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Abstract: Environmental testing of sulphidic ores and wastes aims to assess the release of metals 
and metalloids at acid pH conditions and the samples’ likelihood to produce acid rock drainage 
(ARD). However, the majority of established ARD tests measure geochemical properties of samples 
and cannot visualise the exothermic oxidation reactions and their intensity leading to metalliferous 
drainage in all pH environments. This paper proposes a new protocol to detect and visualise the 
sulphide oxidation in ores and wastes. Six nearly monomineralic sulphides were crushed, sieved to 
two size fraction (0.09–4 mm), milled to powder and treated with H2O2. The thermal energy 
released upon sulphide oxidation was optically detected and temperatures measured using a 
portable infrared thermographic camera. Based on temperature–time progression curves, the 
oxidation reactivity of sulphides was derived from high to low: chalcopyrite > arsenopyrite > pyrite 
> sphalerite > stibnite > galena, which depends on grain size, amount of sulphides and other 
non-sulphide mineral phases present in the sample material. The study demonstrates that the 
application of H2O2 to sulphide sample powders and subsequent visualisation of the treated 
materials using a thermographic camera represents a rapid technique in revealing the presence of 
oxidising sulphides under all pH conditions. 

Keywords: thermal imaging; thermographic camera; acid rock drainage; metalliferous drainage; 
hydrogen peroxide; leaching; pyrite 

 

1. Introduction 

Modern mineral resources development necessitates a comprehensive deposit knowledge from 
the beginning of life-of-mine, which involves the reliable understanding of all the relevant 
characteristics of a mineral resource including its environmental properties [1]. To date, 
environmental characterisation has largely focused on the prediction of acid rock drainage (ARD) 
using geochemical tools [2]. Such geochemical tools are routinely used in ARD risk assessments of 
ores, mine wastes and mine workings. In fact, numerous chemical static and kinetic tests exist to 
evaluate the acid producing potential of materials. Based on these tests, risk assessments and waste 
classification schemes can be developed and devised [2]. However, these proven and commonly 
used tests and methods have intrinsic limitations, discussed and mentioned by Parbhakar-Fox and 
Lottermoser [2]: (i) kinetic test data are not always produced until much later during mine 
development; (ii) best practices on sampling processes are not always applied; (iii) static tests are 
conducted off-site and hence do not reflect the real field conditions; (iv) ARD assessments are carried 
out on the basis of static and kinetic tests, but these can provide limited data and results, if the ARD 
tests are used for samples whose characteristics do not correspond with the sample characteristics 
the ARD tests were originally designed for leadings to deviations in the accuracy of waste 
classifications and block models; and (v) waste classification schemes often do not consider other 
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drainage forms (e.g., neutral metalliferous, saline or As-Sb-rich waters) [2–5]. As a result of this, the 
reliable implementation of ARD prediction is both demanding and difficult. New and improved 
approaches for mine water quality prediction need to consider these missing parameters, and there 
is a need for tests that provide insights into metalliferous drainage regardless of pH. Furthermore, 
mining professionals, who are responsible for operational processes and waste monitoring, require 
rapid information on waste and water quality risks to allow for the preparation of comprehensive 
environmental impact assessments and to achieve highest certainty for well-informed decisions in 
mine waste management. 

IR and pXRF instruments yield information on existing mineralogical compositions by 
measuring total metal and metalloid concentrations of ores and wastes, but data acquired with these 
instruments do not allow the deduction of sulphides. Commonly used methods of mineral 
identification and analysis include visual descriptions, petrographic analyses (thin section or 
polished blocks), X-ray diffraction (XRD), scanning electron microscope spectroscopy (SEM), energy 
dispersive spectroscopy (EDS), electron microprobe (EM), QEMSCAN and mineral liberation 
analysis (MLA); the latter four are frequently used to answer specific mineralogical questions. The 
laboratory-based powder X-ray diffraction (XRD) techniques cannot detect sulphide minerals within 
samples, unless the sulphide minerals occur at several wt% within the analysed materials. The 
Global Acid Rock Drainage (GARD) Guide [6] further states that the provision of only qualitative or 
semiquantitative data and the small sample volume for analysis can lead to important trace amounts 
of minerals not being detected in mineralogical analysis. Key and relevant minor and trace elements 
might also occur as impurities instead of major structural elements. Variations in the minerals 
chemistry (solid solutions) are difficult to detect and greatly affects the stability, weatherability, 
oxidation rate and contribution to the drainage chemistry [6]. 

Rapid field-based characterisation tests of sulphidic ores and wastes are available, for example, 
the single addition net acid generation (NAG) test; paste pH, EC and USGS field leach tests (FLT); 
carbonate staining techniques; wall washing; and portable X-ray fluorescence (pXRF) for 
geochemical analyses [2,7]. Total contents of sulphur and carbon, which are used to calculate the 
acid potential (AP) and neutralising potential (NP), are usually determined using inductively 
coupled plasma atomic emission spectrometry (ICP-AES) [8,9] or infrared absorption spectrometry 
(IRAS) to analyse the evolved gas caused by the combustion of the sample material [10,11]. 
However, the AP and NP calculation are highly error-prone and can lead to overestimations, 
underestimations or inaccurate results, because of (i) using stoichiometric standard factors, (ii) 
carbonate minerals which do not lead to neutralisation are erroneously considered as neutralising 
(e.g., siderite, FeCO3 and ankerite Ca(Fe,Mg)CO3), (iii) solution of non-carbonate minerals which can 
increase the rate of neutralisation are excluded (e.g., Na- and K-bearing silicates), (iv) not all sources 
of Fe-protons that can contribute to acid formation are taken into account (e.g., Fe-hydroxides, 
Fe-sulphates), (v) if the sample material contains excessively concentrations of non-acid forming 
sulphur and (vi) no consideration given to differing particle sizes [12–22]. Furthermore, pH tests are 
particularly useful for assessing the chemistry of first flush waters draining sulphidic rocks and 
wastes [23]. However, all these field tests measure existing conditions and cannot be used to predict 
future water quality. NAG tests can provide information about the future water quality, but these 
tests are also prone to errors [19], especially the NAG pH. First, a sufficient quantity of carbonate 
minerals can lead to a neutralisation of the released acid and consequently to neutral pH. Due to this 
neutral pH, potential sulphide reactions can be undetected, leading to erroneous assessments of the 
environmental risk if the samples are rich sulphides, that contain harmful metalloids which are also 
mobile under neutral pH, e.g., As or Sb. Second, the incomplete oxidation of sulphide minerals 
during NAG testing can lead to a neutral pH if adequate amounts of acid-consuming minerals are 
available to neutralise the acid released [19]. Moreover, an overestimation of the acidification 
potential during the NAG pH test is possible, due to the formation of organic acid, which leads to 
acid pH if the modified NAG (m-NAG) test is not used [24]. Detailed information and variations of 
NAG testing is provided in the AMIRA ARD Test Handbook [25]. Thus, current field techniques do 
not allow a rapid recognition and quantification of sulphide minerals in rocks, ores and wastes. 
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However, a sound knowledge on the presence and likely abundance of sulphide minerals is crucial 
in mine waste management. When sulphide minerals are exposed to oxygen, the reactions release 
large amounts of acid, metals and metalloids as well as heat [26–29]. 

In this study, a newly designed test protocol and procedure has been developed based on the 
application of hydrogen peroxide (H2O2) to sulphidic samples and subsequent measurement of the 
temperature changes and visualisation of the heat release of treated samples using infrared 
thermography. The measurement of temperatures during the reaction between sulphides and H2O2 
has been documented in kinetic NAG tests in other studies before [19,20,29–33] but has never 
received much attention or significance until now. In previous studies, temperatures were measured 
in a single point using a thermometer. Subsequent results regarding the reactivity of the sulphide 
minerals were not described in depth, discussed or used in environmental studies. The present 
study aims to show the potential of time-temperature-progression curves produced in the course of 
the sulphide–H2O2 reaction and to document and demonstrate its usefulness for the adaptation of 
environmental issues. The test protocol aims to be easy, rapid and cheap, and it is carried out in the 
field to get a quick overview of the sample material and to improve the initial estimate regarding the 
presence of sulphides and their oxidation reactivity and support the representative sample selection 
for further static and kinetic laboratory tests. Consequently, this contribution adds to existing testing 
methods for sulphidic rocks, ores and wastes, and it makes recommendations on the use of this 
newly designed optical method in environmental risk assessments at exploration and mine sites. 

2. Materials and Methods 

2.1. Samples and Sample Processing 

To develop the infrared thermographic test protocol (IR), selected mineral specimens were 
obtained from commercial mineral dealers, including pyrite (FeS2, Huanzala Mine, Peru), 
chalcopyrite (CuFeS2, Piendras Verdes Mine, Mexico), arsenopyrite (FeAsS, Ehrenfriedersdorf, 
Germany), sphalerite (ZnS, Aguilar mine, Argentinia), galena (PbS, Stribro, Czech Republic), stibnite 
(Sb2S3, Podkozara, Bosnia-Herzegovina), calcite (Ca[CO3], Flandersbach, Germany) and quartz (SiO2, 
Lausitz, Germany). Samples were dried, crushed, sieved to two size fractions (0.09–2 and 2–4 mm) 
and also milled to powder using a vibration disc and tungsten carbide ring mill. Sample materials 
were used for Net Acid Generation pH (NAGpH), X-ray diffraction (XRD) analyses and the new 
developed infrared thermographic (IR) visualisation method. 

2.2. Mineralogical and Geochemical Analyses 

The mineralogy of all sulphide, calcite and quartz samples was confirmed using the X’Pert PRO 
diffractometer of PANalytical. The diffractometer was operating in Θ-Θ-geometry, ran with a 
ceramic CuKα X-ray tube (20 W) and a detector (PIXcel) measurement setting of 40 kV and 50 mA. 
The results were evaluated both qualitatively, using the X’Pert Highscore software (PANalytical, 
Malvern, UK), and semiquantitatively, using the Reference Intensity Ratio (RIR), normalised to 100% 
crystalline materials. 

The geochemistry of the sulphide monominerals was analysed using the portable Olympus 
Vanta VCA X-ray analyser (Olympus, Tokyo, Japan), which is equipped with a silicon drift detector 
(SSD), an Ag anode at 50 kV 4W X-ray tube and a Kapton-Mesh-Prolene window, operated in 
“GeoChem” mode with three integrated beams for high (50 kV), medium (40 kV) and low (10 kV) 
excitation energy for optimal detection of light and heavy elements. Each sample was measured five 
times, 30 s for each beam, followed by determination of the average element concentrations, 
precision, accuracy and lower detection limits (LODs, 3σ standard deviation mean). The certified 
reference materials (CRMs) NIST 2711A, OREAS 131b, OREAS 132b, OREAS 133b, OREAS 134b, 
OREAS 235 and MP-1b-966-23 as well as two SiO2 blanks were used for data quality control. 

A single additional NAGpH test was performed to determine the acid generating potential of 
all powdered test samples [25]. For this, 250 mL of 15% H2O2 was mixed with 2.5 g powdered sample 
material in a beaker and allowed to react for 24 h. This was followed by measuring the pH and Eh 
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values with a pH/ORP meter HI 991002 of Hanna Instruments Ltd (Bedfordshire, UK). The 
instrument’s pH calibration was based on the manufacturer’s buffer solutions HI7007 (pH = 7) and 
HI7004 (pH = 4). Afterwards, the samples were moderately heated to accelerate oxidation of any 
remaining sulphides until no further reaction could be observed. After cooling down, the pH values 
were measured again. The heating–cooling cycle was repeated on samples consisting of 50% (1.25 g) 
sulphide minerals and 50% calcite (1.25 g), to illustrate the change of NAGpH values due to the 
presence of carbonate. 

2.3. Infrared Thermography Method 

The aim of the testing protocol was to induce and accelerate the exothermic oxidation of 
sulphide minerals and to visualise any heat release from the induced chemical reactions. The 
rationale was pursued by (1) inducing and accelerating the exothermic oxidation of sulphide 
minerals first using a hydrogen peroxide solution and (2) measuring the surface temperature and 
imaging the thermal energy release using a thermographic camera (FLIR T650sc, FLIR Systems, 
Wilsonville, Clackamas County, OR, USA). The FLIR camera is equipped with an uncooled 
Vanadium Oxide (VOx) microbolometer detector (FLIR Systems, Wilsonville, Clackamas County, 
OR, USA) that produces thermal images of 640 × 480 pixels. Its spectral range is at 7.5 to 14 µm and 
its accuracy is given as ±1 °C or ±1% of reading temperature ranges of objects within 5 °C to 120 °C at 
ambient temperatures of 10 °C to 35 °C. 

In a pilot study, various experimental arrangements were tested. In the first attempt, hydrogen 
peroxide solutions of different concentrations (3% to 30%) were applied using a paint brush to 
sulphidic minerals. Subsequently, attempts were made to catalyse any exothermic reactions by (1) 
roughening the sample surface using a diamond hand-grinder (grit 50 and 400), (2) heating the 
samples in an oven (40 °C) and (3) using catalase and iron(III) chloride solutions. 

Following the pilot study, dried samples of two size fractions (0.09–2 and 2–4 mm) and 
powders were produced, and a representative 5 g aliquot was accurately weighed into a 500 mL 
cylindrical beaker. A smaller beaker (e.g., 250 mL) is also possible, but this is not recommended for 
safety reasons, as highly reactive samples can boil over. The initial temperature (Tstart) of each sample 
was then determined using the FLIR T650sc camera, which was mounted on a tripod and placed a 
sufficient distance above the sample to ensure the camera was not damaged by the reaction. 
Subsequently, 50 mL of 12% H2O2 was added to the beaker at room temperature, and the first 
reaction temperature was recorded immediately (T0) using the FLIR camera. The use of a higher 
concentration than 12% H2O2 is not recommended for safety reasons, as strongly reactive samples 
can boil over or strong vapour formation can occur. During the first 15 min of reaction time, the 
temperature was recorded every minute (T1 to T15). After this, the time interval for subsequent 
temperature measurements was increased to 5 min (T15+5). Monitoring of the reaction temperatures 
(Tx) continued until the peak temperature was reached and the temperature cooled to the initial 
temperature (Tstart) again. If no peak temperature was reached, followed by a temperature decrease, 
the measurement was stopped after either 90 min or 120 min. The FLIR 650sc camera has a self-timer 
mode for automatic image shots. No photos or data needed to be recorded manually. Direct sunlight 
can cause reflections on the sample surface or the edge of the beaker glass [34]. The IR camera 
measures the temperatures on the sample surface and consequently, surface reflections can lead to a 
misinterpretation of the results, if they go unnoticed. Therefore, it is advisable to perform the tests 
out of direct sunlight, use shields and to define a measuring window in the camera settings. The 
temperatures measured by the thermal imaging camera were verified using the digital thermometer 
from the pH/ORP meter HI 991002 of Hanna Instruments Ltd., which was also used for the NAGpH 
test. It measures temperatures in liquids in a range from 5 °C to 105 °C with a resolution of 0.1 °C 
and accuracy of ± 0.5 °C (<60 °C) and of ±1 °C (>60 °C), respectively. 

From the acquired data, the highest recorded temperature (Tmax), the time taken to reach the 
maximum temperature (tmax) and the total reaction time (ttotal) were established. In addition, the 
difference between the maximum temperature (Tmax) and the initial temperature (Tstart) were used to 
calculate the absolute temperature increase (Tdiff): 
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Tdiff = Tmax − Tstart (1) 

The latter experimental parameters (Tstart, Tmax, Tdiff, ttotal) allowed interpretations about possible 
exothermic oxidation reactions of sulphides and therefore the reactivity of the investigated samples. 
All parameters are listed in Table 1. 

In addition, pyrite was mixed with calcite in nine different proportions (90:10 to 0.1:99.9 
pyrite:calcite) as well as with quartz (down to 0.1:99.9 pyrite:quartz), and these materials were 
treated with hydrogen peroxide and investigated using the described IR protocol. Different 
sulphide:calcite and sulphide:quartz proportions were chosen to evaluate whether acid-neutralising 
minerals like calcite influence the heat releases over time and resultant temperature–time curves. 
Finally, in order to investigate whether pyrite is partially or completely destroyed upon a single 
hydrogen peroxide addition, already reacted and cooled down pyrite samples were treated again 
with 50 mL of 12% H2O2, and the temperature–time profiles were recorded. 

Table 1. List of parameters recorded during IR thermography testing. 

Parameter Description 
Tstart Initial temperature of the sample material 
T0 First reaction temperature; recorded immediately after the addition of 50 mL of 12% H2O2 
Tx Reaction temperature of the indicated minute 

Tmax Highest recorded temperature 

Tdiff 
Absolute temperature increase; difference between the maximum temperature (Tmax) and the 
initial temperature (Tstart) 

tmax Time taken to reach the maximum temperature (Tmax) 
ttotal Total reaction time 

3. Results 

3.1. Sample Characteristics 

XRD analysis confirmed the identity of sulphide minerals, calcite and quartz chosen for this 
study (Table 2). Samples are either monomineralic or nearly monomineralic materials. The metal 
and metalloid concentrations of interest of all sulphide minerals are reported in Table 3. The 
corresponding accuracies, precisions and LODs are given in Supplementary Table S1. Of particular 
relevance and interest for this study are Fe concentrations in the non-ferrous sulphides. Sphalerite 
used in this study is rich in iron (7.62 wt%, Table 3). Significant but lower Fe contents were detected 
for stibnite (0.05 wt%, Table 3). No impurities of Fe but elevated concentrations of As (33,360 ppm) 
could be analysed in galena (Table 3). Other metal and metalloid trace elements detected with a 
concentration of less than 1 wt% (Ag, Cd, Cr, Co, Mn, Mo, Ni, Sn and W) are given in Table 3. All 
sulphide samples produced NAGpH solutions with an acid pH (Figure 1). Stibnite produced the 
most acid solution (pH = 1.97; Eh = 505 mV) in contrast to sphalerite, which generated the most 
weakly acid eluate of all sulphides (pH = 4.45; Eh = 380 mV). In general, sulphides, when mixed 50:50 
with calcite, generated alkaline waters but all boiled solutions showed higher pH values (pH = 7.19–
7.55; Eh = 258–304 mV) compared to non-boiled solutions (pH = 6.8–6.97; Eh = 206–281 mV). Boiling 
these carbonate-rich eluates, as prescribed in the NAGpH test protocol to accelerate remaining 
sulphides [25], leads to alkaline pH values (Figure 1) due to the dissolution of carbonate minerals 
during the NAGpH test and the formation of Ca(OH)2 [2,35]. To complete data acquisition, the 
NAGpH test was also performed on pure calcite (Figure 1), yielding a pH of 7.6 (Eh = 253 mV) and 
8.2 (Eh = 223 mV) before and after boiling, respectively. 
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Table 2. Mineralogy of samples as determined by XRD. 

Sample Material Content (wt%) 
1 Chalcopyrite (CuFeS2) 100 
2 Galena (PbS) 100 

3 
Sphalerite (ZnS) 91 

Galena (PbS) 8 
Quartz (SiO2) 1 

4 
Pyrite (FeS2) 85 

Rhomboclase (H5Fe3+O2(SO4)2·2(H2O) 12 
Szomolnokite (Fe2+SO4·H2O) 3 

5 
Stibnite (Sb2S3) 81 
Quartz (SiO2) 19 

6 

Arsenopyrite (FeS2) 69 
Szomolnokite (Fe2+SO4·H2O) 20 

Siderite (FeCO3) 5 
Quartz (SiO2) 6 

7 Calcite (CaCO3) 100 
8 Quartz (SiO2) 100 

Table 3. Sulphide minerals geochemistry of significant metals and metalloids determined by pXRF. 

Sample 
Fe 

(wt%) 
Cu (ppm) Pb (ppm) Zn (ppm) As (ppm) Sb (ppm) 

Other Trace Elements  
(≤1000 ppm) 

Pyrite 42.13 143 132 71 280 79 Co 
Chalcoyprite 20.20 347,800 <8 2020 <3 131 Ag, Co 
Arsenopyrite 20.62 174 <4 89 402,700 266 Co, Cr, Sn, W 

Stibnite 0.05 77 74 <3 138 508,000 Cd 

Sphalerite 7.62 736 61,700 502,300 3240 180 
Ag, Cd, Cr, Mn (16,000 ppm), 

Mo, Ni, 
Galena <0.002 284 556,300 1067 33,360 990 Cr, Ni, W 

 
Figure 1. NAGpH versus Eh (mV) data for monomineralic and polymineralic samples tested by this 
study. 1 = stibnite; 2 = pyrite; 3 = arsenopyrite; 4 = chalcopyrite; 5 = galena; 6 = sphalerite. 
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3.2. Infrared Thermography 

3.2.1. Pilot Study 

In a pilot study, various experimental arrangements were tested. In the first attempt, hydrogen 
peroxide solutions of different concentrations (3% to 30%) were applied using a paint brush to 
sulphide minerals (Figure 2). However, no heat release could be observed using the FLIR T650sc 
camera. This could have been due to insufficient quantities of the hydrogen peroxide solution 
applied to relatively small surface areas and associated evaporative cooling. Moreover, no heat 
release could be detected using the thermal imaging camera, when heating the samples in an oven 
(40 °C, Supplementary Figure S1) and using catalase and iron(III) chloride solutions as catalysts 
(Supplementary Figure S2). 

 
Figure 2. (a) Picture of untreated pyrite prior to treatment. (b,c) IR thermography images of pyrite 
before and after the application of the 30% H2O2 solution to the pyrite surface. The maximum 
temperature measured and temperature distribution across the images are also shown. 

Subsequently, attempts were made to catalyse any exothermic reactions by roughening the 
sample surface using a diamond hand-grinder (grit 50 and 400; Supplementary Figure S3). Such 
roughing of sample surfaces led to a detectable heat release. Yet, after careful observation, it was 
established that the roughened surface itself had not reacted with the hydrogen peroxide, but the 
fine-grained particles of the sample material produced during roughening. This clearly 
demonstrated that an increase of the reaction surface area was necessary to measure changes in 
surface temperatures and to capture a possible heat release with the IR camera. These observations 
led to the decision to mill the mineral samples for subsequent IR investigations. 

3.2.2. Thermography Method 

Thermographic measurements of the powdered and sieved mineral samples treated with 
hydrogen peroxide show significant temperature changes over time. These progressive changes in 
heat release have been illustrated for the different mineral samples in temperature-time curves 
(Figures 3a and 4a, Supplementary Figures S4a–S7a). Essential parameters for the evaluation and 
interpretation of the thermographic test results are listed in Table 4. Raw data of IR-measurements 
are available in Supplementary Table S2. 

For the samples that have been milled to a powder, maximum temperatures (Tmax) were reached 
very rapidly after hydrogen peroxide addition and during the first three minutes of the induced 
chemical reaction. These maximum temperatures (Tmax) are evidently present for all sulphide 
minerals and occur as distinct temperature peaks on the temperature-time curves (Figures 3a and 4a, 
Supplementary Figures S4a–S7a). Measured temperatures never exceeded 90 °C (Figures 3a and 4a, 
Supplementary Figures S4a–S7a). After reaching the maximum temperature, a progressive 
temperature decrease was observed in all powdered samples, which was discontinuous and much 
slower than the earlier temperature increase. This progressive temperature decrease was 
accompanied in some samples by another pronounced heat release lasting several minutes (Figure 
4a, Supplementary Figures S4a and S7a) or an irregular slow temperature decrease over time (Figure 
3a, Supplementary Figures S5a and S7a). The former pronounced heat release may relate to 
long-lasting exothermic reactions within the treated materials. Regardless, initial temperatures (Tstart) 
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of all powdered samples were reached again after a reaction time of 60 min, except for the galena 
sample (Figure 4a), which reached the initial temperature a bit later after 75 min. Overall, all 
powdered sulphide samples display similar temperature–time progression curves. 

Table 4. List of temperature and time parameters that were recorded for the various size fractions of 
sulphide minerals during IR thermography testing (maximum temperature, Tmax); time to reach the 
maximum temperature, tmax; calculated temperature difference, Tdiff; total reaction time, ttotal). 
Reactions that lasted longer than 90 min were terminated after this time (>90). 

Mineral Fraction Size 
(mm) 

Tmax 

(°C) 
tmax 

(min) 
Tdiff 
(°C) 

ttotal 
(min) Corresponding Figure 

Pyrite 
powdered 89.9 1 69.8 30 Figure 3a 

0.09–2 82.8 13 62.8 65 Figure 3b 
2–4 76.6 14 56.4 70 Figure 3c 

Galena 
powdered 67.5 1 47.6 75 Figure 4a 

0.09–2 35.4 20 15.2 >90 Figure 4b 
2–4 30.5 45 10.3 >90 Figure 4c 

Chalcopyrite 
powdered 89.6 2 69.6 50 Supplementary Figure S4a 

0.09–2 66.2 75 45.9 >90 Supplementary Figure S4b 
2–4 21.5 >90 1.5 >90 Supplementary Figure S4c 

Arsenopyrite 
powdered 83.3 1 63.0 45 Supplementary Figure S5a 

0.09–2 24.4 >90 4.3 >90 Supplementary Figure S5b 
2–4 20.9 >90 0.6 >90 Supplementary Figure S5c 

Stibnite 
powdered 87.9 1 67.8 70 Supplementary Figure S6a 

0.09–2 24.3 >90 4.4 >90 Supplementary Figure S6b 
2–4 21.1 >90 1.1 >90 Supplementary Figure S6c 

Sphalerite 
powdered 87.9 2 67.8 55 Supplementary Figure S7a 

0.09–2 28.1 >90 7.9 >90 Supplementary Figure S7b 
2–4 23.7 >90 3.4 >90 Supplementary Figure S7c 

 
Figure 3. (a) Temperature–time graphs for powdered and sieved pyrite samples as measured using 
the IR camera and a digital thermometer. (b–d) IR thermography images of the temperature maxima 
(Tmax) for the powdered and sieved pyrite samples as measured using the IR camera. 



Minerals 2020, 10, 933 9 of 21 

 

 
Figure 4. (a) Temperature–time graphs for powdered and sieved galena samples as measured using 
the IR camera and a digital thermometer. (b–d) IR thermography images of the temperature maxima 
(Tmax) for the powdered and sieved galena samples as measured using the IR camera. 

Despite the similar temperature–time progression curves, there are considerable differences in 
the surface area beneath the temperature curves (Table 5). The surface area beneath the 
temperature–time progression curves reflects the relative temperature change over the time interval 
(K·s) and consequently the reactivity of the sample during a single test run under the same 
experimental conditions. The integrals were calculated only for closed temperature–time 
progression curves of powdered materials (Table 5), based on the temperature differences compared 
to the initial temperature. Integrals of other coarse-grained sulphide mineral fractions could not be 
determined because their tests had to be stopped after 90 min, which led to open temperature–time 
progression curves. For the integral calculation the temperatures were converted from °C to K and 
the time was converted from minutes [min] to seconds [s]. Comparing all powdered sulphide 
minerals, chalcopyrite (228 × 102 K·s) shows the smallest surface area, followed by arsenopyrite 
(231 × 102 K·s) and pyrite (258 × 102 K·s). Other sulphides like iron-bearing sphalerite (272 × 102 K·s), 
stibnite (314 × 102 K·s) and non-iron bearing galena (349·102 K·s) have comparatively higher integral 
values (Table 5). 

Table 5. Integrals beneath temperature–time progression curves for the various powdered sulphide 
minerals. Integrals were only calculated for closed temperature–time progression curves. For the 
integral calculation the temperatures were converted from °C to K and the time was converted from 
minutes [min] to seconds [s]. 

Mineral Fraction Size Integral ∫ (K∙s) 
Pyrite powdered 258 × 102 

Chalcopyrite powdered 228 × 102 
Arsenopyrite powdered 231 × 102 

Stibnite powdered 314 × 102 
Galena powdered 349 × 102 

Sphalerite powdered 272 × 102 

The behaviour of powdered pyrite, when oxidised twice with 50 mL of 12% H2O2, is shown in 
Figure 5. During the first addition of hydrogen peroxide, the temperature progression curve of 
powdered pyrite rapidly reached a maximum temperature of 90 °C and decreased to the initial 
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temperature within 30 min. Upon repeated addition of 50 mL 12% H2O2, the material reached again 
a maximum temperature of 90 °C (Figure 5), but the total duration of the second oxidation phase 
(75 min) was more than twice as long as that of the first oxidation phase (30 min). Thus, a single 
addition of 50 mL 12% H2O2 did not completely dissolve the sulphide sample mass of 5 g and the 
reaction stopped due to the complete consumption and decay of H2O2. 

 
Figure 5. Two-stage oxidation of pyrite during IR thermography testing. The second exothermic 
event reaches the same maximum temperature of the first oxidation event again, but the cooling 
down phase takes more time to complete. Complete consumption and decay of hydrogen peroxide 
during the first oxidation event allowed additional pyrite oxidation. 

The temperature–time progression curves of coarser milled and sieved mineral samples are 
unlike those of powdered materials (Figures 3a and 4a; Supplementary Figures S4a–S7a). Hydrogen 
peroxide treatment of the pyrite and chalcopyrite size fractions resulted in pronounced heat releases 
evident as distinct peaks (Figure 3b,c; Supplementary Figure S4b,c). Yet, compared to the powdered 
samples, the maximum temperatures (Tmax) were reached much later in the two size fractions (Figure 
3b,c; Supplementary Figures S4b,c). By contrast, hydrogen peroxide treatment of the galena, 
arsenopyrite, stibnite and sphalerite size fractions did not result in clearly recognisable temperature 
peaks over time (Figure 4b,c, Supplementary Figures S5b,c–S7b,c). Here, slightly increased 
temperature plateaus were reached after some reaction time (Figure 4b,c, Supplementary Figures 
S5b,c–S7b,c). 

Overall, the temperature–time graphs demonstrate that the time taken to reach the maximum 
temperatures increases with increasing grain size. The intensity of the exothermic reaction between 
sulphides and hydrogen peroxide is greatest and readily recognisable using an IR camera, when the 
sample materials are powdered (Figures 3a and 4a; Supplementary Figures S4a–S7a). 

Thus, hydrogen peroxide treatment of nearly monomineralic sulphide samples leads to distinct 
temperature peaks that can be visualised using an IR camera. Subsequently, in order to improve 
understandings of the behaviour of polymineralic materials, samples of variable pyrite:calcite 
mixtures were treated with hydrogen peroxide and temperature profile curves recorded (Figure 6). 
The temperature–time graphs show a progressive shift in the maximum temperature (Tmax) with 
time as the proportion of pyrite decreases and that of calcite increases. The highest temperature 
difference (Tdiff) and the shortest time taken for the sample to react coincides with the sample with 
the highest pyrite content, and the temperature difference (Tdiff) progressively decreases and the time 
taken for the sample to react progressively increases with decreasing pyrite content. Yet, exothermic 
reactions of pyrite are still detectable by the IR method in samples that are dominated by the 
acid-consuming mineral calcite (98 wt% calcite). However, no temperature increase compared to the 
initial temperature could be recorded for calcite contents of more than 98 wt% and pyrite contents of 
less than 2 wt%, on the contrary, the measured temperatures decreased compared to the initial 
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temperatures (Tstart). The temperature differences for pyrite-calcite-mixtures with a pyrite 
concentration of 1 wt%, 0.5 wt% and 0.1 wt% are negative (−0.7 °C, −0.7 °C and −1.3 °C, respectively). 
In contrast, the results for the mixture of pyrite and quartz, treated with H2O2 showed, that a 
temperature difference of Tdiff = 0.7 °C could be still detected in samples with a pyrite concentration 
of 0.2 wt% and 99.80 wt% quartz (0.2:99.80 pyrite:quartz). Pyrite:quartz ratios of 0.1:99.9 led to 
negative temperature differences (Tdiff < −1.5 °C). The raw IR-data is provided in Supplementary 
Table S4. 

 
Figure 6. Heat release over time for the various pyrite-calcite mixtures (90:10 to 10:90 pyrite:calcite) 
during IR thermography testing. Decreasing pyrite concentrations result in lower maximum 
temperatures and a longer reaction time. 

4. Discussion 

Infrared thermography is commonly used to record and visualise heat in numerous industrial, 
behavioural and social settings. Thermographic methods and cameras are already used at mine sites 
to monitor the performance of machines, blasting operations [36], material flows [37] or in mine 
rescue situations [38]. Moreover, coal mines use thermographic methods to locate and detect areas of 
elevated temperatures, gas leaks and surface or subsurface fires in mines and heaps due to the 
oxidation of pyrite and marcasite [39–44]. Thermal imaging has also been used at active and 
abandoned mine sites to recognise mined from unmined areas [45], to locate fires [46], to grade 
crushed iron ores [47] and to study the environmental impact of heaps on soils and vegetation due to 
pyrite oxidation and associated heat release [48,49]. 

These aforementioned studies have predominantly documented the thermal imaging of 
naturally occurring sulphide oxidation and the associated heat release due to weathering. By 
contrast, the application of infrared thermographic cameras to recognise the likely presence of 
sulphide minerals in drill core, cutting, chips and powders has not been investigated. Such a 
procedure has the potential to predict the likely presence of sulphide minerals in sampled materials 
at the exploration stage of mining. In this study, sulphidic ore samples were specifically and 
intentionally oxidised, following a defined test protocol, to record and to visualise any exothermic 
reactions and associated heat release from sulphidic minerals. In general, thermal imaging tests can 
only be carried out when sunlight is absent or at night [45,49], because solar radiation and other 
daylight reflections falsify the measured temperature differences between oxidising sulphide 
minerals and the non-sulphidic surroundings. This factor did not pose a limitation in the present 
study, because samples were shielded from outside solar radiation and thermal reflections. 

Pyrite oxidation is an exothermic reaction, and its degradation can be described in a series of 
steps, which were originally described by Garrels and Thompson [50] and Singer and Stumm [51]. In 
listed equations below, the standard enthalpy of reaction (∆Hr0) is indicated too, as described by the 
CRC Handbook of Chemistry and Physics [52]. FeSଶ ൅ ଻ଶOଶ ൅ HଶO → Feଶା ൅ 2SOସଶି ൅ 2Hା ∆Hr0 = −1443 kJ/mol (2) 
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Feଶା + ଵସOଶ + Hା → Feଷା + ଵଶHଶO ∆Hr0 = −102 kJ/mol (3) FeSଶ + 14Feଷା + 8HଶO → 15Feଶା + 2SOସଶି + 16Hା ∆Hr0 = −16 kJ/mol (4) 

In general, enthalpy (H) is a thermodynamic function, which describes the sum of all internal 
energies in a system, which is especially useful for thermodynamic reactions with constant pressure 
(p) [52]. The applied IR test as also conducted under constant pressure conditions. Exothermic 
reactions, like the oxidation of sulphides, are accompanied by enthalpy changes (∆H), due to the 
transfer of thermal energy, which results in a negative standard enthalpy of reaction (∆Hr0 < 0). The 
aqueous oxidation of pyrite is a strongly exothermic reaction (Equations (2)–(4)), mainly due to the 
oxidation of intermediate S2 through O2 [53,54], which results in a heat release of 1443 kJ for one 
oxidised mole of pyrite. The fact that the oxidation of sulphides is an exothermic reaction has also 
been proven and discussed in detail by numerous thermal analysis and calorimetric studies [55–65]. 
In the present study, hydrogen peroxide was used as a strong oxidant to speed up sulphide 
oxidation reactions [66]. Due to the lack of toxic by-products [67], hydrogen peroxide is suited for 
the described experimental set-up, although precious and transition metals (e.g., Ag, Cu, Fe, Mn, Ni 
and Pt) as well as their oxides accelerate the decomposition of hydrogen peroxide [19,68–72]. 
Consequently, all of the hydrogen peroxide added to a particular sample is not available for the 
oxidation of sulphides if such metals or their oxide compounds are present. In addition, the H2O2 
treatment also accelerates the sulphide oxidation reaction and causes an alteration of the sulphide 
minerals surface, including the formation of coatings [73]. The effect of coat formation 
(microencapsulation) has been used and described in detail by Evangelou [73] to protect pyrite in 
coal waste against further oxidation using a mixture of H2O2 and K2HPO4, which lead to the 
participation of ferric phosphate layers on the surface of pyrite [73]. Furthermore, the oxidation of 
sulphides through H2O2 only reflects the chemical oxidation and does not consider biological 
oxidation reaction rates, which occur in nature. Apart from this, the application of H2O2 does not 
take into account any climatic conditions. The importance of the last two points mentioned, and the 
resulting effects on sulphide oxidation rates, was discussed at length by Elberling [74,75]. 

Nevertheless, hydrogen peroxide has been a common and frequently used oxidising agent for 
several decades and has been used in numerous environmental studies, especially in NAG tests and 
variations thereof. The oxidation of pyrite through hydrogen peroxide can be described by the 
following exothermic reactions, which also lists the standard enthalpy of reaction (∆Hr0) [76–78]: FeSଶ  +  ଵହଶ HଶOଶ →  Feଷା + 2SOସଶି + Hା +  7HଶO ∆Hr0 = −2288.9 kJ/mol (5) FeSଶ + 14Feଷା + 8HଶO → 15Feଶା + 2SOସଶି + 16Hା ∆Hr0 = −1.3 kJ/mol (6) 

Results from a previous study [79] showed that H2O is still an important oxidant in pyrite 
oxidation if H2O2 is present and if Fe2+ occurred in the solution, indicating a reducing reverse 
reaction from Fe3+ to Fe2+ [79]. This reducing back reaction is also demonstrated by the NAGpH test 
results in the present study (Figure 1), as the oxidation of pyrite through H2O2 (NAGpH = 2.27, 
Eh = 539) plots in the stability field of Fe2+ in the Eh-pH diagram for the FeS2–H2O system at 25 °C 
temperature. Because of this, the last two reactions of pyrite oxidation through H2O2 and H2O 
(Equations (5) and (6)) can be summarised [79]: FeSଶ + 10Feଷା + 4HଶO + 2HଶOଶ → 11Feଶା + 2SOସଶି + 12Hା ∆Hr0 = −608.3 kJ/mol (7) 

Thus, hydrogen peroxide is a strong oxidant to oxidise sulphide minerals accompanied by a 
release of thermal energy (heat). This heat can then be recorded and measured by a thermal imaging 
camera against time and heat release intensity. This is illustrated by comparing the temperature–
time progression curves obtained using the thermal imaging camera and the digital thermometer 
(Figures 3a and 4a; Supplementary Figures S4a–S7a, Supplementary Table S3). The progression of 
the temperature-time curves of powdered materials from both temperature measuring methods 
show the same trends. Only in the case of stibnite (Supplementary Figure S6), there is a larger 
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temperature mismatch between minute 3 up to 8, as the second phase of heat release is not as 
pronounced when measuring with the digital thermometer, which was also found for chalcopyrite 
and galena but of less significance. Other small deviations can be explained by the fact that the use of 
a digital thermometer represents a selective measurement of a point with a measurement sensor. The 
thermal imaging camera, however, shows based on the settings the hot spot temperature of a 
selected image section or the temperature of the whole sample surface. Furthermore, the digital 
thermometer detects the temperatures inside the liquid, whereas the thermal imaging camera 
records the temperatures contactless on the surface. 

Results of this study documented in the pilot study (Figure 2, Supplementary Figures S1–S3) 
and the temperature–time progression curves (Figures 3a and 4a, Supplementary Figures S4a–S7a) 
demonstrate that the application of hydrogen peroxide to fine-grained sulphide minerals leads to 
intense exothermic oxidation reactions, independent of the type of sulphide mineral present. Yet, the 
various tested sulphides display subtle differences in the maximum temperature reached (Tmax), the 
reaction time to reach the peak temperature (tmax), and the total time (ttotal) to reach the initial 
temperature (Tstart). Miller et al. [30,31] described the maximum temperature during the NAG test of 
pyrite as a function of the sulphur content and reactivity and classified sulphides as “highly 
reactive” if the maximum temperature peak (Tmax) was reached within the first five minutes of the 
reaction. However, other sulphide minerals, absolute temperature differences and the total duration 
of the reaction were not considered. Based on the described recorded parameters above (Table 1), 
conclusions can be drawn about the reactivity of the individual sulphide minerals used in this study. 

Results from the IR method show that poorly reactive samples like the 2–4 mm size fractions of 
chalcopyrite, arsenopyrite, sphalerite, galena and stibnite are characterised by a temperature 
difference of less than 10 °C (Table 4). The effect of the grain size on the sulphide oxidation rate was 
sufficiently investigated by Dold and Fontboté [80] using pyrite and chalcopyrite bearing tailings. 
The results here indicate that powdered pyrite reached its maximum temperature of 90 °C the fastest 
and cooled down to the initial temperature (Tstart) the fastest as well. In addition, significant high 
temperature releases could be recorded in the two size fractions of pyrite and chalcopyrite (Figure 
3), which is not the case for the other investigated sulphide minerals. By contrast, galena took the 
longest time to reach its initial temperature (Tstart) again, and it had the lowest maximum 
temperature of 67.8 °C (Tmax) (Figure 4), which is below the maximum temperatures of all other 
tested sulphides. The two galena coarse grain size fractions also form a temperature plateau (Figure 
4b,c), where the maximum temperatures are nearly constant for approximately 90 min (32.6 °C and 
30.5 °C, respectively). This likely reflects a constant energy release from enduring exothermic galena 
oxidation reactions and the continuing consumption of hydrogen peroxide. Compared to iron 
sulphides (e.g., pyrite, chalcopyrite and arsenopyrite), galena needs a significantly higher activation 
energy for oxidation due to the fully loaded orbitals of lead and sulphur, making the transfer of the 
spin density from O2 to lead and sulphur comparatively harder [81]. Furthermore, the transfer of 
Fe(II) in pyrite is predominantly to the oxidant, while the electrons in galena are withdrawn from 
sulphur ions during the reaction of oxidation [81]. Such crystallographic controls may explain the 
detected sustained energy release upon galena oxidation as detected through IR thermography by 
this study. 

Differences in the reactivities of the individual sulphide sample materials are also indicated by 
the calculated areas under the temperature–time graphs (Table 5). Having applied the same 
experimental set-up and conditions, comparatively small surface areas indicate a higher reactivity of 
the sulphide material caused by a faster consumption and decay of hydrogen peroxide, which 
resulted in a faster cooling down and an end of the oxidation reactions. By contrast, lower reactive 
samples led to slower oxidation, the consequence being that the consumption and the decay of 
hydrogen peroxide was decelerated as well. Thus, a prolonged heat release can take place, provided 
there is enough sulphide material which can be oxidised. Calculation of the areas beneath the 
temperature-time progression curves confirms that chalcopyrite followed by arsenopyrite and pyrite 
have the smallest calculated areas (229 × 102 K·s; 234 × 102 K·s and 241 × 102 K·s, respectively), and 
therefore these three sulphide minerals are the most reactive minerals investigated by this study. By 
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comparison, galena displays the largest calculated area of 354 × 102 K·s (Table 5), and it is therefore 
the least reactive sulphide mineral analysed by this study. This leads to the following order of 
sulphide reactivity of powdered sample material from high to low: chalcopyrite > arsenopyrite > 
pyrite > sphalerite > stibnite > galena. Fe has been showed to have a decisive influence on the 
reactivity of sulphides [82]. This is evident in the reactivity of sphalerite, which has a higher Fe 
concentration (7.62 wt%, Table 3) compared to stibnite with only slightly increased Fe content 
(0.05 wt%, Table 3), and galena, for which no Fe above the LOD has been detected (Table 3). 
Chopard et al. [83] determined in their study the reactivity of monomineralic sulphides almost in the 
same order but using kinetic tests with a test time of 200 days. The only difference is the reactivity of 
chalcopyrite, which shows a higher reactivity in the present study, caused by the high purity of the 
sample material of 100 wt% chalcopyrite (Table 2). Therefore, the highest possible amount of Fe is 
available for chalcopyrite oxidation (Table 3). The rate of chalcopyrite oxidation increase with 
increasing Fe concentrations [82]. In contrast, the sample material of pyrite and arsenopyrite show 
impurities (15 wt% and 31 wt% respectively, Table 2), which led to a reduced reactivity. The 
oxidation rates of pyrite and arsenopyrite are equivalent if ferric Fe is the oxidant [84,85]. The results 
of the integral calculations show that the reactivity of the sulphides can be successfully and rapid 
determined within one to two hours using the described IR test protocol. The integral results also 
demonstrate that the IR test reacts to changes in sulphide sample reactivity. Fe impurities lead to an 
increased sulphide reactivity. Reduced sample reactivity can be due to non-sulphide minerals in the 
sample material. The IR results underline the importance of knowing the trace element composition 
in the sample material for sulphide reactivity classification [85]. 

Some powdered sulphides, especially chalcopyrite, stibnite and galena, show a second phase of 
heat release after the maximum temperature (Tmax) was reached (Figure 4; Supplementary Figures S4 
and S6). This second temperature rise could be interpreted as a second exothermic event, which 
occurred due to cracking of freshly formed protective secondary mineral coatings around the 
sulphide particles. Upon exothermic sulphide oxidation events, mineral coatings (e.g., oxides, 
sulphates) may form as outer layers especially on fine-grained sulphide particles, encapsulating and 
protecting the sulphide grains from further oxidation (cf. Dunn 1997). Thus, the second energy 
release as detected by this study in powdered sulphide minerals is most likely due to the initial 
formation and subsequent dissolution of oxidation products on sulphide mineral surfaces. 

Overall, a maximum temperature (Tmax) of more than 90 °C was never exceeded in any of 
investigated materials, which is consistent with the observations of Miller et al. [29,30], Weber et al. 
[19,33] and Sapsford et al. [32] in previous studies. This could be due the boiling point of 12% H2O2, 
which is around 100 °C at sea level [86], the energy loss to the surroundings because of vapour 
formation and the use of a non-insulated beaker. Another factor influencing the intensity and 
duration of the exothermic reaction is the amount of sulphide material present (Figure 6). The lower 
the pyrite content, the more time was needed to reach the maximum temperature, which was also 
accompanied by a change in the shape of the temperature peaks, becoming increasingly round and 
broad (Figure 6). In addition, the duration of the exothermic reaction increased with decreasing 
pyrite contents. This demonstrates that a decreasing pyrite content resulted in a decreasing intensity 
of the exothermic reaction. The energy output is slower, but the exothermic reaction takes place over 
a longer period (Figure 6). By contrast, high pyrite concentrations led to more rapid and explosive 
reactions, accompanied by rapid heat emissions with vapour formation. Furthermore, self-heating of 
sulphide-rich material is greater when compared to samples with lower sulphide concentrations due 
to the spontaneous reaction with oxygen after desulfurisation as documented in a kinetic study by 
Wang et al. [57]. The oxidation of sulphides is a temperature-dependent reaction [73,75] and heat is a 
catalyst for further exothermic reactions, with the result being that oxidation proceeds faster at 
higher than lower temperatures [67,87,88]. Consequences of rapid decay and consumption of 
hydrogen peroxide [89] are comparatively faster cooling to the initial temperature (Tstart). 
Comparably lower pyrite concentrations led to exothermic reactions of lower intensities with slower 
consumption and decay of hydrogen peroxide. As a result, hydrogen peroxide is available longer for 
exothermic reactions, which led to longer reaction times (ttotal) overall. However, for a pyrite 
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concentration of 1 wt% or lower, a temperature decrease relative to the initial temperature was 
recorded if it was mixed with calcite, resulting in negative temperature differences (Tdiff < 0 °C). 
However, if pyrite was mixed with quartz it led to the observation that significant temperature 
increases could be still detected down to a pyrite concentration of 0.2 wt%. Only from a pyrite 
content of 0.1 wt% or lower, mixed with quartz were negative temperature differences measured. 
The reason for negative temperature differences is that, the heat released by the exothermic reaction 
is so small that it can no longer be detected due to the loss of energy. Furthermore, the sample cools 
due to cooling by evaporation. Moreover, the amount of energy that is extracted from the liquid is 
greater than the energy (heat) released by the exothermic reaction and the temperature differences 
(Tdiff) become negative. The lower the pyrite:calcite (≤1:99) and pyrite:quartz ratio (≤0.1:99.90), the 
greater the negative temperature differences. However, the addition of calcite seems to increase the 
effect of the negative temperature differences. One factor is the activation energy of pyrite. Calcite is 
an acid-consuming mineral, known for its fast acid-neutralisation reactions and therefore commonly 
used for AMD treatment. The activation energy of pyrite is low at low pH and increases with 
increasing pH [90]. Therefore, the oxidation of pyrite takes place faster under lower pH values than 
under higher pH. Due to the mixture of pyrite and calcite the pH is raised and a higher activation 
energy is necessary to oxidise pyrite. In addition, sulphide-rich samples consume calcite faster than 
samples poor in sulphides [90]. The barrier that must be exceeded for pyrite oxidation increases with 
decreasing pyrite:calcite ratio. Yet, an opposite effect was reported by Evangelou and Zhang [91], 
who described increased pyrite oxidation rates caused by HCO3–, the main chemical compound at 
pH 7 [85] due to buffering by carbonate minerals. Besides the neutralising treatment of acidic waters, 
this can also lead to an increased kinetic pyrite oxidation behaviour [85]. Increased pyrite oxidation 
rate due to the addition of calcite could not be detected in this study. 

Based on these results, a general detection limit for pyrite cannot be set for the developed 
infrared thermographic test protocol, as the detection limit varies depending on the influencing 
factors and parameters. One factor is the sulphide mineral phase itself, because the standard 
enthalpy of reaction, the oxidation reactivity behaviour and the associated energy transfer in form of 
heat varies from sulphide to sulphide and depends on particle size (Figures 3a and 4a, 
Supplementary Figures S4a–S7a), which has already been documented and discussed in studies 
using calorimetric methods [55,60,92] and scanning tunnelling microscopy [81]. Furthermore, no 
mineral-specific general detection limits can be defined, because partially oxidised pyrite has a 
greater heat evolution compared to fresh non-oxidised pyrite due to the catalysing effect of 
precipitated iron sulphates on the pyrite surface [63]. This effect can also be expected for other 
iron-bearing sulphides. Consequently, detection limits can only be defined if the experimental 
set-up and the controlling parameters are specified. Accordingly, the detection limit for powdered, 
pure and non-oxidised pyrite mixed with pure powdered calcite, using the described infrared 
thermographic test protocol in the present study is defined as 2 wt%. Pyrite concentrations below 2 
wt% lead to negative temperature differences if it is mixed with calcite. In contrast, the detection 
limit for powdered, pure and non-oxidised pyrite mixed with pure powdered quartz, using the 
described infrared thermographic test protocol is 0.2 wt%. Pyrite concentrations below 0.2 wt% lead 
to negative temperature differences if pyrite is mixed with quartz. 

Furthermore, it is evident in the present study that the detected temperature–time profiles are 
dependent on the availability of hydrogen peroxide. Repeated addition of 12% H2O2 led to renewed 
exothermic pyrite oxidation with nearly similar maximum temperatures (Tmax) (Figure 5). 
Consequently, the oxidation reaction of highly reactive sulphidic samples stops due to the complete 
consumption and decay of hydrogen peroxide and not due to the complete oxidation of the sulphide 
sample material, which was described in various NAG test studies before (c.f. [18,30,83–86,93]). 
Clear maximum temperature peaks are indicators of full decomposition of H2O2 and consequently 
named by Weber et al. as the “catalytic decomposition peak of H2O2” [94]. 

Finally, based on the test results and observations, an error analysis can be carried out for the 
infrared thermographic test protocol developed here. All tests were performed with a non-insulated 
beaker; consequently, there is an unmeasured loss of heat to the surroundings. In addition, with 
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highly reactive samples, energy is also lost due to the formation of vapour in the course of the phase 
transition from liquid phase to vapour. Furthermore, not the entire hydrogen peroxide is available to 
react with the sulphides, as Fe and its oxides in particular, but also other metals (e.g., Ag, Cu, Mn, 
Ni, Pt), may act catalytically on hydrogen peroxide. Therefore, a certain amount of hydrogen 
peroxide possibly decomposes before it may react with sulphides. All the above mentioned energy 
losses and the loss of reactive hydrogen peroxide can lead to low abundances of sulphides being 
undetectable in samples using a thermographic camera. 

pXRF is a common and recommended method for identifying sulphide minerals in the field 
using geochemical data. The advantage of the described IR test protocol in this study compared to 
pXRF is that no specialist personnel are required to perform the tests. In addition, mining companies 
already use IR cameras on site for safety monitoring and other applications as described above. 
Therefore, IR cameras are a well-known technique for mine personnel and existing technical 
infrastructure can be used. Furthermore, in recent years IR cameras have become cheaper, more 
compact, easy to handle and easy to purchase. There is no need for additional security training or 
security personnel as is the case when using X-ray equipment. The IR cameras are easy to transport, 
robust and have rechargeable and exchangeable batteries, making the IR cameras easy to use in the 
field. In addition, IR cameras are quickly ready for operation after an usually warm-up phase of five 
to ten minutes and calibrate themselves within one minute each time they are restarted. There is no 
need for time-consuming calibrations, system checks and the acquisition of expensive certified 
reference materials, because it is a standalone system. In short distances, as applied in the present 
study, differences in air pressure and humidity have no influence on the IR measurements. Both 
methods, IR and pXRF, complement each other to enable sample classification in the field. 

Further and future investigations with other non-sulphide minerals mixed with sulphides are 
necessary to have a better understanding of the thermodynamic reaction behaviour of sulphides 
when they are mixed with other non-sulphide minerals and treated with H2O2. Also, further tests are 
necessary to find out if and how different sulphide mineral phases influence each other during 
oxidation by H2O2 due to electrochemical processes [95]. Tests on real (natural) deposits are planned 
as part of future work. 

5. Conclusions 

This study demonstrates that the presence and reactivity of exothermic sulphide oxidation 
reactions can be measured and visualised using a portable IR thermographic camera when 
powdered sulphidic materials were treated with hydrogen peroxide. The reactivity of powdered 
sulphide minerals analysed in this study from high to low is chalcopyrite > arsenopyrite > pyrite > 
sphalerite > stibnite > galena. The duration and intensity of the visualised reactions depend on (i) the 
inherent reactivity of the respective sulphide minerals, (ii) the amount of sulphides present, (iii) the 
available reactive surface, (iv) the degree of previous oxidation/weathering, (v) the volume and 
concentration of the hydrogen peroxide added, (vi) potential iron impurities and (vii) the presence 
of other mineral phases. Despite the presence of calcite, sulphide minerals can be visualised down to 
the mineral-specific detection limit using IR thermography due to exothermic sulphide oxidation 
reactions. This study also demonstrates that the application of hydrogen peroxide to powdered 
sulphidic samples and subsequent IR thermography allow rapid recognition and visualisation of 
sulphide minerals and the associated sample reactivity within samples regardless of the presence of 
calcite and regardless of pH. 

Supplementary Materials: The following are available online at www.mdpi.com/2075-163X/10/11/933/s1, Table 
S1: Raw pXRF data, LOD’s, precision and accuracy; Table S2: Raw IR-data; Table S3: Raw data using digital 
thermometer; Table S4: Raw IR-data pyrite:calcite and pyrite:quartz proportions; Figure S1: Pilot study sample 
heated; Figure S2: Pilot study using iron(III) chloride on surface; Figure S3: Pilot study roughened surface; 
Figure S4: Temperature–time graphs for chalcopyrite; Figure S5: Temperature–time graphs for arsenopyrite; 
Figure S6: Temperature–time graphs for stibnite; Figure S7: Temperature–time graphs for sphalerite. 
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