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RELATIONSHIP BETWEEN PYRITE FORMATION AND ORGANIC SULFUR CONTENT
OF COAL AS REVEALED BY ELECTRON MICROSCOFY

Abstract

There are a large number of questions concerning the mode of
occurrence of organic sulfur in peat, and what, if anything, alters
its occurrence during and after coalification. The formation of
pyrite during periods of peatification and coalification has been
hypothesized to have a great effect on the organic sulfur content nf
organic material surrounding the pyrite. Measurement of orqganic
sul fur contents at different distances from pyrite particles would
serve as direct experimental proof for or against this hypothesis. A
combination of in situ EDS line profiles, EDS x-ray maps, and WDS
analyses across pyrite/coal interfaces in a variety of coals shows
unequivocally that formation of pyrite does not alter the oraanic

sul fur contents of the surrounding coal macerals.

Introduction

Research on the occurrence and form of sulfur in peat continues
to offer new insiqhts into the occurrence of various sulfur forms in
coal, Some of the best work on sulfur in peats has been by Casa-
grande et al. (1977) where they irvestigated a variety of sulfur
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forms in peats incluaing hydrogen sulfide, sulfate, carbon-bonded
sul fur, ester-sulfate, total culfur, elemental sulfur and pyritic
sul fur. The ester-sulfate and carbon-bonded sulfur make up what is
commonly referred to as organic sulfur, Casagrande et al. (1977)
were not able to conclusively stat2 how organic sulfur is incorpo-
rated or formed in peats. However, they were able to show that
plants from different peat sites contain similar organic sulfur
contents. Furthermore, they showed that in mar..e environments there
appeared to be an overall increase in sulfur «wuring the transition
from plant samples to peat. Much smaller increases and even
decreases occurred 1in entirely freshwater environments. For the
purpose of this paper, the initial organic sulfur contents of the
plants will be called primary organic sulfur. Any enrichment of the
primary organic sulfur content during or after peat deposition wil!
be corsidered secondary organic sulfur.

Depending on specific gqeochemical factors during peatification
and/or coalification, a variety of <hemical reactions may occur
leading to the formation of pyrite. It is not the place of these
authors nor the purpose of this paper to discuss these reactions in
detail, but rather to note that as Yurovskii (1974) had pointed out,
the combination of rcso4 and H,S leads not only to formation of
pyrite but al'so to release of elemental sulfur. Elemental sulfur in
turn may be uvtilized in pyrite formation by reacting with FeS or may
react with organic cunstituents to become orqanic sul fur (Casagrande,
et al., 1977). VYurovskii (1974) suvggested thgt free sulfur liberated
during pyrite formation quickly reacts with organic coal-forminn

matter and forms the major part of secondary organic sulfur in coal



seams. As a means of testing his hypothesis, Yurovsxii took heavy
coal fractions (sp.gr. > 2 80), and after almost complete removal (by
leachina) of pyritic sulfur and mineral matter, measured the organic
sul fur content of the remaining material. Additional analyses were
run on small coal fractions associated with very fine concretions of
pyrite containing traces of aluminosilicates. (These fine concre-
tions are most probably what are now commonly referred to as fram-
boids.) For the coals of the Donbas coal field, from which his
samples were taken, Yurovskii felt that any organic sulfur content in
excess of 0.3-0.5 wt%, which was the minimal content for the field
and represented the primary organic sulfur content of the peat, was
the result of secoandary enrichment. In both of the above analyses,
the organic material analyzed had been in contact with or in close
proximity to pyrite, and therefore, by Yurovskii's reasoning, should
have contained high organic sulfur contents resulting from the ele-
mental sulfur Iiberated during the pyrite formation. In these two
cases Yurovskii reported 1529 wt%¥ and 24,33 wt% orgaric sulfur

respectively. As a result of this data, Yurovskii stated

"Pyrite concretions in coals are surrounded by coal layers
richer in organic sulfur which decrease as the distance from
the center of che pyrite concretion 1increases. The hiqher
sulfur concentrations in the direct vicinity of th= pyrite
concretion can be attributed to higher concentration of elc-
mental sulfur that was set free while tne pyrite center was

being formed. The concentration of elemental sulfur" (and



therefore secondary organic sulfur) "should decrease as the

distance from the pyrite center increases." (pg.116)

furovskii further stated

“Separation and investigation of thin coal layers situated at
different distances from a pyrite concretion would have served
as direct experimental proof of the view expounded upon above,
but it is hardly possible to carry ocul such an experiment,”

(pg. 117)

Yurovskii's work, which was translated into English in 1974, was
originally published in Russian by the Academy of Sciences of the
USSR in 1960, At that time there was no known method to measure
organic sulfur contents of thin coal layers at different distances
from a pyrite concretion, Su:’y measurements are now posSible using
the electron probe microanalyzer (EPM) (Neavel, 19u0; Raymond and
Gooley, 1378). Furthermore, using a scanninqg electron microscope
(SEM) equipped with an energy dispersive spectrometer (EDS), both
line profiles and x-ray maps for sulfur can be made which differen-
tiate explicitly any variations in organic sulfur in the vicinity of
pyrite particles, The purpose of this paper is to report on the
distribution of organic sulfur with respect to pyrite occurrence as

determined by electron microanalysis,



Materials and Methods

Many well-documented coal samples for basic coal research at Los
Alamos were provided by the Pennsylvania State University Coal
Section. These sampiec include 29 coal seams from 19 states within
the contiguous United States, range in rank from subbituminous C to
Tow volatile bituminous, and contain sulfur contents that range from
0.23 to 860 wt% (dry). The major premises stated in this paper are
based predominaiitly on observations made or these coals, The Ameri-
cana coal from Alabama, used as an example in this peper, is from
this group., This sample had been qround by the Pennsylvania State
University Coal Seci‘on to -Z0 mesh size. Upon receipt, the sample
wes split, potted in eporsy, and made into a polished 2.5 c¢cm round,
apnroximately 120 microns thick. The round was mounted on a glass
slide and carbor coated for conduction during electron bumbardiment.
The Lower Kittanning coal sample was collected hy the authors outside
of Kittanning, Pennsylvania. Sample prepar-ation followed that as
discussed for the Pennsylvania State University coal sample, The
Lower Freeport cval from Pennsylvania and the I1linois #6 coal from
[111inois were provided by the Pittsburgh Wining Technology Center as
finished polished rounds 1in conjunction with another research pro-
ject. These rounds needed only to be mounted on glass thin sections
and carbon coated for microanalysis,

A Cameca model MBX EPM was used to make quantitative measure-
ments of organic sulfur in coal matter surrounding pyrite particles.
In each case the reported values are the mearn of five analyses,

Standardization datum for EPM analysis is determined a: an average of



seven background and matrix corrected x-ray intentsities on a
recently developed petroleum coke standard. X-ray intensity of iron
is continually monitored during analysis and any intensities in
excess of backqround levels are assumed to result from contamination
by pyrite, so those results are rejected. At the same time, an FD5
system is monitored for any elements that might sugqgest the presence
of other sulfide or sulfate minerals.

An 1SI model DS-130 SEM was used to locate and photograph parti-
cular areas containing a variety of pyrite/coal interfaces. A com-
bination of backscattered and secondary imaging was used depending on
whether organic matter cr pyrite was being differentiated. Acceler-
ating voltage was mostly kept at 15 kV to enhance imaqing and x ray
generation, though 9 kV was used to differentiate electron scattering
effects as mentioned later in Discussion. A Kevex ENS system was
used to generate the suifur and 11ron line profiies and the sulfur
X-ray maps.

The data shown in this paper are essentially elemental line
profiles and x-ray maps shown in conjunction with scanning electron
micrographs of the same areas. In figures with lipe prr€iles, the
profile represents the relative concentration of the _lement of
interest at the horizon noted by the continuous straight line. X-ray
maps showing elemental distribution over the entire photograph are

based on x-ray output less background measurements,



Results

Pyrite in coal seams occurs as 1) primary pyrite -- that which
is deposited syngenetically with the peat and prior tec coalification,
2) secondary pyrite -- that which forms during or after coalification
as fracture and cell fillings, and 3) a combination of the two --
that which results from a recrystallization of the primary pyrite or
from secondary pyrite deposition at a cite already containing primary
pyrite. The organic sulfur content in surrounding material could be
altered differently in each of the above three cases by the pyrite
formation. Therefore each case will be addressed separately.

Figure 1 demonstrates the sensitivity of the line profile tech-
nique. Figure la shows small particles of coal within an epoxy
matrix. The boxed area, which is magnified in Figure 1b, cuts across
three coal maceral types as noted in the Fiqure (V = vitrinite, con-
sidered to result from degradation of woody material; S = sporinite,
formerly a spore in the peat environment; and F = fusinite, material
similar to charcoal). EPM analyses of the macerals show the vitrin-
ite _ontains 1.1 wt% organic sulfur, the sporinite 2.1 wt% organic
sulfur, and the fusinite 0. 6 wt% organic sulfur. Even though there
is a great deal of fluctuation in the sulfur line profile, the pro-
file demonstrates the minor variations between the three maceral
types and ensures that we will see gradations in organic sulfur
content if they exist in the organic coal matrix surrounding pyrite
particles.

In Figure 2a we show two forms of primary pyrite within a coal

matrix composed predominantly of vitrinite (oryanic sul fur content of



1.4 wt%). On the left of the figure is a cluster of pyrite fram-
boids. Each framboid, approximately 15-20 microns in diameter,K is
composed of pyrite crystallites less than one micron in size. Fram-
boidal pyrite has been shown to develop in peat depositicnal environ-
ments (Caruccio et al., 1977) and is considered to be a primary
rather than secondary form of pyrite. On the right of the figure is
a large crystal of pyrite, now somewhat dissolved. Its euhedal shape
and the fact that its presence has not visibly altered the stratifi-
cation in tne surrounding organic matrix supports its primary
(syngenetic) emplacement within the peat.

A sulfur x-ray map of the same area is shown in Figure 2b,
There 1is no obvious gradation in sulfur concentration surrounding
either of these 2 primary forms of pyrite. Looking at sulfur line
profiles crossing the pyrite/coal interfaces in each of the ahove
cases, as seen in Figures 3a and 4a which are magnified views of the
boxed areas in Figure 2a, we see that there is no organic sulfur
increase until approximately 3-5 microns from the pyrite/coal inter-
faces, where a minor increase in x-ray intensity is present. In
Figures 3b and 4b, iron line profiles across the same area show abso-
lutely no increase, suggesting that the small increase in the sulfur
wcans is not due to the presence of sulfide particles hidden beneath
the surface of the coal but still within excitation range of the
elertron beam

Two forms of secondary pyrite are shown in Figqures 5a and 6a.
In the first, an irregular, scorpian shaped fracture in vitrinite
(organic sulfur content of 2. 7 wt%) has been filled with pyrite. In

the second, pyrite fills cells within a fragment of fusinite (organic



sul fur content of 0.2 wt%). Sulfur line profiles across the inter-
faces in the boxes in Figures 5a and 6a are shown respectively in
Figures 5b and 6b. No sulfur gradation is present in Figure 5b,
while a strong increase in sulfur x-ray intensity begins approx-
imately 3 microns from the pyrite/coal interface in Figure 6b.

In Figure 7a we show the presence of pyrite framboids within a
vitrinite matrix (organic sul fur content of 1.1 wt%) that have either
been recrystallized or have had sccondary pyrite precipitated between
all the primary pyrite crystallites. The sulfur 1°ne prefile shown
in Figure 7b and the sulfur x-ray map shown in Fiqure 7c indicate
unequivocally that in this case there is no gradation in organic
sulfur content surrounding a pyrite particle resulting from both

primary and/or secondary deposition.

Discussion

The sulfur x-ray maps in Fiqures 2b and 7c show that there are
no widespread gradations in organic sulfur contents surrounding pri-
mary and secondary pyrite particles. That the sulfur line profiles
show an increase in x-ray intencity 2-3 microns distance from the
pyrite/coal interfaces in Figures 3a and 4a while no such increase is
seen in the iron line profiles in Figures 3b and 4b suggests there
may be an increase in organic suliur content in the coal material
"directly" surrounding the pyrite particles. Such a potential
increase could best be supported by the line profile 1in Fiqure 6b

where a strong increase in sulfur x-ray intensity is present



approximately 3 microns from the secondary pyrite cell filling. But
if secondary organic sulfur is enriched in the fusinite in Fiqure 6b
due to the emplacement of the secondary pyrite, why dor't we see
enrichment in Figures 5b and 7b where again we observe sacondary
pyrite/coal interfaces?

In Figure 6b the coal matrix surrounding the pyrite is fusinite,
which is composed essentially of carbon. In Figures 5b and 7b, the
coal matrix surrounding the pyrite 1is vitrinite, which contains
approximately 80% carbon and an abundance of hydrogen, oxygen, nitro-
gen, and sulfur. Goldstein (1975) has shown that the scattering
effect on an electron beam will allow excitetion of elements in a
volume surrounding where the beam has been focused. This volume of
excitatien from the beam center is dependent on a variety of para-
meters. One possible variable could be 2 more crystalline structure
of the fusinite, being composed essentially of pure carbon, compared
to ¢ more amorphous structure of the vitrinite. If this is the cacse,
we might expect to see a greater area of scattering occurrirg withir
the cample in Figure 6b, due to the fact that the coal material is
more crystalline, than in the other samples.

During scattering, electrons will lose enerqy as they travel
through the matrix (Goldstein, 1975). As a result, the electron heam
scattering will have less effect on sulfur and iron x-ray intensities
the further the beam is away from the pyrite/coal interface. Fur-
thermore, since the encrgy of the electrons will be less following
scattering, they will have less effect or iron x-ray intensities than

on sulfur x-ray intensities. Juch may be the case in Figures 3b dand
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4b where no apparent increase in iron x-ray intensity is present near
the pyrite/coal interface as it is for the sulfur.

A test that would show the effect of the el~ctron beam scat-
tering is to reduce the accelerating voltage of the beam from 15 keV
to 9 keV. The distance over which scattering will have an effect on
x-ray intensity will be reduced. Figqures 8 and 9 show the results of
such a refuction in accelerating voltage. In both cases the sulfur
x-ray iniensities do not appear to increase until the electron beam
is situated much closer to the pyrite/coal interface, compared to
their respective 15 keV counterparts in Fiqures 6o and 3a. Though we
car only hypothesize on why we have variations in scat* 'ring between
Tusinite/pyrite anq_vitrinite/pyrite, it appears that the increase in
sulfur x-ray intensities near the coal/pyrite intertaces in Fiqures

3a, 4a, and 6b are in fact due to a scatterina phenomenon,

Conclusions

It has baen shown uncquivocally for the 4 coals used as exampies
in this paper that emplacement of pyrite, whether primary or secon-
dary, has no effect on the orgznic sulfur contents in the surrounding
coal. Indeed, the effect on the sulfur line profiles due to electron
beam scatterinqg is areater than any resulting from *he pyrite fo,ma-
tion. Our experience dealing with a larqe variety of coals has
provid-d no evidence different from that presented in this paper.
Unless the Donbhas coal field samples, on which Yurovskii (1974) mace

hic measurements, are different from any North American coals we
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studied, it appears that the high organic sulfur values reported by
Yurovskii (1973) in fact result from an analytical technique that
erred detemining organic sulfur cuntent by difference. The poten-
tial for error in chemical analysis for orqanic sulfur in coal is
quite real, as discussed in a review by Raymond and Gooley (1978).
Until secondary enhancement of organic sulfur can be shown by some

microanalvtical technique in situ to result from the emplacement of

pyrite, it 1is our judqement that emplacement of secondary organic
sul fur early in the peatification stages is a much more viable alter-
native. QDue to the high mcisture content and high permeabiltiy of
the peat at that time, such an emplacement would provide a relatively
uniform distribution of organic sulfur within local areas of a coal

seam,
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Figure Captions

Figure 1,

Fiqure 2.

Fiqure 3.

Fiqure 4,

(a) Secondary electron micrograph of a polished fragment
of coal from the Lower Kittanning seam (b) Secondary
electron micrograph and 15 keV sulfur tline profile of
boxed drea in Figure la, Note tie highest sulfur x-ray
intensity in the sporinite (S), the next highest is in the
vitrinite (V), ard the lowest is in the fusinite (F).

(scale bars in microns)

(a) Secondary electron micrograph ot & po!ished surface of
a piece uf Americana coal containing two forms of primary
pyrite: framboidal (on tha left) and euledral (on the
right). (b) Sulfur x-ray ma, of the same area showing nc
gradation in organic sulfur contents surrounding the areas

c¢f primary pyrite. (scale bars in microns)

(a) Backscattered electron micrnararh and 15 keV sulfur
1ine profile across area (A) shown in Fiqure 2a. (b)
Backscattered electron microqraph and 15 keVY iron line

protile across the same area, (scale bars in microry)

(a) Backscattered electron microqraph and 15 keV sulfur
1ine profile across area (B) shown in Fiqure 2a, (b)
Backscattered elc tron micrograph and 15 keV {iron line

profile acro-- the same area. (scale bars in micrors)
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Figure 5.

Fiqure 6,

Fiqure 7,

Figure 8,

(a) Secondary electron micrograph of a polished fragment
of I1linois #6 coa! containing an irreqular, scorpian-
shaped piece of secondary pyrite. (b) Secondary electron
micrograph and 15 keV sulfur line profile across the boxed

area shown in Figure 5a. (scale bars in microns)

(a) Secondary electron micrograph of a polished fragment
of Lower Freeport coal containing a piece of fusinite in

which the cells have been filled with secondary pyrite.
(b) Secondary electron microgqraph and 15 keV sulfur line
profile across the boxed area shown in Figure 6a. (scale

bars in microns)

(a) Secondary electron micrograph of a polished fragment
of Lower Kittanning coal containing framboidal pyrite that
has either been recrystallired or altered by secondary
pyrite precipitation, (b) Secondary electron micrograph
and 15 keV sulfur line profile across the boxed area shown
in Fiqure 7a, (¢) Sulfur x-ray map of the same area
shcwing no aradation in orqanic sul fur content surrounding

the pyrite particles. {scale barc in microns)
Secondary electron micrograph and 9 keV sulfur line

profile ot the came area snown in Fiqure 6b, (scale Lar in

microns)
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Figure 9, Backscattered electron microgragh and 9 keV sulfur line
profile of the same area shown in Figure 3a. (scale bar

in microns)
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