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Preliminary assessment of coal 
blend quality combining gamma-
ray spectrometry and magnetic 
susceptibility: A case study of the 
Sabinas Basin, Mexico
by J.A. Batista-Rodríguez1 and F.J. López-Saucedo1

Synopsis
A new methodology is proposed for the preliminary assessment of coal blend quality, which combines 
gamma-ray spectrometry and magnetic susceptibility measurements. This methodology does not replace 
the conventional methods of assessing coal quality, but can help to control the quality of the coal blending 
process, as well as reduce the amount of proximate analysis required and the determinations of calorific 
value and total sulphur. The methodology includes five steps. First, both geophysical measurements are 
made with handheld equipment. The samples with magnetic susceptibility ≤ 1 × 10-3 SI are then separated. 
From  these samples, those with total gamma intensity ≤ 20 nGy/h are separated. These samples have a 
higher calorific value and lower ash and moisture content. To separate the samples of better quality 
and with lower total sulphur content, in step four the samples with total gamma intensity > 20 nGy/h 
are separated from those with magnetic susceptibility ≤ 1 × 10-3 SI. This last group includes samples 
that will cause less total sulphur-related environmental pollution. In the final step, the quality of both 
radioactive sample groups is corroborated from the calorific value measurement and ash, moisture, and 
total sulphur contents in at least 10% of all coal blend samples from both groups. In this study, more than 
1000 samples were analysed with this new methodology, and the results are remarkably similar to the 
ASTM classification of the Sabinas Basin coals.
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Introduction
According to the Energy Information Administration (EIA, 2019), coal is an essential resource for the 
development of humanity, mainly as regards its use in electricity generation. The EIA (2019) indicates 
that the consumption of electrical energy will increase substantially in the coming years. This implies 
increased coal consumption and consequently a greater need to check the quality of the coal used for 
this purpose (Taole, Falcon, and Bada, 2015), in order to achieve higher efficiency in the process and to 
mitigate environmental pollution (North, Engelbrecht, and Oboirien, 2015; Jingchao, Kotani, and Saijo, 
2019). Reducing the impact of coal burning implies reducing environmental pollution (Munawer, 2018), 
and therefore, decreasing the impact on the lungs, immune system, heart, reproductive system, brain, and 
DNA (Gasparotto and Da Boit Martinello, 2020). Increased coal consumption leads to the use of different 
coals, some of which are low-quality coal. Different coals may be blended to obtain a product with the 
minimum required quality. Blending is widely used in the coal industry to provide the best quality coals 
for a power plant so as to reduce energy production costs (Li et al., 2019). 

Although Mexico is not among the chief coal-producing countries (EIA, 2010) this resource 
is intensively mined in the Sabinas Basin of northeastern Mexico and is mainly used in electricity 
generation (Corona-Esquivel et al., 2006). Generally, coal blends are used, spalling the coal in this basin 
ranges in rank from lignite to sub-bituminous with different quality characteristics (Corona-Esquivel 
et al., 2006). Coal blends are prepared to ensure the optimal efficiency of combustion and reduce the 
emission of pollutants to the environment (Yörükoğlu, 2017). The quality of coal is ascertained by 
proximate analysis to determine the ash and moisture contents, and also from the calorific value and 
total sulphur content (Speight, 2005). Performing these analyses on a large volume of samples is time-
consuming and requires various types of laboratory equipment, making it an expensive process (Acikkar 
and Sivrikaya, 2018). 
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In other regions of the world, some of these coal quality 
parameters have been estimated using geophysical logs, such as 
density, gamma-ray, and resistivity (Kayal and Das, 1981; Borsaru 
et al., 1985; Yusefi and Ramazi, 2019). The physical properties of 
geological materials depend on their mineralogy, texture, and 
structure (Schön, 2011). Therefore, geophysical measurements 
can be related to the properties of the samples determined in the 
laboratory (e.g., ash content, humidity, sulphur, calorific value). 

Gamma-ray spectrometry (GS) and magnetic susceptibility (k) 
characterize the mineralogical composition, texture, and structure 
of the geological materials (Clark, 1997; Bábek et al., 2010; 
Parzentny and Róg, 2019). Both these geophysical techniques can 
be performed with portable equipment, resulting in a relatively 
fast and inexpensive procedure (Hladil et al., 2006; Bábek et al., 
2010; Habib et al., 2018; Hassan et al., 2018; Martin et al., 2018; 
Lam et al., 2020). Magnetic susceptibility is a physical property 
directly related to the concentration, distribution, and grain size 
of magnetic minerals (Carmichael, 1989). In coal, these minerals 
are mainly oxides, sulphides, clays, and carbonates (Speight, 2005; 
Thomas, 2013). 

From the GS measurements, the natural gamma radioactivity 
of geological materials is obtained. Radioactivity is expressed in 
terms of the content of potassium (K) in per cent, and uranium 
(U) and thorium (Th) in ppm. Such content is related to the 
mineralogical composition (Schön, 2011). Particularly in coal, the 
natural gamma radioactivity is related to its organic and mineral 
matter. Specifically, uranium may be associated with organic 
matter (Duan et al., 2018; Parzentny and Róg, 2019). Furthermore, 
uranium as well as Th and K, may be associated with minerals 
such as clays, monazite, zircon, rare earths, and phosphates 
(Swaine, 1990; Dai and Finkelman, 2017; Parzentny and Róg, 2019). 

From measurements of k with portable equipment (e.g., 
KT-10 and SM-30), the magnetic mineralogy of soils has been 
characterized, and with it, contamination with heavy metal 
(Martin et al., 2018). Similarly, chemical processes in tailings, such 
as pyrite oxidation, have been studied (Lam et al., 2020). Also, in-
situ gamma-ray spectrometry measurements have been performed 
to determine the concentration of radionuclides in soil (Habib et 
al., 2018; Hassan et al., 2018). Such measurements showed a strong 
correlation with laboratory measurements (Hassan et al., 2018). 
The gamma-ray spectrometry measurements in some soils around 
coal-based power plants show high radioactivity, which is related 
mainly to illite, kaolinite, monazite, rutile, and zircon (Habib et al., 
2018). Combining in-situ measurements of magnetic susceptibility 
and gamma-ray readings, some carbonate, and carbonate-
siliciclastic sequences have been characterized (Bábek et al., 2010), 
and limestones impurities studied (Hladil et al., 2006).

In the specific case of coal, the data obtained by combining 
both geophysical techniques (k and GS) is related to the 
mineralogy and organic matter (Speight, 2005; Thomas, 2013; 
Habib et al., 2018; Parzentny and Róg, 2019). Therefore, such 
geophysical data is also related to the ash content, sulphur, 
calorific value, and moisture content. These last parameters are 
essential to assess the quality of the coal (Speight, 2005; Thomas, 
2013).

In this paper we propose combining gamma-ray spectrometry 
and magnetic susceptibility as unconventional methods for the 
preliminary assessment of the quality of coal blends for electricity 
generation. To accomplish this objective, coal blend samples 
from the Sabinas Basin in Mexico are analysed. Both geophysical 
measurements are compared with proximate analysis, calorific 

value, and total sulphur. The geophysical data will provide 
information about the organic and mineral matter in the coal, and 
the possible carriers of magnetization and radioactivity. 

Geological setting
The Sabinas Basin is located in northeastern Mexico (Figure 1) and 
has a sedimentary filling of evaporitic, carbonate, and siliciclastic 
rocks, deposited from the Middle Jurassic to the present day 
(González-Sánchez et al., 2007). Within the stratigraphic 
sequence, the Olmos Formation is the main carrier of the coal 
beds mined in the region (Corona-Esquivel et al., 2006). This 
formation has a Middle Maastrichtian age and is mainly composed 
of sandstone (Padilla y Sánchez, 1986). The basin is subdivided 
into eight sub-basins (Rivera-Martínez and Alcocer-Valdés, 2003). 
According to MICARE (1982), the coal in the Sabinas Basin 
contains an average of 36.0% fixed carbon, 27.0% volatile matter, 
37.0% ash, and 1.0% sulphur.  

In the preparation of the coal blends from the Sabinas Basin, 
coals from either the same sub-basin or different sub-basins are 
used. Hence, coal blends with characteristics and qualities that 
differ from in-situ coal are obtained. It is therefore necessary to 
assess the quality of the coal blends to be used in the generation 
of electricity. 

Materials and methods
Analysis of the coal blend samples from the Sabinas Basin was 
carried out in several stages (Figure 2). In the first stage, 1004 coal 
blend samples were studied by proximate analysis, calorific value, 
and total sulphur determination. In the second stage, geophysical 
measurements (k and GS) were performed. Finally, the coal blend 
samples were classified based on the geophysical measurements. 
The coal blends were empirically prepared by the coal producers, 
and the coals used were obtained from both open pit mines and 
underground operations.  

Proximate analysis, calorific value, and total sulphur 
The proximate analyses and determinations of the calorific value 
and total sulphur of the coal blends were performed in the coal 
laboratory at the Higher Engineering School of the Autonomous 
University of Coahuila (Mexico). To perform these analyses, the 
samples were crushed, homogenized, and sieved to < 250 mm. A 
mass of 2 kg was obtained for each sample analysed. Moisture 

Figure 1—Location of the Sabinas Basin
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(M) and ash content were determined from the proximate 
analyses using the standards of ASTM D5142-09 (2009). Analyses 
of calorific value (CV) and total sulphur (S) were carried out 
according to the standards of ASTM D5865-10a (2010) and ASTM 
D4239-10e1 (2010), respectively. These analyses were carried out 
on a dry, mineral-matter-free basis.

GS and k measurements
For the GS and k measurements, samples of about 2 kg were 
placed on a wood base with a height of 1 m. At least two 
measurements of GS and five of k were taken on each of the 
1004 samples, resulting in a total of 2008 measurements of GS 
and 7715 of k (Figure 3). Magnetic susceptibility measurements 
were taken using a KT-10 Plus magnetic susceptibility meter 
manufactured by Terraplus Inc. This device was placed directly 
on a flat surface of the sample. Natural gamma radioactivity was 
measured by gamma-ray spectrometry using a portable NaI(Tl) 
g-ray spectrometer (RS-125) manufactured by Radiation Solution 
Inc. Measurements were taken with a count time of 120 seconds 
with the instrument placed directly on the sample surface. Both 
instruments (KT-10 and RS-125) had been factory-calibrated using 
specially designed test pads.  

The spectrometer measures an effective thickness of 
approximately 25 cm with a radius of 1 m (IAEA, 2003). 
Total gamma radiation (Igt in nGy/h) measurements and the 
concentrations of K (%), U (ppm), and Th (ppm) are made using 
the spectrometer. Potassium concentrations are obtained from 
the peak of 40K, while uranium concentrations are estimated 
from the 238U and 235U peaks, and thorium concentrations from 
peaks of the 232Th series. For this reason, the term ‘equivalent’ 
or its abbreviation ‘e’ is used to indicate uranium and thorium 
concentrations (eU and eTh, respectively).

Processing and interpretation
Processing and interpretation were carried out in several stages 
(Figure 2), using statistics of central tendency and dispersion, 
such as arithmetic mean and standard deviation. Relationships 
between the measured data were also determined using a 
correlation analysis using the correlation coefficients (R2) and 
an associated level of significance (r) of 0.05. In the first stage, 

the coal type to which each coal blend sample belonged was 
determined. To this end, proximate analysis, calorific value, and 
total sulphur were used. In the second stage, the characteristics 
of radioactivity and magnetism of every coal type were obtained. 
This also included determining the relationships between coal 
parameters, gamma radioactivity, and magnetic susceptibility. 
In the third stage, the samples of every coal type were classified 
using a combination of GS and k. This classification was made 
to obtain a preliminary assessment of the quality of the blends. 
This assessment included organic and inorganic matter, expressed 
through GS. Specifically, regarding the inorganic matter, this 
geophysical measurement was related to detrital material. The 
assessment also included magnetic mineral content through the k 
data. The GS and k averages of each coal blend sample were used 
in this classification.

Using total gamma radiation values, specifically 20 nGy/h 
(Muñoz-González, 2015), every coal blend type was classified 
into one of two groups (first group: Igt ≤ 20 nGy/h and second 
group: Igt > 20 nGy/h). Muñoz-González (2015) indicates that an 
Igt greater than 20 nGy/h is typical of samples with the highest 
ash content. Values lower than 20 nGy/h are related to coals with 
higher organic matter. Research in other regions of the world has 
also shown a direct relationship between radioactivity and ash 
content (Kayal and Das, 1981; Borsaru et al., 1985; Khalil, Islam, 
and Akon, 2011; Yusefi and Ramazi, 2019).

The two groups established by Igt in each coal type were 
subclassified using k values. into two magnetic groups (first group 
k ≤ 1 x 10-3 SI; second group k > 1 x 10-3 SI). The limit of 1 x 10-3 

Figure 2—Schematic flow diagram of the data acquisition, processing, and interpretation procedure. The box with a thick black line indicates the best-quality 
groups

Figure 3—Geophysical measurements. (a) Gamma-ray spectrometry, (b) 
magnetic susceptibility
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SI was selected considering that the coal blend is a sedimentary 
material that can have a low or a high Fe content (Thomas, 2013). 
According to Clark (1997), a sedimentary rock with high iron 
content has k > 1 × 10-3 SI. Thus, the first group included coal 
samples with low magnetism, whereas the second group included 
samples with high magnetism. Subsequently, each of the groups 
was described and compared with the others, and then the groups 
with the best-quality coal blend samples were selected.  

Results and discussion

Classification and analysis of coal blends from Sabinas Basin 
using proximate analysis, calorific value and total sulphur
In the 1004 coal blend samples studied the CV ranges between 
1.342 and 17.393 MJ/kg, with an arithmetic mean of 12.36 MJ/kg 
and a standard deviation of 2.442 MJ/kg (Table I). The range and 
standard deviation indicate variable quality across the samples 
(Speight, 2005; Thomas, 2013). According to ASTM D388-05 
(2005), the coal blend samples can be classified as lignite A and B 
(Figure 4a). Eighty-six per cent of the samples analysed have a CV 
less than or equal to 14.653 MJ/kg and can be classified as lignite 
B. The remaining 14% have a CV greater than 14.653 MJ/kg and 
can be classified as lignite A. The reported CVs indicate that these 
coal blends can be used efficiently in electricity generation (Oney, 
2020).

The samples studied have a moisture content between 0.23 
and 34 wt%, with an arithmetic mean of 5.4 wt%. Furthermore, 
these samples have an ash content between 8.7 and 84 wt% 
(arithmetic mean 35 wt%), as well as a sulphur content between 
0.02 and 6.5 wt% (arithmetic mean 1.5 wt%) (Table I). The low 
arithmetic mean and narrow standard deviation (3.1 wt%) of the 
moisture content indicate low moisture in most of the studied 
samples. Specifically, 56% of these samples have a moisture 
content below 5 wt%, 43% are between 5 and 20 wt%, and only 1% 
have a moisture content above 20 wt% (Figure 4b). Samples with 
a moisture content close to 34 wt% are located in the medium 
range of the coals, that is, from 5 to 70 wt% according to Rasheed 
et al. (2015). Such high moisture contents can reduce the CV and 

therefore constrain efficiency during the coal-burning process 
(Thomas, 1992).

The variation in ash content and its standard deviation (10 
wt%; Table I) indicate great variability in the relationship between 
the organic matter and the mineral matter of the samples (Acikkar 
and Sivrikaya, 2018). An ash content close to 8.7 wt% (lower 
limit) should be related to samples of higher quality (Rasheed et 
al., 2015). Only 1% of the samples have an ash content below 10 
wt% (Figure 4c). These samples are low in mineral matter, such 
as siliciclastic and authigenic minerals (Acikkar and Sivrikaya, 
2018). According to Finkelman, Dai, and French (2019) and Liu et 
al. (2020), authigenic minerals predominate in coal with low ash 
content (8–10%). Ninety-five per cent of the analysed samples 
have an ash content greater than 20 wt%. These samples,  
and particularly those with an ash content close to 84 wt% 
(upper limit) must contain a low amount of organic matter 
and, therefore, a high content of mineral matter, mainly detrital 
minerals (Finkelman, Dai, and French, (2019);  Liu et al., 2020). 
Such high ash contents adversely influence the quality of the coal 
and the efficiency of the combustion process (Thomas 1992), 
which can have a negative impact on the environment (Noble and 
Luttrell, 2015). 

The variation in sulphur content indicates that some coal 
samples may contain up to 6.5 wt% total sulfphur (Table I), near 
to the sulphur content reported (10 wt%) in coals from other 
regions of the world (Benko et al., 2007; Ruan et al., 2018). Coal 

   Table I

   �Descriptive statistics of the proximate analysis, calorific 
value, and total sulphur of Sabinas Basin coal blend samples. 
M: moisture. As: ash. S: total sulphur. CV: calorific value. SD: 
standard deviation

	 M (wt%)	 As (wt%)	 S (wt%)	 CV (MJ/kg)

   Minimum	 0.23	 8.7	 0.02	 1.342
   Maximum	 34	 84	 6.5	 17.393
   Mean ± SD	 5.4 ± 3.1	 35 ± 10	 1.5 ± 0.8	 12.36 ± 2.442

Figure 4—Histograms of Sabinas Basin coal blend samples. (a) Calorific value, (b) moisture, (c) ash, (d) total sulphur. I: Lignite B, II: Lignite A. Class intervals 
for CV were taken from ASTM D388-05 (2005). Within or above the vertical bars are the percentages of the total number of samples in each group
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with a total sulphur content of more than 3 wt% is termed high-
sulphur coal (Zhang, Peng, and Zou, 2013). Six per cent of the 
analysed samples have this characteristic (Figure 4d). Such high 
sulphur contents can present considerable environmental risks 
and pose significant problems in coal utilization (Marinov et al., 
2005). When coal is burned, Si-Al, Fe, SO2, Ca, Na, and Mg are 
obtained, potentially polluting the atmosphere through acid rain 
(Benko et al., 2007). Twenty-two per cent of the samples have 
a sulphur content below 1 wt%, while 72% are between 1 and 3 
wt% (Figure 4d). These last two ranges indicate low and medium 
sulphur content, respectively. Samples from both ranges have 
good characteristics for combustion (Kierczak and Chudy, 2014).  

Table II indicates that samples classified as lignite A have 
lower moisture and ash contents, as well as a higher total sulphur 
content than the lignite B samples. Regarding, lignite A, 70% of 
the samples have a moisture content lower than 5 wt%. compared 
with 52% for lignite B. Furthermore, for lignite B, 47% of the 
samples have a moisture content between 5 and 20 wt% (Figure 
4b). For lignite A, only 71% of the samples exceed 20 wt% ash 
content, unlike lignite B, in which 99.5% of the samples contain 
mire than 20 wt% ash (Figure 4c). Eighty-one per cent of lignite 
A samples have a sulphur content greater than 1 wt%, compared 
with 71% for lignite B (Figure 4d). 

The characteristics described indicate that lignite A may be 
more suitable for electricity generation (Speight, 2005) and have 
a lesser environmental impact in terms of ash generated during 
combustion (Yörükoğlu, 2017; Jingchao, Kotani, and Saijo, 2019). 
However, these samples would generate more sulphur-related 
pollution. The standard deviations of the four parameters indicate 
that lignite B is more heterogeneous in its CV and ash and sulphur 
contents (Table II). This characteristic suggests greater variability 
in the energy efficiency and environmental impact of lignite B 
compared to lignite A.

Radioactive and magnetic characteristics of coal blends  
(lignites A and B)
Given that the samples are made up of mixtures of different coal 
types from the Sabinas Basin, great variations can be expected in 
both geophysical measurements. 

Gamma-ray spectrometry (GS) of lignite B
The Igt and K, eU, and eTh data show great variation in lignite 
B (Table III), suggesting large differences in the compositions 
of these samples. These differences depend on the relationship 
between organic matter and mineral matter, as well as on the 
mineral content. The detrital minerals in coal may include clays, 
silicates, sulphates, carbonates, oxides, and hydroxides of iron, 
may appear (Thomas, 2013). XRD analysis of the samples showed 
that kaolinite, halloysite, calcite, quartz, pyrite, and goethite are 
present (Figure 5). Generally, the considerable content of detrital 
material can result in high Igt values (Khalil, Islam, and Akon, 
2011).  

Magnetic susceptibility (k) of lignite B
In the coal samples classified as lignite B, the k values vary from 
0.004 to 21.4 x 10-3 SI, with a mean of 0.2 x 10-3 SI and standard 
deviation of 0.7 x 10-3 SI (Table III). These statistical results show 
that this coal type exhibits highly varied magnetic properties, 
ranging from slightly paramagnetic to very ferromagnetic. The 
magnetism must be linked to the detrital and authigenic minerals. 
The X-ray diffraction analysis (Figure 5) suggests the presence of 
clays (kaolinite and halloysite), Fe sulphsides (pyrite) andoxides 
(goethite), carbonates (calcite), and quartz in both groups of 
minerals. Also, ferromagnetic minerals, such as magnetite, 
ilmenite, titanomagnetite, and pyrrhotite may be present 
(Thomas, 2013). Fe sulphides, particularly pyrite, can oxidize to 
form oxides such as magnetite (Hladil et al., 2006).

   Table II
   �Descriptive statistics for proximate analysis, calorific value, and total sulphur of Sabinas Basin coal blends. M: moisture, As: ash, 

S: total sulphur. CV: calorific value. M,  As, and S in wt%, CV in MJ/kg. The number of samples in each group is indicated within 
parentheses

		  Lignite A (139)			   Lignite B (865) 
	 Minimum	 Maximum	 Mean ± SD	 Minimum	 Maximum	 Mean ± SD

   M	 1.12	 33.9	 4.34 ± 3.19	 0.23	 31.6	 5.57 ± 3.14
   As	 11.2	 48.4	 21.8 ± 5.64	 8.7	 84.3	 36.8 ± 9.6
   S	 0.68	 5.61	 1.64 ± 0.72	 0.16	 6.47	 1.53 ± 0.79
  CV	 14.65	 17.39	 15.47 ± 0.69	 1.34	 14.65	 11.86 ± 2.2

   Table III

   �Descriptive statistics for k and GS of Sabinas Basin coal blend samples. k  × 10-3 SI, Igt in nGy/h, K in %, eU and eTh in ppm.  
The number of samples in each group is indicated within parentheses 

		  Lignite A (139)			   Lignite B (865) 
		 1089 measurements of k and 280 of GS			  6618 measurements of k and 1731 of GS

	 Minimum	 Maximum	 Mean ± SD	 Minimum	 Maximum	 Mean ± SD

   k	 0.01	 0.66	 0.1 ± 0.08	 0.004	 21.4	 0.2 ± 0.7
   Igt	 3.5	 52	 21 ± 5	 3	 54	 22 ± 5
   K	 0	 0.8	 0.2 ± 0.1	 0	 3.5	 0.24 ± 0.17
   eU	 0.1	 5.3	 1.7 ± 0.7	 0	 5.5	 1.8 ± 0.75
   eTh	 0	 14.9	 3.3 ± 1.48	 0	 13.9	 3.6 ± 1.5
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Relationship of coal parameters with gamma radioactivity and 
magnetic susceptibility of lignite B
In the lignite B coal samples, total gamma intensity is mainly 
related to eTh (R2 = 0.70) and eU (R2 = 0.59). Therefore, the 
natural gamma radioactivity is related to both mineral and organic 
matter (Parzentny and Róg, 2019). The eTh is related to mineral 
matter (Dai and Finkelman, 2017), whereas U may be related 
to both matter types and can occur in minerals such as zircon, 
rare earths, and phosphates (Hower, Dai, and Eskenazy, 2016). 
Since coals with rank from lignite to sub-bituminous were used 
to prepare the blends, the occurrence of U in minerals must be 
linked to high-ranking coals (Swaine, 1990). The CV shows a 
high negative correlation with ash content (R2 = –0.86) and is to 
a certain degree negatively correlated with moisture (R2 = -0.33). 
This relationship indicates that the variations in the CV are related 
to the ash and moisture content. An increase in the CV in these 
samples is subject to decreases in the content of both parameters. 
Moisture is to a certain degree correlated with ashs (R2 = 0.21), 
indicating that the former is mainly related to the mineral matter. 
The k shows a certain degree of positive correlation with ash (R2 
= 0.25) and also a negative correlation with CV (R2 = -0.25). This 
suggests that there are magnetic minerals in the ash fraction, and 
therefore an increase in the ash content is accompanied by an 
increase in k and a decrease in the CV. 

Gamma-ray spectrometry of lignite A 
The coal samples classified as lignite A have lower levels of 
radioactivity than the lignite B samples. In the lignite A samples, 
the Igt as well as the K, eU, and eTh content are also varied, but 
less so than in lignite B (compare the standard deviations in Table 
III). This difference indicates greater radioactive homogeneity in 
lignite A. The radioactive characteristics of lignite A are related to 
the lower ash content and higher CV (Table II). Both parameters 
indicate a lower quantity of inorganic matter and, therefore, a 
higher quality in these samples. These samples contain fewer 
U- and Th-bearing minerals such as monazite and therefore emit 
less radioactive pollution to the environment when combusted 
(Hower, Dai, and Eskenazy, 2016; Parzentny and Róg, 2019).

Magnetic susceptibility of lignite A
The lignite A samples have lower k values than lignite B (Table 
III). In lignite A, k varies from 0.01 to 0.66 x 10-3 SI, with an 
arithmetic mean of 0.1 x 10-3 SI and standard deviation of 0.08 x 
10-3 SI (Table III). These statistics also indicate that the lignite A 
samples are magnetically less heterogeneous than the lignite B 
samples. The magnetism of the lignite A sample is mainly linked 
to paramagnetic minerals such as clays, sulphides, carbonates, and 
iron silicates (Thomas, 2013).

Relationship of coal parameters with gamma radioactivity and 
magnetic susceptibility of lignite A
In the lignite A samples, some of the relationships between 
the measured data are similar to those evident in the lignite B 
samples. The radioactivity of lignite A is also related to both 
mineral and organic matter (Parzentny and Róg, 2019) because 
the Igt is mainly linked with eTh (R2 = 0.60) and eU (R2 = 
0.51). Furthermore, in lignite A the CV shows strong a negative 
correlation with the ash content (R2 = -0.73), indicating that 
the increase in the CV is due to a decrease in the ash content. 
Similarly, the moisture content is to a certain degree correlated 
with the ash content (R2 = 0.37), indicating a relationship between 
moisture and coal mineral matter. k is to a certain degree 
correlated with the K content (R2 = 0.30). This relationship 
suggests that the low k of the lignite A samples is to a certain 
extent due to paramagnetic minerals (Bábek et al., 2010) such as 
clays and micas (Thomas, 2013).

Classification of the coal blends according to the GS and k 
values 

The variations in the proximate analysis parameters, CV, and 
total sulphur may indicate differences in the GS and k values, and 
therefore in the quality of the analysed coal samples. Samples with 
particularly high k values appear to contain iron-rich minerals 
such as oxides, sulphides, silicates, and carbonates (Speight, 
2005; Thomas, 2013). These samples probably have considerable 
inorganic matter content. Organic-matter-rich samples may have 

Figure 5—Minerals identified in two coal samples of the Sabinas Basin by X-ray diffraction. (a) Clay minerals, calcite, pyrite, and quartz, (b) calcite, goethite, 
and quartz
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high U-related radioactivity (Duan et al., 2018). Also, samples 
with a high clastic material content (siliciclastic) may have high 
radioactivity levels (Khalil, Islam, and Akon, 2011). We propose 
classifying the coal blend samples studied in terms of their k and 
GS values.

Classification of coal blends using GS 
Using natural gamma radioactivity, the coal types of the studied 
blends (lignites A and B) can be classified into two groups (groups 
1 and 2 in lignite B; groups 3 and 4 in lignite A). The first group  
in each lignite type comprises coal blend samples with Igt ≤ 20 
nGy/h, and the second group, coal blends with Igt > 20 nGy/h 
(Figure 6). The first group of each coal type is considered to 
include the least radioactive and the highest quality coal blend 
samples relative to the second group. The first group of each coal 
type may have a high content of organic matter, assuming that in 
these samples radioactivity is mainly related to detrital material 
(Khalil, Islam, and Akon, 2011). Seventy-three per cent of the 
lignite B samples are located in radioactive group 2 (Figure 6), 
that is, in the lowest-quality group according to the radioactivity 
values. As regards lignite A, 54% of the samples belong to 
radioactive group 4.   

Analysis of lignite B radioactive groups (group 1 and 2) 
The descriptive statistical results for each radioactive group of 
lignite B are shown in Table IV. Group 1 is less magnetic and 
radioactive than group 2. Also, group 1 has lower ash and moisture 
contents and a higher S content. This group is more homogeneous 
in its k and radioactivity, as well as in its ash content and CV. 
These characteristics suggest a lower content of detrital material 
and Fe-rich minerals in the group 1 coal blend samples. 

In lignite B group 1, radioactivity is related to eTh (R2 = 0.63), 
eU (R2 = 0.36) and K (R2 = 0.33), and K also tends to correlate with 
eTh (R2 = 0.26). In group 2, radioactivity is related only to eTh 
(R2 = 0.67) and eU (R2 = 0.52). These relationships in both groups 
suggest that the radioactivity of the samples is related to both 
organic and mineral matter, mainly detrital minerals (Pehlivanli 
et al., 2014). The correlation between K and eTh reflects the 
concentration of siliciclastic components in the samples (Bábek 
et al. 2010). In both groups, the CV has a negative correlation with 
k (group 3: R2 = -0.23; group 4: R2 = -0.26), the moisture content 
(group 3: R2 = -0.30; group 4: R2 = -0.34), and the ash content 
(group 3: R2 = -0.85; group 4: R2 = -0.85). These relationships are 
expected for coal samples because increases in ash, moisture, and 

Fe-rich mineral matter (Bolortuya et al., 2013) cause a decrease in 
the CV. In group 2, the ash content is positively related to k (R2 = 
0.27) and moisture content (R2 = 0.22), confirming the previous 
approach. 

Analysis of lignite A radioactive groups (groups 3 and 4)
The radioactive groups 3 and 4 of lignite A have similar 
characteristics to groups 1 and 2 of lignite B (Tables IV and 
V). Lignite A group 3 has lower magnetic susceptibility and 
radioactivity than group 1, as well as a higher CV and sulphur 
content and a lower moisture and ash content. Therefore, group 3 
includes the highest quality coal blend samples within lignite A.

In the group 3 coal blend samples, radioactivity is related to 
eTh (R2 = 0.45), K (R2 = 0.28), and eU (R2 = 0.23). eTh is positively 
related to K (R2 = 0.36) and negatively related to eU (R2 = -0.33). 
The CV has an expected negative relationship with ash (R2 = 
-0.80) and moisture content (R2 = -0.31). Both parameters are 
also positively related to each other (R2 = 0.30). Furthermore, the 
CV has a possible positive correlation with eU (R2 = 0.20). These 
relationships indicate radioactivity linked to organic and mineral 
matter. Organic matter may provide the highest U content, 
whereas clay minerals can provide the Th and K content.

In group 4, the lignite A samples have radioactivity related 
to eTh (R2 = 0.55) and eU (R2 = 0.51). The latter element tends 
to be negatively related to eTh and K (R2 = -0.23 and R2 = -0.26, 
respectively). This relationship indicates that radioactivity is 
also linked to the organic and mineral matter of the samples. 
Additionally, U is related to organic matter (Duan et al., 2018). 

Figure 6—Coal blends of the Sabinas Basin grouped by radioactivity. 
Groups 1 and 3: Igt ≤ 20 nGy/h and groups 2 and 4: Igt > 20 nGy/h. The 
figures inside the vertical bars are the percentages of the total number of 
samples in each group

   Table IV

   �Descriptive statistics of the lignite B radioactive groups. Group 1: Igt ≤ 20 nGy/h; group 2: Igt > 20 nGy/h. M, ash, and S in wt%. CV in 
MJ/kg. k × 10-3 SI. Igt in nGy/h. K in %. eU and eTh in ppm. The amount of sample in each group is indicated in parentheses

		  Group 1 (238)			   Group 2 (627) 
	 Minimum	 Maximum	 Mean ± SD	 Minimum	 Maximum	 Mean ± SD

   k	 0.01	 1.9	 0.12 ± 0.2	 0.01	 17.6	 0.21 ± 0.84
   Igt	 3.9	 20	 17 ± 3.4	 20	 50	 24 ± 4
   K	 0	 1.35	 0.21 ± 0.14	 0	 1.9	 0.25 ± 0.14
   eU	 0.2	 3.35	 1.39 ± 0.5	 0.05	 4.9	 1.95 ± 0.64
   eTh	 0.15	 5.1	 2.86 ± 0.98	 0.9	 12	 3.94 ± 1.4
   M	 0.23	 24	 5.3 ± 2.7	 1	 31.6	 5.6 ± 3.2
   Ash	 17.8	 74	 34.8 ± 7.7	 8.7	 84	 37 ± 10
   S	 0.38	 5.5	 1.58 ± 0.86	 0.16	 6.47	 1.51 ± 0.76
   CV	 2.62	 14.64	 12.3 ± 1.85	 1.34	 14.65	 11.7 ± 2.33
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Furthermore, the CV has an expected negative relationship with 
the ash content (R2 = -0.68). Ash is also positively related to the 
moisture content (R2 = 0.39). The negative relationship between 
eTh and eU in both groups suggests a different origin of the two 
radioactive elements. The Th probably has a detrital origin and the 
U an organic origin (Dai and Finkelman, 2017).  

Classification of coal blends using k 
Each radioactive group is divided into two magnetic groups: a first 
magnetic group with k ≤ 1 × 10-3 SI values and a second with k > 1 
× 10-3 SI values. All coal blend samples for lignite A type have k ≤ 
1 × 10-3 SI, and therefore radioactive groups 3 and 4 are included 
within the first magnetic group (Table VI). 

In lignite B, radioactive groups 1 and 2 are both divided into 
two magnetic groups. Radioactive group 1 is divided into magnetic 
groups 5 and 6, and radioactive group 2 into magnetic groups 

7 and 8 (Figure 7). Magnetic groups 5 and 7 include 98% of the 
samples in each of the radioactive groups (group 1 and 2). This 
classification shows that most of the analysed coal blends have 
low levels of magnetic mineral content. Both magnetic groups 
include the highest-quality lignite B samples. Within radioactive 
group 1, magnetic group 5 has higher CV and lower ash and 
sulphur content than magnetic group 6 (Table VI). Also, the CV 
and as content have less variability in group 5. In radioactive 
group 2, magnetic group 7 also has a higher CV and lower ash and 
sulphur content than magnetic group 8. The CV and ash content 
are also lower in group 7.  

In magnetic groups 5 and 7, radioactivity (Igt) is mainly 
related to eTh (R2 = 0.64 and R2 = 0.67, respectively) and eU (R2 = 
0.36 and R2 = 0.52, respectively). In group 5, radioactivity is also 
related to K (R2 = 0.34). This latter element shows a tendency 
to positively correlate with eTh (R2 = 0.27). In group 7, K tends 

   Table V

   �Descriptive statistics of the lignite A radioactive groups. Group 3: Igt ≤ 20 nGy/h; group 4: Igt > 20 nGy/h. M, ash, and S in wt%. CV in 
MJ/kg. k × 10-3 SI. Igt in nGy/h. K in %. eU and eTh in ppm. The amount of sample in each group is indicated in parentheses 

		  Group 3 (64)			   Group 4 (75) 
	 Minimum	 Maximum	 Mean ± SD	 Minimum	 Maximum	 Mean ± SD

   k	 0.01	 0.38	 0.09 ± 0.06	 0.01	 0.3	 0.11 ± 0.06
   Igt	 4.8	 20	 17 ± 3.2	 20.1	 47	 23.6 ± 4.27
   K	 0	 0.55	 0.18 ± 0.1	 0	 0.7	 0.24 ± 0.12
   eU	 0.55	 3.2	 1.54 ± 0.53	 0.25	 3.85	 1.96 ± 0.65
   eTh	 0.2	 5.55	 2.78 ± 1.08	 1.25	 11.5	 3.7 ± 1.25
   M	 1.13	 11.6	 3.89 ± 1.89	 1.12	 33.9	 4.7 ± 3.9
   Ash	 11.6	 36.5	 20.8 ± 5.1	 11.2	 48.4	 22.5 ± 5.9
   S	 0.68	 5.61	 1.82 ± 0.85	 0.75	 3.37	 1.49 ± 0.56
   CV	 14.69	 17.39	 15.59 ± 0.73	 14.65	 17.23	 15.37 ± 0.63

   Table VI

   �Descriptive statistics of the magnetic groups of lignite B samples. Groups 5 and 7: k ≤ 1 × 10-3 SI; groups 6 and 8: k > 1 × 10-3 SI. M, ash 
and S in wt%. CV in MJ/kg. Igt in nGy/h. K in %. eU and eTh in ppm. The amount of sample in each group is indicated in parentheses

Radioactive group 1 
		  Magnetic group 5 (234)		  Magnetic group 6 (4) 
	 Minimum	 Maximum	 Mean ± SD	 Minimum	 Maximum	 Mean ± SD

   Igt	 3.9	 20	 17 ± 3.4	 15.6	 17.9	 16.7 ± 1
   K	 0	 1.35	 0.21 ± 0.14	 0.1	 0.4	 0.2 ± 0.13
   eU	 0.2	 3.35	 1.39 ± 0.5	 0.85	 1.95	 1.35 ± 0.46
   eTh	 0.15	 5.1	 2.86 ± 1	 2.15	 3.4	 2.7 ± 0.5
   M	 0.23	 24	 5.3 ± 2.7	 2.87	 4	 3.3 ± 0.5
   Ash	 20	 74	 34.7 ± 7.2	 17.8	 62	 39 ± 23
   S	 0.38	 5.5	 1.58 ± 0.87	 1.34	 1.97	 1.74 ± 0.29
   CV	 2.62	 14.64	 12.35 ± 1.72	 4.2	 14.53	 9.43 ± 5.37

Radioactive group 2 
		  Magnetic group 7 (612)		  Magnetic group 8 (15)

   Igt	 20.05	 49.5	 23.8 ± 4.2	 20.3	 31.3	 24 ± 3.16
   K	 0	 1.9	 0.25 ± 0.14	 0.1	 0.45	 0.24 ± 0.09
   eU	 0.05	 4.9	 1.95 ± 0.64	 0.9	 2.25	 1.78 ± 0.4
   eTh	 0.9	 12	 3.93 ± 1.41	 2.5	 6.8	 4.48 ± 1.23
   M	 1.0	 26.4	 5.6 ± 3.1	 1.72	 31.6	 7.52 ± 7.51 
   Ash	 8.7	 79.9	 37 ± 9.2	 31.2	 84.3	 61.4 ± 14.2
   S	 0.16	 6.47	 1.51 ± 0.76	 0.67	 3.08	 1.57 ± 0.54
   CV	 1.38	 14.65	 11.82 ± 2.14	 1.34	 13.56	 6.68 ± 3.9
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to correlate positively with eU (R2 = -0.26). These relationships 
in both magnetic groups indicate a link between radioactivity 
and both the organic and inorganic matter of the samples. The 
siliciclastic component of the samples provides the Th and K 
content. The U content must be provided by the organic matter 
and the siliciclastic material. In both groups, the CV shows 
expected negative relationships with the ash content (R2 = -0.84 
in group 5; R2 = -0.85 in group 7) and the moisture content (R2 
= -0.34 in group 5; R2 = -0.35 in group 7). In the most radioactive 
group (group 7), the moisture content is positively related to the 
ash content (R2 = 0.23), and therefore to the inorganic material in 
the samples.

Quality of coal blend groups
Analysis of radioactive groups 1 and 2 indicates that the first 
group is of higher quality according to its ash content and CV, 
as well as in terms of its radioactivity and magnetism. However, 
this group has the highest sulphur content, so combustion may 
have a greater negative impact on the environment. The statistical 
analysis shows that only 4% of the samples in this group have an S 
content greater than 3 wt%, hence the impact on the environment 
will be low (Marinov et al., 2005; Zhang, Peng, and Zou, 2013). The 
increase in S content in higher quality lignite B samples (i.e., those 
with higher CV) suggests that sulphur is mainly linked to organic 
matter (Olivella et al., 2002; Duan et al., 2018). Sulphur may be 
provided by pyrite of an organic origin. 

In the lignite A samples, analysis of radioactive groups 3 and 
4 indicates that group 3 contains the highest quality coal blend 
samples. Comparing these radioactive groups in both types of 
lignites (Tables IV and V), it is inferred that group 3 (lignite A) has 
lower k and K, eTh, moisture, and ash content, as well as higher U 
and S and a higher CV than group 1 (lignite B). These differences 
indicate that group 3 includes the highest quality samples, 
although with higher sulphur contents. A total of 4.7% of the 
group 3 samples have an S content greater than 3 wt%. In lignite B, 
only 4% of the group 1 samples exceed this S content. Therefore, 
the group 3 samples may pollute the environment more but 
generate less ash (Munawer, 2018), implying less risk of pollution 
and work in handling the ash. Group 4 (lignite A) also has lower k, 
radioactivity, and ash and moisture content than group 2 (lignite 
B). These characteristics and the higher CV indicate that group 
4 has a higher quality than group 2. The lignite A group also 
has a lower sulphur content, suggesting a lower impact on the 
environment when the coal is combusted.

The characteristics of the lignite B magnetic groups indicate 
that the first magnetic groups within each radioactive group 
(groups 5 and 7 with k ≤ 1 × 10-3 SI) are composed of the highest 
quality coal blend samples. Group 5 belongs to radioactive group 
1 and is not only less radioactive than group 7, but also has higher 
a CV and sulphur content, and lower ash and moisture contents 
(Table VI). Furthermore, group 5 presents less variability in the 
CV and higher variability in sulphur content. Based on these 
characteristics, the group 5 coal blend samples are considered to 
be of higher quality than group 7 in terms of their suitability for 
energy generation. However, the higher sulphur content of group 
5 can cause more environmental pollution during combustion. 
Group 7 has a very similar sulphur content to that of lignite A 
group 4. Therefore, the samples of both groups appear to present 
similar environmental behaviour regarding the sulphur content.

Out of the eight analysed groups, four can be regarded 
as containing the best-quality coal blend samples for energy 
generation: the two groups of lignite A (radioactive groups 3 and 
4), and the magnetic groups 5 and 7 of lignite B. Group 3 has the 
highest quality, followed by group 4, group 5, and finally group 7. 
The group 3 coal blend samples can be identified as lignite type A 
coal with Igt values ≤ 20 nGy/h. These samples have the highest 
CV and sulphur content, as well as the lowest ash and moisture 
content. The group 4 samples can be identified as lignite-type A 
coal with Igt values > 20 nGy/h. The samples of this last group 
and group 7 are characterized by the lowest sulphur content. The 
samples in group 5 can be identified as lignite type B coal with Igt 
≤ 20 nGy/h and k ≤ 1 × 10-3 SI. Group 7 includes lignite type B coal 
samples, identified by Igt > 20 nGy/h and k ≤ 1 × 10-3 SI.

Regarding the possible environmental pollution produced by 
the sulphur content of the coal, groups 4 and 7 are considered 
to have the best quality, followed by group 5, and finally group 3. 
Therefore, this analysis suggests obtaining coal blends that are 
included in these four groups, but preferably in groups 4 and 7, 
which would have high energy efficiency and cause minimum 
environmental pollution. 

Proposal for preliminary selection of  the best quality coal 
blends combining GS and k data
Based on this analysis and following the schematic flow diagram 
shown in Figure 2, a new methodology is proposed for preliminary 
selection of the best quality coal blends using only GS and k 
data. This methodology consists of five steps, proposed from the 
analysis of coal blend samples from the Sabinas Basin (Figure 8). 

Figure 7—Magnetic groups of lignite B coal blends grouped according to k. Groups 5 and 7: k ≤ 1 × 10-3 SI; groups 6 and 8: k > 1 × 10-3 SI. Within or above the verti-
cal bars are the percentages of the total number of samples in each group
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In the first step, GS and k measurements are made on 
coal blend samples using a handheld susceptibility meter and 
a spectrometer. The characteristics of the samples and the 
laboratory conditions described in the methodology section of 
this paper must be followed. In the second step, samples with k 
values ≤ 1 × 10-3 SI are grouped (magnetic groups). This second 
step allowed a group with coal blend samples classified as lignite 
type A (groups 3 and 4) or lignite type B (groups 5 and 7) to be 
identified in the Sabinas Basin. In the third step, the magnetic 
group is classified using an Igt value ≤ 20 nGy/h, and a new group 
is obtained which will be made up of only lignite A samples 
(group 3) and the best quality samples of lignite B (group 5) of the 
Sabinas Basin. Previous analyses indicate that the samples in this 
new group have the highest CVs and the lowest ash and moisture 
contents. In this basin, the samples classified as lignite A have CVs 
highest than 14, and ash and moisture contents less than 37 and  
12 wt%, respectively. The lignite B samples have CVs greater  
than 2.5 and ash and moisture contents less than 74 and  
24 wt%, respectively. In the fourth step, the last group is obtained, 
comprising the samples that not only have the described quality, 
but also the lowest sulphur content. The samples of this last group 
will have high energy efficiency, and the combustion process 
will cause less environmental pollution related to sulphur. To 
identify this last group, an Igt value > 20 nGy/h is applied to the 
sample group obtained in step two. This last group will be made 
up of lignite type A (group 4) and lignite type B samples (group 
7) in such a basin. The lignite A samples have CVs higher than 14, 
andash, moisture, and sulphurS contents less than 49, 34, and 4 
wt%, respectively. The lignite samples B have CVs greater than 
1.38, andash, moisture, and sulphur contents less than 80, 27, and 

7 wt%, respectively. To apply this methodology, the quality of both 
radioactive groups will be analysed (fifth step). This verifying is 
carried out by measuring CV, ash, moisture, and sulphur content 
in at least 10% of the total coal blend samples from both groups. 
The 10% is validated through the Student t-test (alpha= 0.5) 
in a control sample (see Table VII). For this verification, the 
samples must be classified as lignite A or B according to the CV. 
Subsequently, the CV and the ash, moisture, and sulpur contents 
are compared with the ranges previously established for the two 
radioactive groups. We suggest that the values from these four 
parameters should be within the ranges obtained in the Sabinas 
Basin.

Given that GS and k measurements with portable equipment 
are fast and cheap to make, with the help of this methodology 
it is possible to control the coal blending process. This can 
considerably reduce the amount of proximate analysis required 
and the determination of CV and total sulphur, but would not 
replace conventional methods that determine these parameters. 
Therefore, applying this methodology will have an economic 
impact because it will reduce the time and cost required 
for preliminary assessment of the quality of coal samples. 
Accordingly, it will have a significant impact on the conservation 
of the environment because it will allow sample groups that 
generate less ash and atmospheric pollution related to sulphur to 
be selected.

Conclusions
A new methodology is proposed for the preliminary assessment 
of the quality of coal blend samples´ by combining gamma-ray 
spectrometry and magnetic susceptibility measurements using 

Figure 8—Schematic flow diagram illustrating the new methodology proposed for preliminary assessment of coal blend quality, combining gamma-ray spec-
trometry and magnetic susceptibility

   Table VII

   T-test results for validating the quality control sample size of the two radioactive groups

Radioactive group 1 (Igt ≤ 20 nGy/h) 
		                                          Test control		      	                                     Test experimental 
   Proximate  analysis	 Mean	 Variance	 Degrees of freedom	 t statistical	 t critical	 Mean	 Variance

   CV	 5466	 775.28	 30	 0.897	 2.042	 5591	 925.6
   Ash	 29.97	 9.15	 30	 1.141	 2.042	 31.84	 9.22
   M	 4.60	 1.91	 30	 1.190	 2.042	 5.01	 2.62
   S	 1.53	 0.79	 30	 0.705	 2.042	 1.64	 0.87

Radioactive group 2 (Igt > 20 nGy/h) 
		                                             Test control		                                                                                 Test experimental
   CV	 5273	 762	 71	 -0.816	 1.993	 5200	 1070
   Ash	 35.09	 10.06	 71	 0.757	 1.993	 35.99	 10.81
   M	 5.41	 2.65	 71	 0.533	 1.993	 5.57	 3.38
   S	 1.44	 0.67	 71	 0.862	 1.993	 1.51	 0.74
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handheld equipment. Coal blend samples from the Sabinas Basin 
in Mexico were studied following the proposed method. From the 
radiometric and magnetic susceptibility data, sample groups with 
different quality ranges related toash, moisture, and total sulphur 
contents and CV values were obtained. These groups may have 
different combustion qualities during electricity generation, and a 
different environmental impact. Magnetic susceptibility values ≤ 1 
× 10-3 SI and total gamma intensity ≤ 20 nGy/h group better-quality 
coal blend samples characterized by the highest CVs and lowest 
ash and moisture contents. Also, magnetic susceptibility values 
≤ 1 × 10-3 SI with total gamma intensity > 20 nGy/h group good-
quality coal blend samples characterized by a low sulphur content. 
The samples from this group will generate less sulphur-related 
environmental pollution. This methodology does not replace the 
conventional methods of assessing coal quality but can help with 
quality control in the coal blending process. It can also contribute 
to reducing the volume of laboratory analysis. 
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