayer 160) endmember were used to generate the required RFR feature inputs
for the model to assess accuracy when the unknown hematite (Bayer 160) endmember is
used. The respective hematite, ochreous, and vitreous columns show the calculated RMSE
between the actual mixing ratios and the model prediction mixing ratios. The RMSE values
in the hematite, ochreous, and vitreous columns are given in an X/Y format. The second
value is the RMSE if a traditional linear mixing method is used, namely mixtures calculated
with the reflectance rather than the pseudo absorbance.

Table 4. The RMSE and standard deviation from 13 leave-one-or-many-out scenarios. The endmember
exclusions are for hematite only. Column 1 is the hematite endmember, or members, used to train the
model and column 5 is the hematite endmember, or endmembers, used to assess the model against.
Columns 2–4 are the RMSE values for a given scenario with the RMSE values in the hematite, ochreous
and vitreous columns in an X/Y format. The second value is the RMSE if a traditional linear mixing
method is used, namely, mixtures calculated with the reflectance rather than the pseudo absorbance.

Model Training Hematite/s Hematite Ochreous Vitreous Test Hematite

Martite 0.18/0.13 0.28/0.16 0.12/0.12 Hematite (Bayer 160)

Martite 0.08/0.09 0.15/0.09 0.11/0.15 Microplaty–Hematite

Hematite (Bayer 160) 0.09/0.16 0.11/0.25 0.08/0.14 Martite

Hematite (Bayer 160) 0.06/0.18 0.08/0.09 0.05/0.15 Microplaty–Hematite

Microplaty–Hematite 0.07/0.07 0.08/0.13 0.08/0.17 Martite

Microplaty–Hematite 0.06/0.19 0.08/0.11 0.04/0.15 Hematite (Bayer 160)

Martite 0.12/0.11 0.19/0.13 0.11/0.14 Hematite (Bayer 160),
Microplaty–Hematite

Hematite (Bayer 160) 0.06/0.17 0.08/0.19 0.05/0.15 Martite,
Microplaty–Hematite

Microplaty–Hematite 0.06/0.14 0.07/0.12 0.05/0.16 Martite, Hematite (Bayer 160)
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Table 4. Cont.

Model Training Hematite/s Hematite Ochreous Vitreous Test Hematite

Martite,
Hematite (Bayer 160) 0.07/0.17 0.12/0.08 0.09/0.15 Microplaty–Hematite

Martite,
Microplaty–Hematite 0.14/0.19 0.20/0.12 0.10/0.14 Hematite (Bayer 160)

Hematite (Bayer 160),
Microplaty–Hematite 0.08/0.12 0.10/0.18 0.08/0.14 Martite

Average RMSE 0.09/0.14 0.13/0.14 0.08/0.15

Standard Deviation 0.04/0.04 0.06/0.05 0.03/0.01

In general, improvements in the RMSE are noted when the pseudo absorbance is
used for the mixing regime rather than the traditional reflectance mixing. The ochreous
goethite estimations are affected the most by unknown hematite endmember knowledge
(13% ± 6%). This can be explained by reference to Figures 8 and 9, and the mixing paths
of the martite, hematite (Bayer 160), and microplaty hematite endmembers. The latter
2 endmembers produce similar mixing paths while the martite endmember occupies a
visibly different mixing path and can, depending on what endmember/s were used for
modelling and testing, be quite removed from the true mixing path. It is noted that while
the values in Table 4 are the RMSE for all potential mixture values (0–100%) the largest
individual errors in predicted mixing ratio will generally occur in the mid-levels (30–60%)
rather than where a given ratio is very large or very small.
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Figure 9. The Fe Oxide Wavelength versus the Asymmetry for the 4 different hematite endmembers
mixed with the same randomly selected ochreous and vitreous endmember. Circled in purple are
those values for which the hematite mixing ratio terminates at 100%. It is apparent that hematite
endmembers can be extracted by taking a representative selection across the terminating line circled.

The results in Table 4 represent the potential accuracy of the model in cases where a
standard model might be used with no consideration of the actual hematite endmembers
such that all potential endmembers may not be represented in the model. The last row of
Table 4 shows the average RMSE and standard deviation of the estimated mixing ratios



Minerals 2022, 12, 381 15 of 23

for a given endmember and are found to be approximately 14% ± 3% when the models
are created using linear mixtures of reflectance spectra as opposed to 10% ± 4% when a
pseudo absorbance linear mixing method is used.

Hematite Endmembers

Figure 9 shows the Fe Oxide Wavelength versus the Asymmetry for the 4 different
hematite endmembers mixed with the same randomly selected ochreous and vitreous end-
members. Circled in Figure 9 are those values where the hematite mixing ratio terminates
at 100%. What is apparent here is the hematite endmembers can be extracted by taking a
representative selection across the terminating line circled in Figure 9. Applying this to
measured drillcore which the various spectral indices have been calculated and manually
selecting an evenly spaced selection from this same line allows the extraction of a dataset’s
hematite endmembers and a means by which to reduce the overall RMSE.

The result of using this approach to define the hematite endmember/s and their
impact on the mixing model is shown in Figure 10. Here the hematite endmembers are
manually selected and combined with ochreous and vitreous endmembers to produce a
new distribution from which to build a random forest regressor model. In Figure 10 the
measured boomerang distribution is shown in blue while the base model distributions sit
behind and are shown in an RGB scheme for hematite (brown), ochreous (orange), and
vitreous goethite (black).
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Figure 10. The measured iron boomerang distribution is shown in blue while the base model
distributions sit behind and are shown in an RGB scheme for hematite (brown), ochreous (orange),
and vitreous goethite (black). (A,B) show the mixing space generated from the library endmembers
of hematite, ochreous and vitreous goethite. (A) is the iron boomerang while (B) is the Fe Oxide
Wavelength versus the Fe Oxide Asymmetry. Selecting in-situ hematite and ochreous endmembers,
the vitreous is supplied from the library, leads to (C,D), respectively.

In Figure 10A,B the total mixing space when using the library endmembers only is
shown with the familiar iron boomerang in Figure 10A and the Fe Oxide Wavelength
versus the Fe Oxide Asymmetry in Figure 10B. With reference to Figure 10B the location
of the hematite endmembers is obvious and allows data specific hematite endmembers to
be selected. Additionally, and for further illustrative purposes, the ochreous endmembers
used in Figure 10A,B can also be finetuned and selected from the measured data. The
vitreous endmembers have not been reselected.
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The impact of selecting dataset specific endmembers is shown in Figure 10C,D. The
measured data in blue are, for the most part, encompassed by the new mixing space. The
number of data points that fall outside of the mixing space are minor. As previously noted,
using a model based on the actual endmembers is expected to lower the uncertainty on
the inferred mixing ratios from approximately 10% to approximately 4–5%. It is important
to note that the modelled distribution is not expected to take on the exact same shape as
the measured data distribution since the range of all possible mixing ratios will, generally,
occupy a larger mixing space than the measured boomerang.

4.4. Application to HyLogged Drillcores

In the presence of unknown hematite endmembers, the accuracy of the random forest
regression can degrade by a factor of 2. This may be an acceptable level of accuracy, but
it is preferable to make a model using endmembers sourced from the drillcore datasets
themselves, if possible, to increase the accuracy of the regression. In this section the
endmembers are sourced, where possible, from the drillcore spectral data themselves. This
task is performed manually at this stage but is marked for automation in the future.

For each of the 3 drillcore two figures are shown. The first is a false colour image of
the downhole estimated mixing ratios of hematite, ochreous, and vitreous goethite where
the RGB values are determined from the relevant endmember mixing ratio. In this case
the red channel is brown (hematite), the green channel is orange (ochreous goethite), and
the blue channel is black (vitreous goethite). Alongside the down hole false colour image
are the individual mixing proportions averaged over 1 m, which are followed by the core
tray at 3 different depths down the core. The location of the core trays on the far right-hand
column are shown in the mixing ratio columns and are coloured according to the depth
ranges given in the core tray images.

The second is a 4-way subplot showing the iron boomerang for the drillcore coloured
in the same manner and shows the individual spectral endmembers, coloured according
to type, either selected from the drillcore or from the previously defined spectral library.
The use of endmembers defined from the data itself or from the library is clarified in those
individual results. It is noted that the sum of the mixing ratios in all the models for a given
spectral sample is one. A summary of the overall modelling error is given in Table 5 along
with the R2 value for each of the endmember types. The RMSE values in Table 5 assume
that endmembers selected are representative of the dataset. However, in cases where an
in-situ endmember cannot be reliably established the library endmembers are used and so
the true RMSE is most likely around 10%.

Table 5. The RMSE modeling error and R2 for each of the drillcore in question when 20% of the RFR
input features and known mixing ratios are held out for testing.

Hematite Ochreous Vitreous

Core 1 RMSE 0.04 0.04 0.04

R2 0.97 0.97 0.98

Core 2 RMSE 0.03 0.03 0.03

R2 0.98 0.98 0.98

Core 3 RMSE 0.05 0.04 0.05

R2 0.96 0.98 0.97

4.4.1. Drillcore 1

Drillcore 1 is primarily comprised of hematite and ochreous goethite with less than
20% of vitreous goethite (Figure 11). The false colour image of Figure 11 does reveal subtle
differences down hole and when combined with the mixing ratio plots allows us to define
some potential domains within the drillcore. The elevated hematite and vitreous goethite
from approximately 0 m–25 m are indicative of the so-called hardcap (highly weathered)
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zone. From 12 m to approximately 50 m the hematite content decreases while ochreous
goethite increases into a hydrated zone. From approximately 100 m on the ochreous and
hematite content would suggest the primary ore zone while the very last portion of the
hole has hard martite with magnetite but noted as a rapid increase in “vitreous content” is
indicative of a BIF.
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Figure 11. The first column is a false colour image of the downhole estimated mixing ratios where
the RGB values are determined from the relevant endmember mixing ratio and are colored as
per the mixing ratio columns (columns 2–4) of hematite (brown), ochreous goethite (orange), and
vitreous goethite (black). In columns 2–4 the mixing ratios are averaged over 1 m for the drillcore
and coloured by their respective endmember colours. Column 5 shows colour images of the trays
at specific locations in the drill core that show the range of ochreous and vitreous goethite and
hematite. The depths the core trays span are shown in colored text above each tray with their
locations corresponding to the coloured horizontal bar in columns 2–4.

Figure 12B–D show the endmembers used for drillcore 1. In this case the hematite
and ochreous endmembers are selected from the dataset while the vitreous endmembers
were supplied via the endmember library. The lack of vitreous in this case is evident when
the upper edge where hematite and vitreous mixtures occur is examined and, hence, the
choice of library endmember. The boomerang itself shows a drillcore dominated primarily
by hematite and ochreous goethite.

4.4.2. Drillcore 2

Drillcore 2 is approximately 60 m in depth. In Figure 13 the hematite content is found
to be suppressed and the ochreous and vitreous goethite dominant. In Tray A (13.3 to
15.7 m) the elevated ochreous and vitreous goethite content and the low hematite content
correspond to channel iron deposits (CID) sample overlying a soft hematite–goethite
section (Tray B 35 m–37.2 m). In Tray C (52.1 m–54.9 m), the increase in vitreous goethite
together with hardness is indicative of the hardcap zone. This finding is backed up by
an examination of the iron boomerang in Figure 14A, which shows very little in hematite
in the left-hand zone of the iron boomerang. The endmembers used for drillcore 2 are
entirely composed of library endmembers. In this case the distribution of the data in the
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iron boomerang did not have enough points in those areas where the endmembers are
known to reside. Hence the use of library endmembers.
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per the mixing ratio columns (columns 2–4) of hematite (brown), ochreous goethite (orange), and
vitreous goethite (black). In columns 2–4 the mixing ratios are averaged over 1 m for the drillcore
and coloured by their respective endmember colours. Column 5 shows colour images of the trays
at specific locations in the drill core that show the range of ochreous and vitreous goethite and
hematite. The depths the core trays span are shown in colored text above each tray with their
locations corresponding to the coloured horizontal bar in columns 2–4.
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Figure 14. (A) The false colour iron boomerang for drillcore 2 coloured in the same manner as the
downhole plots, (B) library selected hematite endmembers, (C) library selected ochreous goethite
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4.4.3. Drillcore 3

Drillcore 3 is 45 m thick with a clear 8 m zone of hematite noted at the top of the
core corresponding to the dehydrated zone (Figure 15). The ochreous goethite between
8 m–40 m is generally constant around 25–30% while vitreous goethite dominates the rest
of the core to approximately 40 m depth. This zone corresponds to the hardcap/hydrated
zone. Tray C (39.71 m–43.2 m) corresponds to the ore zone with a higher amount of friable
hematite and ochreous goethite and no vitreous goethite.

Figure 16 shows the calculated iron boomerang for drillcore 3 and the various end-
members used to form the RFR model in Figure 16B–D. In this case the library endmembers
were used for the ochreous goethite and in-situ endmembers for the hematite and vitre-
ous goethite.
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Figure 15. Application of the boomerang methodology to drillcore 3. The first column is a false colour
image of the downhole estimated mixing ratios where the RGB values are determined from the relevant
endmember mixing ratio and are colored as per the mixing ratio columns (columns 2–4) of hematite
(brown), ochreous goethite (orange), and vitreous goethite (black). In columns 2–4 the mixing ratios
are averaged over 1 m for the drillcore and coloured by their respective endmember colours. Column 5
shows colour images of the trays at specific locations in the drill core that show the range of ochreous
and vitreous goethite and hematite. The depths the core trays span are shown in colored text above each
tray with their locations corresponding to the coloured horizontal bar in columns 2–4.
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Figure 16. (A) The false colour iron boomerang for drillcore 3 coloured in the same manner as the
downhole plots, (B) in-situ selected hematite endmembers, (C) library selected ochreous goethite
endmembers, and (D) in-situ selected vitreous goethite endmembers.
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5. Discussion

The work presented herein demonstrated that the distinct shape formed by the scatter
plot of the Fe Oxide Wavelength and FWHM of the 6A1→4T1 Fe 3+ CFA is the product of
linear mixing of 3 iron oxides and oxy-hydroxides endmembers of hematite, ochreous, and
vitreous goethite. Secondly, it was shown that the distribution of the additional spectral
metrics, such as the Fe Oxide Asymmetry and the SWIR Drop-off, used to describe the iron
boomerang are also well distributed. This, in turn, was used to define an input feature
set which can be used to train a random forest regression model for the prediction of the
relative hematite, ochreous, and vitreous goethite mixing proportions.

While it was shown that the complete knowledge of the endmembers in a dataset
enables extremely good accuracy to be attained, on the order of 5% RMSE for all 3 iron-
bearing mineral types, a lack of representative hematite endmembers in the regression
model will elevate the RMSE to approximately 10%. However, by combining the Fe Oxide
Wavelength and Asymmetry into a scatter plot a means selecting the appropriate hematite
endmembers is found.

The results of applying the methodology to 3 diamond drillcore from the Hamersley
Province in Western Australia demonstrated that downhole domains are identifiable. The
benefits of applying the proposed methodology are better ore zone delineation, hardcap and
hydrated zone identification, the potential for more accurate resource modeling, and identi-
fication of potential problematic zones. If the outputs from the model are combined into
domaining or changepoint detection algorithms it would be expected that the boundaries
of the domains could be defined in an automated fashion.

6. Conclusions

This value of this work to estimate mixing ratios or proportions of hematite, ochreous,
and vitreous goethite was established and shows that previous work that focused on
hematite–goethite distinction only, or ochreous–vitreous goethite only can be represented
in a singular simple method. This work combined with spectral metrics related to the
6A1→4T1 Fe3+ CFA demonstrated that the averaged spectral response of iron ores are
inherently a product of linear spectral mixing. The novel aspect here is that the mixtures of
library endmembers can be defined by those spectral metrics rather than having to enact a
traditional spectral unmixing methodology.

The use of such spectral metrics combined with the known mixing ratios and a random
forest regressor is advantageous in scenarios where multiple spectral sensors might be used
to gather spectral samples. While the field of linear spectral unmixing is well established
many of the techniques assume that the spectral data are produced by a singular instrument.
In locations with sufficient spectral data volume and where the spectral endmembers can
be defined a regression model can be trained. This provides a means of using spectral
measurements from handheld field spectrometers to calculate the boomerang metrics
required for input to the regression model. In turn, the mixing ratios or proportions
of hematite, ochreous, and vitreous goethite can be inferred without having to directly
resample the spectra to other instrument wavelength specifications. This implies that
both instruments are hyperspectral. At its most basic the iron boomerang allows a visual
comparison of differing datasets collected from different instruments.

Further work will include a more detailed analysis of bedded iron deposits (BID)
drillcores with known and well-defined domains and an assessment of routines for the
automatic selection of spectral endmembers within the data. Additionally, this study did
not address the issue of compounding minerals, such as kaolinite and carbonate, and will
seek to incorporate that into future work. In samples containing additional minerals the
wavelengths and FWHM values may be shifted, and such cases may require the addition
of endmembers that represent them to avoid under or overestimation of the hematite,
ochreous and vitreous goethite proportions.
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