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Abstract

In a cooperative agreement with DOE (Contract No. DE-AC22-95101), the USGS has participated
with Physical Sciences, Inc. (PSl) in a project entitled “Toxic Substances From Coa Combustion -
A Comprehensive Assessment”. Samples from the Pittsburgh, Elkhorn/Hazard, 1llinois No. 6, and
Wyodak program coals were examined to determine the mode of occurrence of selected trace
elements (As, Se, Cr, Hg, and Ni) using selective leaching, scanning electron microscopy, electron
microprobe analysis, and X-ray diffraction techniques. Among other findings, our results indicate that
the bulk of the arsenic in the Pittsburgh and Illinois No. 6 coalsisin pyrite. High percentages (60-
80%) of arsenic were leached by nitric acid, and microprobe data confirm the presence of arsenic in
pyrite in each of these coals (concentrations ranging from <0.01 to 0.09 wt.% of the pyrite grains).
In the Elkhorn/Hazard coal, arsenic may have several modes of occurrences. About 30 percent of
the arsenic in the Elkhorn/Hazard coa was leached by hydrochloric acid, possibly indicating the
presence of arsenates that were formed by the oxidation of pyrite. About 25 percent of the arsenic
in the Elkhorn/Hazard coal was leached by nitric acid, suggesting an association with pyrite. Only
sixty percent of the total arsenic in the Elkhorn/Hazard coal was leached. The low percentage of
leachable arsenic may be accounted for by unleached pyrite grains, which were detected in solid
residues from the nitric acid leach. 1n the Wyodak coal, arsenic probably occursin iron oxides or
carbonates (35 % arsenic leached by HCl) and clays (15% arsenic leached by HF). Arsenic in the
Wyodak coal may also have an organic association, as indicated by low totals for leaching (50%
unleached arsenic). In the four program coals 20 to 45 percent of the chromium was leached by
hydrofluoric acid, suggesting an association with silicates (probably illite). Microprobe anaysis of
the Rittsburgh, Elkhorn/Hazard, and llinois No. 6 coals confirmed the presence of chromium inillite
and possibly in other clays, at concentrations that are near the detection limits. Results related to the
forms of occurrence of the other trace elements (Se, Hg, and Ni) are varied; further work in Phase
Il is planned to determine their mode of occurrence.
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Executive Summary

In a cooperative agreement with DOE (Contract No. DE-AC22-95101), the USGS has participated with
Physical Sciences, Inc. (PSI) in a project entitled “Toxic Substances From Coal Combustion - A
Comprehensive Assessment”. The Pittsburgh, Elkhorn/Hazard, 1llinois No. 6, and Wyodak program
cods have been examined to determine the mode of occurrence of selected trace elements (As, Se, Cr,
Hg, and Ni) using selective leaching, scanning eectron microscopy (SEM), electron microprobe anaysis
(EMPA), and X-ray diffraction (XRD) techniques. An integrated approach using these methods has
been valuable for several reasons:. (1) this approach has provided avisua characterization of textural
relationships (SEM and EMPA analysis), (2) we have used this approach to examine trace elements
such as selenium that are difficult to detect using other techniques, and (3) the methods used may be
available in service laboratories.

Our results indicate that the bulk of the arsenic in the Pittsburgh and Illinois No. 6 coals isin pyrite.
High percentages (60-80%) of arsenic were leached by nitric acid, and microprobe data confirm the
presence of arsenic in pyritein each of these coals (concentrations ranging from <0.01 to 0.09 wt.% of
the pyrite grains). In the Elkhorn/Hazard coal, arsenic may have several modes of occurrences. About
30 percent of the arsenic in the Elkhorn/Hazard coa was leached by hydrochloric acid, possibly
indicating the presence of arsenates that were formed by the oxidation of pyrite. About 25 percent of
the arsenic in the Elkhorn/Hazard cod was leached by nitric acid, suggesting an association with pyrite.
Only sixty percent of the total arsenic in the Elkhorn/Hazard coal was leached. The low percentage of
leachable arsenic may be accounted for by unleached pyrite grains, which were detected in solid residues
from the nitric acid leach. In the Wyodak coal, arsenic probably occurs in iron oxides or carbonates
(35% arsenic leached by HCI) and clays (15 % arsenic leached by HF). Arsenic in the Wyodak coa
may also have an organic association, as indicated by low totals for leaching (50% unleached arsenic).
In the four program codss, 20 to 45 percent of the chromium was leached by hydrofluoric acid, indicating
some association with silicates (possibly illite). Microprobe analysis of the Pittsburgh, Elkhorn/Hazard,
and Illinois No. 6 cods confirmed the presence of chromium in illite and possibly in other clays, a
concentrations that are near the detection limits. Results related to the forms of occurrence of the other
trace eements (Se, Hg, and Ni) were varied; further work in Phase Il is planned to determine their mode
of occurrence.



I ntroduction

In a cooperative agreement with DOE (Contract No. DE-AC22-95101), the USGS has participated with
Physical Sciences, Inc. (PSI) in a project entitled “Toxic Substances From Coal Combustion - A
Comprehensive Assessment”. In support of this effort, the United States Geological Survey (USGS)
has analyzed a number of cod samples utilizing the techniques described below, to provide information
necessary to achieve a better understanding of toxic element behavior.

Phase |

As a complement to the analyses being performed by PSIT under DOE Contract No. DE-AC22-
95PC95101, data from a unique protocol developed by the USGS have been used to analyze selected
cod sze and dengty fractions for trace eement modes of occurrence. In Phase |, the four Phase | coas
have been analyzed. The protocol incorporates the methods described below.

All of the samples have been treated by a selective leaching procedure, a powerful technique for
approximating modes of occurrence using differing solvents at various temperatures and concentrations.
Splits of the coa have been leached with these solvents (ammonium acetate, hydrochloric acid,
hydrofluoric acid, nitric acid) according to the methods developed at the USGS. Results from these
leaching tests provide essential information on chemical bonding of the elements present: elements that
areleached by hydrofluoric acid are generally associated with silicates, those that are leached by nitric
acid generally occur in sulfides, and those that are leached by hydrochloric acid generaly occur in
carbonates and monosulfides. Ammonium acetate will leach water-soluble elements or €l ements weakly
attached to exchangeable sites.

The above procedures provided indirect evidence, or approximations of the modes of occurrence of the
trace elementsin coal. These techniques were complemented by direct procedures such as operator-
controlled scanning electron microscopy/energy dispersive X-ray analysis (SEM/EDX) of polished
pellets of coa. The operator manually selected the appropriate phases for analysis by EDX and
interpreted textural relations of the phases being analyzed. The mineraogical, geological, and
geochemicd expertise of the USGS personnel provided unique and essentia insights. For a more
senditive and quantitative analysis, an el ectron microprobe analyzer was used.

Testswere made for volatility of trace elements. Volatility was determined by heating the coal samples
to 550° C and 1000°C. Results for the samples ashed at these temperatures were compared.



The Agency shall not proceed with any of the work under the Phase |1 program until formal
notification is provided.

Phase |l Plans

A new st of study coadswill be designated and anlyzed in Phase |1. Detailed analysis of coal splits (size
and density fractions) from both Phase | and Phase Il coals will also be conducted, as required. The
standard protocol to be used in Phase |1 is nearly identical to that used in Phase I; the most significant
difference isin the samples to be analyzed. Some samples may be subjected to separation procedures
and subsequent andysis. Separates may be prepared by using density or magnetic separations techniques
or by handpicking specific mineral grainsto obtain a high-purity sample. The protocol to be followed
in Phase 11 incorporates the techniques described below.

Using amethodology similar to that of Phase |, al of the samples will be treated by a selective leaching
procedure, using four solvents.  ammonium acetate, hydrochloric acid, hydrofluoric acid, and nitric acid.

Experiments to determine the volatility of the elements will also be conducted by heating the coal
samples to 200°C, 550° C, and 1000°C, using the same procedures as described in Phase l.

These procedures will provide indirect evidence, or approximations of the modes of occurrence of the
tracelementsin coal. Asin Phasel, they will be complemented by direct determinations on polished
pellets of coa using conventiona SEM analysis with the EDX anayzer. For a more sensitive and
guantitative analysis, an electron microprobe anayzer will be used. Other methods such as analytical
transmission eectron microscopy, secondary ion mass spectrometry, and infrared spectroscopy will be
used as necessary. Where direct mode-of-occurrence information is difficult to obtain (e.g. for Hg),
indirect results, using statistical correlations with other coal-quality parameters, will be used.

Methods
Grinding, Sulfur Form Analysis, and Chemical Analysis

After the USGS received the program coals, they were shipped to Geochemical Testing of Somerset,
Pennsylvania (May, 1996) for grinding of samples to -20 mesh splits (to be used in petrographic, SEM,
and microprobe analysis) and -60 mesh splits (for analysis by ICP-MS, ICP-AES, hydride generation,
and cold vapor atomic absorption). Samples were purged with argon and carefully packaged before
shipping to avoid chemica contamination. Geochemical Testing also performed analysis of forms of
sulfur in accordance with ASTM D2492-90 (1994). The USGS received the Pittsburgh and
Elkhorn/Hazard coas in May, 1996; the Illinois No. 6 coa in June, 1996; and the Wyodak coa in
February, 1997. Forms of sulfur form data for the Pittsburgh, Elkhorn/Hazard, Illinois No. 6, and
Wyodak coa samples are given in Appendix |I. Chemical anayses (ICP-MS, ICP-AES, hydride
generation, and cold vapor atomic absorption, INAA) for the four raw coals have been completed.



Leaching Procedures

The sequentia selective leaching procedure used in this study is similar to that described by Palmer et
al. (1993) and Finkelman et a. (1990). In this procedure, duplicate 5g samples were sequentially
leached in 50 ml polypropylene tubes using 35 ml each of 1N ammonium acetate (CH,COONH,), 3N
hydrochloric acid (HCI), concentrated hydrofluoric acid (HF; 48%), and 2N (1:7) nitric acid (HNO,).
Each tube was shaken for 18 hrs on a Burrell* wrist action shaker. Because of the formation of gas
during some of the leaching procedures, it was necessary to enclose each tube in double polyethylene
bags, each closed with plastic coated wire straps. The bags allow gas to escape, but prevent the release
of liquid. Approximately 0.5 g of residual solid was removed from each tube for instrumental neutron
activation andysis (INAA). The solutions were saved for inductively coupled argon plasma (ICP-AES)
analysis and inductively coupled argon plasma mass spectroscopy (ICP-MS) analysis.

L eaching experiments were completed for the four program coals and the resulting leachate solutions
and solid residues were submitted for chemicd andlysis. Leachate solutions were analyzed by ICP-AES
and ICP-MS; solid residues were analyzed by INAA. For each analytical method, chemical data were
processed to derive the mean percentages of each element leached by each of the four leaching agents,
as compared to the original concentration of each element in the unleached coal. A single value for the
percent leached for each element was then determined, based on the potential uncertainty of each
technique (Table 1) and reproducibility of analytical results. The resulting calculated percentages were
used as an indirect estimate of the mode of occurrence of specific trace elements in the coals. We
estimate an error of up to £25 percent for the calculated leached percentages.

Leaching procedures were completed for the Pittsburgh, Elkhorn/Hazard, 11linois No. 6, and Wyodak
coal samples and analytical datafor leachates and solid residues were processed.

SEM, Microprobe, and XRD Analysis

Coal pellet casting and polishing

The pellet formation procedure follows the ASTM D2797-85 technique for anthracite and bituminous
coa (ASTM, 1997). In the casting procedure, approximately 7-8 grams of crushed sample are
impregnated, under pressure, with epoxy and poured into a cylindrical mold which is cured overnight
at 60° C. A label isincorporated with the sample.

The cylindrical pellet is ground and polished using ASTM D2797-85 procedures. In this process, one
end of the pellet isground with a 15 um diamond platen and 600- grit SIC paper until flat and smooth.
Rough polishing is done with 1 «m alumina and fina polishing is completed with 0.06 «m colloidal
slica. Ultrasonic cleaning between and after the various steps insures afinal product free of extraneous
abrasive material.

! Use of trade names and trademarks in this publication is for descriptive purposes
only and does not constitute endorsement by the U. S. Geological Survey.
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Two pellets are prepared from each sample. Wafers about 2 mm in thickness are dliced from the
polished end of the pellet and carbon-coated for SEM and microprobe analysis.

Scanning el ectron microscope anaysis.

A JEOL -840" scanning electron microscope equipped with a Princeton Gamma:Tech. energy-dispersive
X-ray anaytical system. and/or an Autoscan ETEC" with Kevex EDX* were used for SEM examination
of project cods. Mineral identifications were made on the basis of grain morphology and major-element
composition. Both secondary eectron imaging (SEI) and backscattered el ectron imaging (BSE) modes
were used in coal sample characterization. The BSE mode is especially sensitive to variation in mean
atomic number, and is useful for showing within-grain compositional variation. By optimizing the BSE
image, the presence of high-atomic number trace phases can be revealed. Samples were scanned
initidly to obtain an overall view of the phases present, as with a petrographic microscope. Thisinitial
scanning was followed by a series of overlapping traversesin which the relative abundance of the phases
was assessed. EDX andydis providesinformation on el ements having concentrations at approximately
a tenth-of-weight-percent level or greater. Typical operating conditions for SEM analysis were:
accelerating potential of 10-30 kV, magnifications of ~50 to >10,000 times and working distances
ranging from 15 to 20 mm (ETEC) and 25 or 39 mm (JEOL).

Scanning electron microscopy preceded eectron microprobe analysis. SEI or BSE images taken at low
magnification were used as a guide to locate phases of interest for microprobe anaysis. SEM images
taken at higher magnifications provided records of the points analyzed. Images at higher magnifications
commonly reved the presence of interstices or other imperfectionsin minera grains that are not visible
in reflected light microscopy. SEI/BSE mapping enabled us to avoid features that would adversely
affect the quantitative analysis using the microprobe.

Electron microprobe analysis.

A fully-automated 5-spectrometer instrument (JEOL JXA 8900L Superprobe') was used to
guantitatively determine element concentrations in sulfides and clay minerals in program coals by the
wavelength-dispersive technique. For sulfides, the following elements were measured: Fe, S, As, Ni,
Cu, Zn, Se, Co, and Cd. For clay mineralsillite and kaolinite, the el ements reported as oxides (K,0O,
Ca0, Na,0, Al,O,, SIO,, MO, Cr,0,;, MNO, FeO, and TiO,) were measured. Natural and synthetic
sandardswere used. For sulfides, an accelerating potential of 20 KeV was used, at beam currents of
2.0x 10%or 3.0 x 10® amps. For clays, an accelerating potential of 15 KeV was used, at a beam current
of 2.0x 10® amps. All anayses were done using afocused beam (beam diameter setting = 1 «m), giving
an actual working diameter of about 2-3 micrometers.

Detection limitsfor each of the minor or trace elements determined are estimated to be about 100 ppm
insulfidesand 200 ppmin clays. Long counting times, at least 60 seconds for peak and 30 seconds for
each background, were used to achieve these detection limits. For example, to measure arsenic in
pyrite, a peak counting time of 90 seconds, and a 45 second count for each background were used.
Because many of the trace elements of interest are present at levelsthat are at or near the detection limits



of the probe, counting statistics for these elements have large uncertainties.

Microprobe data for pyrite grains (Appendix I1) and clays (Appendix I11) have been completed. For
pyrite grains, only analyses totaling > 95% were accepted. For clays, most analyses have totalsin the
87-90% range, reflecting the presence of water in the structures of these phases. In addition to
quantitative analyses, JEOL 8900 waveength-dispersive spectrometry was used to produce color maps
of dementd didribution in project sulfides. This technique was used to delineate arsenic heterogeneity
in high-arsenic pyrite of the Elkhorn/Hazard coal (Fig. 1).

In order to obtain additional mode of occurrence information for chromium in the Elhorn/Hazard coal,
three density separates (float, middling, and sink fractions) were examined using the SEM.

X-ray diffraction analyss

To obtain semi-quantitative information on minerals present in the study coals, samples of low-
temperature (< 200°C) ash were pressed onto powdered plastic backings to form wafers which were
X-rayed using an automated diffractometer. The samples were analyzed over an interval from 4° to 60°
20 at agtep interval of 0.02° 20. Countswere collected for 0.5 sec. per step. The data were processed
using a computer program for semi-quantitative mineral analysis by X-ray diffraction (Hosterman and
Dulong, 1985).

Results and Discussion

SEM Analyses

SEM analyses indicate the presence of the magjor mineralsillite, kaolinite, quartz, calcite, and pyritein
the Pittsburgh and Illinois No. 6 coals (Appendix IB). The Elkhorn/Hazard coal contains the same major
phases, with the exception of calcite. (However, trace amounts of calcite were detected in the
Elkhorn/Hazard with XRD anaysis, Appendix IC). Iron oxides were also found to be a major
congtituent of the Pittsburgh coal. Other minerals were found in minor or trace amounts in each of the
cods. Inthe Wyodak coa, mgjor mineras detected include quartz, illite, kaolinite, and possibly mixed-
layer clays. Pyrite was found only in very minor amounts in the Wyodak coal.

A range of pyrite morphologies was observed in the program coas using the SEM, including subhedral,
euhedral, composite, and framboida grains.



.Microprobe Analyses
1- Microprobe analysis of Iron-Sulfides

Microprobe data for most pyrite grains indicate trace-element concentrations that are at or below the
detection limit of ~100 ppm (Appendix I1). Of the seven trace elements determined (Se, Cu, Ni, As, Zn,
Cd, and Co), only Cu, As, and Ni are commonly present at levels that exceed the detection limit.
Concentrations of these three elements were determined for all of the pyrite grains analyzed.

Microprobe data indicate that the arsenic contents of pyrite grainsin the lllinois No. 6 (<0.01 to 0.03
weight percent) and Pittsburgh (<0.01 to 0.09 weight percent) samples are smilar, and that pyrite grains
in these two coals are not distinguishable based on arsenic concentrations. The arsenic concentrations
of the pyrite grainsin these coals do not appear to vary according to grain size, however, non-framboidal
pyrite grains commonly have higher arsenic concentrations than framboidal pyrite grains (Figs. 2a and
2b). Arsenic content of pyritesin the Elkhorn/Hazard coa is much more variable than that in the other
program coals, ranging from below the detection limit to greater than 2.0 weight percent. Asin the
Pittsburgh and Illinois No. 6 coas, non-framboidal pyrite grains commonly have higher arsenic
concentrations than framboidal pyrite grains and the arsenic concentrations do not appear to vary
according to grain size (Fig. 2c). The presence of scattered high-arsenic pyrite grains in the Elkhorn
/Hazard cod makesit difficult to determine a representative arsenic composition for pyritesin this coal
(see“Mass Bdance Caculations’ section). Elemental mapping of one such grain in the Elkhorn/Hazard
coal aso revealsfine-scale variation in arsenic content (Fig. 1).

Overdl, thelllinois No. 6 cod has higher concentrations of nickel in pyrite grains (mean = 0.035 wt. %)
than the Pittsburgh coal (0.01 wt.%) or Elkhorn/Hazard coal (0.02 wt.%; Appendix I1). In the
Pittsburgh and Elkhorn/Hazard coals, the nickel concentrations of pyrite grains do not appear to vary
according to the size of grains or according to pyrite morphology (framboidal vs non-framboidal, Figs.
3aand 3c). InthelllinoisNo. 6, framboidal pyrite grains are more likely to show enrichment in nickel,
but thereis consderable overlap in values (Fig. 3b). The highest nickel concentrations determined are
0.26 and 0.40 wt.% in two separate Illinois No. 6 framboids.

The concentrations of arsenic in pyrite vs. nickel in pyrite are plotted in Figures 4a-c. These elements
appear to show independent enrichment trends, particularly for nickel in the Illinois No. 6 coa (Fig. 4b)
and arsenic in the Elkhorn/Hazard coal (Fig. 4c).

Maximum selenium concentrations of 0.01 to 0.02 wt.% were found for pyrite in each coal, but most
selenium values were below the detection limit of ~100 ppm (Appendix I1).

In the Wyodak coal, one pyrite grain was analyzed (Appendix I1). Arsenic concentrations are near or
bel ow the detection limit (below detection limit (0.01) to 0.03 wt. %). Nickel concentrations are below
the detection limit.



2 - Microprobe Anaysis of Clay Minerals

Microprobe analyses of the clay minerals illite and kaolinite are given in Appendix Ill. For the
Elkhorn/Hazard and lllinoisNo. 6 codls, the average Cr,O, concentration of illites is below the detection
limit (about 200 ppm). For the Pittsburgh coal, only oneillite gave an acceptable analysis, based on its
oxide sum and stoichiometry. This illite (PITTS illitel) has a Cr,O, content (0.02 to 0.03 weight
percent) that is marginally above the detection limit, and is therefore subject to alarge uncertainty.

The grains that we have identified as illites probably aso contain mixed-layer clays and finely
disseminated quartz, asindicated by the large variationsin SO,, K,O and FeO (Appendix [11). Unlike
the illites, the kaolinites show little chemical variation. The kaolinites are essentially stoichiometric
AlLS,O,(OH),, with minor substitution by Fe and K, possibly from adjacent illites (Appendix 111). Some
kaolinites give aresponse for Cr,O,, possibly indicating the presence of a small amount of chromium in
this clay mineral aswell asillite.

Andysstotasfor kaolinite and illite are less than 100 percent because of structural water in these clays.

Semi-quantitative Mineralogy of the Low-Temperature Ash

Results of X-ray diffraction analysis of low-temperature ash are presented in Appendix 1C, together with
semi-quantitative estimates of the mineral content of the coal on a whole-coal dry basis. Quartz and
kaolinite are dominant in each of the four program cods. lllite is dominant in the Pittsburgh,
Elkhorn/Hazard, and Illinois No. 6 cods,; however, it occurs only in trace amounts in the Wyodak coal.
Bassanite (aform of calcium-sulfate), which is formed from calcium and sulfur in the ashing process,
is dominant only in the Wyodak coal. XRD anaysis indicates pyrite concentrations of 1.5 and 2.1
percent on a whole-coal basis in the Pittsburgh and Illinois No. 6 coals, respectively. In the
Elkhorn/Hazard coal, only trace amounts of pyrite were detected by XRD. Although pyrite was not
detected by XRD analysisin the Wyodak codl, it was observed with SEM analysis. Trace amounts of
calcite are present in the Pittsburgh, Elkhorn/Hazard, and Illinois No. 6 coals.

The XRD data are in generd agreement with SEM andys's, with several exceptions. For example, trace
amounts of feldspar were detected in the Pittsburgh and Elkhorn/Hazard coals with XRD analysis, but
not detected with SEM andysis. In the Pittsburgh coal, iron metd or iron oxide was detected with SEM
analyss, however, it was not detected by XRD analysis. Because the XRD is dependent on the degree
of crystallinity of minerals, iron oxides are not easily detected. Both the XRD data and SEM data
suggest the dominance of kaolinite over illite in each of the four program coals. However, mixed layer
clays are not easily detected by XRD and may also be present in the program coals.



Leaching Experiments and Comparison to Other Data

In the following section, the leaching behavior of arsenic, selenium, chromium, mercury, and nickel
(Table 1, Figs. 5af) are discussed and compared to the results from microprobe and SEM analysis.
Final modes of occurrence (Figs. 6a-d) are determined for each element based on integration of data
from leaching experiments, SEM analysis, electron microprobe analysis, and XRD data.

Arsenic

Pittsburgh and Illinois No. 6 coals: The bulk of the arsenic in the Pittsburgh and Illinois No. 6 coals
isin pyrite, asindicated by high percentages of arsenic leached by HNO, (60-80%, Fig. 5a). Microprobe
data confirms the presence of arsenic in pyrite and shows typical concentration ranges to be from <0.01
to 0.09 wt.% in the Pittsburgh coal and from <0.01 to 0.03 wt.% in the Illinois No. 6 coal. The high
total percentage of arsenic leached in the Pittsburgh and Illinois No. 6 coals (80-90%) suggests little or
no organic association. Minor amounts of arsenic (10-20%) were leached by HCI, which may indicate
an association with mono-sulfides (such as sphalerite or galena) or possibly iron sulfates. However,
these mono-sulfides and iron sulfates were not observed with SEM analysis. Percentages for the mode
of occurrence diagram (Fig. 6a) were derived directly from the leaching percentages (Fig. 5a).

Elkhorn/Hazard Coal: The Elkhorn/Hazard coa may have severa modes of occurrence for arsenic.
In contrast to the Pittsburgh and Illinois No. 6 coals, 30 percent of arsenic in the Elkhorn/Hazard coal
was leached by HCI and 25 percent of arsenic was leached by HNO,. A minor amount of arsenic was
leached by HF (5%). Leaching of arsenic by HCl may indicate the presence of arsenates that were
formed by the oxidation of pyrite. It isalso possible that HCI-soluble arsenic-bearing monosulfides (such
as sphalerite or galena) or iron sulfates are present, however, these minerals were not observed with
SEM anadysis.

Because only sixty percent of the total arsenic in the Elkhorn/Hazard coal was leached, an organic
association for arsenic or the presence of organically encapsulated (shielded) arsenic-bearing pyrite might
be suggested. However, petrographic and SEM anadysis of solid residues from the nitric acid leach have
identified the presence of both shielded and unshielded pyrite grains in the solid residues, indicating that
nitric acid leaching was incomplete. Work in Phase Il will include an investigation of the leaching
process, to determine why leaching of pyrite grains by nitric acid isincomplete in the Elkhorn/Hazard
coa. The amount of unleached pyrite observed may be sufficient to account for the low percentage of
leachable arsenic in the Elkhorn/Hazard coal. To estimate the total amount of arsenic present in pyrite,
we adjusted the amount of nitric acid leached arsenic (25%) by adding the amount of unleached arsenic
(40%), to obtain the total arsenic in pyrite (65%, Fig. 6a). Work in Phase Il will include examination
of unleached pyrite grainsin Elkhorn/Hazard residue to determine why they were not dissolved in nitric
acid.

Wyodak Coal: Similar to the Elkhorn/Hazard coal, the Wyodak coa has more than one mode of
occurrence for arsenic. 35 percent of arsenic in the Wyodak coal was leached by HCI; 15 percent of the
arsenic was leached by HF. Leaching by HCl may indicate an association of arsenic with iron oxides,



leaching by HF probably indicates an association with clays (possibly illite). 50 percent of the total
arsenic was not leached in the Wyodak coal. Because most of the iron was leached (see next section),
some of the arsenic may be associated with organics. Percentages for the mode of occurrence diagram
(Fig. 6a) were derived directly from the leaching percentages (Fig. 5a).

Iron

The leaching behavior of arsenic was also compared to that of iron in the Pittsburgh, Elkhorn/Hazard,
lllinois No. 6, and Wyodak coals. In the Pittsburgh and Illinois No. 6 coals, the leaching behavior of
ironissmilar to that of arsenic (Fig. 5b). Iron was leached primarily by HNO, (85-90%). Percentages
given in the iron mode of occurrence diagram (Fig. 6b) were derived directly from the leaching data.
For the Illinois No. 6 coal, we assume that there is little or no organic iron, because the cumulative
amount of iron leached by the four solventsis 100 percent.

In the Elkhorn/Hazard coal, only 75 percent of the total iron was leached, and only a small portion of
iron (15%) was leached by HNO, (Fig. 5b). Based on our observations of unleached pyrite grainsin
the nitric acid solid residue, we have estimated that the sum of leachable iron in pyrite (15%) and
unleached iron (25%) is approximately equivalent to the total amount of iron in pyrite (40%) (Fig. 6b).
The assumption that the Elkhorn/Hazard coa contains little or no organically-bound iron isinherent in
thisestimate. Theratio of leachable iron in pyrite to total iron in pyrite (15/40) is approximately 38%.
Because theratio of leachable arsenic in pyrite to total arsenic in pyrite (25/65=38%) is equal to the ratio
found for iron (38%), we infer that the leaching behavior of iron is similar to the leaching behavior of
arsenic. HCl-soluble iron may possibly be associated with iron sulfates, that were formed by the
oxidation of pyrite.

In the Wyodak coal, sixty-five percent of the iron was leached by HCI and twenty-five percent was
leached by HF. In contrast to arsenic, nearly all of the iron was leached (90 percent). We infer that the
iron is primarily associated with iron oxides or carbonates (as indicted by leaching with HCI) and clays
(asindicated by leaching with HF).

Selenium

In the Pittsburgh coal, selenium was leached to a large degree by nitric acid (90%), suggesting an
association with pyrite (Fig. 5¢). An association of selenium with pyrite is also evident in the
Elkhorn/Hazard cod, where selenium was leached primarily by nitric acid (50%). In the Elkhorn Hazard
cod and Illinois No. 6 cods, because the total amount of selenium leached is fairly low (45% and 60%,
respectively), we infer an association with the organics. In the Pittsburgh and Elkhorn/Hazard coals,
selenium was leached to some degree (5% and 15%, respectively) by HCI. The HCI-soluble selenium
may be in accessory mono-sulfides such as sphalerite (ZnS) and galena (PbS).

Selenium concentrations in pyrite grains were generally below the microprobe detection limit (~100

ppm) in the Pittsburgh, 1llinois No. 6, and Elkhorn/Hazard coals. Isolated values of 100 or 200 ppm
were obtained for selenium in pyrite in each of these coals. Microprobe data for the Wyodak coal are
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not sufficient to estimate selenium content in pyrite (Appendix Il). In the Elkhorn/Hazard coal,
concentrations of selenium in pyrite were near the detection limit of selenium (100 ppm). To estimate
the tota organic selenium in the Pittsburgh, Elkhorn/Hazard, and Illinois No. 6 coals (Fig. 6¢), we have
added the ammonium acetate-leached selenium to the unleached selenium.

In the Wyodak coal, selenium was leached primarily by ammonium acetate (20 percent). Only 30
percent of the total selenium was leached, suggesting an association with organics. To estimate the total
organic sdenium in the Wyodak cod (Fig. 6¢), we have added the ammonium acetate-leached selenium
to the unleached selenium.

Chromium

The leaching behavior of chromium isvaried (Fig. 5d). Chromium is leached to some extent by HF (20-
25%) in the Pittsburgh, Elkhorn/Hazard, and Illinois No. 6 coas. Inthe Wyodak coal, 45 percent of
the chromium isleached by HF. Leaching by HF suggests an association with silicates (possibly illite).
In the Elkhorn/Hazard and Illinois No. 6 coals, totals for leaching of chromium are low (45%). In the
Wyodak cod, the total leached chromium isfairly low (70%). The low leaching totals possibly suggest
an organic association for chromium. It is also possible that the unleached chromium is due to the
presence of shielded (organicdly encapsulated) illite grains. In the Pittsburgh coal, chromium is leached
to some degree by HCl (20%), suggesting an association with carbonates or HCI-soluble sulfides.
Chromium is aso leached by HNO; (30%) in the Pittsburgh coal, indicating an association with pyrite.
Because the leaching datafor chromium are inconclusive, we did not make a final determination for its
forms of occurrence.

Huggins and Huffman (University of Kentucky) have identified the mode of occurrence of chromium
in densty separates of the program coals, based on XAFS data. Their results indicate the presence of
CrOOH in thefloat fractions of the coas, chromium in silicates of the middling fractions, and chromite
in the sink fractions of the coals. We examined float, middling, and sink density fractions of the
Elkhorn/Hazard coal with the SEM to determine the forms of occurrence of chromium. Overal, our
findings present no evidence to conflict with the observations of Huggins and Huffman. In the sink
fraction, we detected chromite in 2 out of 21 grains analyzed, arelatively high proportion of chromite.
Although we did not observe any species of chromium in the float fraction of the coal, identification of
the amorphous CrOOH grains by SEM is difficult and concentrations may have been below detection
limits. We dso did not observe any species of chromium in the middling fraction of the coal. However,
as discussed earlier, our microprobe andlysis of the raw coal indicates the presence of chromium in illite,
at concentrations that are near the detection limits of the microprobe.

Nickel
The leaching behavior of nickel is aso varied (Fig. 5€). In each of the four program coals, nickel is

leached to some degree by each of the four leaching agents (ammonium acetate, HCI, HF, and HNO,).
In the Elkhorn/Hazard codl, tota leaching levels are low (35%). In each of the coals, nickel leached by
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HNO, is probably associated with pyrite. The presence of nickel in pyrite in the Pittsburgh,
Elkhorn/Hazard, and Illinois No. 6 coals is confirmed by microprobe data. Nickel leached by HCl may
possibly be in nickel-oxides, however, nickel-oxides were not observed with the SEM. Modes of
occurrence for nickel, asindicated by leaching data, are shown in Fig. 6d.

Mercury

The leaching behavior of mercury in the four program coals is highly varied (Fig. 5f). In the Pittsburgh
and Elkhorn/Hazard coal, mercury is leached primarily by HCl (25-40%). HCI-leachable mercury in
these coad's may be associated with oxidized pyrite or HCI-soluble sulfides. Overall, atotal of forty to
fifty percent of mercury isleached in the Pittsburgh and Elkhorn Hazard beds. In the Illinois No. 6 coal,
atota of only five percent of the mercury isleached. Inthe Wyodak coal, leaching data suggest that
mercury was not leached at dl. Work planned for Phase Il will allow us to gain a better understanding
of the behavior of mercury in the program coas. Because the leaching data for mercury are
inconclusive, we did not make afinal determination of its forms of occurrence.

Mass Balance Calculations

Using the mean arsenic and nickel concentrations obtained for pyrite by electron microprobe analysis,
mass-baance cd culations were done for the Pittsburgh, Elkhorn/Hazard, and Illinois No. 6 coas. The
contribution of pyrite to the mass balance of arsenic and nickel was calculated by multiplying the
concentration of each element in pyrite by the amount of pyrite (Appendix IV). The amount of pyrite
(in weight percent) was calculated from pyritic sulfur values (Appendix IA). The calculated
concentration of each eement is expressed as a percentage of the whole-coal value. Results for arsenic
and nickd are shown in Figures 7aand 7b, in which mass-balance fractions obtained by microprobe are
compared with the mode of occurrence percentages based primarily on leaching data with an estimated
error of £ 25% (figs. 6a-d).

Mass-bal ances were calculated on the basis of microprobe data. These calculations indicate that 60
percent of arsenic in the Pittsburgh coa can be accounted for by pyrite, comparing well (within the
inferred leaching data error of £ 25%) with our find mode of occurrence determination, which indicates
that 80% of arsenic is associated with pyrite (Fig. 7a). In the lllinois No. 6 coal, microprobe data
indicate a higher proportion of arsenic associated with pyrite (100%) than our final mode of occurrence
determinations (60%, Fig. 7a). Thisresult is aso within uncertainty, because the leaching value (60%)
requires an average arsenic concentration in pyrite of about 50 ppm, which is about half of the
microprobe detection limit. The microprobe result may be high, because the mass-balance calculation
includes many bel ow-detection-limit values that are taken to be at 70% of the detection limit (70 ppm)
in the calculation.

Microprobe data for the Elkhorn/Hazard coal indicate that only about 20% of arsenic is associated with
the pyrite. These data do not compare well to our final mode of occurrence estimates (65% percent
total arsenic associated with pyrite), as derived from the sum of arsenic leached by nitric acid (25%) and
the fraction of unleached arsenic (40%; Fig. 78). However, because arsenic has a heterogeneous
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distribution in pyrites of the Elkhorn/Hazard codl, it is difficult to obtain an accurate mean value for
arsenic and the mass balance approach based on microprobe data may not be appropriate.

Mass-baance for nickel calculated from microprobe analyses of pyriteisin fairly good agreement (within
the leaching data error of + 25%) with leaching data for the Pittsburgh, Illinois No. 6, and
Elkhorn/Hazard coals (Fig. 7b).  Microprobe data indicate the following percentages of nickel
associated with pyrite: Pittsburgh (17%), Elkhorn/Hazard (3%), and Illinois No. 6 (50%). These data
compare fairly well with final values based primarily on leaching: Pittsburgh (20% ), Elkhorn/Hazard
(5%), and Illinocis No. 6 (30%).

The number of illite analyses with detectable concentrations of chromium was not sufficient to calculate
mean values for chromium concentrationsin illite based on microprobe data. If an average Cr,O, value
of 0.025 weight percent (equivaent to about 170 ppm Cr) inillite is assumed, mass baance calculations
indicate that about ten percent of the chromium in the Pittsburgh, Illinois No. 6, and Elkhorn/Hazard
coals can be accounted for by illite. This percentageisfairly close to percentages (20 to 25 percent)
obtained in the HF stage of leaching.

Selenium concentrations in pyrite are generally below the microprobe detection limit (Appendix 1) for
the Pittsburgh or Illinois No. 6 coals. On the basis of mass-balance calculations, if al selenium is
assumed to be in pyrite in the Pittsburgh and Illinois No. 6 coals, concentration levelsin pyrite would
still be lower than the detection limit (100 ppm). For the Elkhorn/Hazard coal, the mean selenium
concentration in pyriteis marginally above the detection limit (about 110 ppm, based on 11 pyrite grains,
Appendix I1). A mass-baance caculation based on these data indicates that only about 8 percent of the
sdenium in the Elkhorn/Hazard cod isin pyrite. The rest of the selenium may be associated with the
organics.

Experiments to Determine the Volatility of Trace Elements
Experiments were conducted to determine the volatility of trace elements by heating the coal samples
to 550°C and 1000°C. Analytica dataindicate that the concentrations of arsenic, chromium, and nickel

are not affected by heating samples to temperatures of up to 1000°C within the analytical errors of the
experiment, which are generally less than 10 percent.
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Conclusion

Work on Phase | is essentially complete. The USGS has analyzed the Pittsburgh, Elkhorn/Hazard,
Illinois No. 6, and Wyodak codsto determine the mode of occurrence of arsenic, selenium, chromium,
nickel, and mercury using (1) trace dement anaysis (ICP-AES, ICP-MS, cold vapor atomic absorption,

hydride generation, INAA), (2) leaching experiments, (3) scanning electron microscopy, (4) electron
microprobe analysis, and (5) X-ray diffraction.
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Figure5b
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Figure 5c
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Figure 5d
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Figure5e
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Figure 5f
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Figure 6c
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Figure 6d
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Table 1. Percentages of elements leached by ammonium acetate, hydrochloric acid, hydrofluoric
acid, and nitric acid as compared to the total concentration of the element in the unleached coal.

CH3COONH3 [HCI HF HNO3 Total
Arsenic
Pittsburgh 0% 109 09 809 909
Elkhorn/Hazard 0% 309 59 259 609
lllinois No. 6 0% 209 09 609 809
Wyodak 0% 359 159 0% 509
Iron
Pittsburgh 0% 0% 59 909 959
Elkhorn/Hazard 5% 409 159 159 759
lllinois No. 6 5% 5% 59 859 1009
Wyodak 0% 659 259 0% 909
Chromium
Pittsburgh 0% 209 259 309 759
Elkhorn/Hazard 0% 159 209 109 459
lllinois No. 6 0% 109 209 159 459
Wyodak 5% 109 459 109 709
Mercury
Pittsburgh 5% 259 09 109 409
Elkhorn/Hazard 109 409 09 0% 509
lllinois No. 6 0% 0% 59 0% 5%
Wyodak 0% 0% 09 0% 0%
Selenium
Pittsburgh 0% 5% 09 909 959
Elkhorn/Hazard 109 159 09 209 459
lllinois No. 6 109 0% 09 509 609
Wyodak 209 5% 09 5% 309
Nickel
Pittsburgh 209 359 209 209 959
Elkhorn/Hazard 109 159 59 5% 359
lllinois No. 6 109 259 209 309 859
Wyodak 109 159 159 159 559
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Appendix I.

Forms of Sulfur Data, Mineralogy of the four program coals based on

SEM analysis, and Semi-quantitative ash mineralogy by XRD
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Appendix |A. Forms of Sulfur Data (al datain percent on adry basis).

Sulfate Sulfur  Pyritic Sulfur Organic Sulfur  Total S

Pittsburgh 0.01 0.91 1.20 2.12
Elkhorn/Hazard 0.03 0.12 0.72 0.87
[llinois No. 6 0.04 1.57 2.21 3.82
Wyodak 0.02 0.03 0.41 0.46
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Appendix 1B. Mineralogy of the three program coals based on SEM analysis.

Pittsburgh

Major:

Minor/trace:

Elkhorn/Hazard

Major:

Minor/trace:

[llinois No. 6

Major:

Minor/trace:

Wyodak

Major:

Minor/trace:

llite, kaolinite, quartz, pyrite, calcite, iron oxide
Barite, TiO,, calcium sulfate (probably gypsum)

Ilite, kaolinite, quartz, pyrite
Iron oxide, chalcopyrite, TiO,, barite, apatite, monazite (REE phosphate),
zircon.

[lite, kaolinite, quartz, pyrite, calcite
none observed

Quartz, illite, kaolinite, mixed layer clays

Pyrite



Appendix IC. Semi-Quantitative Ash Mineralogy by XRD*
Gypsum +
Sample | % Ash | Quartz Feldspar Calcite| Siderite Ankeritel lllite | Kaolinite] Pyrite| Bassanite| Sphalerite | Analcime | Hematite
Pittsburgh 7.3 20 trace trace trace trace 10 45 20
[1.5]* [0.7] [3.3] [1.5]
Elkhorn/
Hazard 8.0 15 trace trace trace 10 65 trace
[1.2] [0.8] [5.2]
lllinois #6 10.3 25 trace trace 10 35 20 trace trace trace
[2.6] [1.0] [3.6] [2.1]
Wyodak 7.9 30 <5 <5 60 10 <Gk
[2.6] [1.0] [1.0] [3.6] [<0.4]

* Analyst F. Dulong, USGS-Reston

** Numbers in brackets indicate percent values on a whole-coal basis.

*** Analcimeisindicated in atrace anount at the lowest level of probability.
Values less than 5 percent are termed “trace”.
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Appendix I1.

Quantitative Microprobe Analyses of Pyrite Grainsin the

Pittsburgh, Elkhorn/Hazard, Illinois No. 6 and Wyodak Coals
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Pyrite Analyses.

PITTSBURGH
Date |Anal# Se Cu Ni As Zn Cd Co Ee S Total Grain Size (microns)/Form
32291 64 | di | d [ oo1 | dl d_| di | 4528 51.14 | 96.46 | PittsB.1 50x70 subhedral
67 di di di di 0.00 | dl | 4571 ] 5345 99.20 | pittsc.1 100x120 composite-
68 | 001 [ di 001 | i di dl | 4577 ] 51.78 | 97.60 | Pittsc.2 core
69 | 001 [ 0.00 [ 001 [ di dl | 4514 ] 5276 | 97.96 | Pittsc.3
72 dl dl dl 0.00 dl dl 0.01 | 45.10 ] 51.93 | 97.08 | PittsD.1 40x80 composite-core
73 | 000 [ di 001 | di di dl | 4466 | 5158 | 96.29 | PittsD.2
77 | 002 [ di di di di dl | 46.43 ] 52.45 | 98.93 | PittsE.1 30x70 subhedral
78 di di 0.02 di di di dl | 44.01] 5270 | 97.66 | PittsE.2
79 | 000 [ di di di di dl | 45.88] 52.07 | 97.99 | pitts2.1 80x100 subhedral
80 di di di 0.09 | di dl | 46.10] 52.36 | 98.59 | Pitts2.2
81 | oo1 [ 001 [ 001 [ di dl | 4555] 5073 | 96.35 | Pitts2.3
82 | 002 003 ] 002 | 001 | dl | 4516 ] 51.11 ] 96.39 | Pitts3.1 40x40 euhedral
83 di 0.06 | dl 001 | di di dl | 45.00] 51.96 | 97.15 | Pitts3.2
ga | d [ a | da | a di d | di | 4467 ]| 5152 | 96.22 | Pitts4.1 20x20 euhedral
g5 | d | 002 d [ 002 di d | di | 4534 ] 5219 | 97.60 | Pitts5.1 25x25 euhedral
on framboid
86 di 001 | di di di di dl | 45.04] 5461 ] 99.70 | Pitts6.1 40x50 subhedral
87 di 0.03 | i di 001 | di dl | 4460 51.84 | 9650 | Pitts6.2
88 di di di 001 | di di dl | 4517 ] 50.34 | 9554 | pittsH.1 150x300 subhedral
89 di di di 0.00 | di dl | 4538 ] 52.07 | 97.48 | PittsH.2
90 di di di di di di dl | 4519 ] 51.73 | 96.96 | PittsH.3
91 di di di di di di 0.01 | 45.44 | 50.66 | 96.14 | PittsH.4
92 di di 0.03 [ 003 [ di 001 | 4563 | 5145 97.18 | Pittsi.1 60x100 composite
93 di di 0.07 | 002 [ di dl | 4548 ] 51.28 | 96.86 | Pittsl.2
96 | o001 | di di 0.00 | i 001 | 45.80 | 5148 | 97.33 | Pitts3.1 100x110 subhedral
97 di di di 0.02 | 0.01 [ dl_| 4554 | 51.78 | 97.38 | PittsJ.2

D
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PITTSBURGH- continued

Date | Anal Se | Cu | Ni | As | Zn | Cd | Co | Fe | S | Total | Grain Size (microns)/Form
11/0706] 54 | | ot | o [ 008 001 ] a | | 4522 | 50.75 | 96.06 | Pitts.2.3 60x80 subhedral
55 di di 0.00 | di 46.06 | 52.03 | 98.11 | Pitts.3.1 60x60 euhedral
56 di di di 001 | di 46.26 | 52.32 | 98.60 | Pitts.3.2
57 0.01 | 0.02 di di di 46.04 | 52.30 | 98.36 | Pitts.3.3
58 di di di di di 4562 | 51.23 | 96.85 | Pitts.4.1 40x60 subhedral
59 di di di di di 45.74 | 52.10 | 97.84 | Pitts.4.2
60 001 | di 001 | di di 45.88 | 51.34 | 97.24 | Pitts.5.1 25x60 subh.firreg.
61 di di di di di 46.21 | 51.48 | 97.69 | Pitts.5.2
62 di 0.01 di di di 46.69 | 52.66 | 99.36 | Pitts.6.1 60x100 subh./irreg.
63 di di di di di 4655 | 52.41 | 98.96 | Pitts.6.2
64 di di 001 | di di 46.39 | 52.06 | 98.46 | Pitts.6.3
65 0.03 | i di di di 4656 | 53.84 | 100.43] Pitts.7.1 120 euhedral
66 di 0.06 [ 001 [ di 45.18 | 51.51 | 96.75 | Pitts.7.2
67 di 0.02 di di di 4592 | 51.93 | 97.86 | Pitts.8.1 20x60 cleat?
68 di di di di di 46.18 | 51.99 | 98.17 | Pitts.8.2
69 0.02 | 001 | o002 di 46.75 | 52.76 | 99.55 | Pitts.9.1 15x70 cleat?
70 di di 002 | 001 | 46.76 | 52.49 | 99.28 | Pitts.9.2
71 di di 0.00 | i di 46.61 | 52.08 | 98.70 | Pitt.10.1 100x100 comp. euh.
72 0.02 | 0.02 di di di 4655 | 52.51 | 99.10 | Pitt.10.2
73 0.03 | 0.01 di 0.01 | di 46.08 | 51.68 | 97.82 | Pitt.10.3
76 | | o019 d | 003 ] 002 a | | 45.98 | 52.17 [ 98.39 | Pitt.13.1 | 20 euhedral
101996] 30 | | ot | 001 013 ] | | | 4532 | 5210 | 97.56 | Pitt.1.1 | 20x40 subhedral
31 | | at | dt [ o011 ] | | | 45.28 | 5157 [ 96.95 | Pitts.2.1 | 90 irreg. (round)
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PITTSBURGH -continued |

Date |Ana| Se | Cu | Ni | As | Zn | Cd | Co | Fe | S | Total | Grain | Size (microns)/Form
10n906] 33 | | 0.02 | o001 006 | | | | 44.06 | 51.78 | 95.93 | Pitts.3.1 | 5x15 subhedral
continued
34 | | d | o001 008 ]| | | | 44.88 | 53.07 [ 98.04 | Pitts.a.1 | 20 euhedral
35 002 | d | 025 4532 | 52.03 | 97.61 | Pitts.5.1 20x60 subhedral
36 di d | o016 4559 | 52.66 | 98.41 | Pitts.5.2
[ 37 | | 002 ] o001 | 014 | | | | 45.88 | 52.84 [ 98.00 | Pitts.6.1 | 20 framboidal
| 38 | | o | o [ 012 ] | | | 46.36 | 54.42 | 100.91] Pitts.7.1 | 50x60 irregular
39 001 | d | o010 45.78 | 53.70 | 99.59 | Pitts.8.1 40x50 subhedral
40 002 | d | 011 45.63 | 53.38 | 99.13 | Pitts.8.2
41 di 0.05 [ 0.08 4350 | 54.30 | 97.93 | Pitts.8.2
61 di di 0.08 4541 | 51.86 | 97.36 | Pitts.9.1 50x60 subhedral
62 di di 0.09 4519 | 51.77 | 97.05 | Pitts.9.2
| 63 | | o | o [ 012 ] | | | 4556 | 51.85 [ 97.54 | Pitts.10.1 | 20x30 euhedral
| 64 | | 002 d [ 010 | | | 46.38 | 53.57 [ 100.07] Pitts.11.1 | 25x40 subhedral
9/26/96] 42 | | o | a [ 012 ] | | | 4381 | 5133 [ 95.25 | Pitts.1.3 | 60 irregular
44 0.10 | 0.01 | 0.05 44.40 | 5356 | 98.11 | Pitts.3.1 20x20 subhedral
45 011 | i 0.07 4554 | 54.00 | 99.82 | Pitts.3.2
47 di di 0.04 45.80 | 54.60 | 100.44| Pitts.4.2 25x60 subhedral
48 di di dl 45.89 | 54.44 | 100.36] Pitts.4.3
49 di di 0.08 4581 | 53.68 | 99.57 | Pitts.5.1 40x60 subhedral
50 di di dl 46.35 | 53.69 | 100.09] Pitts.5.2
51 di di dl 45.93 | 53.93 | 99.85 | Pitts.5.3
| 56 | | oot | at [ d | | | 44.34 | 51.48 | 95.83 | Pitts.0.1 | 100x130 subhedral
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PITTSBURGH- continued |

Date |Ana| Se | Cu | Ni | As | Zn | Cd | Co | Fe | S | Total | Grain | Size (microns)/Form
9/26/96| 57 di di 0.06 45.03 | 52.28 | 97.37 | Pitts.9.2
contd. | 58 001 | di dl 45.63 | 52.96 | 98.61 | Pitts.9.3
59 di 0.01 | 0.06 4581 | 53.12 | 99.00 | Pitts.9.4
60 0.02 | dl dl 4522 | 52.34 | 97.62 | Pitts.9.5
61 di di 0.06 46.05 | 54.01 | 100.12] Ppitt. 10.1 30x40 subhedral
62 0.02 | dl dl 45.61 | 53.36 | 99.04 | pitts 10.2
| 63 | | 0.01 ]| 002 006 | | | | 4418 | 5186 | 96.12 | pitts 11.1 | 20 framboidal
| 64 | | 004 | 001 | 006 | | | | 44.16 | 52.19 | 96.46 | Pitts.12.1| 10 euhedral on 11.1
| 65 | | d | oo01 | 005 | | | | 44.88 | 5252 [ 97.46 | Pitts.13.1 | 15x20 subhedral
66 004 | d | 012 45.36 | 53.28 | 98.79 | Pitts.14.1 15x40 subhedral
67 001 | di 0.09 45.10 | 53.26 | 98.45 | Pitts.14.2
| 68 | | o | da [ 006 | | | | 4537 | 53.29 [ 98.72 | Pitts.15.1 | 20x30 subhedral
9/13/96] 33 | | 002 ] o001 | 012 | | | | 4522 | 5254 [ 97.01 | Pitts.1.1 | 25 irregular
[ 45 | | o | o [ 0a3] | | | 4574 | 53.21 [ 99.09 | Pitts.7.2 | 25 irregular
46 002 | d | 013 45.44 | 51.67 | 97.26 | Pitts.8.1 30 subhedral
47 003 | d | o018 46.16 | 53.36 | 99.73 | Pitts.8.2
48 002 | d | o018 46.04 | 53.72 | 99.96 | Pitts.8.3
| 50 | | d | o000 013 ] | | | 4560 | 5151 [ 97.24 | Pitts.0.2 20 subhedral
51 di di 0.08 4452 | 50.60 | 95.20 | Pitts.10.1 50 subhedral
52 0.01 | 0.01 | o010 44.45 | 50.80 | 95.36 | Pitts.10.3
53 001 | d | 012 44.46 | 51.42 | 96.00 | Pitts.10.2
| 56 | | dat | di [ o014 ] | | 46.38 | 53.79 [ 100.30] Pitts.11.2 | 10 euhedral
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| PITTSBURGH- continued | | |
Date | Anal Se | Cu | Ni As | Zn | Cd Co Ee | S | Total | Grain Size (microns)/Form

57 dl dl 0.12 4499 | 51.46 | 96.57 | Pitts.12.1 25 subhedral
58 dl 0.00 0.09 45.76 | 52.17 | 98.04 | Pitts.12.2
59 dl dl 0.11 4554 | 52.28 | 97.93 | Pitts.12.3
60 dl dl 0.12 45.72 | 52.53 | 98.37 | Pitts.12.4
65 dl 0.01 0.14 44.41 | 50.72 | 95.29 | Pitts.14.1 50 cleat?
66 dl dl 0.14 45.33 | 51.80 | 97.28 | Pitts.14.2
67 dl dl 0.15 46.21 | 53.76 | 100.13] Pitts.14.3

*dl= values below detection limit of 100 + 100 ppm, except arsenic values listed in boldface (dl= 500 + 500 ppm).

Values for Co include a 0.03 wt. percent empirical correction factor subtracted from measured values.
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ELKHORN-HAZARD
Date | Anal#| Se Cu Ni As Zn Cd Co Ee S Total Grain Size (microns)/Form
322191 102 | 0.02 | 0.02 [ 0.01 | 0.3 di di dl | 4429 | 50.96 | 95.36 | ELKH B.2 25x30 subhedral
103 | di di 064 | 001 [ dl | 45.26 | 50.45 | 96.38 | ELKH C.1 50x90 subhedral
104 | di di 0.00 | 0.96 di di 0.01 | 45.30 | 51.10 | 97.40 |ELKH C.2
105 | i 001 | 001]| o070 [ di dl | 4532 | 49.81 | 95.88 [ ELKH C.3
106 | dl di 0.02 | di di dl | 46.24 | 52.00 | 98.38 | ELKH D.1 65x100 subhedral
107 | 001 | 0.01 | 0.01 di di 0.01 | 46.01 | 51.84 | 97.93 |ELKH D.2
108 | i di 0.02 | di di dl | 46.04 | 52.00| 98.18 | ELKH D.3
109 | 002 | 002 | 001 ] I di di dl | 4644 | 5144 97.96 |ELKH D.4
110 | 026 | 001 [ 002 [ 0.01 | 46.23 | 5159 | 98.14 | ELKH E.1 40x40 subhedral
111 | dl 0.02 | dl di di dl | 4495 5167 | 96.67 |ELKHE.2
122 | 002 | d | 003 | 002 | 001 ] dl | 46.03| 5160 | 97.74 [ ELKH 1.1 ] 15 framboidal
112708 29 | | 001 013 [ di 44.46 | 50.81 | 95.41 [ELk-H.1.1] 40x60 irregular
[ 31 | | 002 ] 001 002] di 44,95 | 50.84 | 95.84 | ELk-H.2.1] 10x20 irregular
[ 32 | | 002 ] 004 | 012 ] di 44,98 | 50.74 | 95.92 | ELk-H.3.1] 10 framboidal
33 0.03 | 0.04 | 0.02 di di 45.74 | 5157 | 97.40 [ ELk-H.4.1 irregular
34 0.04 | 015 | 0.02 di di 4590 | 52.22 | 98.32 [ ELKk-H.4.2
35 0.01 | 0.02 | o0.01 di di 4564 | 51.34 | 97.03 [ ELk-H.5.1 20 framboidal
36 001 | 002 ] 004 [ ol di 45.27 | 50.38 | 95.72 [ ELk-H.5.2
38 0.06 | 0.10 | 0.05 di di 4468 | 51.13 | 96.03 [ ELk-H.6.2 30 framboidal
39 di di 0.01 di di 45.08 | 50.97 | 96.06 | ELk-H.7.1 15 subhedral
| 40 | | 003 | 027 [ di 45.70 | 52.14 | 98.13 [ ELk-H.8.1] 5x30 cleat
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ELKHORN/HAZARD- continued
Date | Anal #| Se Cu | Ni | As | Zn Cd Co Ee S Total Grain Size (microns)/Form
11/7/08] 41 di di 0.01 di di 45.93 | 52.12 | 98.06 | ELK-H.9.1 70x80 subhedral
continued 42 001 | di dl di di 4554 | 51.20 | 96.75 | ELK-H.9.2
43 di di 0.01 di di 46.37 | 52.49 | 98.88 [ELKH.10.1 80x100 subhedral
44 di di dl di di 46.72 | 53.48 | 100.20{ELKH.10.2
45 di di 0.01 di di 46.60 | 52.51 | 99.12 [ELKH.10.2
[ 46 002 | 0o2| d | d [ al 4530 | 51.18 | 96.52 |ELKH.11.1 30x40 subhedral
48 di di 0.02 [ 001 | 4551 | 51.24 | 96.79 [ELkH.12.1]  20x35 subhedral/eun.
49 di di 0.01 di di 45.10 | 51.46 | 96.57 [ELKH.12.2
101908] 21 0.08 | 0.01 | 017 4599 | 52.44 | 98.69 | ELKH.1.1 35 framboidal
22 0.08 | 0.02 | 021 45.67 | 52.53 | 98.52 [ ELKH.1.2
[ 23 0.09 [ 0.02 | 0.10 | | 44.88 | 52.96 | 98.05 | ELKH.2.1 | 15 framboidal
[ 24 d | o001 o019 | | 44,93 | 52.37 | 97.51 | ELKH.3.1 | 20x20 subhedral
[ 27 0.04 | 005 | 023 | | 45.45 | 53.26 | 99.03 | ELKH.6.1 | 20 framboidal
28 di di 0.11 4555 | 52.84 | 98.49 [ ELKH.7.1 30x70 irregular
29 di 0.01 | 0.08 4537 | 52.80 | 98.34 [ ELKH.7.2
| 53 006 | d | 010 | | 45.45 | 53.86 | 99.48 | ELKH.8.1 | 20 subhedral
| s6 012 | 0.05 | 0.15 | | 44.22 | 51.26 | 95.79 |ELKH.11.1] 15 detrital?
9/26/9 26 di di 1.80 45.05 | 52.00 | 98.85 [ EkH.2.1 | 30x50 subhedral/eun.
27 001 | di 1.97 44.95 | 51.78 | 98.71 | EKkH.2.2
28 di di 2.10 44.82 | 51.74 | 98.66 | EH.2.3
31 di di 0.06 45.65 | 54.40 | 100.11] ElkH.4.1 30x40 euhedral
32 0.01 | 0.01 | 0.05 4553 | 54.27 | 99.87 | EIkH.4.2
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ELKHORN/HAZARD-continued
Date | Anal #| Se | Cu | Ni | As | Zn Cd Co Ee S | Total | Grain | Size (microns)/Form

9/26/94 37 | | 004 | 001 011 | | | | 4418 | 5118 [ 9552 | EKH.8.1 | 35x40 euhedral
continued

74 0.04 dl 0.12 44.38 | 51.80 | 96.35 | EIkH.11.1 40x50 subhedral

75 0.05 0.01 0.23 44.38 | 51.73 | 96.39 | EIkH.11.2

76 dl dl 0.12 44.44 | 52.03 | 96.59 | EIkH.12.1 45 round

77 0.02 0.01 dl 4456 | 51.56 | 96.20 | EIkH.12.2

78 0.00 0.01 dl 4447 | 51.81 | 96.33 | EIkH.12.3

81 0.01 0.06 0.08 45.52 | 53.48 | 99.16 | EIkH.14.1 25 round

82 0.02 0.05 dl 45.64 | 53.49 | 99.20 | EIkH.14.2
9/13/94 24 dl dl 0.23 45.02 | 51.58 | 96.83 | ELKH.1.1 50 irregular

25 dl dl 0.19 4491 | 51.30 | 96.39 | ELKH.1.2

68 dl dl 0.17 45.25 | 51.67 | 97.10 | ELKH.8.1 40 subhedral

69 0.01 dl 0.22 45.48 | 52.03 | 97.73 | ELKH.8.2

70 dl dl 0.16 45.09 | 51.45 | 96.70 | ELKH.8.3

77 0.01 dl 0.37 44.29 | 50.49 | 95.17 [ELKH.11.3 80 round

78 dl 0.01 0.23 45.49 | 51.37 ] 97.09 |[ELKH.11.4

79 0.01 0.02 0.19 4555 | 51.79 | 97.55 [ELKH.11.5

80 0.02 0.02 0.34 45.21 | 51.63 | 97.22 [ELKH.11.6

*dl= values below detection limit of 100 + 100 ppm, except arsenic values listed in boldface (dl= 500 + 500 ppm).
Values for Co include a 0.03 wt. percent empirical correction factor subtracted from measured values.




ILLINOIS #6
Date |Anal#| Se Cu Ni As Zn C_d_l Co | Ee S Total Grain Size (microns)/Form
3/22/97| 23 di di 0.06 [ dI di di 001 | 4576 | 5252 | 98.38 | 6PyD.1 | 30 subhedral/framb.
24 | 001 | 002 002] di di 0.02 | 45.48 | 49.75 | 95.33 | mepPyD.2
27 di di di 001 | di di 0.01 | 4558 | 53.75 | 99.40 | m6Py1.1 | 20x25 subhedral/euh.
28 | 001 | 001 ] a 0.02 | dl di dl | 45.02] 53.78 | 98.87 | mepy1.2
[ 20 | a [ a di dl d | d 0.01 | 4436 | 50.71 | 95.11 | mepy2.1 | 20 framboidal
| 30 | d | 002] 002 dl 001 [ d 0.01 | 44.40 | 51.89 | 96.38 | ll6Py3.1 | 17 framboidal
[ 32 ] a [ a di 0.00 d | d 0.02 | 4538 | 52.46 | 97.89 | li6Py4.1 | 20 framboidal
32 di di di 002 | 001 | 001 | 4564 | 51.78 | 97.48 | n6Py5.1 40x60 subhedral
33 di di 001 [ 002 | o001 [ 0.01 | 4537 | 53.00 [ 98.45 | n6PY5.2
34 di 001 | i 001 | di di 0.01 | 45.40 | 52.02 [ 97.48 | n6Py6.1 30 framboidal
35 di di 0.00 | 0.01 [ 0.01 | 44.46 | 51.26 | 95.78 | n6PY6.2
| 36 | 002 | 003 ] 002 002] 001 ] dl | 4457 | 52.01| 96.70 | nepPy7.1 | 20x30 subhedral
[ 39 | a [ a 001 | 001 | 002 dl | 43.65| 51.19 | 94.91 | mepys.2 | 60x60 subhedral/euh.
| 41 ] o | 003 ] 007 dl d | d 0.01 | 4530 | 51.89 | 97.32 | ePy9.1 | 25 framboidalieuh.
[ 49| a [ ai di dl 001 [ d dl | 46.03| 52.71 | 98.78 | i6Py11.2| 80x150 plumose
51 di 002 | 008 | i di di 001 | 4523 | 52.24 | 97.61 |16Py12.1]  80x90 framb. cluster
52 di 0.03 | 040 [ i di di 001 | 4511 | 51.74 | 97.32 [ ePy12.2
53 di 002 | 003 | o001 di dl | 45.04 ] 49.72 | 94.85 | n6Py12.3
54 di 004 | 008 | di di di 0.01 | 44.95 ] 51.90 | 97.01 | I6PY12.4
55 di 001 | di dl di di 0.01 | 45.83 | 53.31 | 99.19 | 6PY13.1 25x70 cleat?
56 di di di dl | 002]| dl | 46.00] 48.98 | 95.03 | 6PYy13.2
57 | 002 [ di 0.00 | i di dl_| 43.69 | 52.99 | 96.73 |ill6Py13.3




ntinued

Date | Anal#| Se Cu Ni As Zn Cd Co Ee S Total Grain Size (microns)/Form
110706] 8 003 | 005 | di di di 4596 | 51.45 | 97.48 [ ILL-6.1.1 50x60 subhedral
9 di 0.04 | 003 | 002 46.17 | 51.77 | 98.03 | ILL-6.1.2
10 002 | 004 | 001 al di 4579 | 52.38 | 98.24 | ILL-6.1.3
[ 11 | 0.01 di 0.01 di di | 4562 | 5238 [ 98.01 | ILL-6.2.1 | 25 framboidal
[ 12 | 0.03 | 0.01 dl di di | 4410 | 5188 [ 96.11 | ILL-6.3.1 | 20 framboidal
13 di di dl di di 46.66 | 53.47 | 100.12] ILL-6.4.1 20x70 cleat?
14 di di dl di di 4654 | 53.77 | 100.31] ILL-6.4.2
| 18 | di di 0.01 di di | 46.49 | 53.08 | 9959 | iLL-6.7.1 | 20 framboidal
[ 23 | di 0.01 dl di di | 46.80 | 53.53 [ 100.34]1LL-6.11.1] 20 subhedral
24 001 | di 001 | di di 4637 | 51.83 | 98.23 [ILL-6.12.1 30 framboidal
25 di 001 [ dl di di 46.21 | 52.37 | 9859 [ILL-6.12.1
| 26 | 0.08 | 0.07 dl di di | 4427 | 5128 | 95.70 [1LL-6.13.1] 10 euhedral
[ 27 | 0.01 | 0.06 dl di di | 45.40 | 5174 [ 97.22 [iLL-6.14.1] 20 framboid core
1naes] 7 | 0.01 | 0.02 | 005 | 45.40 | 53.07 [ 9856 | me.2.1 | 50 irregular
8 0.02 | 0.08 | 0.09 4475 | 51.74 | 96.67 [ m6.3.1 20 framboidal
9 0.01 | 0.06 | 011 4557 | 5255 | 98.30 [ m6.3.1
10 di 0.05 17 4565 | 52.86 | 98.73 [ m6.4.1 30 round
11 di 0.05 [ 01 4570 | 52.74 | 9860 [ 16.4.2
12 di di 0.08 45.78 | 52.04 | 97.90 [ me6.5.1 130 irregular
13 di di 0.08 46.02 | 53.19 | 99.29 [ 16.5.2
| 14 | 0.02 di 0.11 | 44.85 | 5193 [ 96.090 | me.6.1 | 20x20 subhedral
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ILLINOIS #6-continued

Date | Anal#| Se Cu Ni As Zn Cd Co Ee S Total Grain Size (microns)/Form
101996] 15 0.01 | 015 | 013 4558 | 52.47 | 98.34 [ me6.7.1 20 x20 subhedral
continued
16 | 0.01 | 0.00 | 0.10 | 4591 | 52.16 | 98.18 | 16.8.1 | 20x30 subhedral
[ 17 | 001 | 020 | 012 | 4499 | 52.69 | 98.00 | 16.9.1 | 10x40 subhedral
18 0.02 | 015 | 013 4531 | 52.79 | 98.40 | m6.10.1 10x70 subhedral
19 di di 0.12 46.37 | 53.66 | 100.15] 116.10.1
20 0.01 | 0.01 | 010 46.06 | 53.39 | 99.57 | 16.10.2
| 46 | 001 | 012 | 0.09 | 4579 | 53.14 | 99.15 | 116.13.1 | 15x30 subhedral
[ 47 | d | d [ oa1] 4511 | 52.04 | 97.26 | 16.14.1 | euhedral on 13.1
| 48 | d | d [ oa1] 4589 | 52.80 | 98.79 | 16.15.1 | 20 framboid
| 52 | 004 [ d | 005 | 4497 | 51.86 | 96.92 | 16.18.1 | 10 framboid
9/26/96] 9 di di 0.10 45.73 | 53.20 | 99.04 [ m6.3.1 20x65 euhedral
10 001 | di 0.13 4574 | 53.64 | 9952 [ 16.3.2
11 di di 0.16 4569 | 53.25 | 99.10 [ 16.3.3
[ 12 | d | d [ o008 | 4531 | 5352 | 98.91 | I6.4.1 20x20 euhedral
14 di di dl 46.43 | 54.74 | 101.20] m6.6.1 30x100 subhedral
15 di di dl 46.28 | 54.05 | 100.37] 16.6.2
16 di di 0.05 4655 | 54.08 | 100.68] 116.6.3
17 0.02 | 0.01 | 0.06 4634 | 53.26 | 99.68 | 16.6.4
[ 20 | 0.04 | 026 | 0.09 | 4380 | 52.54 | 96.74 | 116.8.1 15 framboid
83 di di 0.06 46.14 | 54.31 | 100.52] me6.11.1 40x70 subhedral
84 di di 0.09 46.07 | 54.68 | 100.85] 16.11.2
| 85 | d_[ oo1 ]| d | 45.46 | 53.14 | 98.65 | 16.12.1 | 20 framboid
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ILLINOIS #6-continued

Date |Anal#| Se Cu Ni As Zn Cd Co Ee S Total Grain Size (microns)/Form
9/26/96| 86 0.02 di dl 4653 | 53.80 | 100.44 16.13.1 40 euhedral
continued| 87 0.01 di 0.06 4653 | 54.11 | 100.71] m6.13.2
| 88 | | 004 | 010 | 0.08 | | | | 4423 | 5104 | 96.38 | 16.14.1 10 framboidal
89 di di dl 46.00 | 53.82 | 99.83 | 16.15.1 20x70 subhedral
90 0.01 di 0.08 45.88 | 54.38 | 100.35] 116.15.2
91 di 0.01 | 0.07 46.26 | 54.86 | 101.19] 16.15.3
9/13/96] 12 di di 0.06 4421 | 5118 | 95.45 | ILL6.11 50 subhedral
13 0.01 di 0.08 4438 | 51.75 | 96.22 | ILL6.1.2
81 di di 0.06 47.22 | 54.33 | 101.61] ILL6.10.1 40 cleat?
82 di di 0.14 47.09 | 54.30 | 101.52] ILL6.10.2
83 di di 0.16 46.83 | 54.50 | 101.50{ ILL6.10.3

*dl= values below detection limit of 100 + 100 ppm, except arsenic values listed in boldface (dl= 500 + 500 ppm).

Values for Co include a 0.03 wt. percent empirical correction factor subtracted from measured values.
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WYODAK

Date |Anal#| Se Cu Ni As Zn Cd Co Ee S Total Grain Size (microns)/Form
5/21/97] 176 dl dl dl dl 0.03 dl 0.01 | 46.25 ] 51.96 | 98.28 | Cord 1.1 25 x 25 irregular
177 dl dl dl 0.03 0.01 dl dl 45.19 | 49.04 | 94.30 | Cord 1.2 (composite)
*dl= values below detection limit of 100 + 100 ppm, except arsenic values listed in boldface (dl= 500 + 500 ppm).
Values for Co include a 0.03 wt. percent empirical correction factor subtracted from measured values.
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Appendix I11.

Quantitative microprobe analyses of illite and kaolinite in the Pittsburgh,

Elkhorn/Hazard, and Illinois No. 6 coals.
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Appendix lll. lllite and Kaolinite Analyses
No. | k20| cao| Na20| AO3| sio2| mgo | creos] Mno [ Feo | Tio2 | Total Comment
PITTSBURGH
111 | 240 | 729 | 024 | 2478 | 48.40| 101 | 002 | 003 | 179 [ 041 | 86.38 PITTS illite1.1
112 | 269 | 634 | 030 | 17.97| 58.39| 080 | 003 | 003 | 139 [ 023 | 88.16 PITTS illite1.2
104 di 0.04 | 005 | 4043 ] 48.00] o0.10 di di 0.04 di 88.67 PITTS Kaoll.1
106 | 0.04 di 0.02 | 4015 | 4717 | o0.02 di di 0.07 di 87.48 PITTS Kaol2.1
107 | 0.03 di d | 40.20]| 4757 di 0.03 di 0.04 di 87.89 PITTS Kaol2.2
108 | 0.10 di d | 4089 | 4822 002 | 003 | 002 [ 006 [ 003 | 89.38 PITTS Kaol2.3
109 di 0.02 | 004 | 39.75 | 46.83 ] 0.08 di di 0.26 di 87.01 PITTS Kaol3.1
110 di di d | 4047 | 47.32] o0.04 di di 0.10 di 87.98 PITTS Kaol3.2
115 | 0.02 | 002 | 004 | 40.33| 47.49 | 0.04 di di 0.05 di 87.99 PITTS Kaol4.1
116 | 0.05 di 0.05 | 4028 | 4739 ] 002 | 0.02 di 0.04 di 87.85 PITTS Kaol4.2
ELKHORN/HAZARD
119 | 178 | 0.06 | 0.19 | 38.06 | 46.91| 0.65 di di 1.25 | 0.04 | 88.95 ELKHAZ ill1.1
120 | 148 | 006 | 0.13 | 38.36| 49.79 | o0.67 di 002 | 127 [ o004 | o1.82 ELKHAZ ill1.2
121 | 226 | 007 | 012 | 3500 46.07| 054 di di 1.07 di 85.22 ELKHAZ ill1.3
11 076 | 007 | 027 | 3554 | 4881 | o0.88 di di 1.82 | 005 | 88.21 ELKHAZ ill1.3
22 1.26 | 015 | 013 | 3759 | 4715 ] 053 | 0.02 di 1.48 di 88.31 ELKHAZ ill2.1
23 131 | 014 | o010 | 3672 | 4687 | o056 di di 147 | 002 | 87.21 ELKHAZ ill2.2
124 | 015 | 0.02 | 0.04 | 4059 | 46.74| 0.06 di di 0.32 di 87.92 ELKHAZ Kaol2.1
125 | 0.05 di 0.04 | 4137 | 4794 ] o0.04 di 0.02 | 0.8 di 89.76 ELKHAZ Kaol2.2
25 012 | 003 | 003 | 39.90| 4842 ] 0.03 [ 0.02 di 0.24 di 88.79 ELKHAZ Kaol3.1
27 0.05 | 004 | 007 | 4008 ] 4780] 0.06 | 0.02 di 0.46 di 88.58 ELKHAZ Kaol3.3
ILLINOIS #6
130 | 0.05 | 002 | 003 | 4068 | 4871 | o0.18 di di 0.38 di 90.05 IL#6 illite1.1
131 | 559 | 004 | 016 | 1869 | 5151 | 0.84 di di 0.90 | 057 | 78.29 IL#6 illite1.2
126 di di 0.02 | 4023 | 47.38 di di 0.02 | 0.07 di 87.75 IL#6 Kaol1.1
127 di 0.03 d | 40.66 | 49.08| 0.04 di di 0.14 di 89.97 IL#6 Kaol1.2
128 di di d__| 40.01] 47.80] 0.02 di di 0.04 di 88.79 IL#6 Kaol2.1
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Appendix IV.

Example of a mass-balance calculation for arsenic in pyrite.
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Appendix IV. Example of a mass-balance calculation for arsenic in pyrite, based on electron
microprobe (EPMA) data.

Pittsburgh coal: As= 3.96 ppm (whole coal basis)

EPMA: Mean As = 140 + 165 ppm (n = 46)

Pyritic S = 0.91 wt. % * 1.87 = 1.70 wt. % pyrite

As contributed by pyrite = 140 * 0.0170 = 2.38 ppm

Fraction of As contributed by pyrite = 2.38 ppm/3.96 ppm = 60%
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