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ABSTRACT 
 

Significant amounts of mercury and other toxic elements can exist in coal and other fossil 
fuels. When these fuels burn, metal vapor and other toxic compounds are released into 
the atmosphere where they may drift, spreading over vast regions with air currents. In 
addition, coal utilization may contribute substantial amounts of these elements to the 
environment by processes other than combustion.  
 
The overall objective of this research was to obtain a better understanding of the 
mineralogical residence and abundance of trace elements speciation in Illinois coals. 
Particularly, the chemical elements that are regulated or likely to be soon regulated are of 
major interest in this study. Among these, mercury is of particular concern due to its 
toxicity to the nervous system of humans, persistence in ecosystems, capacity to bio-
accumulate, and global dispersion pattern. The goal of this project was to provide an 
increased understanding of the geochemistry of mercury and other potentially hazardous 
trace elements (e.g., As, S, and Se) in Illinois coals. This information is needed to 
generate predictive models for the behavior of toxic chemical elements and to predict the 
mobility of different chemical elements during the coal fuel-cycle. 
 
Preliminary data suggest that the distribution of trace elements, including mercury, is 
highly variable within the coal sample. In high-sulfur coal samples, a significant portion 
of metals, including mercury, is concentrated in sulfide minerals. For the majority of coal 
samples analyzed mercury concentrations are significantly below the average Hg 
concentration in U.S. coals. This study reports, for the first time, mercury isotope data 
from coal and pyrite samples from the Illinois Basin. This research suggests that 
combined trace element analyses and mercury isotope signatures can be used to 
development geochemical models to help interpret and predict coal quality data. 
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EXECUTIVE SUMMARY 
 
Mercury (Hg) is one of the most toxic metals present in coal and is released into the 
atmosphere when coal is burned. Coal combustion is estimated to be one of the dominant 
anthropogenic sources of Hg in the environment, with an annual emission estimated at 
48.5 tons per year as a result of fossil fuel combustion, mostly from coal-fired power 
plants. In 2005, the U.S. EPA issued the Clean Air Mercury Rule (CAMR), setting 
performance standards for new coal-fired power plants and nominally capping mercury 
emissions from new and existing plants.  
 
The overall objective of this research was to better understand the mode of occurrence 
and the distribution of mercury and other inorganic chemical elements in Illinois coal. To 
achieve this goal, microanalytical techniques and complementary stable isotope systems 
were used to evaluate the controls on mercury and other trace elements variability in 
Illinois coals. The specific objectives of this project were: 
 

 Investigate the distribution, abundance, speciation (chemical form), and modes of 
occurrence of Hg and other trace elements in Illinois coals, with the intent of 
formulating a predictive model that can be used by the coal industry and utilities 
to accurately address the environmental impacts of mining and the combustion of 
coal; 

 Develop geochemical models to help interpret and predict coal quality, as well as 
relating these factors to geological frameworks; 

 Create a database that can be integrated with an existing large body of chemical 
and geological information available to coal scientists; 

 Train both graduate and undergraduate students in chemical methods important to 
the investigation of coal, by providing both theoretical and practical means. 

 
The key objectives of this research have been accomplished. The project entailed the 
construction of flexible, sequential-extraction systems to be used in the investigation of 
trace elements in coal and coal combustion products. Trace element data was collected by 
analyzing coal and pyrite samples using the Proton Induced X-ray Emission (PIXE) 
method. The coal and pyrite samples were also analyzed for both mercury concentration 
and mercury isotope signature. Results from this research show that Hg concentrations in 
the Illinois coal samples are significantly below the average Hg concentration in the U.S. 
coals. Another significant finding of this project was that Springfield No. 5 and Herrin 
No. 6 have distinctly different mercury isotopic signatures. Thus, mercury isotopes can 
be used as an efficient tool in distinguishing among different sources of mercury in coal. 
Understanding the distribution and mode of occurrence of mercury in coal may also help 
to identify strategies to reduce mercury during mining, remove mercury from combustion 
gases, and to evaluate the stability of mercury in combustion ashes and flue-gas scrubber 
byproducts. 
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OBJECTIVES 
 
Overall Objective: The overall objective of this research was to better understand the 
controls on mercury and other trace elements content in Illinois coal, with the intent to 
formulate a predictive model that can be used by the coal industry and utilities to make 
decisions about the cleaning and blending of coals to meet forthcoming regulations. 
 
Specific Objectives of this Study: In order to achieve the primary objective, the 
following specific objectives, as set out in the original proposal, were established: 

1. Investigate the distribution, abundance, speciation (chemical form), and modes of 
occurrence of mercury and other trace elements in Illinois coals, with the intent of 
formulating a predictive model that could be used by the coal industry and 
utilities to accurately address the environmental impacts of mining and 
combustion of coal; 

2. Develop geochemical models to help interpret and predict coal quality, as well as 
relating these factors to geological frameworks; 

3. Create a database that can be integrated with an existing large body of chemical 
and geological information available to coal scientists; 

4. Train both graduate and undergraduate students in chemical methods important to 
the investigation of coal by providing both theoretical and practical means. 

 
The work was divided into the following tasks: 
 
Task 1: Sampling of coal beds for analysis  
Representative coal samples were collected from various coal beds in mines located in 
several counties in Southern Illinois. Bench samples collected from coal seam sections, 
were split into four sections: one section of the samples was made into a polished block 
for mineralogical and petrographic investigations, the second section was used for 
sequential extraction of sulfur species, the third section was used for mercury analyses, 
and the last section was saved for future analyses, such as acid-digestion and trace 
elements analyses. 
 

Task 2: Standard petrographic analyses 
Polished samples of the coal were examined using petrographic and microanalytical 
techniques. Reflected light microscopy was used to determine basic mineralogy and to 
analyze structural features. Organic petrography was carried out on polished sections of 
coals through an optical microscope at high magnification using oil immersion objective 
lenses in the Coal Characterization Laboratory at SIU 
(http://mccoy.lib.siu.edu/projects/crelling/coalcharlab/index.html).   
The online Petrographic Atlas, assembled by Dr. Crelling, was used for macerals 
characterization (http://mccoy.lib.siu.edu/projects/crelling2/atlas).  
 

Task 3: Selective leaching and measurements of trace elements 
Splits of the coal samples were extracted for trace elements using the acid leaching 
techniques. After the sequential extraction was completed, triplicates of the dried solids 
removed for each of the steps were analyzed for the residual trace elements content in 
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each of the fractions. All the trace element analyses were performed on a Z-2000 
Teledyne Atomic Absorption Mass Spectrometer.  
 
Task 4: Chemical analyses by Proton Induced X-ray Emission (PIXE) 
Quantitative determinations of major and trace elemental contents of coal and mineral 
samples were using Proton Induced X-ray Emission (PIXE) microprobe of the Elemental 
Analysis Incorporated Laboratory at Lexington, KY. PIXE is a technique which can be 
used for non-destructive, simultaneous elemental analysis (Na through U) of solid, liquid, 
thin film, and aerosol filter samples. The use of proton beam as an excitation source 
offers several advantages over other X-ray techniques. Among these are: (1) Higher rate 
of data accumulation across the entire spectrum which allows for faster analysis, and (2) 
Better overall sensitivities, especially for the lower atomic number elements.  
 
Task 5: Mercury analysis 
Concentrations of mercury in the coal samples and mineral separates were measured by 
Atomic Absorption Spectroscopy following Sn(II) reduction (MA-2000, Nippon 
Instruments) at the University of Michigan, Ann Arbor. Coal samples were digested 
along with each set of mineral samples in addition to digestion blanks. The detection 
limit was set at 0.02 ng/g, and the instrument was run in high concentration mode for 
liquids. The blanks for the photochemical reactor set-up were below the detection limit. 
Preserved reactor samples and coal and mineral digests were analyzed for their isotopic 
composition using a Nu Instruments multiple collector inductively coupled plasma mass 
spectrometer (MC-ICPMS) and continuous flow cold vapor generation with Sn(II) 
reduction. The analytical method of mercury isotopic ratio measurements was presented 
in Blum and Bergquist, 2007.  
 

Task 6: Data interpretation                                                                                      
A database was created in Microsoft Access format which combined all available 
geochemical data from sources such as the U.S. Geological Survey COALQUAL 
databases (Bragg et al., 1998), data from mining company records that are no longer 
confidential, and data from individual researchers.   
 
Task 7: Reporting and Publication 
Quarterly progress reports and a comprehensive final report were generated according to 
ICCI reporting guidelines. Research results were also presented at the Annual 
International Pittsburgh Coal Conference, Pittsburgh, PA and the Geological Society 
Annual Meeting in Portland, Oregon. 
 

INTRODUCTION AND BACKGROUND 
 
Significant amounts of mercury S, Hg, Cl, As, Se, Zn, Cd, and other toxic elements can 
exist in coal and other fossil fuels (Swaine, 1990, Goldhaber et al., 2000, Finkelman et 
al., 2002; Zhang et al., 2004; Diehl et al., 2004; Brownfield et al., 2005; Yudovich and 
Ketris, 2005). When these fuels burn, metal vapor and other toxic compounds are 
released into the atmosphere where they may drift, spreading over vast regions with air 
currents. In addition, coal utilization may contribute substantial amounts of these 
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elements to the environment by processes other than combustion. To comply with U.S. 
EPA regulations on coal-burning power plants, utilities are actively working to identify 
viable methods to reduce emissions of toxic elements.  
 
An important goal of coal research was to identify and quantify the distribution and 
chemical form of different toxic elements in coal. Results of these research efforts are 
critical in designing technologies that can mitigate the environmental impact of coal 
combustion and ensure that the risks to human health and the environment are low. Coal 
is a complex, heterogeneous material composed of organic and inorganic components. 
Coal is largely composed of organic matter, but it is the inorganic matter in coal—
minerals and trace elements— that have been cited as possible causes of health, 
environmental, and technological problems associated with the use of coal. Metal 
speciation and distribution in any coal sample define their behavior during combustion 
and their mobility and toxicity in the flue gas and residue (Toole-O’Neil et al., 1999; 
Ward, 2002). For example, during coal combustion Hg, can interact directly with chlorine 
and/or hydrochloric acid which are the dominant mechanisms for catalytic mercury 
oxidation in the flue gas. Furthermore, other flue gas species, specifically NOx and SOx, 
can play a central role in mercury oxidation (Tewalt et al., 2001; Sakulpitakphon et al., 
2004). Thus, it is important not only to evaluate and monitor the contribution of sulfur, 
mercury, chlorine, and other elements from coal but also to determine their content 
accurately in both organic and inorganic matrixes and to have a reliable traceability basis 
with which to compare these measurement. Achieving these reductions will require coal-
fired utilities to adopt strategies for compliance that include installation of new or 
modification of existing emissions control equipment, selective mining, and coal 
washing, or switching fuel sources. Despite the increase in research, the knowledge of the 
distribution and chemical speciation of many chemical elements within the various host 
phases in Illinois coal is rather limited. 
 
In this study, the controls on Hg, S, and other trace elements content in Illinois coal 
seams were examined, with the intent of formulating predictive models that could be used 
by the coal industry and utilities to make decisions about the cleaning and blending of 
coals to meet forthcoming regulations. The identification of organic constituents in coal 
was made by petrographic and coal quality analysis of lithotypes, the identification of 
inorganic constituents was made by X-ray diffraction analyses. Sulfur and mercury was 
quantified and analyzed at SIUC using methods detailed in the following sections. 
Different sulfur fractions was quantified and further analyzed for their isotopic 
composition.  As the origin of mercury and sulfur are very diverse, we found a clear 
difference in isotopic composition among different fractions. 
 
Mercury isotopes: a novel tool for understanding the sources and transformations of 
Hg in the environment. One of the main goals of this study was to provide an overview 
of the distribution and concentration of mercury in Illinois coal. Mercury (Hg) is a toxic 
and ubiquitous trace element with typical concentrations in coal of 0.02-1.0 μg/g. 
Although mercury usually occurs in association with pyrite (FeS2) and cinnabar (HgS), it 
can also be bound to the coal macerals. Despite the low levels of Hg in coal, huge 
amounts of coal are burned to generate electricity. Mercury released from coal-fired 
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power plants is responsible for about one-third of anthropogenic emissions and results in 
environmental and human health hazards because of its toxicity, mobility, 
bioaccumulation, and long-term contamination characteristics as well as its serious effect 
on the neurological development of fetus and children. Detailed knowledge on 
distribution, abundance, speciation, and modes of occurrence of Hg is essential to 
understanding and predicting the transformations taking place during the coal fuel-cycle. 
Removal of Hg contaminants from coal prior to combustion was also proposed to be 
effective. Coal washing is an example and has been practiced for a long time. 
 
Mercury has seven stable isotopes (196, 198, 199, 200, 201, 202, and 204 amu), with a 
4% relative mass difference and Hg-202 being the most abundant (29.86%). Only 
recently the high-precision Hg isotope measurements have been successfully completed. 
This was due to the technical ability of an inductively coupled plasma mass spectrometry 
(ICP-MS) instrument to measure individual isotopes. Terrestrial processes have provided 
many opportunities for Hg isotopic fractionation. In most cases, Hg isotopes fractionate 
according to their mass, producing mass dependent fractionation (MDF). The MDF can 
produce up to a 5‰ variation in δ202Hg values. However, recent studies discovered that 
natural samples sometimes display mass-independent fractionation (MIF) of Hg isotopes. 
Bergquist and Blum (2007) attributed the MIF of the odd-mass Hg isotopes to the 
photochemical processes in the upper atmosphere. This scientific breakthrough has 
allowed for additional Hg isotope measurements and a better understanding of Hg cycles 
between several active pools near Earth’s surface. Because of the extent of MDF and 
MIF observed in natural samples (e.g., fish, soil, and sediments), Hg isotopes offer a new 
tool to elucidate, track, and quantify Hg sources and transformations in the environment. 
Significantly, Hg isotopes can also be used to investigate coal deposits and discriminate 
among Hg sources in coal. The Hg isotopic composition of different coal constituents is 
controlled by a unique combination of factors including syngenetic Hg sources available 
during deposition (atmospheric deposition) and addition of epigenetic sources which 
include infiltration of Hg-bearing fluids. To date, there is no reliable tool that can help 
distinguish among the plethora of geological factors (i.e., the burial and diagenetic 
history of the coal, the interactions with mineralizing fluids) that have controlled the 
distribution of Hg in coal. The possible preservation of both MDF and MIF in coals will 
depend on the mass balance of Hg sources. Previous studies have shown that soils or 
other pools that incorporate atmospherically-derived Hg can preserve small MIF 
signatures, which suggest that Hg isotopes can be a very useful tool in fingerprinting the 
atmospherically-derived Hg in coal. Thus, it is expected that the MDF and MIF recorded 
by Hg isotopes in coal samples will contribute to the understanding and quantification of 
important processes in coals and coal combustion products. 
 

EXPERIMENTAL PROCEDURES 
 

Sampling of coal beds for analysis 
 
Coal samples collected from mines located in two counties in Southern Illinois and the 
following Illinois Basin coals were split into four portions: one part of the samples was 
made into a polished block, the second split was analyzed for different chemical analyses 
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(e.g., PIXE), the third split was sent for proximate analysis at USGS Laboratories in 
Denver, and the last split was saved for other analyses, such as acid-digestion. 
 
Basic coal characterization analysis 
 
Standard mineralogical and structural examination: Mineral identification was 
performed using a state-of-the-art analytical system composed of (1) ZEISS®- Universal 
reflected-light petrographic microscope, (2) Hitachi 7100 TEM equipped for X-ray 
analysis (NORAN Voyager III) and digital, high-resolution imaging at 125 kV at the 
IMAGE facility at SIUC, and (3) a FEI Quanta 400 FEG scanning electron microscope 
equipped with an energy dispersive X-ray spectrometer (SEM/EDS). The SEM was used 
to determine the mineral phases present and estimate qualitatively the concentration and 
distribution of trace elements in sulfide minerals (Huggins, 2002; Ward, 2002).  
 
For petrographic observations, coal samples were crushed, grounded, and sieved through 
20 mesh sieve (~0.84 mm). Representative portion of sieved coal samples were mixed in 
epoxy resin with the proper portion of hardener and polished pallets were made for 
petrographic analyses of the different type of macerals. Pallets of coal samples were 
prepared by using the BUEHLER AUTOMET® 250 and pallets were polished first on 1.0 
µm (alpha alumina) and finally on a 0.06 µm (colloidal silica) polishing compound 
according to the standard procedures (Pontolillo and Stanton, 1994). Macerals were 
examined under oil immersion with a standard white light source using the macerals 
nomenclature proposed by the International Committee for Coal and Organic Petrology 
(ICCP, 1998, 2001). Petrographic observations were done in the Coal Characterization 
Lab at SIU. For TEM and SEM observations, each of the samples were mounted on disc 
and coated with gold. Samples were analyzed by Cu K-a radiation at an accelerating 
voltage of 45 kV and current of 35 mA. Data were collected in an angle range from 2° to 
70°, and collection duration was tailored to each experiment.  
   
Trace element analyses: Fifteen coal samples collected from mines were analyzed for 
trace elemental content. In addition to analyzing the host coal for trace elements, we 
separated and analyzed both calcite and pyrite. Pyrite occurs as framboids, dendrites, or 
in massive form in cells or veins. Early diagenetic framboidal pyrite is usually As, Se, 
and Hg poor. Pyrite-filled veins consist of several generations of sulfide precipitation. 
Pyrite in late-stage veins commonly exhibits metal-rich growth zones, indicating an 
epigenetic hydrothermal origin. Calcite occurs mainly as cleat fillings. The results of the 
elemental analysis from the coal, pyrite, and calcite samples from the Illinois coal are 
presented in Tables 4-12.  
 
Proton Induced X-ray Emission (PIXE): PIXE analysis has been employed to analyze 
a plethora of trace elements of the coal samples from the Illinois Basin. PIXE is a 
technique which can be used for non-destructive, simultaneous elemental analysis (Na 
through U) of solid, liquid, thin film, and aerosol filter samples. Like other spectroscopic 
techniques used for elemental analysis, Proton Induced X-ray Emission (PIXE) is based 
upon the physics of the atom, and not its chemistry like other spectroscopic techniques 
used for elemental analysis. It involves both the excitation of the atoms in the sample to 
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produce characteristic X-rays and a means of detection in order that their intensities may 
be identified and quantified. When samples are bombarded with the ion beam; the 
protons interact with the electrons in the atoms of the sample, creating inner shell 
vacancies. The energy of the X-rays emitted when vacancies are refilled are characteristic 
of the element from which they originate, and the number of X-rays is proportional to the 
amount of the corresponding element within the sample. 
 
Coal samples were analyzed using the nuclear microprobe of the Elemental Analysis 
Incorporated Laboratory, Lexington, KY. A 3 MeV proton beam was used, with beam 
diameters between 4 and 8 μm. Beam currents between 0.5 and 1.5 nA. PIXE spectra 
were registered using a Link Pentafet Si(Li) X-ray detector (80 mm2 active area, energy 
resolution of 175 eV at 5.9 keV; separation from the evacuated sample chamber by a 75 
μm thick Kevlar window). Absorbers (160 μm Al or 320 μm Al) were used to reduce 
count rates to acceptable levels and reduce pile-up effects. PIXE spectra were processed 
using the GeoPIXE suite of program. The elements measured by PIXE were the 
following: Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Rb, 
Sr, Y, Zr, Nb and Ba. 
 
Sequential extraction of trace metals: Sequential leaching can be used to rapidly and 
accurately quantify the modes of occurrence of inorganic elements in coal. For this 
project, the coal samples were crushed and sieved through 60-mesh for the geochemical 
sequential analyses for trace elements. Two different leaching techniques were used. In 
the first procedure, 5 g of sieved coal samples were sequentially leached with 40 ml 
distilled water and then with 3N HCl. In the second procedure, 5 g of the coal sample was 
directly leached with 35 ml of 3N HNO3. Coal samples were placed with corresponding 
solvents (water/acids) in a conical-bottom 50 ml polypropylene centrifuge tubes and kept 
for 24 hours. Finally from the mixture of coal samples and solvents, the leachate 
solutions (filtered solutions) were analyzed by using a Z-2000 Hitachi Atomic 
Absorption Spectrophotometer. The reproducibility of the technique is about ±5 to10 
percent absolute. The resulting mass balances from the analyses of both the leachate 
solutions and the residual solids provide a high degree of confidence in the procedure. 
Modes of occurrence were quantified for 15 environmentally sensitive elements. 
 
USGS laboratory analyses: Additional geochemical data, moisture, sulfur, ash, calorific 
value, sulfur forms, and trace element analysis were obtained by analyzing the coal 
samples at the USGS-ERP Energy Lab, Denver, Colorado. Coal samples were analyzed 
following American Society for Testing and Materials (ASTM) procedures (1985). In 
addition, for all samples, float fractions at 1.55g/cm3 are obtained and analyzed for sulfur, 
ash, and mercury contents.  
 
Mercury concentration analyses: All coal samples were analyzed for Hg concentrations 
by combustion and atomic absorption spectroscopy (wavelength= 253.7 nm) using a 
Nippon Instruments MA-2000 Hg analyzer following Hg thermal desorption technique. 
The detection limit for this method was 0.25 ng Hg g–1 and the limit of quantification was 
1 ng Hg g–1. Analyses of quality control standards Wako Pure Chemical Ltd. Hg standard 
solution (138-13661, lot YPH 8098) and NIST SRM 3133 agreed with certified values to 
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within ±5%. Replicates were run for 10% of the analyses and agreed to within ±5%. 
 
Mercury isotope analyses: Mercury isotope analyses of coal and pyrite samples were 
performed using a multicollector inductively coupled plasma mass spectrometer (MC-
ICPMS) using continuous flow cold vapor generation with Hg reduction. Instrumental 
mass bias was corrected using both an internal thallium standard (NIST SRM 997) and 
sample-standard (NISTSRM3133) bracketing. The bracketing standard concentration 
(within 10%) and the matrix (neutralized KMnO4/H2SO4) were matched to the samples. 
Samples were diluted to final concentrations of 5-20 ng Hg g-1. The Tl internal spike was 
added to the Hg vapor after cold vapor generation by means of an Aridus desolvating 
nebulizer. On-peak zero corrections were applied to all masses and the 204Pb interference 
on 204Hg was corrected by monitoring 206Pb. The faraday cup configuration of the Nu 
Plasma ICP-MS does not permit the simultaneous collection of all of the Hg isotopes and 
thus two collection protocols were used. In analysis Protocol-1 masses 205, 203, 202, 
201, 200, and 199 were monitored. In analysis Protocol-2 masses 206, 205, 204, 203, 
202, 201, 200, and 196 were monitored. The majority of analyses in this study used 
Protocol-1.  
 
Mercury isotopic variations are reported in delta notation in units of permil (‰) and 
referenced to the NIST SRM 3133 Hg standard (analyzed before and after each sample) 
and using the following formula: 
 

δXYZHg = {[(XYZHg⁄198Hg)unknown ⁄(
XYZHg⁄198Hg)SRM3133] – 1} x 1000         (1) 

 
δ202Hg values are reported in this study to indicate mass dependent fractionation (MDF) 
(Biswas et al., 2008). For the even isotopes, the isotope ratios always followed mass 
dependent fractionation. For the odd isotopes (199Hg and 201Hg), the measured isotope 
ratios for a significant number of the samples deviated from mass dependent 
fractionation. In these instances, mass independent fractionation (MIF) values following 
nomenclature are used to describe MIF in O and S isotope systems. δ202Hg is used to 
determine the predicted mass-dependent values of δ201Hg and δ199Hg using a kinetic 
mass-dependent fractionation law. MIF is reported in “capital delta” notation (ΔXYZHg, 
deviation from mass dependency in units of permil, ‰) and is the difference between the 
measured δXYZHg and the theoretically predicted δXYZHg value using the formulas: 
 

Δ201Hg = 1000 x {[ln((δ201Hg/1000)+1)] - 0.752 x [ln((δ202Hg/1000)+1)]}      (2) 
 

Δ199Hg= 1000 x {[ln((δ199Hg/1000)+1)]- 0.252 x [ln((δ202Hg/1000)+1)]}        (3) 
 
which can be approximated for small ranges in delta (≤5‰) as: 
 

Δ201Hg ≈ δ201Hg-(δ202Hg * 0.752) (4) 
 

Δ199Hg ≈ δ199Hg-(δ202Hg * 0.252) (5) 
 

Data interpretations:  The results of this study are included in a new database created in 
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Microsoft Access format which combines all available geochemical data obtained from 
this study. This data combined with other data from sources such as the U.S. Geological 
Survey COALQUAL databases (Bragg et al., 1998) will be a part of the Ph. D. thesis of 
the graduate student funded during this project duration. 
 

RESULTS AND DISCUSSION 
 
The primary task of this project was to examine the distribution of mercury and other 
trace elements in relation to the mineralogy and coal macerals within Illinois coal. To 
accomplish this goal, a new sequential extraction system was constructed chemical 
extraction procedures were tested. The sequential extraction procedures use iterative 
selective chemical leaching protocols on coals in combination with a range of 
complementary studies.   
 
Task I: Sampling of coal beds for analysis 
The following Illinois Basin coals were sampled: Herrin No. 6 and Springfield No. 5 of 
Carbondale Formation at Willow Lake Mine and Murphysboro and Mt. Rorah of Spoon 
Formation at Creek Paum Mine, Knight Hawk Coal Co. The rank of the coal samples is 
high volatile A bituminous, with vitrinite having a mean maximum reflectance of 0.88%.  
 
Task II: Standard petrographic analyses 
Detailed mineralogical and petrographic investigations were conducted on all coal 
samples to determine the (i) inorganic components of coal and (ii) maceral composition. 
The mineralogical composition of coal samples is dependent upon the processes that have 
occurred in the source areas, during transport and deposition, and during post-
depositional diagenesis. The variation in mineral content of coals is due to the different 
extents of some or all of these factors. Results of petrographic observations are 
summarized in Table 1.  
 
Table 1: Macerals and inorganic minerals percentage (%) of the coals from the Illinois 
Basin. Macerals percentages are calculated as hundred percent. 
 

Sample ID Coal Seam Vitrinite Liptinite Intertinite Pyrite Clay calcite 

H 1 Herrin No.6 76.36 3.64 20.00 1.67 6.67 0.00 
H 3 Herrin No.6 88.85 4.23 6.92 10.00 3.33 0.00 
SF 3 Springfield No. 5 72.14 4.20 23.66 2.00 10.67 0.00 
SF 5 Springfield No. 5 80.63 5.86 13.51 11.00 15.00 0.00 

MTR 2 Mt. Rorah  90.08 2.78 7.14 11.67 4.33 0.00 
MTR 4 Mt. Rorah  62.71 3.39 33.90 6.67 14.67 0.00 
MB 1 Murphysboro 88.64 9.55 1.82 18.00 8.00 0.67 
MB 3 Murphysboro 83.12 5.63 11.26 11.67 11.33 0.00 

 

Macerals composition of coal: Macerals composition of the coal samples analyzed in 
this study is presented in Table 2 and plotted in the compositional diagram (Fig.1).  
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Table 2: Macerals content of the coals from the Illinois Basin. Macerals percentages are 
calculated as hundred percent (%). 
 

Sample 
ID 

Coal Seam Collotelinite Colodetrinite Corpogelinite Sporinite Cutinite 

H 1 Herrin No.6 135 45 30 7 0 
H 3 Herrin No.6 192 39 0 7 3 
SF 3 Springfield No. 5 130 54 5 6 2 
SF 5 Springfield No. 5 116 50 13 2 0 

MTR 2 Mt. Rorah  205 19 3 7 0 
MTR 4 Mt. Rorah  97 34 17 7 0 
MB 1 Murphysboro 164 29 2 19 0 
MB 3 Murphysboro 146 45 1 9 0 

 
Sample 

ID 
Coal Seam Resinite Fusinite 

Semi 
Fusinite 

Macrinite Micrinite Inertodetrinite 

H 1 Herrin No.6 3 11 9 3 15 17 
H 3 Herrin No.6 1 0 5 0 12 1 
SF 3 Springfield No. 5 3 20 14 0 5 23 
SF 5 Springfield No. 5 11 9 7 0 6 8 

MTR 2 Mt. Rorah  0 9 0 0 2 7 
MTR 4 Mt. Rorah  1 32 18 8 3 19 
MB 1 Murphysboro 2 1 0 1 1 1 
MB 3 Murphysboro 4 6 2 5 0 13 

 

 

Figure 1: Distribution of macerals group in coal samples from the Illinois Basin 

Results from the research show that vitrinite-type macerals are the dominant maceral 
group in coals from the Illinois Basin with average content values above 70%. Among 
the vitrinite macerals, collotelinite and collodetrinite are more common macerals.  
Corpogelinite has been identified in all coal samples (Figs. 2 to 5). Other maceral types 
present in Illinois coals are liptinites (3.64 to 9.55%) and inertinites (2 to 20%). Fusinite, 
inertodetrinite, and micrinite are very common intertinite macerals in the Illinois coal 
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where as the liptinite is dominated by sporinite and to some extent by resinite (Table 2).  
 
Inorganic matter in coal: X-ray diffraction patterns (XRD) and scanning electronic 
microscopy (SEM) observations show that the major inorganic constituents in coal 
samples are sulfide minerals (e.g., pyrite, chalcopyrite, galena, and sphalerite), clays, 
calcite and quartz.  
 
Table 3: The content of inorganic minerals in Illinois coals. Mineral percentages are    

calculated as hundred percent (%). 
 

Sample 
ID 

Coal Seam 
Framboidal 

Pyrite 
Euhedral 

Pyrite 
Massive  
Pyrite 

Calcite Clay 

H 1 Herrin No.6 5 0 0 0 20 

H 3 Herrin No.6 29 0 1 0 10 

SF 3 Springfield No. 5 4 2 0 0 32 

SF 5 Springfield No. 5 28 0 5 0 45 

MTR 2 Mt. Rorah 8 2 25 0 13 

MTR 4 Mt. Rorah 2 2 16 0 44 

MB 1 Murphysboro 36 6 12 2 24 

MB 3 Murphysboro 6 12 17 0 34 
 
Most of the minerals identified are cleat filling minerals. Among the cleat filling 
minerals, the most abundant are pyrite (2 to 18%) and clay minerals (3 to 15%). 
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Figure 2: Proportion of pyrite and clay minerals in coals from the Illinois Basin.  
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Figure 3: Organic and inorganic constituents in Herrin No. 6 coals.  
 

 
 

Figure 4: Organic and inorganic constituents in Springfield No. 5 coals.  
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Figure 5: Organic and inorganic constituents in Mt. Rorah coals.  
 
 
 

 
 

Figure 6: Organic and inorganic constituents in Murphysboro coals. 
 
 
 
 



 15

Additional petrographic information collected by SEM observations was collected by 
using a field emission scanning electron microscope FEI QUANTA 400 FEG instrument. 
SEM photomicrographs of the organic and inorganic phases in coal samples are provided 
in Figures 7, 8, 9, 10.  Mineral phases present included pyrite, quartz, kaolinite, calcite, 
and iron sulfate crusts developed on pyrite.  
 

 

Figure 7:  SEM backscattered images from the Herrin No. 6 coal samples (A) Pyrite and 
Clay (Kaolinites), and (B) Electron Dispersive Spectral images of clay minerals. 

  

 

Figure 8: SEM backscattered images from the Murphysboro coal samples (A) Pyrite 
and Clay (Kaolinite), and (B) Electron Dispersive Spectral images of pyrite.  
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Figure 9: SEM backscattered images from the Springfield No. 5 coal samples (A) 
pyrite, (C) quartz and clay, and EDS spectra of (B) pyrite and (D) quartz.  

 

 

Figure 10: SEM backscattered images from the Mt. Rorah coal samples. (A). Galena 
and Pyrite and (B) Electron Dispersive Spectral images of galena.  

 
Pyrite was observed in all coal samples analyzed. Pyrite occurs in several morphologies 
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as massive, framboidal, isolated euhedral/anhedral, and euhedral forms. Euhedral pyrite, 
very common in the Illinois coal, has equant crystals of great morphological diversity. 
The pyrite crystals, up to several cm in diameter, are dominantly cubic in crystal habit. 
Pyrite also occurs as massive material along the coal fractures. The formation of euhedral 
pyrites is related to epigenetic processes which include infiltration of sulfur-bearing 
fluids (Hatch et al., 1976; Cobb, 1981; Diehl et al., 2004). The pyrite framboids are 
micron-size spheroidal or sub-spheroidal aggregates of many (102-105) equant, 
equidimensional pyrite microcrystals. Framboidal pyrite is common in coals, sediments, 
and low temperature ore deposits. Microbial-mediated processes are thought to control 
the nucleation and growth of framboidal pyrites. In Illinois coals, the framboidal pyrites 
can be both syngenetic and epigenetic in origin (Padgett et al., 1999). Framboidal pyrite 
has been identified mainly in younger coal seams (Herrin No. 6 and Springfield No.5) 
and euhedral pyrite has been identified mainly in older coals (Mt. Rorah and 
Murphysboro).   
 
Preliminary results show that the minerals found in the Herrin No. 6 and Springfield No. 
5 of Carbondale Formation are mainly pyrite, kaolinite, quartz, and calcite, with trace 
amounts of illite and mixed-layer illite-kaolinite. Except for a minor amount of 
terrigenous quartz, most quartz is of authigenic origin and formed from kaolinite 
desilication. Calcite is a late-phase mineral and probably precipitated from diagenetic 
fluids. The sulfide minerals identified are pyrite, galena, and sphalerite. The iron sulfide 
minerals are found associated with macerals and as cleat fillings. Sulfide minerals have 
been also identified as inclusions in clay minerals and calcite. Since most of the trace 
elements are associated with sulfide minerals, their distribution is critical in designing 
proper cleaning techniques. 
  
Task III: Trace elements analyses 
One of the main goals of this study was to provide an overview of the distribution and 
concentration of trace elements in coal samples from the Illinois Basin. The main tasks 
accomplished during this period were: 
1. The sequential extraction systems and the sample preparatory devices were custom 

built, which were used for chemical extraction of organic and inorganic compounds 
from coal; 

2. Different capabilities and limitations of individual chemical protocols for extraction 
of different chemical elements from coal and coal products were established; 

3. Results with other chemical analytical methods, such as the Proton Induced X-ray 
Emission (PIXE) method were established; 

4. Graduate and undergraduate students were trained in chemical methods important to 
the investigation of coal, by providing both theoretical and practical means. 

 
Sequential extraction of trace elements: 
The chemical extraction system was custom built and assembled from component parts 
that are relatively inexpensive and commercially available. The sequential extraction 
systems were installed in two fume hoods and connected to the water and gas (N2, Ar) 
supplies. The extraction methods are specific to complex systems containing many trace 
elements and consequently are a more accurate representation of their distribution in coal.  
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Figure 11: Photographs of the trace element extraction/analysis systems show: (a) 
Preparation of solution before chemical extraction; (b) The Z-2000 Teledyne 
Atomic Absorption Spectrophotometer being used to analyze metals extracted 
from coal samples.  

 
Results of the sequential extraction procedure are presented in Tables 4, 5, 6, and 7. The 
following trace elements were analyzed: Iron (Fe), Lead (Pb), Zinc (Zn), Copper (Cu), 
Nickel (Ni), Selenium (Se), and Arsenic (As). 
 
Table 4: Trace element contents of Herrin No. 6 coals extracted by sequential leaching. 
 

Chemical 
Parameter 

Chemical 
extraction 

method 

Analytical 
Method 

Units 
 Herrin #6 coal 

H-1 H-2 H-3 

Fe 

H
C

l e
xt

ra
ct

io
n 

Step I: 
Water 

Extracts 

AAS % bdl bdl bdl 
Pb AAS ppm bdl bdl bdl 
Zn AAS ppm bdl bdl bdl 
Cu AAS ppm bdl bdl bdl 
Ni AAS ppm bdl bdl bdl 
Se AAS ppm 1.28 0.08 0 
Fe 

Step II: HCl 
Extracts 

AAS % bdl 0.05 0.32 
Pb AAS ppm 0.16 1.2 4.56 
Zn AAS ppm 2.16 6.4 2.4 
Cu AAS ppm bdl 0.88 bdl 
Ni AAS ppm bdl bdl bdl 
Se AAS ppm bdl bdl bdl 
Fe 

H
N

O
3 

ex
tr

ac
tio

n 

HNO3 
Extracts 

AAS % 0.01 0.06 0.23 
Pb AAS ppm bdl bdl 2.94 
Zn AAS ppm 1.19 4.55 2.03 
Cu AAS ppm bdl bdl bdl 
Ni AAS ppm bdl bdl bdl 
Se AAS ppm 1.05 bdl 0.56 
As AAS ppm 1.12 bdl bdl 
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Table 5: Trace element contents of Springfield No. 5 coals extracted by sequential 
leaching. 

Chemical 
Parameter 

Chemical 
extraction 

method 

Analytical 
Method 

Units 
Springfield #5 coal 

SF-1 SF-2 SF-3 
Fe 

H
C

l e
xt

ra
ct

io
n 

Step I: 
Water 

Extracts 

AAS % bdl bdl bdl 
Pb AAS ppm bdl bdl bdl 
Zn AAS ppm bdl bdl 1.84 
Cu AAS ppm bdl bdl bdl 
Ni AAS ppm bdl bdl 1.60 
Se AAS ppm 0.56 2.32 0.56 
Fe 

Step II: HCl 
Extracts 

AAS % 0.14 0.19 0.81 
Pb AAS ppm 7.20 9.04 11.92 
Zn AAS ppm 19.20 24.08 32.48 
Cu AAS ppm 1.20 0.96 2.08 
Ni AAS ppm 4.08 4.72 15.12 
Se AAS ppm bdl bdl bdl 
Fe 

H
N

O
3 

ex
tr

ac
tio

n 

HNO3 
Extracts 

AAS % 0.26 0.23 0.77 
Pb AAS ppm 8.33 9.31 13.02 
Zn AAS ppm 29.40 29.96 37.59 
Cu AAS ppm 0.07 0.00 0.84 
Ni AAS ppm 9.87 9.66 32.55 
Se AAS ppm 1.40 1.05 bdl 
As AAS ppm bdl bdl bdl 

 

Table 6: Trace element contents of Mt. Rorah coals extracted by sequential leaching. 

Chemical 
Parameter 

Chemical 
extration 
method 

Analytical 
Method 

Units 
Mt. Rorah coal 

MTR-
1 

MTR-
2 

MTR-
3 

MTR-4 

Fe 

H
C

l e
xt

ra
ct

io
n 

Step I: 
Water 

Extracts 

AAS % 0.29 0.24 0.26 0.22 
Pb AAS ppm 2.56 10.16 0.00 bdl 
Zn AAS ppm 0.56 1.44 21.36 33.04 
Cu AAS ppm bdl bdl bdl bdl 
Ni AAS ppm 25.92 32.96 33.76 53.04 
Se AAS ppm bdl bdl bdl bdl 
Fe 

Step II: 
HCl 

Extracts 

AAS % 0.08 0.18 0.10 0.17 
Pb AAS ppm 23.44 63.28 8.16 5.12 
Zn AAS ppm 1.36 1.60 5.92 6.32 
Cu AAS ppm bdl bdl bdl bdl 
Ni AAS ppm bdl bdl bdl 1.12 
Se AAS ppm 1.12 bdl bdl bdl 
Fe 

H
N

O
3 

ex
tr

ac
tio

n 

HNO3 
Extracts 

AAS % 1.06 1.79 0.53 0.54 
Pb AAS ppm 32.06 67.06 11.13 5.81 
Zn AAS ppm 0.91 2.94 25.48 29.75 
Cu AAS ppm bdl bdl bdl bdl 
Ni AAS ppm 25.13 36.54 36.40 51.17 
Se AAS ppm 0.21 bdl bdl 0.84 
As AAS ppm 8.68 7.63 bdl 0.07 
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Table 7: Trace element contents of Murphysboro coals extracted by sequential leaching. 

Chemical 
Parameter 

Chemical 
extraction 

method 

Analytical 
Method 

Units 
Murphysboro coal 

MB-2 MB-3 MB-5 

Fe 
H

C
l e

xt
ra

ct
io

n 
Step I: 
Water 

Extracts 

AAS % 0.29 0.27 0.27 
Pb AAS ppm 4.32 3.28 8.00 
Zn AAS ppm bdl bdl bdl 
Cu AAS ppm bdl 13.36 0.48 
Ni AAS ppm bdl 8.56 1.60 
Se AAS ppm bdl bdl 0.56 
Fe 

Step II: HCl 
Extracts 

AAS % 0.14 0.20 0.20 
Pb AAS ppm 17.28 36.08 46.64 
Zn AAS ppm 1.84 1.36 1.04 
Cu AAS ppm bdl bdl 2.80 
Ni AAS ppm bdl bdl bdl 
Se AAS ppm bdl bdl bdl 
Fe 

H
N

O
3 

ex
tr

ac
tio

n 

HNO3 
Extracts 

AAS % 0.64 0.76 1.46 
Pb AAS ppm 16.66 20.72 51.87 
Zn AAS ppm 1.05 1.26 0.77 
Cu AAS ppm bdl bdl 6.02 
Ni AAS ppm bdl bdl 7.91 
Se AAS ppm bdl bdl bdl 
As AAS ppm bdl bdl bdl 

 
Developing models to predict the behavior of elements in coal during in-ground leaching, 
weathering, coal-cleaning procedures, and coal combustion all require quantitative 
information on the modes of occurrence of those elements in coal. Knowing the modes of 
occurrence can also be helpful for evaluating the environmental and human health 
impacts, technological impacts, and economic byproduct potential of coal use. Sequential 
leaching can be used to rapidly and accurately quantify the modes of occurrence of 
inorganic elements in coal. Sequential leaching was originally developed as a rapid 
indirect method of approximating the modes of occurrence of trace elements in coal 
(Finkelman et al., 1990). Studies have shown that it is possible to correlate petrographic 
analyses and trace elements analyses. For example, Murphysboro coal shows high 
percentage (12 to 18%) of pyrite and as well high concentration of iron from all extracted 
concentrations. Photographs of extraction systems and the Z-2000 Teledyne Atomic 
Absorption Spectrophotometer are illustrated in Figure 11. 
 
Proton-induced x-ray emission (PIXE) analyses: 
Thirteen coal samples were analyzed for trace elemental content. In addition to analyzing 
the host coal for trace elements, we separated and analyzed both calcite and pyrite. Pyrite 
occurs as framboids, dendrites, or in massive form in cells or veins. Early diagenetic 
framboidal pyrite is usually As, Se, and Hg poor. Pyrite-filled veins consist of several 
generations of sulfide precipitation. Pyrite in late-stage veins commonly exhibits metal-
rich growth zones, indicating an epigenetic hydrothermal origin. Calcite occurs mainly as 
cleat fillings. The results of the elemental analysis from the coal, pyrite, and calcite 
samples from the Illinois coal are presented in Tables 8, 9, 10, and 11.  
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Table 8: Trace element contents of Herrin No. 6 coals analyzed by Proton-induced x-ray 
emission (PIXE) method. 

 

 

Table 9: Trace element contents of Springfield No. 5 coals analyzed by the Proton-
induced x-ray emission (PIXE) method. 
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Table 10: Trace element contents of Mt. Rorah coals analyzed by the Proton-induced x-
ray emission (PIXE) method. 

 

 
Table 11: Trace element contents of Murphysboro coals analyzed by the Proton-
induced x-ray emission (PIXE) method. 
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Overall, coal samples from different seams have very different concentrations of trace 
elements. Higher concentration of sulfur and iron in coal of the Illinois Basin is mostly 
due to the presence of pyrite. Additional minerals such as sulfides, oxides, sulfates, 
carbonates, and silicates can harbor a wide range of trace elements. Pyrite and calcite are 
two secondary minerals in Illinois coal mainly found along the fractures. Springfield coal 
samples have the highest concentration of trace elements such as mercury (Hg), zinc 
(Zn), copper (Cu), and lead (Pb). Herrin, Murphysboro and Mt. Rorah coal samples have 
lower concentration of trace elements. Murphysboro coal seam samples show on average 
a higher concentration of sulfur and iron. All the coal samples are rich in aluminum (Al), 
Iron (Fe), sulfur (S), silicon (Si), and titanium (Ti). Among the pyrite samples from 
different coal seams, pyrites from the Murphysboro and Mt. Rorah show higher 
percentages of iron and sulfur.  Springfield Coal seam coals are enriched in trace 
elements such as Ti, Mn, Zn, Cu, V, Pb, Ga, Ge, Se, Rb, Br, Zr, and Sr. Springfield No. 5 
coal samples show the highest concentrations of all trace elements. There is a strong 
correlation between the concentrations of Cu, Pb, Zn, and Fe and the total sulfur content 
of coal samples, suggesting that most of the trace elements are concentrated into the 
sulfide minerals. Trace element enrichment is the result of migrating metal-rich 
hydrothermal fluids generated during the late Paleozoic orogeny.  Strontium is not 
present in all the coal seams. However, strontium is present in Herring No 6 and 
Springfield No. 5 coal samples. There is a direct correlation between strontium and 
calcium, suggesting that most of the strontium substitute calcium in carbonate and 
possible sulfate minerals (Figure 4). In addition, the high concentration of strontium and 
other trace elements in these minerals suggest a hydrothermal origin for the fracture-
filling minerals. 
 

 

Figure 12: Major element (Sulfur, Iron, Aluminum, Calcium, and Silicon) concentrations 
expressed as weight % in coals from four different seams from the Illinois Basin (H: 
Herrin No. 6, SF: Springfield No. 5, MR: Mt. Rorah, and MB: Murphysboro coals).  
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Figure 13: Major metals (Fe, Pb, Zn, Cu, and Ni) concentrations in coals from four 
different seams from the Illinois Basin (H: Herrin No. 6, SF: Springfield No. 5, MR: Mt. 
Rorah, and MB: Murphysboro coals).  
 
 

 

Figure 14: Comparison of concentration of different metals (Fe, Zn, Ni, As, Cu, Pb, and 
Se) in coals from four different seams from the Illinois Basin (H: Herrin No. 6, SF: 
Springfield No. 5, MR: Mt. Rorah, and MB: Murphysboro coals).  
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Characterizing morphology, pyrite generations, and trace element content contributes to a 
better understanding of the progression of weathering of pyrite in coals and the release of 
trace elements into the environment. Identifying the mineralogical residence of trace 
elements can help in predicting the mobility of these hazardous elements and developing 
methods of removal. 
 
Preliminary findings from this research are encouraging and suggest a multistage 
development of cleats that resulted from tectonic stress regimes which changed 
orientation during coalification and basin evolution. Additional research is needed for 
elucidating the formation of inorganic phases in coal. 
 
Results indicate that the minerals which contain trace elements are sulfide (pyrite, galena, 
and sphalerite), quartz, clay (kaolinites), and calcite. These minerals include trace metals 
such as Fe, Pb, Cr, Zn, Hg, Ti, Co, Mo, Mn, As and Ni. Most of the coals from the 
Illinois Basin have total sulfur (St) concentrations ranging from 1% to more than 2.5%. 
Murphysboro coals have on average high sulfur and iron content where as Herrin No. 6 
coals have the lowest sulfur and iron content.  Silica (Si) content is very high in the 
Springfield coal samples.  
  
Springfield No. 5 and Herrin No. 6 coals contain higher a content of calcium (Ca) than 
other coals from the Illinois Basin. All the coal samples are rich in aluminum (Al), Iron 
(Fe), sulfur (S), silicon (Si), and titanium (Ti). Mt. Rorah and Murphysboro coals contain 
higher concentration of different trace elements compared to the younger coals. On the 
other hand,  Springfield No.5 coals are enriched in the most of the trace elements such as 
Ti, Mn, Zn, Cu, V, Pb, Ga, Ge, Se, Rb, Br, Zr, and Sr compare to Herrin No. 6 coals from 
the Illinois Coal Basin. There is a positive correlation trend between iron (Fe) and most 
of the chalcophile and siderophile elements in the coal samples. Strontium is not present 
in all the coal seams. However, when present, there is a positive correlation between 
strontium and calcium, such as in Herring No. 6 and Springfield No. 5 coals.  
 
USGS laboratory analyses  
Splits of coal samples were analyzed at the USGS-ERP Energy Lab, Denver, Colorado. 
Coal samples were analyzed for moisture, sulfur, ash, calorific value, sulfur forms, and 
trace element analysis following the American Society for Testing and Materials (ASTM) 
procedures (1985). In addition, for all samples, float fractions at 1.55g/cm3 were obtained 
and analyzed for sulfur, ash, and mercury contents.  
 
Higher concentrations of sulfur and iron in coal of the Illinois Basin are mostly due to the 
presence of sulfide minerals. Other minerals, such as sulfates, carbonates, and silicates 
can contribute to the total sulfur content of Illinois coals since they can contain inclusion 
of microcrystalline sulfide minerals.  Abundance of copper and lead in the studied coals 
are mostly due to the presence of higher percentages of various kinds of sulfides 
minerals, which include pyrite, chalcopyrite, and possible clay minerals, and gypsum. A 
strong correlation among the most of the chalcophile elements (Hg, Pb, Zn, Cu, Ga, Ti 
etc.) and Fe suggests that the elements are associated with sulfide minerals.  
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Table 12: Chemical analyses of the coal samples from the Illinois Basin. 

 

 

Task IV: Mercury content in raw coal and pyrite samples from Illinois Basin 
The two major objectives toward determining the distribution of Hg in Illinois coals 
were:  

1) Better understand depositional and post-depositional factors that influence 
mercury concentration in coals, and  
2) Determine to what extent mercury can be reduced by conventional coal 
washing. 
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One result of the project is a database for Hg concentration in Illinois coals. Results from 
32 coal samples representing four different coal seams are presented in Table 13 
 
Table 13: Mercury content in samples of coal and pyrite from Illinois Basin. 
 

Nr.  Coal Seam Sample ID
Sample 
identity

Lab. 
Hg concentration 

(ppb) 
1 Herrin 6 H-1 coal UM 30.91 
2  H-2 coal UM 37.06 
3  H-3 coal UM 32.1 
4  H-4 coal UM 29.4 
5  H-5 coal UM 27.08 
6  H-6 coal UM 44.36 
7  H-8 coal UM 152.13 
8   H-1 pyrite pyrite UM 3459.18 
9   H-2 pyrite pyrite UM 3480.11 
10   H-pyrite pyrite USGS 2829.08 
11 Springfield 5 SF-1 coal UM 110.55 
12  SF-2 coal UM 128.41 
13  SF-3 coal UM 179.68 
14  SF-4 coal UM 189.72 
15  SF-5 coal UM 152.32 
16  SF-6 coal UM 154.58 
17  SF-7 coal UM 115.23 
18   SF-1 pyrite pyrite UM 9563.09 
19   SF-2 pyrite pyrite UM 10913.69 
20   SF-3 pyrite pyrite UM 11250.52 
21   SF-5 pyrite pyrite USGS 9179.68 
22   SF-6 pyrite pyrite USGS 12748.34 
23 Mt. Rorah MTR-1 coal UM 47.17 
24  MTR-2 coal UM 289.44 
25  MTR-3 coal UM 43.01 
26  MTR-4 coal UM 34.03 
27  MTR-5 coal UM 69.67 
28  MTR-6 coal UM 80.74 
29  MR -1 coal USGS 62.21 
30   MR- 2 coal USGS 264.01 
31 Murphysboro MB-3 coal UM 108.05 
32  MB-2 coal UM 112.52 
33  MB-5 coal UM 97.11 
34  MB-6 coal UM 60.58 
35  MB-7 coal UM 92.31 
36  M 1 coal USGS 89.61 
37  M 2 coal USGS 137.14 
38   M 3 coal USGS 58.91 
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Figure 15: Mercury concentration in coal samples from the Illinois Basin (H: Herrin No. 
6, SF: Springfield No. 5, MR: Mt. Rorah, and MB: Murphysboro). 
  

 
Figure 16: Mercury concentration in pyrite samples from the Illinois Basin (H: Herrin 
No. 6, SF: Springfield No. 5, MR: Mt. Rorah, and MB: Murphysboro). 
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The geochemical data indicate that the distribution of Hg is highly variable among 
different coal seams. Average Hg concentrations found were: (1) 50 ppb for Herrin No. 6 
coals, (2) 147 ppb for Springfield No. 5, (3) 110 ppb for Mt. Rorah coals, and (4) 95 ppb 
for Murphysboro coals. Springfield samples show the highest concentration of mercury, 
with average values of 0.14 ppb though all other samples also show considerable amount 
of Hg concentration distribution from the Illinois Basin (Figure 15). For the majority of 
coal samples analyzed, Hg concentrations are significantly below the average Hg 
concentration in U.S. coals (170 ppb, U.S. Geological Survey COALQUAL database). 
These results are consistent with previous Hg data on Illinois coals (Gluskoter et al., 
1977). It is a welcome observation for the coal mining industry in Illinois in the light of 
pending mercury emission regulations from coal-fired power plants. 
 
In sharp contrast, Hg concentration measured in euhedral pyrite samples are two orders of 
magnitude higher than Hg concentration measured in coal samples. Average values of Hg 
found in samples tested were: (1) 3256 ppb for Herrin No. 6 pyrite, and (2) 10731 ppb for 
Springfield No. 5 pyrite. Thus, Hg is dominantly associated with sulfide minerals in 
Illinois coal. In many cases, micro-crystals of sulfide minerals can be incorporated in 
other minerals such as calcite or clays. In this case, if these minerals are dissolved, then 
the leachate will contain higher Hg concentrations. However, Hg is concentrated in 
micro-crystals of sulfide minerals. Most of the sulfide minerals precipitated from 
hydrothermal solutions. In the samples selected for this project, the dominant sulfide 
mineral is pyrite which is found as larger euhedral crystals or nodules formed during 
diagenesis, and along cleats and partings. There are other sulfides present which may 
include sphalerite or chalcopyrite. 
 
This study comes with two new findings: The first observation is that there is no direct 
correlation between the total sulfur content and Hg content in our samples. Coal samples 
from both Springfield No. 5 and Herrin No. 6 have relatively high sulfur concentrations, 
with a content range from 2.9% to 4.5%. In Southern Illinois, both the Springfield No. 5 
and Herrin No. 6 coals are overlain by marine black shale and limestone and have sulfur 
contents of 3% or greater (Affolter and Hatch, 2002). The second observation is that the 
Hg enrichment factors in pyrite compared to coal are very similar for the two coal seams 
considered, Springfield No. 5 and Herrin No. 6, with enrichment values of 65 for Herrin 
samples and 73 for Springfield samples. This result is unexpected and indicates that 
most of the Hg in pyrite was concentrated by hydrothermal solution from coal matrix. If 
the initial coal was rich in Hg, the resulting pyrite was rich in Hg. 
  
However, high-sulfur coals usually contain higher amounts of Hg, which is typically 
associated with pyrite. In these coals, routine techniques of sulfur removal may also 
reduce other trace element content.  This observation is significant because it indicates 
that important amounts of sulfate minerals are produced in-situ even before the coal is 
mined. These sulfate minerals are very soluble in water and thus, have a high potential of 
contaminating the groundwater.  
 

Task V: Mercury isotope analyses 
This study reports the mercury isotope values of Illinois coal. To date, worldwide, a 
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limited number of coal samples have been measured for their Hg isotopic composition 
(Biswas et al., 2008). As previous research showed, Hg isotopes offer a new tool for 
characterizing Hg inputs from natural and anthropogenic sources and provide new 
insights into the geochemistry of Hg in coal. Variations of Hg isotope ratios observed in 
the coal and pyrite samples from Illinois Basin are presented in Table 14 and Figures 17, 
18, 19, and 20.   
 
The most prominent feature identified in the geochemical investigation is the distinct Hg 
isotopic composition of organic and inorganic constituents of Illinois coals (Figure 17).  
The coal samples have <300 ppb Hg contents and a 1.18‰ range of δ202Hg values 
(MDF). The pyrite samples have up to 12,000 ppb Hg contents and a 0.2‰ range of 
δ202Hg values (MDF). These data strongly suggests distinct sources of Hg in the organic 
and inorganic matters in Illinois coals.  In addition, coal samples from different Illinois 
coal seams are isotopically distinguishable from each other (within the 2 SD external 
reproducibility of 0.08‰ for δ202Hg and 0.05‰ for Δ201Hg), which suggest that Hg 
isotopic compositions of coal may be useful in fingerprinting coal sources (Figure 18). 
Further analyses will help determine the accuracy of this identification tool. The samples 
from different coal seams as well as the fracture-filled pyrite have also distinct Hg 
signatures (Figure 19).  Accordingly, coal and pyrite samples from Herrin No. 6 coal 
seam have unique Hg signature compared to coal and pyrite samples from Springfield 
No. 5 coal seam. Coal seams from Illinois Basin, which are characterized by wide ranges 
of δ202Hgvalues, have sufficiently distinct isotopic compositions to show that there is a 
possibility that they might prove to be basin-wide unique. 
 
The mercury stored in coal deposits from the Illinois Basin measured so far by this study 
is characterized by δ202Hg values ranging from-0.9 to-2.0‰ and Δ201Hg values ranging 
from 0.1 to -0.4‰ (Table 14 and Figure 17, 18, 19, 20). Significantly, the Springfield No. 
5 coal samples are isotopically distinguishable from Herrin 6 coal samples. Most of the 
deposits sampled here are isotopically distinguishable from each other. We observed a 
1.8‰ range in δ202Hg values among these samples. The δ202Hg values represent the 
mass-independent fractionation (MDF). The mass-independent fractionation (MIF) in 
these samples affected the odd Hg isotopes to produce a 0.9‰ range in both Δ201Hg and 
Δ199Hg values (Table 14). Interestingly, the MIF signature was documented only in coal 
samples from Herrin 6 coal seam.  
 
Mercury isotopic signatures of coal deposits are the product of the Hg isotopic 
composition of (1) atmospheric and fluvial inputs to the initial coal-forming 
environment, with (2) possible additions of Hg from subsurface fluids and (3) possible 
losses during subsequent diagenesis. The specific mechanism that produced the MIF 
could not be determined in this study, but MIF for the odd Hg isotopes is predicted by 
both the magnetic isotope effect and the nuclear field shift effect. Mass independent 
fractionation of mercury has been demonstrated to occur during photochemical reactions 
of mercury. This suggests that Hg found in most coal deposits was subjected to 
photochemical reduction near the Earth’s surface prior to deposition.  
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Figure 17: Hg concentration (Hg, ppb) versus Hg isotopic composition (δ202Hg, ‰) for 
coal and pyrite samples from the Illinois Basin.  
 

 
 
Figure 18: Hg concentration (Hg, ppb) versus Hg isotopic composition (δ202Hg, ‰) for 
coal samples from the Illinois Basin (H: Herrin No. 6, SF: Springfield No. 5, MR: Mt. 
Rorah, and MB: Murphysboro).  
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Figure 19: Hg concentration (Hg, ppb) versus Hg isotopic composition (δ202Hg, ‰) for 
coal and pyrite samples from the Illinois Basin (H: Herrin No. 6, SF: Springfield No. 5, 
MR: Mt. Rorah, and MB: Murphysboro).  
 
 

 
 
Figure 20: δ202Hg (MDF) versus 201Hg (MIF) for coal and pyrite samples from the 
Illinois Basin (H: Herrin No. 6, SF: Springfield No. 5, MR: Mt. Rorah, and MB: 
Murphysboro).  
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Therefore, Hg isotope analyses can became a very powerful tool in fingerprinting ancient 
atmospheric Hg input to the coal deposits. Pre-modern coal-forming environments would 
have received Hg from volcanic and hydrothermal emissions to the atmosphere as well as 
Hg reduced and re-emitted to the atmosphere from land and ocean surfaces in multiple 
cycles following its original deposition. It is difficult to estimate atmospheric Hg isotope 
compositions prior to human perturbation of the natural Hg cycle because anthropogenic 
emissions are now about twice natural emissions. 
 
This study investigated whether coal deposits within the Illinois Basin, have diagnostic 
Hg isotopic fingerprints that can be used to discriminate among Hg sources. A 
preliminary conclusion from this study is that Hg isotopes can be used an efficient tool in 
distinguishing among different sources of mercury in coal.  
 
Task VI: Data interpretations                                           
 
The results of this study are included in new database created in Microsoft Access format 
and combine all available geochemical data obtained by this study. This data combined 
with other data from sources such as the U.S. Geological Survey COALQUAL databases 
(Bragg et al., 1998) will be a part of the Ph. D. thesis of the graduate student funded 
during this project duration. 

 
CONCLUSIONS AND RECOMMENDATIONS 

 
Specific conclusions from this project are as follows: 
 

 This research highlights the importance of using multiple approaches in the 
investigation of inorganic matter in coal. Significant information has been 
obtained through a combination of petrographic investigations, trace elemental 
analyses, and mercury isotope signatures of inorganic coal constituents. Even 
though, to date, a limited number of coal samples were analyzed, the results can 
be used to develop geochemical models to help interpret and predict coal quality 
data. 

 
 Detailed petrographic description of coal samples is crucial in identifying organic 

and inorganic constituents in coal samples. Quantitative characterization of 
macerals together with qualitative description of mineral matter present in coal 
contributes to a better understanding of the distribution, abundance, speciation, 
and modes of occurrence of trace elements. Further studies are necessary to link 
the inorganic (e.g., minerals and amorphous phases) and organic (e.g., maceral) 
composition of coal to modes of occurrence of chemical elements. It is critical to 
identify the mineralogical residence of trace elements, so that the mobility of 
these hazardous elements can be predicted in order to develop new methods of 
removal. 

 
 The chemical data obtained from sequential extraction of coal provides an 

overview of the distribution and concentration of trace elements in coal samples. 
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The combination of multiple analytical techniques were used to calibrate the 
chemical extraction technique established by the PI in this and a previously ICCI 
funded research. Overall, coal samples from different seams have very different 
concentrations of trace elements. Higher concentration of S, Fe, Hg, Zn, Cu, Pb, 
and Ni in coal samples is mostly due to the presence of sulfide minerals. 
Additional minerals, such as silicates, oxides, sulfates, and carbonates can harbor 
a wide range of trace elements. Springfield coal samples have the highest 
concentration of trace elements such as Hg, Zn, Cu, and Pb. Herrin, Murphysboro 
and Mt. Rorah coal samples have a lower concentration of trace elements. 
However, at this time sufficient number of samples was not available to predict 
the distribution of trace elements at local or regional levels.  

 
 Large differences in the Hg concentration have been measured in samples from 

different coal seams. Data generated show that for the majority of coal samples 
analyzed, Hg concentrations are significantly below the average Hg concentration 
in U.S. coals. It is a welcome observation for the coal mining industry in Illinois 
in the light of pending mercury emission regulations from coal-fired power plants. 
In sharp contrast, Hg concentration measured in euhedral pyrite samples are two 
orders of magnitude higher than Hg concentration measured in coal samples. The 
Hg enrichment factors in pyrite compared to coal are very similar to the coal 
seams considered in this study. This result is unexpected and indicates that most 
of the Hg in pyrite was concentrated by the hydrothermal solutions from coal 
matrix. If the initial coal was rich in Hg, the resulting pyrite was rich in Hg. 

 
It is recommended that the following research venues be pursued: 
 

 A detailed future study is necessary to determine the viability of trace elements at 
a local and regional level. In order to better predict potential environmental 
impacts resulting from the increased utilization of coal from the region, it will be 
necessary to identify the modes of occurrence of the various elements within the 
coal and the nature of the coal combustion products. Accomplishing this would 
involve collecting additional samples from mines, power plants, and many other 
localities to obtain essential mineralogical and related data. A partial listing of the 
factors that might influence element distributions includes (1) chemical 
composition of the original plant community in the peat swamp; (2) amounts and 
compositions of the various detrital, diagenetic, and epigenetic minerals; (3) 
chemical characteristics of the ground waters that come in contact with the coal 
bed; (4) temperature and pressures during burial; and (5) extent of chemical 
weathering. As yet, many of these factors have not been fully evaluated in detail 
for many of the Illinois Basin assessed coals. Thus, the currently available 
databases are considered inadequate and unable to provide a complete 
characterization of coal quality throughout the Illinois Basin. 
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nor any of its subcontractors, nor the Illinois Department of Commerce and Economic 
Opportunity, Office of Coal Development, the Illinois Clean Coal Institute, nor any 
person acting on behalf of either: 
 
(A) Makes any warranty of representation, express or implied, with respect to the 

accuracy, completeness, or usefulness of the information contained in this report, 
or that the use of any information, apparatus, method, or process disclosed in this 
report may not infringe privately-owned rights; or 

 
(B)   Assumes any liabilities with respect to the use of, or for damages resulting from 

the use of, any information, apparatus, method or process disclosed in this report. 
 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring; nor do the views and opinions of authors 
expressed herein necessarily state or reflect those of the Illinois Department of 
Commerce and Economic Opportunity, Office of Coal Development, or the Illinois Clean 
Coal Institute. 
 
 
Notice to Journalists and Publishers: If you borrow information from any part of this 
report, you must include a statement about the state of Illinois' support of the project. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


