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Abstract: Currently, most mining companies conduct chemical analyses by X-ray fluorescence per-
formed in the laboratory to evaluate the quality of Fe ore, where the focus is mainly on the Fe
content and the presence of impurities. However, this type of analysis requires the investment of
time and money, and the results are often available only after the ore has already been sent by the
processing plant. Reflectance spectroscopy is an alternative method that can significantly contribute
to this type of application as it consists of a nondestructive analysis technique that does not require
sample preparation, in addition to making the analyses available in more active ways. Among the
challenges of working with reflectance spectroscopy is the large volume of data produced. However,
one way to optimize this type of approach is to use machine learning techniques. Thus, the main
objective of this study was the calibration and evaluation of models to analyze the quality of Fe from
Sinter Feed collected from deposits in the Carajas Mineral Province, Brazil. To achieve this goal,
machine learning models were tested using spectral libraries and X-ray fluorescence data from Sinter
Feed samples. The most efficient models for estimating Fe were the Adaboost and support vector
machine and our results highlight the possibility of application in the samples without the need for
preparation and optimization of the analysis time, providing results in a timely manner to contribute
to decision-making in the production chain.

Keywords: iron content; machine learning; reflectance spectroscopy

1. Introduction

Given the growing demand for minerals due to the increase in world population,
the decline in iron ore (Fe) deposit quality is a topic of global concern. Several factors
can interfere with the quality of this ore, including the reduction in Fe content in the
deposits and the presence of impurities, such as phosphorus (P), alumina (Al;O3) and silica
(SiO) [1]-

The lower the ore quality is, the greater the pressure on the deposits is due to the
increase in the amount of material to be removed from the mines, acceleration of the
production of tailings and waste, and the demand for a greater volume of water, energy
and other inputs used in the mine processing stage. Thus, a reduction in ore quality leads
to increased production costs, in addition to the significant impacts on the environment.

Brazil is privileged to have geological provinces of extreme relevance for the mineral
sector in its territory, including the Carajas Mineral Province (CMP), which represents a well-
preserved Archean terrain located in the Amazon Craton (Figure 1). The CMP is known for
being the first world producer of high iron content (>62% Fe) and the second most important
for areas of copper and gold deposits of the IOCG type (iron oxide, copper sulfides and gold),
with significant production of metals, such as manganese and nickel [2—4].
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Figure 1. Geological map showing the Carajas Mineral Province in the context of the Amazonian
Craton [5].

Currently, one of the main ways to evaluate the quality of iron ore produced at
any stage of the production chain of mining companies is through chemical analysis
methodologies of samples, which are analyzed by X-ray fluorescence (XRF) in the laboratory.
However, these analyses are time-consuming and often used only for quality control of
already-dispatched ore, considering that the results are not available in time to contribute
to decision-making related to the production process.

Thus, methods, such as reflectance spectroscopy, are faster alternatives that can provide
physicochemical and mineralogical information about Fe ore. In addition to optimizing the
response time of the analyses, one of the great advantages of using spectroscopy is that it is
a nondestructive method that does not require sample preparation.

One of the great challenges of working with reflectance spectroscopy is that in addition
to the need for specialized labor, this type of analysis generates a large volume of data,
which can be a hindrance for calibrating and validating the models. However, with
the advancement of technology in the last decade, the use of machine learning methods
has become more widespread for these purposes [6-8]. These methods contribute to
optimization of the data processing time and have increased the reliability of the results,
considering the possibility of developing more robust models [9].

Currently, studies using reflectance spectroscopy, together with hyperspectral imaging
and machine learning, are mostly focused on soil physicochemical and mineralogical
classification and environmental quality [10-19].

For the mineral sector, methodologies involving machine learning and reflectance spec-
troscopy are relatively recent developments and are not widespread approaches. Ref. [6]
used neural networks to classify Fe ore using spectroscopy in hematite, magnetite, chlorite,
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phyllite and granites. The authors suggest the implementation of algorithms for the primary
selection of Fe ore. In turn, ref. [7] achieved satisfactory results with hyperspectral imaging
data and machine learning for the study of tin-tungsten mines in northwestern Spain.
Furthermore, ref. [8] analyzed the performance of models to estimate concentrations of tin
and cassiterite ores using machine learning in deposits in Germany and southern Romania.

In this context, the research presented here is directed at the mineral industry. The
main objective is to analyze the feasibility of applying reflectance spectroscopy in the
VSWIR range (Visible, Near Infrared and Shortwave Infrared; 400-2500 nm) in association
with machine learning methods for monitoring the quality of the Sinter Feed produced in
inserted mines in the CMP, focusing mainly on estimation of Fe content.

2. Materials and Methods

In this study, two groups of samples were used, which included the Sinter Feed
Product (SFP) and Sinter Feed prepared in the laboratory (SFL), as well as their respective
chemical analyses performed by XRF. The methodology used follows the flowchart in
Figure 2 and is detailed in the following section.

{ ‘ Sinter Feed Sampling (N = 42) ’

1
I = 1

SFP (42 samples)l XRF
-| SFL (42 samples) 42 samples
A
Reflectance
Spectroscopy

Gap Correction
|

Removal of
Continuum

Spectral Library ‘

= — . —

Dataset Dataset ‘ Dataset
1(C1) | 2(Cl) | ] 1(C)

!

*Model Training: Random Forest, Adaboosting,

K-Nearest Neighbor and Support Vector D
Machine

Dataset
2 (C-ll)

*Validation: R?, MSE and MAE

Figure 2. Flowchart showing the methodology used: * SFP—Sinter Feed Product; SFL—Sinter Feed
Prepared in Laboratory; XRF-X-ray Fluorescence; R%2—coefficient of determination; MSE—mean
square error; MAE—mean absolute error.



Al2022,3 557

Table 1 shows the XRF analyses of the studied samples. The data were organized
according to the nomenclature of the samples and the arrangement of the respective major
and minor elements. In turn, in the lower rows of the table, there is the mean and the
demonstration of the minimum and maximum values of each element analyzed.

Table 1. X-ray fluorescence (XRF) data of the 42 samples used for model validation training. Column
1 shows the nomenclature of the samples, the first row is the analyzed elements, and the lower
portion of the table shows the basic statistical analyses.

Sample Fe SiO, P Al,O3 Mn TiO, CaO MgO K,O

CN_10551 61.12 0.39 0.43 2.82 0.018 0.402 0.006 0.030 0.006
CN_10552  61.76 0.40 0.46 2.49 0.018 0.407 0.006 0.027 0.007
CN_10554 61.99 0.43 0.41 2.44 0.019 0.253 0.006 0.027 0.006
CN_10556  60.45 0.35 0.52 2.90 0.018 0.482 0.006 0.026 0.005
CN_10558  60.46 0.32 0.54 2.93 0.018 0.497 0.006 0.025 0.005
CN_10560 61.13 0.34 0.46 242 0.018 0.404 0.006 0.026 0.007
CN_10561  62.56 0.45 0.32 1.94 0.020 0.190 0.006 0.028 0.007
CN_10563  63.26 0.48 0.26 1.69 0.020 0.245 0.006 0.034 0.008
CN_10564  64.00 0.67 0.21 1.47 0.022 0.176 0.006 0.035 0.010
CN_10566  63.56 0.59 0.25 1.58 0.020 0.167 0.006 0.027 0.011
CN_10568 61.93 0.41 0.41 2.15 0.018 0.424 0.006 0.025 0.007
CN_10569  62.45 0.40 0.32 1.77 0.018 0.197 0.006 0.025 0.007
CN_10573  63.94 0.89 0.21 1.52 0.011 0.200 0.006 0.025 0.004
CN_10574 63.89 0.63 0.22 1.44 0.015 0.192 0.006 0.030 0.004
CN_10576  61.61 0.58 0.37 1.88 0.008 0.239 0.006 0.025 0.004
CN_10577  62.77 0.93 0.27 1.45 0.012 0.215 0.006 0.025 0.004
CN_10578  63.18 0.46 0.26 1.43 0.008 0.219 0.006 0.025 0.004
CN_10579  62.18 0.58 0.23 2.68 0.010 0.279 0.008 0.025 0.004
CN_10580  63.54 0.66 0.21 1.45 0.015 0.204 0.006 0.025 0.004
CN_10581 62.43 0.63 0.18 2.45 0.010 0.231 0.006 0.025 0.004
CN_10582  61.98 9.65 0.01 0.41 0.112 0.042 0.006 0.100 0.004
CN_10583 5821 1491 0.01 0.60 0.134 0.048 0.006 0.105 0.004
CN_10584 4141 3945 0.01 0.37 0.023 0.067 0.006 0.096 0.004
CN_10585 68.24 1.21 0.01 0.22 0.038 0.040 0.006 0.124 0.004
CN_10759  62.92 0.58 0.35 227 0.010 0.190 0.007 0.050 0.009
CN_10760  64.37 0.63 0.36 1.33 0.015 0.084 0.007 0.057 0.012
CN_10762  65.66 0.72 0.14 0.97 0.013 0.082 0.008 0.062 0.016
CN_10764  64.80 0.56 0.17 1.18 0.011 0.131 0.008 0.046 0.009
CN_10765 66.11 0.71 0.06 0.60 0.016 0.068 0.008 0.064 0.010
CN_10553  61.97 0.39 0.38 225 0.018 0.257 0.006 0.027 0.007
CN_10557  62.15 0.57 0.36 2.29 0.018 0.160 0.006 0.031 0.007
CN_10559 61.12 0.36 0.46 2.44 0.018 0.410 0.006 0.025 0.006
CN_10562  63.34 0.47 0.29 1.61 0.019 0.190 0.006 0.028 0.007
CN_10565  64.44 0.49 0.23 1.29 0.020 0.139 0.006 0.034 0.007
CN_10567  62.06 0.51 0.35 241 0.019 0.418 0.006 0.027 0.008
CN_10575 62.62 0.82 0.22 1.97 0.015 0.224 0.006 0.025 0.004
CN_10757  62.78 0.56 0.45 1.90 0.010 0.126 0.006 0.043 0.009
CN_10761  64.85 0.60 0.26 1.27 0.009 0.099 0.007 0.045 0.013
CN_10763  65.35 0.62 0.13 0.98 0.010 0.094 0.007 0.046 0.010
CN_10766  65.38 0.61 0.13 1.11 0.014 0.131 0.007 0.056 0.008
CN_10550  60.55 0.38 0.47 3.03 0.017 0.436 0.006 0.028 0.004
CN_10555 63.26 0.48 0.26 1.69 0.020 0.245 0.006 0.034 0.008

Min 4141 0.32 0.01 0.22 0.008 0.040 0.006 0.025 0.004
Max 68.24  39.45 0.54 3.03 0.134 0.497 0.008 0.124 0.016
Average 62.42 2.04 0.28 1.74 0.021 0.222 0.006 0.040 0.007

2.1. Sinter Feed Samples

In this study, the database containing Sinter Feed samples and their respective XRF
analyses was extracted from [20]. The samples were divided into two groups (Figure 3).
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The first group comprises 42 samples of SFP, which corresponds to the material of the
crushed mining front and has a particle size ranging from 6.3 to 0.150 mm. The second
group includes the same 42 samples of SFL that underwent spraying and drying processes,
resulting in a more homogeneous particle size.

CN_10551 CN_10563 CN_10566

SFP >>

SFL >>

Figure 3. Photographs of the Sinter Feed product samples and their corresponding samples prepared
in the laboratory.

2.2. Acquisition and Processing of Reflectance Spectra

The instrument used to acquire the reflectance data in the VSWIR interval was the
FieldSpec 4 High-Resolution Next Generation high-resolution spectroradiometer coupled
with the Turntable reading device, both of which are from the Analytical Spectral Devices
manufacturer [21]. FieldSpec 4 Hi-Res NG detects electromagnetic radiation in the spectral
range between 350 nm and 2500 nm, with spectral resolutions of 3 nm (@700 nm) and 6 nm
(@1400 nm /2100 nm). The sampling intervals are 1.4 nm between 350-1000 nm and 1.1 nm
in the range of 1000-2500 nm, with 2151 channels. The reflectance data were generated
from measurements of energy reflected by the target in relation to a reference material
(Spectralon) in the entire VSWIR range.

The reading of the spectra was performed using RS® software in conjunction with
Turntable and FieldSpec 4 equipment. The samples were placed in Petri dishes with
dimensions of 150 mm X 15 mm to obtain readings through the spectroradiometer. Each
sample was measured 100 times with 50 scans. Thus, each spectrum used in the spectral
characterization corresponds to an average of 5000 readings.

In the preprocessing step of the spectra, gap correction was performed, considering
that the FieldSpec 4 Hi-Res NG has three different sensors, and in the sequence, the average
of the 100 spectral readings collected was calculated. This procedure allows the reduction
in noise and artifacts that may hinder the interpretation of the absorption features.

The corrected spectra were processed using open-source software ViewSpecPro version
6.2.0 [21]. In this step, the continuum was removed, the main purpose of which was to
eliminate or reduce the effects unrelated to the properties of interest for the analyzed targets
and to highlight the absorption features of the spectra [22-24]. The continuum removal
technique generates normalized data, in which all information is represented on the same
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order of magnitude, on a scale of zero to one, and it is compared with the same level
of relevance.

Finally, after processing the spectra, wavelength versus reflectance factor plots were
prepared to compose the spectral libraries with the SFP and SFL data.

2.3. Datasets

To calibrate and validate the models, two datasets were organized for SFP and
two were organized for SFL, with the first considering the broadest spectrum in the range
of 400 to 2500 nm (Calibration 1, or C-I) and the second considering the range of 400 to
1310 nm (Calibration 2, or C-II). The C-II data focused on the characteristic features of
iron oxides and hydroxides, which are generally observed in the visible and near-infrared
(VNIR) region at 670, 860 and 900 nm.

2.3.1. Modeling Procedures

The spectral measurements were acquired in the SFP (1 = 42) and SFL (n = 42) sam-
ples. For each sample, 100 spectral readings were performed, considering an average of
25 readings, resulting in four spectra per sample and a database of 169 spectra for SFP and
169 for SFL.

The models were trained to estimate the iron contents of the sample sets from the
regression relationship found by the machine learning methods, the spectral bands and the
iron contents analyzed by XREF. In the composition of the database, 70% of the data were
used for training (118 spectra) and 30% were used for model validation (51 spectra). The
selection of samples for training and validation of the methods was performed randomly.
In the case of training, the C-I and C-II datasets organized for both SFP and SFL were used.

Models that have shown satisfactory results in studies developed by different authors
involving reflectance spectroscopy were tested [14,15]. Among these models, four that
showed the best performance for the dataset analyzed were selected in this study: the
Random Forest (RF); Adaboost (ADB); K-Nearest Neighbor (k-NN); and support vector
machine (SVM).

The software used in this step was Orange Canvas, which is open source and has data
visualization through streams. The choice of Orange Canvas was based on its characteristic
of qualitative analysis, where the graphical interface allows a greater focus on exploratory
analysis of the data instead of programming codes. It already has several open-source
Python libraries, such as numpy, scipy and scikit-learn, and thus, several machine learning
algorithms are available for testing and evaluating models [25].

2.3.2. Random Forest (RF)

An RF comprises a set of decision trees that vote together for a classification. Each
tree is constructed by chance and randomly selects a subset of resources from a subset of
data points. The tree is trained in these data points (only in the selected characteristics),
and the rest “out of the basket” are used to evaluate the tree. RF is known to be effective in
preventing overfitting [26]. After reaching a certain number of trees, the overfitting remains
constant, and no superior performance is achieved.

This method works efficiently on large volumes of data as it works with the training
data and thus the algorithm seeks the best conditions and where to insert each one into the
flow [27].

For this study, 30 trees were used, with several attributes considered in each division
of five. In the tests, it was observed that values greater than 30 did not bring performance
gains in the result and thus would result only in computational overload.

2.3.3. Adaboosting (ADB)

The ADB is a machine learning method that uses multiple classifiers based on a
combination of classifiers with lower accuracy, where the result produces a classifier
with higher accuracy. Thus, for data training, the method induces the interaction of
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these various classifier models, and at each interaction, the boosting method generates
a hypothesis. Each new hypothesis generated has the objective of correcting the errors
resulting from the previously tested hypotheses. The process is repeated until the training
stage is completed [28].

A total of 100 tree-type estimators were adopted, with a maximum learning rate of one.
The criterion adopted was empirical, and the increase in the number of estimators above
that adopted did not result in a significant improvement in performance for the model.

2.3.4. K-Nearest Neighbor (kNN)

The kNN algorithm is a simple model used in both classification and regression
problems that predict future values based on past recorded values. In this method, the
variable “K” will direct the number of neighbors; thus, the algorithm searches for the
desired values closest to that point based on the distances of its “K” closest neighbors [29].

According to [30], the calculation to determine the closest neighbors can be performed
using various mathematical methods to calculate the distance between two points, accord-
ing to the following equations:

Euclidean distance : d(p,q) = Z?:l (0 — qi)2 1)

Distance from Manhatten : d(p,q) = Z?:l lo—q )

Mahalanobis distance : d(p,q) =

2
ZH (0 —q) 3)

i=1 2
G

Chebyshev distance : d(p,q) = maxy|ox — q| 4)

In determining the values to be assigned to “K”, if they are very low, they will be
affected by noise in the data to influence the final result obtained, which makes it more
sensitive to very close regions, which may result in overfitting. However, very high values,
with the generation of several neighbors, can generate more robust models [31].

The metric adopted for the method was the Euclidean distance, with uniform weights,
which showed the best performance based on empirical tests. The number of neighborhoods
used was 10, specified by calculating the approximate square root of the total number of
data applied to train the model.

2.3.5. Support Vector Machine (SVM)

The SVM was initially developed with a focus on the solution to binary classification
problems. Subsequently, the technique was improved and used for multiclass classification
and regression problems [32].

The concept of SVM is the separation of data into classes; for this purpose, the algo-
rithm creates hyperplanes, where each data point belongs to the training base and is plotted
as a point in n-dimensional space and with reference to a coordinate. Thus, classification is
performed with the objective of finding the hyperplane that will differentiate classes [11].

The parameters adopted for the SVM method were the standard configurations of the
estimator present in the Orange Canvas software, with a limit interaction number of 50.

2.4. Validation of Predication Models

Different statistical metrics were used to evaluate the prediction accuracy of the
models, including the coefficient of determination (R?), mean absolute error (MAE), and
mean square error (MSE) [33,34]. These metrics made it possible to evaluate the accuracy
of the machine learning models, comparing the estimated Fe values for each method with
the respective levels analyzed by XRF.
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3. Results

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Physical and Spectral Characterization of the Sinter Feed

Figure 4 shows the spectral library used for the calibration and validation datasets of
the Fe content estimation models. Figure 4A shows the SFP spectra used for C-I and C-II
Following the same logic, Figure 4B shows the corresponding SFL samples. The graphs
show the reflectance values normalized by removal of the continuum on the Y axis and the
wavelength on the X axis.
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Figure 4. Reflectance spectra normalized by removal of the continuum from the samples used in
model training: (A) Spectra obtained in the SFP samples, showing the database used for C-I and C-II;
(B) Mean of the SFL spectra used for C-I and C-II. The absorption bands relevant to the study are
highlighted in the spectra. SFP—Sinter Feed Product; SFL—Sinter Feed prepared in the laboratory;
C-I—Calibration 1; C-II—Calibration 2.

The spectra of the SFP and SFL samples show some similarities; for example, both
have absorption features in the VNIR region at approximately 860 and 900 nm. However,
when dealing with the sprayed samples, some features were well attenuated, both for VNIR
and SWIR. In the case of VNIR, this attenuation was observed at 670 nm, and in SWIR, it
was observed at 1400, 1950 and between 2135 and 2500 nm.

The reflectance spectra, as well as photographs of the representative samples of the
Sinter Feed, with higher and lower Fe contents, are shown in Figures 5 and 6. In analyzing
the spectra, the VNIR region for both SFP and for SFL at 860 nm, has a deep absorption fea-
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ture for sample CN_10585 and is relatively more discrete for sample CN_10584. Conversely,
at 900 nm, marked features are observed for samples CN_10564, CN_10563, CN_10556 and
CN_10550 (Figure 5A,B). In the region of 670 nm, for SFP, all samples showed absorption
features, which were less pronounced for CN_10585 and CN_10584. For samples prepared

in the laboratory, the region’s feature was attenuated (Figure 5B).

Normalized reflectance — Offset in Y values

Figure 5. (A,B) Reflectance spectra normalized by removing the continuum of sinter feed product
(SFP) samples and their equivalent prepared in the laboratory (SFL). The diagnostic features of
hematite (Ht) samples, which can be observed at 860 nm (CN_10585, CN_10584, and CN_10564), and
goethiteitic (Gt) samples, which occur close to 900 nm, stand out in both the SFP and SFL spectra
(samples CN_10563, CN_10556 and CN_10550). The absorption features that occur at 670 nm, which
indicates F3*, and at 1380 and 1950 nm, which indicate the presence of H,O, occur only in the SFP
spectra and are attenuated in the SFL spectra. (C) Comparison of the SFP and SFL samples showing
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Figure 6. Reflectance spectra normalized by removing the continuum of sinter feed product (SFP) sam-
ples and their equivalent prepared in the laboratory (SFL). The figure shows in detail the absorption
features in the SWIR region that occur mainly for SFP.

Regarding the physical characteristics, the Sinter Feed samples can be divided into
two groups: (i) Sinter Feed with particle size ranging from fine to medium, with dark red
to black tones. This group is represented by samples CN_10585, CN_10584 and CN_10564,
and when subjected to the process of spraying and drying in the laboratory, the black
samples tend to result in reddish tones (Figure 5C); (ii) Sinter Feed with coarse particle size,
light red tones and cohesive texture. The CN_10563 sample represents this group, and after
spraying, it maintained its reddish color (Figure 5C).

In the SWIR region, for SFP at 1380 and 1950 nm, there are features related to H,O
and OH (Figure 5A). Conversely, between 2200 and 2500 nm, the features are commonly
linked to contaminants, such as AI-OH, Mg-OH, CO3; and OH (Figure 6). These features
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are observed for nearly all samples in Figure 6, with the exception of CN_10585. For the
SFL spectra, these features were masked in all spectra shown in Figure 6.

3.2. Iron Estimation Models

The models tested here, RF, ADB, kNN, and SVM, provided different forecasting
precision for the Fe concentrations of the Sinter Feed samples (Table 2). The table with the
evaluation statistics of the models was divided into two parts, one with the evaluation of
the models calibrated with the SFP samples (A) and another for the SFL samples (B). In
both cases, the R?2, MSE and MAE statistics are presented for the models calibrated with
the spectra of the C-I and C-II libraries.

Table 2. Results of the model statistics for the estimation of Fe contents using the reference spectra
(C-Iand C-II) and the XRF analyses.

(A) SFP
* C-I: 400 to 2500 nn
Model R? MSE MAE
RF 0.768 0.559 0.638
ADB 0.801 0.479 0.554
kNN 0.680 0.771 0.717
SVM 0.865 0.325 0.450
* C-II: 400 to 1310 nm
RF 0.670 0.795 0.728
ADB 0.725 0.662 0.685
kNN 0.627 0.898 0.760
SVM 0.758 0.584 0.676
(B) SFL
* C-I: 400 to 2500 nm
Model R? MSE MAE
RF 0.777 0.536 0.567
ADB 0.837 0.392 0.507
kNN 0.724 0.664 0.677
SVM 0.878 0.295 0.451
* C-II: 400 to 1310 nm
RF 0.884 0.280 0.452
ADB 0.872 0.308 0.935
kNN 0.732 0.647 0.650
SVM 0.795 0.493 0.569

The models tested with the spectra of the C-I dataset for SFP with the best perfor-
mances were ADB and SVM (Table 2). In the case of ADB, R? = 0.801, MSE = 0.479, and
MAE = 0.554. For SVM, R? = 0.865, MSE = 0.325, and MAE = 0.450. On the other hand,
the RF and kNN showed lower performances, with R? < 0.768, MSE and MAE > 0.559. All
models trained with the C-II dataset showed lower performance compared to C-I (Table 2),
with R? ranging from 0.627 to 0.758, MSE between 0.584 and 0.898 and MAE between 0.676
and 0.760.

The results of the SFP Fe estimates performed by the tested model dataset C-I can
be seen in Figure 7A and with dataset C-II in Figure 7B. In the graphs, the levels of Fe
analyzed by XRF are on the X axis, and the levels estimated by the models calibrated in
this study are on the Y axis.
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Figure 7. (A) Results of the models for estimating Fe tested with the SFP samples with the C-I spectra,
showing better ADB and SVM performances. (B) Results of the models for estimating Fe tested with
the SFP samples with the C-II spectra, showing that the models were not efficient in estimating the Fe
content when reducing the spectrum to 400-1310 nm.

Corroborating the results presented in the statistical table, the graphs show that the
predictions made with ADB and SVM were more efficient in estimating the Fe content
in SFP and C-I (Figure 7A). In this case, the samples are better fitted with the trend lines
plotted in the graph. On the other hand, for both RF and kNN, the samples are more
scattered and more distant from the line. Furthermore, the graphs of the Fe contents
estimated with the C-II dataset also show a large dispersion between samples for the four
models tested (Figure 7B).

The models calibrated with the C-I and C-II datasets of the samples of SFL showed
very similar performances (Table 2). The best performances are observed in the RF, ADB
and SVM models, with R? ranging from 0.777 to 0.884, MSE between 0.280 and 0.536, and
MAE between 0.452 and 0.935. The kNN model had the worst performance, with R? values
between 0.724 and 0.732, MSE values between 0.647 and 0.664, and MAE values between
0.650 and 0.677.

The results of the SFL Fe estimates performed by the models tested with the C-I and
C-II datasets were plotted together with the Fe contents analyzed by XRF in the graphs of
Figure 8A,B, respectively. In general, the arrangement of the samples in the graphs shows
good alignment with the trend line for the RF, ADB and SVM models for both C-I and C-IL
In contrast, the samples in the kNN plot are more dispersed for the entire analyzed dataset,
thus corroborating the evaluation of the statistical data in Table 2.
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Figure 8. (A,B) Results of the models for the estimation of Fe tested with the Sinter Feed samples
prepared in the laboratory with the C-I and C-II spectra, respectively. The graphs show good
alignment of the samples for RF, ADB and SVM. For kNN, the samples are more dispersed.

4. Discussion

The CMP, together with the Iron Quadrangle (in southeastern Brazil) and Hamers-
ley Province (in western Australia), hosts the largest deposits of high-content Fe in the
world [35]. Pioneer studies conducted in the Carajas Province showed that the high-
grade ore in the region is commonly associated with paragenesis containing hematite
as an essential mineral. However, lower mineralization levels are also associated with
intermediate-grade magnetite-carbonate or hematite-carbonate paragenesis, in addition to
the formation of banded and goethite formations [36]. In general, high-grade ore occurs
in the form of tabular bodies of friable to soft hematite containing smaller lenses of hard
hematite [35].

The average percentage of Fe observed in the set of samples studied here is 62%,
with the lowest value occurring for sample CN_10584 (41%) and the highest for sample
CN_10585 (68%). Regarding the other elements, the means are 2.0% for SiO,, 0.28% for P,
1.74% for Al,O3, 0.021% for Mn, 0.022% for TiO,, 0.040% for MgO, 0.006% for CaO and
0.007% K,O (Table 1).

Samples with lower Fe contents have higher SiO; contents, for example, as samples
CN_10583 (Fe = 58%) and CN_10584 (Fe = 41%), with silica contents of 14 and 39%,
respectively, which may represent the reflection of lithological variation and possible
associations with the Cangas [20]. In addition to SiOj, it was not possible to observe a very
clear relationship between Fe and the other elements analyzed.

Regarding contaminants, especially S5iO,, most of the samples are within the expected
limit (SiO; < 0.6%) to maintain the quality of the ore for steel production, using [37] as
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a reference, except for samples CN_10582, CN_10583 and CN_10584, which have SiO,
contents varying from 9-39%.

Regarding phosphorus (P), the mean content observed in the sample set was ap-
proximately 0.2% (Table 1). According to [1], this element is commonly associated with
secondary iron oxides, such as limonite, goethite, secondary hematite, and minerals rich in
alumina, including clay and gibbsite, and apatite/hydroxyapatite in magnetite ores. Such
minerals will influence different regions of the spectrum.

The evaluation of the XRF chemical analyses contributed to interpretation of the
spectral curves of the dataset as the physicochemical and mineralogical characteristics of a
given material directly influence its reflectance spectra. Such information can be obtained
by analyzing the depth and location of the absorption features of each material [38].

In the spectra evaluated here, the most developed absorption features are in the VNIR,
which is the region with the best response for the characterization of iron oxides and
hydroxides [38]. The features observed at 485 nm (SFL) and 488 nm (SFP) can be explained
by the transfer of charges, which are common phenomena in oxides [39].

Pioneering reflectance spectroscopy studies revealed that the position of the absorption
feature between 850-1000 nm is a function of the composition of Fe oxides and hydroxides,
in which pure hematite is characterized in the range of ~860 nm and pure goethite in
~920 nm [40]. Thus, the comparison of the spectra of the samples illustrated in Figure 5
suggests that samples CN_10585, CN_10584 and CN_10564 are more hematinic, while
the others have spectral characteristics of goethite. Nevertheless, in the VNIR region, it
is possible to observe that the hematite samples have more subtle absorption features at
670 nm compared to the goethite samples. These features are commonly associated with
F3+ [40].

Even if hematite samples are commonly associated with high Fe content [35], it is
important to evaluate the presence and influence of contaminants (Figure 6). For example,
sample CN_10585 shows a very characteristic spectral curve of hematite, low values of
contaminants, such as silica, alumina and P (5iO, = 1.21; P = 0.01; Al, O3 = 0.22), and high
iron content (Fe = 68%). In turn, between 2200 and 2500 nm, it was not possible to observe
significant absorption features for the spectrum of this sample (Figure 6).

In contrast, the CN_10584 sample, which also has a diagnostic spectral curve of
hematite (Figure 5), showed an absorption feature close to 2200 nm (Figure 6), which may
reflect the presence of the silica observed in Table 1, where SiO; = 39%. Thus, even if the
spectrum suggests the presence of hematite, this sample has the lowest iron content of the
studied set (Fe = 41%).

Comparing the spectra of the three goethite samples, it is possible to observe absorp-
tion features between 2100 and 2500 nm (Figure 6). These features may be related to the
presence of contaminants or even FeOH. The CN_10563 sample exhibits a very subtle
feature at approximately 2300 nm, and the XRF result shows a relatively high iron content
(Fe = 63%) and no significant contaminant content (SiO; = 0.62; P = 0.13; Al,O3 = 0.98).
Conversely, samples CN_10556 and CN_10550, which have relatively lower iron contents,
at approximately 60%, exhibit slightly deeper absorption features in the 2310 nm range,
which can be explained by the high phosphorus contents (P = 0.47 a 0.52%) and alumina
(A12 03 =29to 3.00/0).

The SFP spectra have absorption features at 1380 and 1950 (Figure 5A). These features
do not occur for SFL (Figure 5B), and according to Clark (1999), they are commonly
associated with the presence of H,O or OH. Regarding the spraying and drying process,
within the scope of spectral characterization, the results discussed here showed that there
were no significant gains in making the samples homogeneous and without moisture,
considering that several absorption features were attenuated for SFL, which made it a factor
that hinders qualitative analysis.

Identification of the typical absorption features of hematite and goethite corroborates
the information about the Sinter Feed mineralogy extracted from the physical descriptions
of the samples. In this case, CN_10585, CN_10584 and CN_10564, which showed features
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in the 860 nm region (characteristic of hematite), were physically described as friable
hematites with fine to medium particle size and dark red to black color when produced,
which changed to dark red tones when prepared in the laboratory (Figure 5C). Conversely,
the CN_10563 sample selected to represent the group of goethite samples, which showed
an absorption feature at approximately 900 nm, has a coarse particle size with a cohesive
texture, characteristic of cangas, typical of the Carajas Formation [20]. The sample is
also light red when used as a product and darker red when prepared in the laboratory
(Figure 5C). Despite its relatively high Fe content, due to its physical characteristics and
the presence of impurities, processing the canga is more laborious than processing friable
hematite [20].

Comparing the performance of the tested algorithms with the C-I and C-II spectra
used to estimate the SF content of Fe, it is not possible to notice very significant differences
between them. In both cases, the best estimates were made using the RF, ADB, and SVM
models, in which the statistical metrics showed lower MSE and MAE values and the highest
R? values. In contrast, the kNN method showed lower efficiency for estimating Fe contents
and was thus less suitable for this purpose.

Regarding the algorithms trained with the SFP spectral library, the best results were
achieved using the C-I spectra, with the ADB and SVM being more efficient in estimating
the Fe contents. Already restricting the spectrum region, in the case of C-II, none of the
algorithms showed satisfactory results, with low R? values and relatively high MSE and
MAE values.

Comparing the best results of the calibrated SFP models with the SFL results, it was
found that there is no significant difference between the performance of the models. In
the case of the Sinter Feed product (C-I), the ADB and SVM algorithms showed R? values
between 0.801 and 0.865, MSE values between 0.325 and 0.479 and MAE values between
0.450 and 0.554. For SFL (C-I and C-II), the RF, ADB and SVM showed R? values between
0.777 and 0.884, MSE values between 0.295 and 0.493, and MAE values between 0.451
and 0.935.

5. Conclusions
The main contributions of this study are listed as follows:

- Spectrally, there were no gains with the preparation of the Sinter Feed samples in the
laboratory as with the drying and spraying procedures, the particle size of these sam-
ples became more homogeneous, thus attenuating the VSWIR absorption features used
for qualitative and quantitative analyses of the physicochemical and mineralogical
properties of the Sinter Feed.

- The absorption features located in the VNIR region (~860 nm) enabled the identifica-
tion of more hematitic (CN_10585, CN_10584 and CN_10564) and goethite samples,
starting at 900 nm (CN_10563, CN_10556 and CN_10550). This information corrobo-
rated the physical characterization of the Sinter Feed, in which the hematitic samples
were described as the most friable material with fine to medium particle sizes and
colors between red to black (when product) and dark red (when sprayed). On the
other hand, the goethite samples had coarser particle sizes and colors varying in
shades of red, both for the Sinter Feed product samples and for the samples prepared
in the laboratory.

- The best Fe estimates for SFP were made with the ADB and SVM models, using only
the C-I dataset, which is in the spectral range of 400 to 2500 nm.

- For SFL, the RF, ADB and SVM models were more efficient for estimating Fe us-
ing both the C-I and C-II libraries. Conversely, kNN is the least recommended for
this application.

- The possibility of calibrating models, such as SVM and ADB, using only the Sinter
Feed spectra without sample preparation opens space to discuss the operationalization
of these methods in the processing plant routine.
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- Finally, we suggest calibration and evaluation of models using reflectance spectroscopy
and XREF to estimate contaminants, such as phosphorus, silica, manganese and alumina.
We also suggest that other algorithms could be tested to improve the results presented
here, such as decision trees and artificial neural networks.
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