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INTRODUCTION

Sulphur in coal is a major environmental concern. The
use of coal for combustion requires the control of sulphur
dioxide emissions. To reduce these emissions, the total
sulphur content in coal product must be decreased. This can
be accomplished by using low-sulphur coal, cleaning coal
prior to combustion. retaining sulphur during combustion,
or by treatment of flue gases after combustion. The use of
low-sulphur coal s Inmited to the areas where such coals are
available, and retaining the sulphur during combustion is a
process in the experimental stage. The remaining alterna-
tives are to ¢lean coal before combustion or reduce sulphur
dioxide emissions by tlue gas desulphurization. Physical
cleaning before combustion, however, is still the most eco-
nomical option.

Sulphur is found in coal in both inorganic and organic
forms. The inorganic sulphur occurs: as iron disulphide,
either pyrite (cubic) or marcasite (orthorhombic): as a sul-
phate, chiefly gypsum and iron sulphate; and as clemental
sulphur. Elemental sulphur and sulphate are usually found
in very small concentrations, generally less than (0.2 per cent
and (.1 per cent, respectively (Greer, 1979). The organic
sulphur is bound 1o the coal structure. Pyritic and organic
sulphur, however. account for most of the sulphur in coal.

Conventional cleaning is not adequate for the removal of
organic sulphur, and chemical cleaning would be more
appropriate. Pyritic sulphur is the only sulphur form which
can be removed by physical methods. Therefore attention is
usually focused on the forms of pyrite. For physical sulphur
removal to be successtul it is necessary to understand the
nature and occurrences of pyrite in the coal,

The sulphur contents of most British Columbia coals are
considered to be low (<Z1%). The two major coalfields, the
Northeast and Southeast, produce coals with sulphur con-
tents in the range 0.30 to 0.60 per cent. Coals from the
Telkwa, Bowron River and Comox coalfields, have, on
average, sulphur values greater than 1 per cent, and are
exceptions.

British Columbia low-sulphur coal seams contain pre-
dominantly organic sulphur, Table 5-3-1(a) shows the dis-
tribution of sulphur torms in low-sulphur seams. Total sul-
phur ranges from (23 to .69 per cent and the organic
sulphur comprises from 55.4 to 96.5 per cent of the total. A
decrease in the proportion of organic sulphur 1s usually
accompanied by an increase in pyntic sulphur. Organic
sulphur is assumed to be part of the organic coal structure,
and it is convenient to express it on a dry ash-free basis, to
emphasize this association.

Coals from the Comox, Telkwa and Bowron River
coalfields generally average between (L5 and 1.6 per cent
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sulphur. Compared with sub-bituminous ¢als, ther na
coals from these areas are relatively high rank (higher kzal’
kg), and therefore the elevated sulphur coitent in itese
seams will have much less effect on the po:sible sulphur
dioxide emissions.

In coals with higher sulphur content an increase of tata
sulphur content is mainly due to an increise in pyritic
sulphur (see part b of Table 5-3-1). The >roporticn o
organic sulphur decreases drastically and may be as lov as
4.5 per cent of the 1otal sulphur in some case:. The organic
sulphur content. as calculated on a dry a h-free bezsis,
however, appears to be much higher than th: organic sul-
phur in the low-sulphur coals. For Telkwa s :ams, orginic
sulphur is as much as 1.81 per cent ot organ ¢ maiter. Fo-
Quinsam No. 2 seam and No. |-Rider seam t ranges fom
0.80 to 0.87 per cent, wherzas, for low-salphur coals,
organic sulphur on a dry ash-free basis averiges (.56 pe-
cent.

The objective of this study is o investigale pyrite oceur-
rences in Telkwa and Quinsam coals, as th:se coalfields
produce higher sulphur coal. Pyrite occurrences will be
discussed in terms of size and association vith macerals
{microlithotypes) with a view (o assessing ‘heir possible
influence on the cleaning processes.

BACKGROUND

ORIGIN OF SULPHUR IN CoAL

Suitphur in coal may be either syngenetic or epigenctic.
Most is syngenetic; the early svngenetic sulphur is intro-
duced during the peat formation process, and late syngene-
tic sulphur is accumulated during the gelification-
humification stage of coalification. Eptgenctic sulprur,
mostly pyritic, is present in cleats and fricture fill ngs
(Renton and Bird, 1991).

Because organic and pyritic sulphur comprise most of the
sulphur in coal, special attention is given to the origin of
these twe forms. The organic sulphur in low sulphur crals
is derived primarily from sulphur contained 11 plangs {fcrm-
ing the peat deposit. Only a small part is derived f-om
hydrogen sulphide generated by the microbiz | reduction of
the sulphate of interstitial watzr. Coals rich i1 organic sul-
phur imply a syngenetic contribution from flu ds with 2 high
sulphate content {Querol et al., 1991; Price an 1 Casagrande,
1991). According to Casagrande and Nug (1979} organic
sulphur originates from complexing of sulpwr from sul-
phate ions and hydrogen sulphide by humic acids du-ing
coalification,

Organic sulphur in coal can be classified i wto four tvpes
(Markuszewski et af., 1980):

® Aliphatic or aromatic thiols (mercaptans thiophenols);

® Aliphatic, aromatic or mixed sulphide (thioethers):
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TABLE 5-3-1
(A) DISTRIBUTION OF SULPHUR FORMS IN LOW-SULPHUR COAL SEAMS FROM BRITISH COLUMBIA
(B) DISTRIBUTION OF SULPHUR FORMS IN HIGH-SULPHUR COAL SEAMS FROM BRITISH COLUMBIA

(A)

Moisture  Ash Sulphur % % Sargs % Sgrg
Coalfield Property Seam % % Total Organic Sulphate Puritic Stor dat?*
Southeast Byron Ck Mammoth 0.96 21.70 0.23 0.21 0.02 91.30 0.27
Line Ck 10A 0.72 1240 0.52 0.50 0.01 0.01 96.20 0.b38
8 0.67 49.00 0.31 0.28 0.01 0.02 90.30 0.56
Greenhills 16 0.93 16.80 0.36 0.46 0.02 0.08 82.14 056
22 3.33 6.12 0.58 0.56 0.01 0.01 96.55 0.62
20 0.80 32.70 0.60 0.46 0.02 0.12 76.67 0.69
3 0.51 19.30 0.65 Q.41 0.04 0.20 63.08 0.51
Balmer 7RX 0.41 3210 0.83 0.62 0.02 009 8254 0.77
75 0.55 26.00 069 0.45 0.12 0.12 65.22 0.61
4 0.57 24.80 0.62 Q.48 0.01 0.13 7744 (.64
Northeast Bullmoose Al 0.76 21.30 0.65 0.36 0.01 0.28 55.40 (.46
D 1.00 2210 0.58 0.42 0.03 013 7241 0.55
3 1.10 21.70 (.55 0.45% 0.02 0.08 81.82 0.58
Quintette J3 0.86 13.80 0.60 0.38 0.08 0.14 6333 0.45
* calculated on dry-ash-free basis
(B) .
Moisture  Ash Sulpbur % % Sorgr % Sgr
Coalfield Property Seam % % Total Organic Sulphate Pyritic Stot d.a.f.
Comox  Quinsam  Quinsam River (bulk) 14.40 157 007 160 450 0.08
Hamiltan Lake (bulig 27.00 2.21  0.82 139 3710 1.2
2 2.30 30.90 2.63 0.53 0.08 2.02 20.20 0.79
Rider 2.30 2050 3.73 0.67 0.16 2.90 18.00 0.87
1 2.50 9,80 0.58 0.23 0.01 0.24 56.90 0.38
Telkwa Lower coal zone 0.49 23.12 3.52 1.38 0.15 1.99 38.20 1.81

* calculated on dry-ash-free basis

® Aliphatic, aromatic or mixed disulphides
(bisthicethers);

® Heterocyclic compounds of the thiophene type
(dibenzothiophene).

The proportion of different organic sulphur-bearing com-
pounds is a function of rank and type of coal. The aliphatic
{organic sulphur bound to the aliphatic hydrocarbon com-
pound) to aromatic sulphur ratio varies significantly with
maceral type and coal rank. Vitrinite macerals typically
contain more of the aromatic-heterocyclic sulphur than
either the inertinite or exinite macerals. An increase in rank
increases the ratio of aromatic to aliphatic sulphur (Hug-
gins, 1992). The distribution of organic sulphur in various
macerals has been the subject of many studies (Raymond,
1982; Hippo et al., 1987; Stock er al., 1989).

Generally, it was found that macerals from low-sulphur
coals contain comparable amounts of organic sulphur. In
contrast, the macerals of high-sulphur coals contain signifi-
cantly different amounts of these substances. Sporinite has
the highest content of organic sulphur, while vitrinite has
significantly less. Furthermore, organic sulphur in sporinite
was found to be more reactive than organic sulphur in
vitrinite.

“Pyritic”” sulphur includes sulphur contained in either of
the two common iron sulphide minerals, pyrite and mar-
casite. The generation of sulphide in coal depends on the

528

availability of sulphur and iron, and on the intensity of the
sulphate bacterial reduction (Figure 5-3-1). It 1s generally
accepted that coals with the original peat or roof sediments
formed in marine-intfluenced environments have a tendency
to have a higher sulphide content than those accumulated in
limnic areas (Williams and Keith, 1963). Considering that
the sulphate content of seawater is 120 times greater than
that of fresh water or ground water this is not surprising
(McMillan, 1972).

According to Neavel (in Frankie and Hower, 1985) iron
sulphide can only form in peats as a result of bacterial
activity, because there is not enough energy for chemical
reduction of sulphates to disulphides. The source of sulphur
is plant and animal protein, largely bacterial protein, or
sulphate ions in streams or sea water. Iron is derived from
the weathering of silicate minerals or is carried in with
groundwater as Fe-ions. The environmental conditions,
especially pH, appear to have dramatic effect on pyrite
formation {Casagrande, 1987).

The hydrogen sulphide which is transformed into iron
disulphide is produced by sulphate-reducing bacteria, which
thrive in high pH environments. The same swamp condi-
tions that produce iron disulphide minerals determine the
relative abundances of the various macerals in a particular
coal seam. In other words, pH conditions in the swamp
control the microbial degradation of plant debris to form the
organic part of coal and, at the same time, control the
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Figure 5-3-1. Sulphide formation in coal
{Price and Shieh, 1979).

reactions that generate pyrite. For example, higher pH leads
to increased microbinl degradation of the plant and peat
components and, as a result decreased content of pre-
vitrinitic materials. Increased microbial reduction of sul-
phate ions subsequently results in the precipitation of iron
disulphide minerals, mainly pyrite, in coal. The end result is
that coul produced under high pH conditions is more exinite
rich and higher in mineral matter, especially in pyritic sul-
phur, Typically the abundance of exinite and pyritic sulphur
exhibit a strong staristical association with each other
(Renton and Bird, 1991).

Low pH, by contrast, promotes accumulation of pre-
vitrinitic woody tissues and suppresses exinite formation, [n
addition, metal ions, especially iron, are readily dissolved
and removed from the peat, and bacterial reduction of sul-
phate to iron disulphide is simultaneously suppressed. Coals
produced under these conditions are vitrinite rich and pyritic
sulphur content is low; most of the sulphur is organic.

Strong relationships between petrographic composition
and pyritic sulphur in coal exist due (o the same chemical
conditions controlling the pyrite formation and abundances
of various macerals (Renton and Bird, 1991; Kalkreuth
et al., 1991).

PyYRITE OCCURRENCES IN COAL

Pyrite may occur in a variety of forms, the most common
being as narrow veins up to 150 millimetres thick and
several hundred millimetres long, nodules resembling fram-
boids, and discrete crystals. The framboids, which range
from a few to several hundred microns in size, are aggre-
gates of octahedral crystals; discrete crystals are usually
much smaller (1-2 gm).

There are a number of different classifications of pyrite
occurrence in coal, Neavel and Reyes-Navarro (in Frankie
and Hower, 1985) classified pyrite as: framboidal, dendritic,
euhedral, cleat and massive. Caruccio et af. (1977) consider
two main categories, primary and secondary pyrite. Primary
pyrite includes sulphur balls, finely disseminated pyrite, and
primary emplacement pyrite. They also recognize five types
of pyrite according to morphology: primary massive, plant
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replacement, primary cuhedral. secondary cleat coats ind
framboidal.

Lowson (1982) suggested that for many porposes 1 is
adequate to consider pyrite as either framboida or euhedral.
In another classification, two types of pyrite morpholcgy
are defined: type | consists of submicron-size grains exist-
ing as loose particles or agglomerated in the fy»m of fram-
boids, typically 10 to 20 microns in diam:ter; type 2
includes larger individual crystals (often =50 um) with no
apparent sub-grain structures (Caley et al., 198). The latter
are described as monolithic. These two typss of puvrite
morphologies coincide with framboidal and eunedral for ns
of pyrite discussed by Lowson (1982). It is ¢ Iso belicved
that these two types may be considered as the « nd members
in a maturity range. The frarnboidal or sul micron s ze
pyrites are believed to be the leaxt mature, wt ereas morn-
lithic pyrites are the most mature.

In terms of pyrite reactivity it has also been established
that framboidal pyrite is more reactive than othyr forms and,
as result, responsible for forming acid solution: and causing
acid mine-drainage problems (Carrucio e. af., 1977;
McMillan, 1972). Similarly, the framboidal pyrite displeys
a higher level of reactivity upon pyrolysis than euhed-al
pyrite from the same coal (Caley er al., 1989)

SAMPLES AND ANALYTICAL
PROCEDURES

Samples were obtained from diamond-drillir g projects 'n
the Quinsam and Telkwa coalfields (Math:son, 1989;
Matheson and Van Den Bussche, 1989). Locati ms of Quin-
sam mine and Telkwa coalfield are shown in Figures 5-2-2
and 5-3-3.

Samples representing Quinsam No. I, 1-Rid :r and No, 2
seams were analyzed. These seams have a higl pyrite con-
tent and are typical of seams which have been it fluenced hy
marine transgressions (Kenyon ef al., 1991). Ttey are over
tain directly by marine strata. A summary «f analytical
results is presented in Tables 3-3-2 and 5-3-3. Table 5-3.2
presents proximate analysis (Matheson, 1989). Table 5-3-3
shows the distribution of sulphur forms in tiese seams.
Quinsam No. | seam, as presentad in Table 5-3-3, has becn
subdivided into three intervals: upper, middle and lower
{the first two are 80-centimetre intervals, tie third 60
centimetres).

The Telkwa coal measures ére part of an interbedded
marine and nonmarine sedimenlary sequence which is

TABLE 5-3-2
PROXIMATE ANALVSIS IN NO. {, I-RIDER AND 2 SEAMS
FROM QUINMSAM

Moisture Ash VYolatile Fixed
Seam % % Matter %+ arbon %
#2 2.30 30.90 30.00 36.80
#1 2.30 20.50 35.00 42.20
Rider
#1 2.65 9.65 37.00 50.70
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Figure 5-3-2. Location of Quinsam mine and Comox coalfield.

divided into three units (Koo, 1984; Matheson and Van Den
Bussche., 1989). Only the lower and the upper unit contains
coal measures. The coal seam No. | and some thin coal
seams occur near the top of the lower unit (Matheson and
Van Den Bussche, 1989). The upper unit contains ten
seams, Palsgrove and Bustin (1991) described coal geology
and quality of these seams in greater detail. In general, the
uppermost six seams in the upper unit have the highest
sulphur content, ranging from 2.00 to 3.80 per cent.

The incremental samples from the Telkwa No. | seam in
the lower unit were analyzed for pyrite forms. Samples from
the upper part of the seam have the highest sulphur contents,
especially samples from the top of the seam, where sulphur
reaches almost 10 per cent. In general, the sulphur content
decreases downward within the seam. The average total
sulphur content for this seam is 3.52 per cent; proximate and
sulphur forms analyses are presented in Table 5-3-4. Sul-
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phur, ash and moisture contents of samples taken in 20-
centimetre intervals across the seam are reported in
Table 5-3-5.

PETROGRAPHIC ANALYSIS

For detailed petrographic examination, epoxy pellets
were prepared from coal samples taken in 10 to 15-
centimetre increments from Quinsam No. 1, 1-Rider and
No. 2 seams. The Telkwa seam was sampled in 20-
centimetre increments. Maceral analyses were performed by
counting 500 points on each pellet. Results are summarized
in Tables 5-3-6 and 5-3-7. In addition, observations were
made with respect to the size, form and association of pyrite
with microlithotypes in vertical scquence of these scams.
Table 5-3-8 summarizes the maceral composition of the
various microlithotypes.
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TABLE 5-3-3
DISTRIBUTION OF FORMS OF SULPHUR IN NO. I, I-RIDER AND NO. 2 SEAMS FROM QUINSAM

Moisture Ash Sulphur % Yo sorg/ % Sorg
Coal Seam Y% % Total Organic Sulphate Pyritic Stot d.af?®

#2 2.30 3090 260 0.54 0.08 2.04 1030 0.80
Rider .30 2050 6.08 167 0.27 5.14 11.00 0.87
#1 (first part; 80 cm from the top) 2.60 8.23 1.09 0.46 0.02 0.61 12.20 0.52
#1 (second part; next 80 cm from the top)  2.60 1292 0.37 0.33 <0.01 0.03 39.19 0.39
#1 (bottom part; last 60 cm) 131 384 0.29 0.27 <0.01 0.01 33.10 0.31

* calculated on dry-ash-free basis

TABLE 5-14
LEGEND PROXIMATE ANALYSIS AND SULPHUR F JRMS
. IN TELKWA SEAM
»—w—=— Railways
L Communities

A Coal Deposit

a2
TELKWA
DEPOCSIT

Houston

W

Figure 5-3-3. Location of Telkwa coalfield.

DISTRIBUTION OF SULPHUR AND ASH

QuinsaM

The average total sulphur content for Quinsam No. 2
searn is 2.66 per cent. The highest sulphur content, 6.08 per
cerl, occurs in 1-Rider seam. The sulphur content of the
upper part of No. 1 scam is much higher than the remainder
of the seam and correlates with an increase in pyrite content
(Table 5-3-3). The increasing trend of pyritic sulphur
towards the top of the seam is evident and in agreement with
other studies (Casagrande, 1987; Querol, 1991 ef al.).

In the [-Rider seam, pyritic sulphur comprises 89 per
cent of the total sulphur, while in the sample with lowest
sulphur content pyrite contributes onby a little over 3 per
cent of the total sulphur.

No. 2 seam has the highest ash content, followed by
1-Rider seam. The lowest ash content is associated with the
uppermost 80-centimetre interval of the No. 1 seam, which
is enriched in pyritic sulphur. An increase in ash content in
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Volatile
Moisture %  Ash %  Matter %  Fixed Carbon
o
0.49 23.01 28 21 4% .29
Forms of Sulphur
% Sgrg % Sorg
Total Organic Sulphate Pyritic St daf*
3.52 1.38 0.15 1.99 369 1,79
TABLE £.3.5
SULPHUR AND ASH DISTRIBUTIOM
IN TELKWA SEAM
Sample No.  Moisture Ash % Sulpt ur %
L** 0.96 42.04 9.71
2 (.85 40.99 4.4
3 0.83 12.5 2.38
4 0.98 23.43 2 H
5 0.86 11.61 1L
6 0.99 10.65 312
7 0.88 31.03 3.9
8 112 18.93 0.39
9 0.91 17.2 1.19

*  analysis are on as received basis
**  gamples represent 20 cm intervals

the samples from the middle pan of No. I scam does not
have a corresponding increase in the conteit of pyritic
sulphur. There is no apparent correlation betw :en total s.1-
phur content or pyritic sulphur and the ash coitent.

TELKWA

The average total sulphur content for the T:lkwa No 1
seam 18 3.52 per cent {Table 5-3-5). Pyritic sulphur cormn-
prises 56.5 per cent of the total sulphur conten and organic
sulphur contributes a further 39.2 per cent. " otal sulphur
decreases with depth down to the middle sectio 1 of the seam

(Table 5-3-5). This corresponds writh a genera decrease in
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TABLE 5-3-6
MACERAL ANALYSIS OF SAMPLES FROM EXAMINED
QUINSANM SEAMS

Vitrinite  Exinite Inertinite
Seam Vol. % * Vol % Vol. %
2 (3)** 87.90 1.40 10.70
Rider (4) 72.90 2.40 24.70
1 (first 80 cm) (8) 80.00 2.50 17.50
1 (next 80 cm) (8) 78.80 2.20 15.00
1 (60 ¢cm) (7) 80.20 2.30 17.50

* volume percent on mineral-matier-free basis
** average based on ( )-number of samples

TABLE 5-3-7
MACERAL ANALYSIS OF SAMPLES FROM EXAMINED
TELKWA SEAM

Vitrinite Exinite Inertinite
Sample No. Vol. % * Vol. % Vol. %
] ** 94.60 1.20 4.20

2 81.50 0.60 18.10

3 40.80 1.80 57.40

4 69.60 1.40 29.00

5 60.60 2.20 37.20

6 61.20 1.00 37.80

7 69.60 220 28.20

8 59.80 0.60 39.40

9 68.40 0.40 31.20
Average 67.30 1.30 31.40

*  Volume percent on mineral-matter-free basis
** Samples represent 20 cm intervals

TABLE 5-3-8
COMPOSITION OF YARIOUS MICROLITHOTYPES (after stach
et al., 1982)

Classification Microlithotype Mineral Group Composition

Monomaceral Vitrite V> 95%, E+] < 5%
{mineral free) Liptite E > 95%, V+Il < 5%
Inertite 1> 95%, V+E < 5%
Bimaceral Clarite V+E > 95%, [ < 5%
(mineral free)  Vitrinertite V+ > 95%, E < 5%
Durite I+E > 95%, V < 5%

Trimacerite V+I+E (each > 5%), > 95%

Maceral
Association

Carbominerite Any above microlithotype with
5-60% by volume minerat
matter (5-20% if suifides)

V- Vitrinite E- Exinitc T - Intertinite
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ash content, with some exceptions. The highest sulphur
content (9.71%) is reported in the top sample, the cor-
responding ash content is 42.04 per cent.

DISTRIBUTION OF PYRITE FORMS

QuinsaM

Examination of samples from Quinsam No. 2 seam,
representing the top of the coal sequence, revealed that the
coal particles are very much contaminated with pyrite. pre-
dominately framboidal, with an average size of approx-
imately 13 microns. There are also massive framboids, 25 1o
30 microns in size. Euhedral pyrite is found as very small,
liberated particles, usually in cavities and cleats, indicating
secondary origin. Some pyrite is intermixed with clays.
Almost all particles are contaminated with pyrite, but only a
few are heavily contaminared. Other minerals are clays and
caleite. The latter is deposited in the cleats of coal particles.
Examples of vartous pyrite forms in Quinsam coal seams
are illustrated in Plate 5-3-1.

In 1-Rider seam, the framboidal pyrite appears mainly as
large particles, up to 30 microns, while smaller framboids
are up to 5 microns. There is alse an increased abundance of
euhedral pyrite, typically as tiny particles {1 to 2 wm). In
general. there 1s a high content of pyritic sulphur in various
forms. Large framboids dominate the coal samples from
I-Rider seam. In the top of the section very tiny euhedral
pyrites are found near larger framboids. This suggests that
the cuhedral pyrite may be the result of disintegration of
framboidal pyrite (Figure 5-3-1}. Liberation of pyrite in
these samples is insignificant, considering the crushing pro-
cess for pellet preparation (reducing the size down to -20
mesh}. Most liberated pyrite particles are euhedral, but
some framboidal pyrite is present in the cleats.

The top part of No. 1 seam {(uppermost 80 c¢cm) also
contains substantial amounts of framboidal and euhedral
pyrite. Framboidal pyrite quite often occurs in clusters and
some clusters reach 25 microns in size. There are examples
of larger euhedral pyrite. The trend in decreasing total
sulphur content from the top to the lower part of No. | seam
is accompanied by a decrease in size of the framboidal
pyrite, and a parallel decrease in the ratio of framboidal to
euhedral pyrite. In the middle 80-centimetre interval of the
searn, there is almost no visible framboidal pyrite; the only
pyrite present is very small euhedral grains.

TELKWA

Microscopic analysis of pyrite occurrences in the Tetkwa
high-sulphur seam shows a variety of its types. A total of
nine samples were examined, covering the whole seam.
Samples from the upper part of the seam are enriched in
massive and very large framboids, some up to 250 microns
in diameter. The first two samples appear to have an
especially high mineral matter content. The first sample has
abundant pyrite, whereas in the second the mineral matter is
mostly clays. Plate 5-3-2 shows the pyrite forms found in
the Telkwa coal seam.

There is an obvious trend from large framboidal to more
irregular pyrite forms with depth. Somewhere in the middie
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Plate 5-3-1. Pyrite occurences in Quinsam coal seams, (230 m on horizontal). A. Regular frarboids: B. Mags ve
framboids; C. Disseminated small framboids; D. Euhedral pyrite.

of the seam, transformation of regular framboidal pyrite into
massive “cauliflower-type™ occurs. The size of irregular
pyrite occurrences is somewhat smaller than the massive
framboidal type, reaching on average 50 to 100 microns in
diameter. The abundance of euhedral pyrite also increases
with depth. This type is usually 4 to 5 microns in size, filling
cavities in fusinite or semifusinite. Tl comprises almost
95 per cent of the total pyrite in the samples from the bottom
of the seam.

In general, the liberation of pyrite increases with increase
in euhedral grains. Liberated euhedral pyrite usually occurs
in small cavities and cleats, but in some cases pyrite appears
encapsulated in coal particles. In the part of the seam where
the mineral matter is high and framboidal pyrite abundant,
liberation of pyrite rcaches up to 30 per cent, especially
when pyrite particles are contained within the clay bands.
Liberation is much less in the parts of the seam where
irregular cauliflower pyrite occurs, The irrcgular form
seems to have replaced semifusinite and is usually confined
to this maceral.

ASSOCIATION OF PYRITE WITH
MACERALS AND MICROLITHOTYPES

QuUINSAM
Petrographic analysis (Table 5-3-6) of Quinsam No. 2
seam indicates that this coal is high in vitrinite. The average
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exinite content 1s moderate, with a sormewhat kigher content
of exinite in the top part of thz seam. This a so coincides
very well with the larger occurrences of framby idal pyrite in
this part of the seam. The lower part of the sea n is enriched
in smaller framboidal pyrite (5 to 7 um) ard secondary
cuhedral pyrite is found in cavizies in fusinie and s2mi-
fusinite. Framboidal pyrite ‘s mostly associared with
vitrinite-rich microlithotypes: vitrite, clarite an 1 trimaccrite.

The 1-Rider seam has a lower vitrinite conte nt than No. 2
seam. [ts exinite content is higher and this is secompanied
by an increase in abundance of inertinite, especially se ni-
fusinite. The average vitrinite content is 72.¢ per cent by
volume (Table 5-3-6), with an increasing trenc from the lop
to the bottom of the seam. The bighest exinite content i al
the top of the seam and corresponds to the highest con-
centrations of pyrite, as tn the No. 2 seam. N assive pyrite
and large framboids appear to be always enclo ed within the
vitrinite particles. It is also evident that framlwoidal pyr tes
are usually aligned parallel to the bedding plines. In tenns
of microlithotype association, framboidal pyri e is usuallv a
part of the vitrite and clarite microlithotype, wher:as
euhedral pyrite occurs in cavitizs in fusinite o semifusinite
in the inertite lithotype.

Maceral composition throughout No. ! seam is alorost
uniform. Vitrinite content is about 80 per cert by volu ne.
exinite and inertinite contents arc in the range of 2.2 10 2.5
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Plate 5-3-2. Pyrite occurences in a Telkwa coal scam, (230 mm on horizontal). A, Large framboids; B. Regular framboids;
C. Cautiflower-type; D. Small euhedral pyritc.

and 17.50 to 19.00 per cent, respectively. There is very little
variation in association of pyrite with the macerals within
the seam. Larger framboidal pyrite is almost always associ-
ated with vitrinite, while euhedral pyrite is found in cavities
in virinite or fusinite. Framboidal pyrite 15 dominantly
associated with vitrite and trimacerites (V+E-+1). The
higher pyrite content in the top of the seam is not matched
by an increased abundance of exinite, as observed in other
seams.

TELKWA

In general, maceral composition of the Telkwa seam
changes from vitrinite-rich in the top of the seam to
inertinite-rich towards the bottom, with some irregularities
in between (Table 5-3-7). The highest vitrinite content
(94.6% by volume) is at the top of the seam. The variation
in exinite content is even less regular. It ranges from 0.60 to
2.2 per cent by volume with no obvious correlation with the
stratigraphy of the seam.

Occurrences of mega-framboids (up to 250 gm) of pyrite
in the first 20-centimetre interval of the seam are almost
exclusively confined to the vitrinite, as this maceral is
dominant in this part of the seam. An obvious trend is
observed moving downward in the seam; framboids become
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more regular in shape and smaller in size (150 gm or less).
Regular framboidal pyrite is typically confined to the vitrite
and clarite microlithotypes (V+E). In some instances, fram-
boidal pyrite occurs in trimacerites (V+E+I). The cau-
liflower pyrite is comimonly associated with semifusinite in
inertite microlithotype.

SUMMARY AND CONCLUSIONS

The high sulphur content in the Quinsam and Telkwa
seams reflects marine influence during the deposition. In
terms of sulphur distribution within the individual seams,
there are no systematic trends. The highest sulphur content,
however, is always in the upper portions of these seams.
The ash patterns are also variable, with the highest ash
content usually accompanying high sulphur content.

High sulphur content is a direct result of increased pyritic
sulphur. In the J-Rider seam at Quinsam, pyritic sulphur
comprises almost 90 per cent of total sulphur, while in the
upper part of No. [ seam pyritic sulphur comprises only
57.8 per cent of the total sulphur (Table 5-3-3}. In the lower
sections of No. | seam total sulphur decreases significantly,
Here, organic sulphur is dominant and comprises more than
90 per cent of the total sulphur. This is in agreement with
trends in other coals (Casagrande er ai., 1979; Given and
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Mitler, 1985); in coals with low total sulphur, the organic
sulphur concentratiors exceeds that of pyritic sulphur, and in
coals with higher total sulphur content pyritic sulphur is
dominant.

The organic sulphur content of the Telkwa seam, calcu-
lated on a dry ash-free basis, is much higher than organic
sulphur of Quinsam high-sulphur seams. Organic sulphur,
as discussed by many (Renton and Bird, 1991; Price and
Casagrande, [991; Querol et af.. 1991), is derived from
sulphur in plants or through the direct reaction between
hydrogen sulphide derived from microbial reduction, and
organic matter. Hydrogen sulphide may react with either
organic matter or iron to form pyrite; however, it reacts
preferentially with iron (Howarth, 1984; in Palsgrove and
Bustin, 1991). Due to the deficiency of wron ions in the low
pH peat, sulphur may be tied up in organic matter instead of
in sulphides. Bacteria reactions are slower and, as a result,
hydrogen suiphide i+ incorporated into the organic matter.

Lower pH promotes preservation of organic matter and,
coupled with the high water wable in the peat, leads to
vitrinite-rich coal, as evident in the top of the Telkwa seam.
Another observation is that a tair amount of pyritic sulphur
in this part of the seam. up to 30 per cent, is liberated. This
indicates introduction of secondary pyrite into the ceal.
There is also a possibility that pyrite was introduced during
the humification and gelification stage. after formation of
vitrinite.

According 1o the accepted model explaining pyrite for-
mation in relation te the petrographic composition of coal,
the chemical conditions favourable for pyrite formation
result in exinite-rich and vitrinite-depleted coal. None of the
examined seams appear (0 follow this pattern entirely. In
parts of No, 2 and 1-Rider seams at (Quinsam, some correla-
tion between exinite and pyritic sulphur content can be
obscrved. It is also noteworthy that thesc coals are
impoverished in exinite, due to the type of vegetation con-
tributing to the peat.

Distribution of vurious pyrite forms is quite similar for
seams from Quinsam and Telkwa. The large framboidal
pyrite is almost always dominant in the top of the seams.
The stze of tframboids decreases with depth. The ratio of
framboidal to euhedral pyrite also decreases with depth. The
size of euhedral pyrite varies from | micron (Telkwa) in size
to 5 microns (Quinsam). An irregular cauliflower form of
pyrite was observed in the middle part of the Telkwa seam,
The association of cunliflower pyrite with semifusinite may
indicate the secondary replacement of semifusinite by
pyrite.

It is evident from microscopic examination of Quinsam
and Telkwa high-sulphur coal seams, that pyrite in the
Telkwa seam is much coarser grained than the pyrite in the
Quinsam seams. The size of pyrite wn the Telkwa seam
reaches up to 250 microns, whereas in Quinsam seams. the
size of the framboidal pyrite averages between 13 and 15
microns, with a maximum size of 25 to 30 microns,

The examination of pyrite size and vccurrences in high-
sulphur seams from Quinsam and Telkwa suggests that
pyrite in the Telkwa seams would be more amenable to
removal in commercial cleaning. Large framboids would be
much easier to liberate than those found in Quinsam seams.

Geological Fieldwork 1992, Paper 1993-1

Distribution of pyrite in the Telkwa seam s also moure
favourable. The largest framboids are concer trated at the
top of the seam, allowing isolation of this sect on for selzc-
tive mining, if necessary.

Petrographic analyses of samiples from Ouinsam aad
Telkwa seams indicate that in both cases pyrite occurs
mostly in vitrite, clarite and trimacerites (V+1+E). Several
studies (McCartney er al., 1969, Frankie and 1 {lower, 19135)
correlating pyrite size and removal through the various
physical cleaning circuits showed that fine pyr te (<220 um)
was always found in the clean coal fractions. It was also
shown that clean coul was enriched in euhed al and fram-
boidal pyrite associated with vitrite and clante. Massive,
large framboidal pyrite and pyiite associated »vith the min-
cral matter bands were usually concentrated n the refise,
Pyrite particles smaller than 10 microns in size remainee in
the clean coal.

[t is expected that pyrite particles smaller the n 20 microns
in size and associated with vitrinite-domir ated micro-
lithotypes would tend to concentrate in clean coal product
when gravity-based cleaning methods are used. Large parti-
cles of pyrite trom the Telkwa seam would probably be
much casier to remove when treated by cony xntional coal
cleaning techniques. Microscopic analysis ret eals thar the
large pyrite occurrences in the Telkwa seam are concan-
trated in the part of the seam enriched in yitrinite. This
would indicate a better chance to release pynite during the
size reduction, as vitrinite is the softest mace al.

Greater reduction in top size would be required to liberate
pyrite from Quinsam seams. Duz to the fact hat pyrite in
Quinsam seams 1s more dissemninated than n assive, more
middlings will be produced during the prepara ion, and ¢ 5 a
result the use of separators with sharper separ ition profiles
would be necessary.

The coals examined here have weak tloataility charac-
teristics, therctore, froth flotat on would not be adequalte.
This would also exclude the option of signific it reduction
in the top size of coal (e.g., to liberate 25-1vicron py -ite
grains in Quinsam coal), as there are few commerciiily
available processes to treat fines for these coils.

The only viable alternative for treating th: pyrite from
Quinsam coal, if required, may be the use of tl e agglomera-
tion process. This would allow further size reductior ir
order to liberate the pyrite (Pawlak et al., 1987, 1948)
Given the fact that larger framboidal pyrite is found mainly
associated with the vitrite microlithotype, the srobabilit o
liberation and concentration in the fines would be muct
greater. To obtain maximum eftect during aglomerat on,
the size of coal must be reduced. Size redu :tion may be
impaired, however, by the fact that Quinsam coal has a ow
grindability index. Furthermore, the co't of adding
agglomeration to the cleaning process will hi ve to be hal-
anced against the value of the improved coa quality. The
end result may be that coarse coal will have ower sulphw
contents, but the fines recovered in form of agglomerates
will have to be incorporated into the final :oal prodict

For further reduction in pyritic sulphur in uinsam ¢oal,
the Agglofloat technique would be far superior to
agglomeration (Pawlak er al., 1987, 1938). This technique
combines both agglomeration and flotation nto one pro-

33:



cedure, and is more selective in pyrite removal. it claims to
reject up to 70 per cent of pyrite during cleaning, with as
high as 96 per cent recovery of combustibles. The main
benefit of this technique is that it can treat very fine coal
(well below 0.50 gm). The reduction to such fine sizes leads
to greater liberation of pyrite particles and therefore greater
chances of removal. The Agglofloat product, however, is
finer and even more difficult to combine with the rest of the
clean coal product.

ACKNOWLEDGMENTS

We would like to thank Steve Gardner of Brinco Mining
Corporation for valuable comments on the sulphur occur-
rences in Quinsam coal. Mike Fournier and Anna Peakman
are greatly acknowledged for their technical assistance in
the preparation of this paper.

REFERENCES

Caruccio, FT., Ferm, J.C., Horne. J., Geidel, G. and Baganz, B.
(1977); Paleoenvironment of Coal and its Relation to Drain-
age Quality; LS. Environmental Protection Agency. Report
No. R-802597-02, by Industrial Environmental Research
Laboratory.

Caley, W.F,, Whiteway, S.G. and Steward, 1. (1989): Variation of
the Reactivity of FeS, in Eastern Canadian Coal as a Function
of Morphology: Coal Preparation, Volume 7, pages 37-46.

Casagrande, D.J. (1987): Sulphur in Peat and Coal, in Coal and
Coal Bearing Strata. Scott, A.C.. Editor, UK. Geological
Sociery, Spectal Publication 32, pages §7-105.

Casagrande, D.J. and Nug. L. {1979} Incorporation of Elemental
Sulphur in Coal as Organic Sulphur; Naure, Volume 282,
pages 598-590.

Casagrande D.J., Idosu, G., Friedman. I.. Rickert, P, Siefert, K.
and Schlenz, D. (1979): H,5 Incorporation in Coal Precur-
sors: Origins of Organic Sulphur in Coal, Nunre, Volume
282, pages 599-600.

Frankie, K.A. and Hower, §., (1985): Pyrite/Marcasite Size, Form,
and Microlithotype Association in Wesiern Kentucky Pre-
pared Coals: Fuel Processing Technology, Volume 10, pages
269-283.

Given, PH. and Miller, R.N. (1985): Distribution of Forms of
Sulfur in Peats from Saline Environments in the Florida
Everglades; fnternational Journal of Coal Geology, Volume
5, pages 397-4009.

Greer, R.T. (1979): Organic and Inorganic Sulfur in Coal; Scan-
ning Electron Microscopy, Volame 1, pages 477-486.

Hippo, E.I, Crelling, J.C., Sarvela, D.P. and Mukerjee, 1. (1987):
Organic Sulfur Distribution and Desulfurization of Coal Mac-
eral Fractions; in Processing and Utilization of High Sulphur
Coals: Volume 2, Chugh, V.P. and Candle, D.C.. Editors,
Proceedings of the Second International Conference on Pro-
cess and Utilization of High Sulphur Coals, 28 September to 1
Oct., 1987, Elsvier.

Huggins, F. (1992): Differentiation of Organic Sulpfur Forms in
Fossil Fuels; Highlights of the Energeia, Volume |1, Novem-
ber 2, 1992.

Kalkreuth, W.D., Marchioni, D.L., Calder, 1.H., Lamberson, M.N.,
Naylor, R.D. and Paul, J. (1991): The Relationship Between
Coal Petrography and Depositional Environments {rom
Selected Coal Basins in Canada; Internarional Journal of
Coal Gealogy, VYolume 19, pages 21-76.

Kenyon, C., Cathyl-Bickford, C.G. and Hoffman, G.L. (1991):
Quinsam and Chute Creek Coal Deposits; B.C. Ministry aof
Energy, Mines and Petroleum Resources. Paper 1991-3.

Koo. J. (1984): Telkwa Coalficld, West-central British Columbia
(93L); in Geological Fieldwork 1983, B.C. Ministrv of

536

Energy, Mines und Petrolewm Resources. Paper |984-1, pages
113-121.

Lowson, R.T. (1982): Aqueous Oxidation of Pyrite by Molecular
Oxygen; Chemical Review, Volume 82, pages 461-497.
Muarkuszewski, R., Fan, CW., Greer, R.T. and Wheeiock, T.D.

{1980): Evaluation of the Removal of Organic Sulfur from
Coal; Symposium on New Approaches in Coal Chemistry,
American Chemical Societv, Pittsburg, PA, 12-14 November,

1980.

Matheson, A. (1989): Subsurface Coal Sampling Survey, Quinsam
Area, Vancouver Island, British Columbia; in Geological
Fieldwork 1989, B.C. Ministry of Energy, Mines and
Petroleum Resources. Paper 1990-1, pages 439-443.

Matheson, A. and Van Den Bussche, B, (1989): Subsurface Coal
Sampling Survey, Telkwa Area, Central British Columbia; in
Geological Ficldwork 1989, B.C. Ministry of Energy, Mines
and Petroleum Resources. Paper 1990-1, pages 445-448.

McCartney, J.T.. O'Connell, H.J. and Ergun, 5. (1969): Pyrite Size
Distribution and Coal Pyrite Association in Steam Coals; U.S.
Bureau of Mines, Report 7231:18.

McMillan, B.G. (1972): Sulfur Occurence in Coal and its Relation-
ship to Acid Water Formation; Coal Research Bureau, West
Virginia University, Report No. 110,

Palsgrove, R.J and Bustin, R.M. (1991); Stratigraphy, Sedimen-
wlogy and Coal Quality of the Lower Skeena Group, Telkwa
Coalfield, Central British Columbia; B.C. Ministry of Energy,
Mines and Petroleum Resources, Paper 1991-2,

Pawlak, W., Turak, A.. Briker, Y. and Ignasiak, B. (1987): Coal
Upgrading by Selective Agglomeration; Proceedings of
Twelfth Annual Electric Power Rescarch Institute Contrac-
tor’s Conference on Fuel Science and Converston, May 1987,
Palo Alto.

Pawlak, W., Ignasiak, T., Briker, Y., Carson, D. and Ignasiak, B.
(1988): Novel Application of (il Agglomeration Technology;
Proceedings of Thirteenth Apnual Electric Power Research
Institute Contractor’s Conference on Fuel Science and Con-
version, May 1988, Santa Clara,

Price, ET and Casagrande, D.J. (1991): Sulfur Distribution and
[sotopic Composition in Peats from the Okefenckee Swamp,
Georgia and the Everglades, Florida; International Journal of
Coal Geology, V1, pages 1-20.

Price, FT. and Shieh, Y.N. (1979): The Distribution and Isotopic
Composition of Sulfur in Coals from the Illincis Basin;
Economic Geology, Volume 74, pages 1445-1461

Querol, X., Fernandez-Turiel, 1.L, Lopez-Soler, A., Hagemann,
H.W., Dehmer, J.. Juan, R. and Ruiz, C. (1991} Distribution
of Sulfur in Coals of the Teruel Mining District, Spain;
International Journal of Coal Geology, Volume 18, pages
327-346.

Raymond, R., Jr. (1982): Electron Probe Microanalysis: A Means
of Direct Determination of Organic Sulfur in Coal; in Coal
and Coal Products, Fuller, E.L., Editor, American Chemical
Sociery, Symposium Series 205, pages 191-203.

Renton, 1.J. and Bird, D.S. (1991): Association of Coal Macerals,
Sulfur, Sulfur Species and the Iron Disulphide Minerals in
Three Column of the Pittsburg Coal; International Journal of
Coal Geology, Volume 17, pages 21-50.

Stach, E., Mackowsky, M-Th., Teichmuller, M., Taylor, G.H.,
Chandra, D. and Teichmuller, R. (1982): Stach’s Texbook of
Coal Petrology. 3rd Edition; Gerbruder Borntracger, Berlin,
Stutegart.

Stock, L.M., Wolny, R. and Bal, B., (1989): Sulfur Distribution in
American Bituminous Coals: Energy and Fuels, Volume 3,
Number 6, November/December 1989, pages 651-661.

Williams, E.G. and Keith, M.L. (1903). Relationship Between
Sulfur in Coals and the Occurance of Marine Roof Beds;
Evonomic Geology. Volume 58, pages 720-729.

British Columbia Geological Survey Branch



