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ARTICLE INFO ABSTRACT

Transmission electron microscopy accompanied by energy-dispersive spectroscopy and selected area electron
diffraction of density-gradient separates from two lithotypes of the low-ash, low-sulfur Blue Gem coal, eastern
Kentucky, revealed an array of previously unrecognized (in this coal, and arguable in most others) sub-micron
minerals, some < 10 nm in size. The sample representing the 1.22-1.24 specific gravity fraction of the middle
bench contains a mineral identified as a La-, Ce-, Nd-bearing monazite; other minerals with Cr—Fe, Cu—Fe—S,
Fe—Zn-S, and Pb; and areas, probably comprising agglomerates of several grains, if not several minerals, with
concentrations of Mg, Ca, Ti, Fe, Zn, Zr, and Mo. The sample representing the 1.30-1.31 specific gravity fraction
of the basal lithotype has aggregates of particles enriched in Mg, Ca, Ti, and Fe. Individual grains not specifically
quantified include Cr—Ni—Mn—Cu—Fe—S, Ag—S, and Cu—S. Detailed investigation of one area (most of the
variation within a < 4 um? region) demonstrates the presence of greenockite (CdS); minute phases containing
Ni—Co—Ge and Ag—Cd—Bi, the latter with a more evident S association than the former; metallic Bi; nisnite
(Ni3Sn); silver cadmium; manganosite (MnO); and siderite. Some minerals, such as the monazite, are most likely
of detrital or tuffaceous origin. Many of the other assemblages could be of hydrothermal origin, a hypothesis
supported by known regional geochemical and coal rank trends, but not previously demonstrated in mineral
assemblages at the 10's of nm scale in this region.
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1. Introduction ranging from known terrigenous (detrital), tuffaceous (Seredin and Dai,

2012; Dai et al., 2008, 2016; Hower et al., 2016a,b; Wei et al., 2017),

1.1. Trace element associations in coal

Trace element associations in coals have long been of interest with
respect to both the utilization of coal and a better understanding of
depositional environments, spawning numerous studies (Eskenazy,
1967, 1970, 1972, 1974, 1977, 1979, 1999, 2015; Finkelman, 1981,
1994, 1995; Bouska, 1981; Valkovié¢, 1983; Miller and Given, 1986,
1987; Given and Miller, 1987; Filby and Van Berkel, 1987; Swaine,
1990; Rimmer, 1991; Davidson, 1993; Davidson and Clarke, 1996;
Seredin, 1996; Yudovich and Ketris, 2001, 2002, 2004a,b, 2005a,b,c,
2006a,b; Ward, 2002, 2016; Huggins, 2002; Seredin and Finkelman,
2008; Seredin and Dai, 2012; Dai et al., 2018; Hower et al., 2016a,b;
among others). Among the elements of recent interest are the rare earth
elements (REE), a suite which reflects the complexity of associations,
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and hydrothermal (Dai and Finkelman, 2018) mineral associations, to
organic (chelation) associations (Eskenazy, 1999, 2015; Wei and
Rimmer, 2017).

The simplest way to infer the presence of organically associated
trace elements in coal is to evaluate their correlation with the coal's ash
yield. Traditional density-separation methods, such as the float/sink
methods applied in planning coal processing operations, however, may
not account for fine-grained minerals, and therefore trace elements
associated with those minerals may erroneously be assigned an organic
association. Organic associations of trace elements in coal have been
evaluated by a number of methods and have been described by
Finkelman (1981), Yudovich and Ketris (2002, 2006b), Huggins (2002),
Finkelman et al. (2018), and Liu et al. (2018) among many others.
Aside from organic sulfur, ubiquitous in coal and occurring in a wide
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Fig. 1. La, Ce, and P element maps overlay from sample 5445/ DGC, split 4-4-5.
Phosphorous dominates the two high-relief grains (note BF image at top left),
but there is some indication of La in the center of both grains.
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Fig. 2. Image of grain extracted by FIB (focused ion beam) with locations of
Figs. 3-14 indicated. Sample 5447/ DGC, split 44-1-12.

range of concentrations from < 0.5% up to 8-12% in the Mequinenza
coal (Spain) (Querol et al., 1996), Rasa coal (Croatia) (Ignasiak et al.,
1978; White et al., 1990; Meduni¢ et al., 2016), and some late Permian
coals from southern China (e.g., Yanshan, Yunnan Province, Dai et al.,
2008), determination of organic associations of trace elements have
been elusive and the descriptions of the associations have not ne-
cessarily been straightforward. Experiments investigating the possible
mechanisms for binding of elements to the organic matter of coals have
been carried out for many years and reported in eastern European
geological journals. Research by Eskenazy (1967, 1970, 1972, 1974,
1977, 1979, 1999, 2015) includes experiments on the sorption of Ga
(on peat and humic acids (HA)); Be (on peat and some lithotypes); Ti
(on peat, HA, xylain, telinite, semifusain); and W (on peat and telinite);
Ag and In (on peat, xylain and vitrain); REE (on xylain and HA); Mn,
Cu, Zn, Co, Ni, and Sr (on xylain); and Ge (on peat and xylain) (un-
published data for Ge; Eskenazy, 2015, personal communication to
Hower).

The transition from a chelated organic association in peat and low-
rank coals to inorganic associations in high volatile bituminous Illinois
Basin coals was discussed by Huggins and Huffman (2004). While they
demonstrated that some of the Cr, Ti, V, and Zr in those coals could be
present in an organic component, there is an overall trend towards
decreasing organic association with increasing coal rank. Decarbox-
ylation and the loss of other oxygen-bearing functional groups with
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rank increase implies a loss of the —COOM binding of metals. The
metals released can be incorporated into clays and other minerals. In
addition, with the loss of moisture accompanying rank increase, cation-
bearing solutions become saturated; consequently, the cations can form
oxyhydroxide or oxide species if they are isolated from clays.

Another avenue of more recent investigations include several stu-
dies on the occurrence of sub-micron minerals, including nanoscale
minerals and amorphous associations. Cutruneo et al. (2014), in an
investigation of Permian-age Santa Catarina, Brazil, coal-cleaning re-
jects, found Cr-enriched hematite closely associated with quartz, jar-
osite, goethite, ferrihydrite, rutile, and amorphous phases; Cr-spinel
associated with clays; spherical nanoquartz; ankerite; and galena. Fdez-
Ortiz de Vallejuelo et al. (2017), in a study of coal-cleaning rejects from
Santa Catarina preparation plants, found spherical hematite, goethite,
jarosite, gibbsite, clays, ferrihydrite, and schwertmannite. In an in-
vestigation of medium-sulfur Oligocene coals from northeast India,
Saikia et al. (2014) found pyrite, including As-, Pb-, Se-bearing pyrite;
jarosite; pyrrhotite; marcasite; chalcopyrite; sphalerite; and As, Cd, Cr,
Hg, Pb, and V associated with hematite, magnetite, and goethite.
Oliveira et al. (2014), in a study of the feed coal to a power plant in
northeast India, found jarosite; pyrite; ferricopiapite; and a Al-®
Si—0O—Fe—K—Ca nanosphere with included Cu, Cr, and anatase. There
was no mention of the form of the Cu and Cr. Saikia et al. (2015) ex-
amined coals, mine overburden, and fly ashes from Assam, northeast
India. They noted goethite with As and Se in the overburden. In the
coals (their table 7, with supplemental information from the text), they
found anatase, calcite, galena, goethite, gypsum, hematite (including
Cu-bearing hematite), illite, jarosite, kaolinite, melanterite (including a
Cu-bearing variety), pyrite, pyrrhotite, quartz, schwertmannite, side-
rite, and sphalerite. They also noted nanoparticles associated with
amorphous compounds; hematite; elemental sulfur; and metallic Fe, Cu,
and Hg. Zhao et al. (2017) found < 10-nm Ti oxides to be associated
with Cr and V in Permian high-organic-sulfur coals from Yunnan,
China.

1.2. Previous studies of the Blue Gem coal

The Blue Gem coal has been extensively mined in southwestern
Kentucky, particularly in portions of Knox and Whitley counties to the
northwest of the Pine Mountain thrust fault (Hower et al., 1991b). The
coal is notable in having low S, low mineral yield (in places, < 1% ash),
and an ash chemistry dominated by Fe,O3 as siderite.

Density gradient centrifugation (DGC) samples of a middle (sample
no. 5445) and basal bench (sample no. 5447) of the Blue Gem coal were
originally studied by Hower et al. (1994a,b). In the latter study, DGC
concentrates were generated in small, generally 0.01 specific gravity
increments, and analyzed by proton-induced X-ray emission (PIXE).

As was known from other previous investigations of the coal (Hower
et al., 1991b), the basal bench has a slightly higher ash yield (with the
caveat that the whole-coal ash yield is < 1% at many locations) with a
higher concentration of Ti, Zr, and other elements associated with
detrital, heavy-mineral suites. For the basal bench, Ti concentrations
peak in the high-vitrinite fractions. Zirconium follows the same trend
with over 6.5% Zr in the 1.29-1.30 g/mL density fraction (the sample
selected for this study); V (14%) and Cr (1.77%) are also unusually high
in this density fraction. Aside from the Ti—Zr (heavy mineral) and V—Cr
(clays) associations, the authors noted Cr—Ni—Cu—Mn—Zr—Pb asso-
ciations in the lighter, liptinite-rich density fractions.

The middle benches of the Blue Gem coal can be very low in ash (as
low as ca. 0.4% in the Hower et al. (1994a,b) study) (Rimmer et al.,
2000), with an ash chemistry dominated by siderite and other carbo-
nates (Fe—Ca associations through the lighter and medium densities;
Mg—Ca and Mn—Ca in the higher densities). The lighter fractions have
a relative enrichment in Cr, Ni, Cu, Mn, and Zn. Lead reaches its highest
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Fig. 3. Elemental maps of Ag, Cd, and Bi from EDS map 1 along left column. Right column shows the portion of the EDS spectrum showing the presence of S, Ag, Cd,
and Sn (top); the region used for the positive identification of Ag and Cd (middle); and the region used for the positive identification of Bi (bottom). The latter region
also shows lines for Cu, associated with the Cu grid used in the TEM, and Ge. Sample 5447/ DGC split 44-1-12.

S K

Fig. 4. Silver, Cd, and S overlay of EDS map 1. Sample 5447/ DGC split 44-1-
12.
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concentration (0.67%) in the 1.12-1.15 g/mL fraction. To a lesser ex-
tent, As and Se are also enriched in the low-density fractions. As with
the basal lithotype, a Ti—Zr association was noted. The low-density
fractions have a Cr—Ni—Cu—Mn—Zn—Pb association and Co—Ni,
Cu—Zn, Ga—Ge—Y, and As—Se elemental associations noted throughout
the density spectrum. Needless to say, the ash-basis geochemistry of
very low-ash coals can appear to be unusual. But, considering that such
low-ash, low-S lithotypes have rarely been studied in such detail, per-
haps the Blue Gem coal is not as unusual as first appearances would
suggest.

1.3. Scope of current study

The emphasis of the current study is to re-examine some of the trace
element assemblages noted in the Hower et al. (1994a,b) study.
Transmission electron microscopy permits the examination of nan-
ometer-scale minerals in close association with the macerals. Certain of
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Fig. 5. (A) EDS spectrum of rectangular area in lower right quadrant in Fig. 4. (B) A 13- to 25-nm X 58-nm grain with d1 = 0.34 nm and alternating dark and light

bands. Sample 5447/ DGC split 44-1-12.
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Fig. 6. (A) Ni, Mn, and Bi overlay map. (B) Manganosite (MnO). Sample 5447/ DGC split 44-1-12.

these minerals are not seen or even hinted at upon larger-scale in-
vestigation. While the very-low-ash levels of the investigated coals may
suggest that many elements could be in an organic association, the
TEM-based examination of minerals allows us to see that the elements
are associated, at least in part, with very fine-grained minerals dis-
persed in the macerals.

In addition to investigating the associations of the elements noted in
the latter work, this study is driven by the need (based on the interest in
extracting REE from coal) to determine the mode and scale of the rare
earth element + yttrium (REY) associations in coal. As such, we chose
to investigate in more detail two samples from the Hower et al.
(1994a,b) study: (1) coal sample 5445/ DGC separate 44-4-5 with 35%
P (ash basis), and (2) coal sample 5447/DGC separate 44-1-12 with
5.86% Ti, 14.03% V, 6.54% Zr, and 0.24% Y (all on ash basis).

2. Procedure

The DGC samples were originally prepared, in part, as 2.54-cm-
diameter epoxy-bound pellets prepared to a final 0.05-um-alumina
polish for petrographic examination. For this study, thin slices of coal
sample 5445/ DGC separate 44-4-5 and coal sample 5447/DGC sepa-
rate 44-1-12 were cut from the polished surface and sent to the Virginia
Tech National Center for Earth and Environmental Nanotechnology
Infrastructure (NanoEarth), Blacksburg, Virginia.

For Scanning Electron Microscopy (SEM) (FEI Quanta 600), samples
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were coated with carbon to prevent charging and then observed in the
backscatter (BSE) mode to find particles with high average atomic
numbers. Energy-dispersive Spectroscopy (EDS) analyses were made on
particles with high BSE contrast.

Based on the SEM-EDS analyses, two areas were selected for more
thorough analysis. A FEI Helios 600 NanoLab Focused Ion Beam (FIB)
was used to extract and lift out thin slices of the latter minerals. The
slices were ion milled to approximately 100-nm thickness. Transmission
electron microscopy was conducted on a lanthanum hexaboride JEOL
JEM-2100 analytical electron microscope operated at 200 keV and
equipped with a JEOL 60-mm?window silicon drift detector (SDD)-
based EDS system for chemical mapping. Selected area electron dif-
fraction (SAED) was employed for mineralogical identification of
grains.

3. Results and discussion
3.1. SEM-EDS

The polished slices of the epoxy-bound particulate pellets were ex-
amined by SEM-EDS in order to find areas of interest that warranted
further study. In many cases, it was apparent that the spatial resolution
of SEM-EDS analyses was not sufficient to effectively determine the
phases present due to their sub-micron size, along with the close
proximity and/or aggregation of many minute grains in the coal matrix.
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Fig. 7. (A) EDS map 2 all analyzed elements. (B) Ag, Ni, and Mn overlay map.
Sample 5447/ DGC split 44-1-12.

3.1.1. 5445/ DGC separate 44-4-5

Keeping in mind that many of the scanned areas include coal and
are carbon coated, carbon and coal-associated oxygen contributions to
EDS spectra are unavoidable. In addition, mineral associations with
carbon include carbonates, with siderite known to be among the more
common minerals in portions of the Blue Gem coal (Hower et al.,
1991b; Hower et al., 1994a,b). Among the areas scanned in the SEM-
EDS assessment were individual particles (or aggregates of particles)
with up to 19.83% Mg, 26.41% Ca, 88% Ti, 65% Fe, 11.4% Zn, 13.13%
Zr, and 8.25% Mo (the latter particle having 8.51% Fe). Individual
grains not specifically quantified include a Cr—Fe particle, possibly
chromite; Cu—Fe—S, possibly chalcopyrite or bornite; Fe—Zn—S, spha-
lerite; and galena. An area containing a La—Ce—Nd-rich particle with
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lesser amounts of Fe was selected for FIB lift out and therefore analyzed
further using TEM analysis.

3.1.2. 5447/DGC separate 44-1-12

Among the areas scanned in the SEM-EDS assessments were in-
dividual particles (or aggregates of particles) with up to 5.31% Mg, 49%
Ca, 43.34% Ti, 64.57% Fe, and 82% Cu (with 12.48% Zn)." Individual
grains not specifically quantified include Cr-Ni-Mn-Cu-Fe-S, Ag—S, and
Cu—S. An area with Ag—Bi—Cd ( + Sn)-, Mn-, and S-bearing particles
was selected for FIB lift out and analyzed further using TEM analysis.

3.2. TEM analysis

3.2.1. 5445/ DGC separate 44-4-5

TEM analysis showed that the FIB-extracted area had some grains
with high P but with lesser La, Ce, and Nd concentrations than antici-
pated from the SEM-EDS scan (Fig. 1). Lanthanum does appear to have
a slight concentration in the core of the two high-relief mineral grains,
suggesting that part of the grain may be monazite, but mineralogical
analysis was not definitive.

3.2.2. 5447/ DGC separate 44-1-12

Examination of the FIB-extracted slice showed the area consists of a
diverse assemblage of mineral and (possibly) non-mineral grains
(Fig. 2). Areas examined in Figs. 3-14 are outlined on Fig. 2.

The elemental maps and the accompanying EDS spectra for Fig. 3
clearly show the presence of S, Ag, and Sn (Ag map on top left of Fig. 3;
supporting spectrum on top right); Cd and Ag (middle map and spec-
trum); and Bi with minor Ge (bottom map and spectrum). The overlay
map of Ag, Cd, and S (Fig. 4) emphasizes that the distribution of these
elements is far from uniform. For example, the Ag—Cd association is
more apparent in the bright particles in the lower right quadrant than in
the large, rounded particles in the upper right quadrant. Looking closely
at the area in the white rectangle in Fig. 4, it is seen that Ag and Cd
dominate the EDS spectrum (Fig. 5a). The EDS and SAED analysis of the
crystal within this region (Fig. 5b) indicates that it is greenockite, a
cadmium sulfide isostructural with wurtzite. The Ni, Bi, and Mn overlay
map (Fig. 6a) shows that Ni occurs in association with Co and Ge (not
shown on Fig. 6a) in discrete areas. Comparing Fig. 6a with Fig. 4
suggests that S is not as concentrated in the Ni—Co—Ge spots as in the
adjacent Ag—Cd—Bi regions. The Bi map suggests that at least some of
the Bi is not chemically associated with other elements. The element
map also shows a broad area dominated by Mn—O; the lattice spacings,
dl = 0.22nm and d2 = 0.157 nm determined from the SAED analysis,
indicates that the mineral is manganosite (MnO), as per American Mi-
neralogist Crystal Structural Database (AMCSD) 0008240 (Zhang,
1999) (Fig. 6b). As seen on Fig. 2, the manganosite area is much larger
than the region covered by Fig. 6a.

The EDS map 2 spectrum and the array of all of the elements ana-
lyzed (Fig. 7a) shows distinct areas for Ag and Cd; Mn; Ni, Co, Ge, and
possibly Ca; and Bi. This is supported by the element overlay map for
Ag, Ni, and Mn (Fig. 7b), where each appears in isolated areas with
minimal overlap.

The EDS map 3 spectrums and element-specific maps for Ag, Cd, Bi,
and Ge (Fig. 8) and the Cd—Ag—Bi overlay map (Fig. 9) show a large
degree of overlap between Ag and Cd, with an additional alignment of
Bi and S (S not shown). An EDS spectrum from within the HRTEM 1
area (Fig. 10) shows strong Ag, Cd, and S peaks with lesser Sn and Bi
peaks. The SAED diffraction pattern indicates multiple crystals among
an amorphous material (Fig. 11). The two most intense spots have d
spacings of d1 = 0.234nm and d2 = 0.325nm which match metallic
bismuth (reference AMCSD 0011254; Wyckoff, 1963).

! This particle could represent contamination from the miner's pick used for sampling
the coal.



J.C. Hower et al.

Counts

Counts

200 nm

GelL

40
36
32
28
24

200 4

4000
3600

320
280
240

2000
1600 —

International Journal of Coal Geology 192 (2018) 73-82

4.00 440 4380
keV

5.20 5.60 6.00

0

0 -
0
0 -
0

Ag Cd

20.00 21.00 22.00 23.00 24.00 25.00 26.00 27.00 28.00 29.00 30.00
keV

0 -
0 —
0 -

7.10

820 9.30 1040 11.50 12.60 13.70 14.80 15.90 17.00

keV

Fig. 8. Elemental maps of Ag, Cd, Bi, and Ge along left column. Right column shows the portion of the EDS spectrum used for the identification of S, Ag, Cd, and Sn
(top); the region used for positive identification of Ag and Cd (middle); and the region used for the identification of Ge and Bi. Sample 5447/ DGC split 44-1-12.

The SAED diffraction pattern in Fig. 12 (d1 = 0.2nm,
d2 = 0.206 nm, d3 = 0.203 nm, d4 = 0.128 nm, and d5 = 0.115 nm) is
consistent with nisnite (Ni3Sn) (AMCSD 0018385; Rowe et al., 2011).
The SAED pattern (d1 = d2 = 0.235 nm, indicating the presence of two
crystals in different orientations) on Fig. 13 suggests metallic silver
cadmium (1,1) (database reference: AMCSD 0011474, Wyckoff, 1963)
although several Cd—Ag solid solutions are possible and more extensive
analysis is needed for positive identification. The EDS spectrum for the
mineral shown on Fig. 14 is consistent with siderite. Siderite, at least, is
a well-known mineral in the Blue Gem coal; in some seam sections and
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lithotypes, it is the dominant mineral, accounting for Fe,O3 percentages
of over 50% (ash basis) (Hower et al., 1991a, 1991b).

3.3. Discussion

Some complexity in the geochemistry, perhaps on the order seen in
the area examined in sample 5447, is evident in sample 5445. Recall
that SEM-EDS suggested a wide array of Mg-, Ca-, Ti-, Fe-, Zn, Zr-, and
Mo-rich phases along with Cu—Fe (possibly chromite), Cu-Fe-S (pos-
sibly chalcopyrite or bornite), Fe—Zn—S, ZnS (possibly sphalerite), and
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Fig. 9. Cd, Ag, and Bi overlay map. Note the association of Ag and Cd that
causes the red (Cd) and green (Ag) to combine as a yellow area on the elemental
map. Sample 5447/DGC, split 44-1-12. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

PbS (possibly galena) associations. While SAED analysis of the REE-
bearing grains in sample 5445 was not performed, the elemental map
(Fig. 1) shows that La and Ce are found in P-rich areas, suggesting that
the REE are associated with a phosphate mineral such as monazite.
Monazite can enter a peat by way of water-borne detrital sediments and
as components of volcanic ash, both known mechanisms in certain
eastern Kentucky coals (Hower et al., 2016a,b). There is no known
volcanic influx into the Blue Gem coal but, considering the proximity of
the Alleghenian Orogen at the time of the deposition of the peat, we
cannot rule out a volcanic influence.

The sample 5447 region with Ag—Bi—Cd = Sn, Mn, and S particles
selected for FIB liftout and TEM and SAED analysis has a great diversity
of minerals and, thus, a greater range of geochemical and mineralogical

International Journal of Coal Geology 192 (2018) 73-82

influences are possible. It is distinctly possible that there are multiple
and diverse origins for the minerals just within the FIB-liftout area.
Siderite, a common mineral in the Blue Gem coal, indeed, the primary
Fe-bearing mineral in many samples of the coal (Hower et al., 1991b),
could have formed contemporaneously or nearly so with the deposition
of the Blue Gem peat. Nothing observed in the Hower et al. (1991b)
study suggested that siderite has a detrital origin. However, the origin
of the Ag—Cd solid solution, along with Ag—Cd—Bi—S, Bi—S, Ni—©®
Co—Ge, and other associations, is less clear. Many of the minerals in
sample 5447, in addition to the Zn—S, Pb—S, and Cu—S associations in
sample 5445, could have had hydrothermal origins (Hatch et al., 1976;
Herzig and Hannington, 1995; Hagni, 2009; Maral et al., 2009a,b; Teja-
Ruiz et al., 2017; among others). Hower et al. (1991a), Collins (1993),
and Sakulpitakphon et al. (2004) discussed the possibility of hydro-
thermal influences within the coals to the northwest of the Pine
Mountain thrust fault. Certainly, the slightly higher coal rank and the Cl
and trace metal enrichments in the coals to the NW of the fault com-
pared to the coals on the thrust sheet provide some evidence in support
of this hypothesis (Hower et al., 1991a; Sakulpitakphon et al., 2004).
While individual lithotypes may experience considerably different in-
fluxes of clastic minerals, such as monazite and other heavy minerals
commonly concentrated in the basal lithotypes of many eastern Ken-
tucky coals (Hower and Bland, 1989; Hower and Pollock, 1989; Hower
et al., 1991b, 1994a,b, 1996; Hatton et al., 1992; Andrews Jr. et al.,
1994; Mardon and Hower, 2004), the effects of hydrothermal fluids
may be more distributed throughout the coal. The wurtzite and sulfide
minerals identified in sample 5447 and inferred from SEM-EDS in
sample 5445 are more likely to have been epigenetic as opposed to
surviving erosion and transport from another source. The work of
Schindler and Hochella Jr. (2017) regarding the sequestration of metal-
rich nanoparticles in mineralized organic matter in soils may imply that
multiple complex modes of incorporation of inorganics within coal are
conceivable.

Certainly, time lines between syngenetic deposition of sediments
and epigenetic influences can become blurred as the time of deposition
of peat can be a complex continuum, with any given layer representing

EDS spectrum from white circle:
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Fig. 10. Bi, Ag, and Mn overlay map with EDS spectrum from circle in HRETM 1 area showing Ag, Cd, and S signals. Sample 5447/ DGC, split 44-1-12.
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Fig. 11. The diffraction pattern indicates the presence of multiple crystals and
some amorphous material (diffuse ring). The d spacings of the spots measured
are consistent with metallic bismuth. Sample 5447/ DGC, split 44-1-12.

an age range given the influences of primary deposition of woody (and
other) material, the degradation of the plant parts, and the rooting
through older peat by later plants (O'Keefe et al., 2013). While hydro-
thermal influences may be less dependent upon the position within the
coal bed, they are not independent of coal lithology as certain peat/coal
lithotypes may be more permeable or may contain minerals more prone
to alteration.

The few areas thoroughly investigated here are but a small window
into the total diagenetic story of the Blue Gem coal bed and may not be
indicative of what happened elsewhere in the Blue Gem or in other
coals in the region, much less the full story of what happened at this
location. Coal geochemistry is complex and finer scales of investigation
emphasize that it can be more complex than we imagined before nano-
scale techniques were readily available.

4. Conclusions

The TEM investigation of selected density-gradient separates of low-
ash Blue Gem coal revealed that elements can have mineral
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10 1/nm

Indicated magnification: 1.5kx

Indicated magnification: 100kx

Fig. 13. Crystal of metallic silver cadmium (AgCd). Sample 5447/ DGC, split
44-1-12.

associations. In bulk studies, such elements could have been noted, in
general, as having an “organic association” simply because it was not
routine, at least at the time of our 1989-1990 investigation (Hower
et al., 1994a,b), to examine submicron to nanometer-scale particles.
There is a fundamental difference between “organic association”, im-
plying chemically associated (chelated) elements with organics, and an
“association with organics”, implying elements incorporated in mi-
nerals that, basically, cannot be removed by float-sink or chemical
methods.

The density-gradient separate from the basal bench, sample 5445,
contains both detrital minerals, as indicated by the monazite studied by
TEM, and sulfides, as suggested by the SEM-EDS examination. Sample
5447 from the vitrinite-rich portion of the middle bench contains a
suite of possible hydrothermal Ag-, Cd-, Bi-, and other metal-bearing
minerals but also (probable) low-temperature diagenetic minerals such
as siderite. The overall picture emerging from this investigation shows
that the incorporation of minerals within a low-ash coal such as the
Blue Gem, or any coal for that matter, is complex and any attempt at a
complete understanding of the story requires a wide range of tools.
Every coal could be a unique setting based on the original depositional
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Fig. 12. Diffraction patterns show a diffuse ring from amorphous material and spots that indicate the presence of crystalline material as well. Sample 5447/ DGC,

split 44-1-12
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Fig. 14. Siderite. Sample 5447/ DGC split, 44-1-12.

setting, including both the maceral and mineral and non-mineral in-
organic inputs and the diagenetic and metamorphic overprints. Broad,
chemical-based and bulk-mineralogy-based inferences such as by those
of Collins (1993) and Sakulpitakphon et al. (2004) cannot begin to
unravel the nature and origin of the fine element associations present in
coals.
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