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Abstract The high volatile C bituminous-rank, Bolsovian-age Princess No. 3 coal, a correlative of the heavily-mined
Hazard No. 7 coal and the Peach Orchard and Coalburg Lower Split coals, was investigated three sites at a mine in Greenup
County, Kentucky. The coal exhibits a “dulling upwards” trend, with decreasing vitrinite and a greater tendency towards
dull clarain and bone lithotypes towards the top of the coal. The relatively vitrinite-rich basal lithotype is marked by a
dominance of lycopod tree spores. The palynology transitions upwards to a middle parting co-dominated by tree fern and
small lycopod spores and an upper bench dominated by tree ferns with contributions from small ferns, cordaites, and
calamites. The lithotypes generally have a moderate- to high-S content with a variable ash yield. Sulfur, Fe,03, and certain
siderophile elements are highest near the top of the coal. As observed in other coals, uranium and Ge are enriched at the top
and bottom margins of the coal. The rare earth chemistry at the top of the coal has a significantly lighter distribution (higher
LREE/HREE) than at the base of the coal.

Keywords Maceral - Rare earth elements - Lanthanides - Coal lithology

1 Introduction
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The Bolsovian age (Westphalian C, Middle Pennsylvanian)
Princess No. 3 coalbed in the Argillite 7.5' quadrangle in
Greenup County, Kentucky (Fig. 1), is approximately
correlative to the lower split of the Peach Orchard or
Coalburg and the Hazard No. 7 coals (among other names),
which have been mined extensively elsewhere in the
eastern Kentucky and southern West Virginia coalfields
(based on compilations of coal names by the Kentucky
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Geological Survey and the Center for Applied Energy
Research in the 1980s). In northeastern Kentucky, the
Princess No. 3 coal, with an estimated original resource
estimate of approximately 200 Mt, occurs about 60-m
below the Princess No. 7 coal bed.

The original investigation of the coal was part of a study
of methods for the enhanced recovery of coal from aban-
doned surface mine highwalls. Highwall mining is a hybrid
of surface and underground mining, mining coal from a
surface exposure, such as a contour mining operation,
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Fig. 1 Stratigraphic section after Sheppard and Ferm (1962). The
interval thickness is approximately 55 m

utilizing a continuous miner cutting head. No mining per-
sonnel are required to go underground. In the case of the
study, the remaining coal was to be mined using a highwall
miner (ADDCAR 2019), with a circulating fluidized bed
fly ash grout pumped into the horizontal mine slots, sta-
bilizing the roof so that the pillars could be mined on a
second pass. Because of logistics, including unsafe mining
conditions due to the highwall lithology, the experiment
was not conducted at this site and the test was conducted
elsewhere in eastern Kentucky (Robl et al. 1998).

In this study, the geochemistry, with an emphasis on the
Ge and Rare Earth Element concentrations; organic and
inorganic petrology; and the palynology of the Princess No.
3 coal in a small area of Greenup County, Kentucky, are
investigated. With the exceptions of a regional investiga-
tion of whole-channel samples from cores (Hower and
Wild 1981) and the study of the Mudseam coal in Elliot

@ Springer

County, the correlative of the Princess No. 3 coal (Esterle
et al. 1992), few detailed studies of northeastern Kentucky
coals have been undertaken. As such, this investigation is
an opportunity to further examine coals in a part of eastern
Kentucky that is geologically more akin to the settings
found in Ohio, northern West Virginia, and southwestern
Pennsylvania than it is to the remainder of eastern
Kentucky.

2 Methods

The coal was collected in lithotype intervals from two
cores and one mine face site at a single mine site (Figs. 2,
3a). The underlying Princess No. 3 leader coalbed was
sampled a short distance from the mine face, at a point
overlying a drainage pond (Fig. 3b).

Petrology was conducted at the University of Kentucky
Center for Applied Energy Research (CAER) on epoxy-
bound particulate pellets prepared to final 0.05-pm alumina
polish. Optical microscopy was conducted on a Leitz
Orthoplan microscope with polarized reflected-light, oil-
immersion optics at a final magnification of 500 x. Vitri-
nite reflectance was done with the incoming light polarized
at 45° and the reflected light passing through a 546-nm
bandwidth filter on the path to the photomultiplier. The
photomultiplier was standardized using glass standards of
known reflectance. Maceral identification was based on
nomenclature from the International Committee for Coal
and Organic Petrology (1998, 2001) and Pickel et al.
(2017).

For the basic coal analyses performed at the CAER,
proximate analysis followed ASTM Standards D3173/
D3173M-17a (2017), D3175-18 (2018b), and D3174-12
(2018a); total sulfur and forms of sulfur analyses followed
ASTM Standards D4239-18el (2018c) and D2492-02
(2012), respectively; and the ultimate analysis and heating
value determinations were performed based on ASTM
Standards D3176-15 (2015) and D5865/D5865M-19
(2019), respectively. Ash chemistry at the CAER was
analyzed by X-ray fluorescence on a Phillips PW2404
X-ray spectrometer following procedures outlined by
Hower and Bland (1989). Inductively coupled plasma mass
spectrometry (X series II ICP-MS), in pulse counting mode
(three points per peak), was used to determine trace ele-
ments in the coal samples (samples from 1155 to 117) at
China University of Mining and Technology, Beijing
(CUMTB). For ICP-MS analysis, samples were digested
using an UltraClave Microwave High Pressure Reactor
(Milestone) (after Dai et al. 2011). Arsenic and Se were
determined by ICP-MS using collision cell technology
(CCT) in order to avoid disturbance of polyatomic ions (Li
et al. 2014). Multi-element standards (Inorganic Ventures:
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Fig. 2 Location of Greenup County (arrow), Kentucky, with inset of sampling locations. Simplified lithologic profiles of the three sampling sites

are shown on the local-area map

CCS-1, CCS-4, CCS-5, and CCS-6; NIST 2685b and
Chinese standard reference GBW 07114) were used for
calibration of trace element concentrations. The method
detection limit (MDL) for each of the trace elements is
calculated as three times the standard deviation of the
average from the blank samples (n = 10).

A field emission-SEM (FEI Quanta™ 650 FEG), in
conjunction with an EDAX energy-dispersive X-ray spec-
trometer (Genesis Apex 4), at CUMTB was used to study
the modes of occurrence of the minerals, and also to
determine the occurrence of selected elements. Samples
were carbon-coated using a Quorum Q150T ES sputtering
coater, and were then mounted on standard aluminum SEM
stubs using sticky conductive carbon tabs. The working
distance of the FE-SEM-EDS was 10 mm, beam voltage
20.0 kV, aperture 6, and spot size 5.0. The images were
captured via a retractable solid state back-scattered electron
detector.

Palynology was investigated at the Kentucky Geological
Survey. Palynomorphs were liberated by first oxidizing
2-3 g of — 20 mesh coal with Schulze’s Solution (con-
centrated nitric acid saturated with potassium chlorate).
Following oxidation, samples were digested with 5%

potassium hydroxide, repeatedly washed with distilled
water, and concentrated with zinc chloride (specific gravity
1.9). Amorphous organic matter (AOM) was removed from
the residues using ethylene glycol monoethyl ether (2-
ethoxyethanol), ultrasonic vibration, and short centrifuga-
tion (Eble 2017). Samples were strew-mounted onto
25-mm square cover glasses with polyvinyl alcohol, and
fixed to 75- x 25-mm microscope slides with acrylic resin.
Spore and pollen abundances are based on a count of 250
palynomorphs for each sample. Palynomorph data are lis-
ted according to natural affinity for the following plant
groups: lycopod trees, small lycopods, tree ferns, small
ferns, seed ferns (pteridosperms), calamites and cordaites.
Parent plant affinities of dispersed Carboniferous miospore
taxa were derived from extensive summaries provided by
Ravn (1986), Traverse (1988) and Balme (1995).

3 Results and discussion
The Princess No. 3 at the study site and, in general,

throughout the immediate vicinity of the mine (Sheppard
and Ferm 1962; Ferm 1963) is overlain by a gray shale.

@ Springer
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Fig. 3 a 1-m-thick section of coal and clay split (samples
1144-1151). b Sampling of the 13-cm-thick leader coalbed illustrat-
ing expedient, albeit not recommended, sampling procedure

Sheppard and Ferm (1962) and Dobrovolny et al. (1966)
noted that the shale is locally channeled, but no such fea-
tures were observed at the study site.

@ Springer

3.1 Chemistry

Samples identified as coal have a wide range of ash yields,
ranging from < 5% (sample 1164; dry basis) to a clarain
with > 77% ash yield (sample 1148) and a bone with
nearly 52% ash yield (sample 1168) (Table 1). Megas-
copically, bone is nominally a high-ash, dull lithotype.
Sample 1163, also identified as bone, has 6.14% ash yield,
illustrating that the translation between field descriptions
and actual analyses of dull lithotypes (bone, dull clarain,
durain) can be difficult because much of the lithotype
description is driven by the texture; the fine grain size of
dull lithologies conceals the details of the composition
(Hower et al. 1990). The lithologies above and, in the case
of sample 1168, below the 25- to 31-cm-thick parting have
the highest ash yield.

Total sulfur content ranges from 0.63% (as-determined
basis) in coal sample 1168, in which case the sulfides are
diluted by the clay content, to 13.40% in sample 1165, a
coal with a 2.2-cm pyrite layer between the dull clarain
lithologies. In general, the total sulfur is high, above 2%
(as-determined basis). With the exception of sample 1165,
the highest pyritic sulfur in each seam section is found in
the top lithotype, a reflection of possible marine influence
associated with the deposition of the overlying black to
gray shale. The highest concentrations of Fe,O3 (expressed
as a percent on the ash basis) (Table 1) and siderophile
elements (such as Ni, Co, and As and, to a lesser extent, Se;
ppm ash basis; Table 1)' are generally also found in the top
lithotypes.

3.2 Petrology

The maceral content of the samples is given on Table 2.
Since the samples were from a small area, reflectance was
only done on sample 1146, which has a R,,x = 0.58% and
a Random = 0.54%, indicating a high volatile C bituminous
rank.

The megascopic lithology, generalized as the seam
sections on Fig. 2, is simple, with dull clarain and bone
being the dull lithologies and clarain being the lone bright
lithology. Both in the upwards shift from clarain to a dull
clarain mix and in the upwards decrease in the amount of
vitrinite, the coal shows the “dulling upwards” trend found
in many Appalachian coals (Esterle and Ferm 1986; Esterle
et al. 1989, 1992; Hubbard et al. 2002). The total vitrinite
content is dominated by telovitrinite macerals and the total
inertinite content is dominated by fusinite + semifusinite.
The “dulling upwards” trend also seems to be related to the
absence of any obvious TiO,-Zr enrichment in the basal

! Not all samples analyzed by the CAER were available for analysis
at the CUMTB.
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Table 1 Thickness (cm), proximate and ultimate analyses (%), forms of sulfur, and heat values (MJ/kg) of the investigated samples

No. Bench Thickness M.q Aq Vdaf Sta Spd N So.d Cqaf Hyar Nyar HV
1143 Roof 2.09 35.95 45.72 3.77 nd nd nd 78.92 5.66 1.74 nd
1144 1 of 7 (top) 12.95 2.58 11.21 40.95 7.83 5.70 0.12 2.01 79.70 5.27 1.46 29.61
1145 2 of 7 4.06 4.47 6.19 4431 332 1.78 bdl 1.54 81.66 6.00 141 31.91
1146 3 0of 7 6.1 6.98 8.35 41.51 5.96 3.49 0.03 243 81.04 5.90 1.52 30.58
1147 4 0of 7 5.08 3.10 25.12 44.29 3.20 2.06 bdl 1.14 78.51 5.36 1.57 24.10
1148 5of 7 8.89 1.19 77.42 64.99 5.49 4.60 bdl 0.88 60.65 4.84 2.78 nd
1149 Parting 30.99 1.83 76.91 62.64 0.44 nd nd nd 62.64 6.09 291 nd
1150 6 of 7 18.03 6.39 7.58 43.05 1.69 0.71 bdl 0.98 82.11 6.18 1.58 31.14
1151 7 of 7 16 3.74 9.51 42.67 2.49 1.66 bdl 0.83 80.19 5.63 1.61 30.13
1152 Floor 1.50 84.26 0.92 nd nd nd 43.81 6.32 3.94 nd
1153 Floor 0.83 92.87 1.31 nd nd nd 25.88 5.52 7.21 nd
1154 Leader 12.95 5.22 9.63 5.60 3.64 0.06 1.90 79.51 5.84 1.54 30.09
1155 1 of 5 (top) 19.61 4.69 6.41 41.60 4.25 2.20 0.02 2.02 81.57 6.05 1.57 31.46
1156 20f 5 15.9 3.18 30.85 41.70 1.94 0.86 0.02 1.06 79.94 5.60 1.94 22.50
1157 Parting 11 3.33 82.34 0.35 0.23 bdl 0.12 51.96 7.50 5.33 nd
1158 Parting 16 1.63 88.54 0.16 0.16 bdl bdl 28.13 8.34 7.72 nd
1159 30f5 6.5 nd nd nd nd nd nd nd nd nd nd nd
1160 4 of 5 19.99 5.26 6.14 43.09 1.88 0.70 bdl 1.18 82.32 6.04 1.63 32.00
1161 Sof5 17.81 3.62 8.09 41.53 3.67 1.56 bdl 2.12 79.95 5.66 1.66 30.86
1162 1 of 7 (top) 9.98 391 8.66 39.18 6.54 3.80 0.06 2.67 81.54 5.37 1.50 30.89
1163 20of 7 4.5 3.96 6.14 39.87 3.68 1.93 bdl 1.75 83.28 5.56 1.64 32.29
1164 30of 7 9.98 491 4.71 40.88 2.53 1.05 0.01 1.47 82.65 5.77 1.64 32.67
1165 4 of 7 13.79 3.01 36.00 42.47 13.82 10.16 0.31 3.35 72.13 5.09 2.00 19.95
1166 Parting 14.68 3.23 84.84 0.51 0.44 0.03 0.03 46.15 7.57 6.27 nd
1167 Parting 10.49 1.65 88.87 0.14 0.13 0.01 bdl 28.13 7.58 8.31 nd
1168 5of 7 4.5 4.06 51.80 45.89 0.66 0.26 0.02 0.38 77.83 6.34 2.44 14.44
1169 6 of 7 21.69 5.71 11.48 41.21 1.52 0.56 0.01 0.94 81.36 6.40 1.71 29.73
1170 7of 7 19.81 5.93 6.87 40.90 2.51 1.49 0.03 0.99 81.03 6.16 1.71 3141

M moisture, A ash yield, V volatile matter, C carbon, H hydrogen, N nitrogen, S, total sulfur, ad as-determined basis, d dry basis, daf dry and ash-

free basis, HV gross heat value, on a air-dry basis

lithotype. The latter chemical association is often found in
basal durains (Hower and Bland 1989; Hower et al.
1994a, b; Johnston et al. 2015), suggesting a greater detrital
influx into the developing mire.

Among the minerals, clays are found dispersed within
macerals, as thin layers, and as cell fillings within fusinite
(Fig. 4). Clay/quartz layers contain TiO, minerals. Pyrite
and marcasite occur as euhedra, framboids, cell lumen fills,
and multiple-generation overgrowths of euhedra and
framboids (Figs. 5, 6). Complex two- and three-generation
overgrowths of Fe-sulfides have been noted in other coals
in eastern Kentucky (Hower and Pollock 1989; Ruppert
et al. 2005; Diehl et al. 2012).

3.3 Coal geochemistry

The percentages of major-element oxides and concentra-
tions of trace elements in the samples investigated in this
study are listed in Tables 3, 4 and 5. The highest concen-
trations of Fe,O; (expressed as a percent on the ash basis)
(Table 3) and siderophile elements [such as Ni, Co, and As
and, to a lesser extent, Se; ppm ash basis; Tables 4, 5 (see
footnote 1)] are generally also found in the top lithotypes.

Compared to average values for world hard coals (Ketris
and Yudovich 2009) and based on the enrichment classi-
fications by Dai et al. (2015), elements Li, Be, Zn, Ge, Se,
Ta and W in HW-2 series samples are slightly enriched
(2 < CC < 5; Fig. 7); elements such as Cu, In, Sn, Ba, Hf,
Tl, Bi, Th, and U HW-2 series samples are depleted
(CC < 0.5). Selenium HW-2 series samples is enriched
(5 < CC < 10) and As, Tl and Pb are slightly enriched

@ Springer
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Table 2 Petrological compositions of samples investigated in this study (vol%, mineral-free basis)

Sample tv bDv GV TV F SF Mi Ma St Fg ID TI Sp Cut Res Ag LD Sub Ex TL

1144 595 49 00 644 73 198 00 00 00 00 0.0 271 85 00 00 00 00 00 00 85
1145 574 52 00 625 112 167 00 04 04 04 0.0 29.1 84 00 00 00 00 00 00 84
1146 70.1 44 04 749 89 92 00 00 00 00 00O 181 70 00 00 00 00 00 00 70
1147 633 44 00 677 44 179 00 08 04 00 00 235 88 00 00 00 00 00 00 88
1148 677 00 00 677 129 65 00 00 00 00 00 194 129 00 00 00 00 00 00 129
1150 648 51 05 704 120 74 00 00 00 05 05 204 93 00 00 00 00 00 00 93
1151 723 42 04 769 100 31 00 00 00 00 12 142 85 00 00 00 04 00 00 88
1154 792 44 00 86 72 52 00 00 00 00 04 128 36 00 00 00 00 00 00 36
1155 730 16 00 746 133 60 00 00 00 00 00 194 60 00 00 00 00 00 00 60
1156 561 30 00 591 93 241 00 00 00 00O 04 338 72 00 00 00 00 00 00 72
1159 584 04 00 589 130 173 00 00 00 00 13 316 95 00 00 00 00 00 00 95
1160 67.3 16 04 693 132 93 00 00 00 00 00 226 82 00 00 00 00 00 00 82
1161 821 36 00 857 68 16 00 00 00 00 00 84 60 00 00 00 00 00 00 6.0
1162 645 24 00 669 147 64 00 00 00 00 00 211 120 00 00 00 00 00 00 120
1163 538 6.8 00 606 195 135 00 04 00 00 04 339 56 00 00 00 00 00 00 56
1164 57.1 107 00 679 111 111 00 04 00 00 08 234 87 00 00 00 00 00 00 87
1165 66.1 65 00 726 44 185 00 00 00 00 04 234 40 00 00 00 00 00 00 40
1168 532 72 00 604 68 256 00 00 00 00 04 328 68 00 00 00 00 00 00 638
1169 709 31 00 739 80 84 00 00 00 00 00 165 96 00 00 00 00 00 00 96
1170 781 44 00 825 64 24 00 00 00 00 00 88 88 00 00 00 00 00 00 88

tv telovitrinite, DV detrovitrinite, GV gelovitrinite, 7V total vitrinite, F fusinite, SF' semifusinite, Mi micrinite, Ma macrinite, St secretinite, Fg
funginite, /D inertodetrinite, 77 total inertinite, Sp sporinite, Cut cutinite, Res resinite, Ag alginate, LD liptodetrinite, Sub suberinite, Ex

exsudatinite, 7L total liptinite, M Parr mineral matter

(2 < CC < 5) relative to average values for world hard
coals (Ketris and Yudovich 2009). The elements (with an
exception of Tl) that are depleted in HW-2 series samples
also have a lower concentration HW-2 series samples
(CC < 0.5).

As has been widely observed in other coals (Hower et al.
2002; Yudovich Ya 2003b), the Ge content is highest in the
top and bottom lithotypes of the two sections. Similarly, U
is highest in the uppermost lithotype, with significant
concentrations in basal lithotypes, as has been observed for
U concentrations in many other coals (for example, studies
by Berthoud 1875; Breger et al. 1955a, b; Breger and
Schopf 1955; Zubovic 1966; Szalay and Szildgyi 1969;
Eskenazy 1992; Yudovich Ya 2003a). In both cases, the
enrichment can be attributed, at least in part, to infiltration
of mineralized fluids from the surrounding sediments
(Yudovich Ya 2003a, b).

In the HW-2 and HW-3 series samples, parting samples
are characterized by higher REY (rare earth elements and
Y) concentrations than the coal benches, and have light-
REE enrichment type. However, REY in the coal benches
were weakly fractionated (Fig. 8).

The ratio of light to heavy rare earth elements (LREE/
HREE) is lower at the top of the coalbed, coincident with

@ Springer

the high-S/high-Fe,O5 zone noted above (Table 6). The
transition from LREE/HREE < 3.6 at the top of the coal
to > 8 (and up to 10.58) in the lower parts of the coal is
primarily a function of an increase in the LREE. For
example, sample 1162, the top bench, has an LREE/HREE
of 3.14 while sample 1168 has a ratio of 10.58; the HREE’s
are 29.6 and 28.9 ppm, respectively.

3.4 Palynology

The palynology indicates that lycopod tree-derived spores
dominate the basal bench of the two columns analyzed
(Table 7; Fig. 9). The correlation between abundant lyco-
pod tree spores, particularly Lycospora micropapillata and
L. granulata, and high vitrinite, seen here in the basal
lithotypes, has been noted elsewhere in the region (Eble
et al. 1994; Hubbard et al. 2002). The thick parting in both
sequences is co-dominated by small lycopod spores
(mainly Radiizonates difformis and R. rotatus) and tree
fern (mainly Punctatisporites minutus) spores in the lower
section of the parting. The upper section of the parting is
dominated by tree fern spores (Punctatisporites minutus);
tree ferns continue to be important in the upper part of the
coal with small ferns (various taxa, but no dominant
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Fig. 4 Kaolinite in the samples investigated in this study. a, b kaolinite in fusinite lumens. ¢ Kaolinite and chalcopyrite in fusinite lumens.
d Detrital kaolinite and quartz and La—Ce—Nd-bearing phosphate mineral in collodetrinite. a Sample 1165; b, d sample 1155; ¢ sample 1168

species), cordaites (Florinites florini), and calamites (pri-
marily Laevigatosporites minor) present in significant
amounts. Overall, the palynology of the coal lithotypes
above the parting shows much greater floral diversity than
is seen in the basal lithotypes.

Of all the Pennsylvanian plant types, the growth habits,
reproductive biology and paleoecology of the arborescent
lycopods is best known. Furthermore, much of what we
know about lycopod trees has been derived from the study
of coal balls, which represent permineralized peat, in the
Mlinois Basin (e.g., Phillips et al. 1974, 1985; DiMichele
et al. 1985; DiMichele and Phillips 1994). All of the
lycopod trees were heterosporous and dominated a major-
ity of Early and Middle Pennsylvanian mire communities.
Lycopod trees possessed vegetative and reproductive traits
that allowed them to exploit low-nutrient swamp

environments more effectively than any other contempo-
raneous Pennsylvanian plant group (DiMichele and Phillips
1985).

In the Princess No. 3 coal, Lycospora granulata and L.
micropapillata are the dominant arborescent lycopod
spores. Lycospora granulata was produced by Lepi-
dophloios halli. Lepidophloios was best adapted to very
wet environments (like paleomires). The reproductive
structure of Lepidophloios was Lepidocarpon, a boat-
shaped megasporanium/megasporophyll specifically adap-
ted for water dispersal (Phillips 1979). Other vegetative
features included root systems (Stigmaria) with abundant
aerenchymatous tissue and outer cortex (bark) tissue that
was water and rot resistant (DiMichele and Phillips
1985, 1994). Community paleoecology indicates that
Lepidophloios was dominant in low-diversity ecotones.
This relationship suggests high levels of abiotic stress that
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Fig. 5 SEM backscattered electron images of framboidal in coal samples. a Framboidal pyrite in vitrinite. Sample 1154. Image 301-25.
Scale = 50 pm; air optics. b Framboidal pyrite in vitrinite. Sample 1154. Image 301-28. Scale = 50 pum; air optics. ¢ Overgrown framboidal
pyrite in macrinite. Sample 1148. Image 302-36. Scale = 50 pm; air optics. d Overgrown framboidal pyrite in macrinite. Sample 1145.

Image 302-36. Scale = 50 um; air optics

excluded other kinds of plants. It appears likely that a
longstanding water regime was probably the major abiotic
factor controlling the composition of Lepidophloios-dom-
inant assemblages. Under such conditions, small, ground-
cover and plants would have had difficulty becoming
established.

Lycospora micropapillata was produced by Paraly-
copodites. Paralycopodites, may have been part of a pio-
neer type flora, based on the common occurrence of
Lycospora micropapillata and L. orbicula in seat rocks
(coal underclays) and basal coal layers. These palynotaxa
are also prevalent within, or near, clastic layers in many
coal beds. In coal ball assemblages, Paralycopodites-rich
intervals are commonly associated with degraded peat and
fusain, which suggest marginal conditions of peat preser-
vation and frequent oxidation of the surficial peat through
both biotic (microbial degradation) and abiotic (fire)
pathways. In the Princess No. 3 coal, Lycospora
micropapillata and L. orbicula are most abundant in the
basal benches of both columns that were studied
palynologically.

Radiizonates difformis and R. rotatus are the principle
small lycopod spores in the Princess No. 3 coal bed and,
biostratigraphically, serve to identify the coal as being

@ Springer

equivalent with Bolsovian age strata of western Europe
(Clayton et al. 1977), and Atokan age strata of the Eastern
Interior (Illinois) Basin (Peppers 1985, 1996). Den-
sosporites (and related crassicingulate genera, e.g. Cris-
tatisporites) were produced by Omphalophloios, which was
first described by David White (1897) from the Middle
Pennsylvanian of Missouri. High percentages of Den-
sosporites defined, in part, the “densospore” phase, which
reflected the terminal part of a hydroseral series associated
with peat accumulation in domed, ombrogenous mires
(Smith 1957, 1962, 1964, 1968). Alternatively, high per-
centages of Densosporites in the terminal portions of the
Lower Kittanning coal in the northern Appalachian Basin
were thought to indicate a halophytic flora that developed
in response to marine transgression and deposition of the
overlying Columbiana Limestone (Habib 1966; Habib and
Groth 1967).

Although these interpretations of Omphalophloios are
highly disparate, both appear to have merit. Subsequent
work by the current authors indicate that abundant Den-
sosporites is commonly associated with (1) coal that is low
in ash and sulfur, supporting formation in a domed,
ombrogenous peat-forming environment, but also (2) coal
with elevated amounts of ash and sulfur, which is
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Fig. 6 SEM backscattered electron images of pyrite in coal samples. a Pyrite and sulfate minerals in fusinite matrix. SEM image 1155 025.
b Pyrite in fusinite lumens. SEM image 1155 027. ¢ Pyrite in fusinite lumens. SEM image 1155 026. d Pyrite in clay and vitrinite. SEM
image 1155 020. e Pyrite framboid with euhedral crystals. SEM image 1143 058. f Euhedral pyrite in fusinite lumens. SEM image 1147 051

indicative of peat formation in a planar, topogenous mire.
The common element in both cases is that high percentages
of Densosporites are almost always associated with
increased amounts of liptinite and inertinite macerals, and
relatively low percentages of vitrinite. Based on this
observation, Omphalophloios was apparently a lycopod

that could develop in areas where peat preservation was
poor, or even minimal. Although there is no direct pale-
obotanical evidence that Omphalophloios was a true
halophyte, some species may very well have been saline
tolerant to some degree, or at least were water-stress
tolerant.
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Table 3 Major-elements oxides (%, ash basis; normalized to 100%)

No. Thick (cm) Bench Si0, TiO, Al,O3 Fe, 03 MgO CaO Na,O K,0 P,0s SO; LOI
1143 Roof 56.79 1.66 25.59 11.69 0.90 0.66 0.18 2.27 0.15 0.10 64.80
1144 12.95 1 of 7 (top) 17.19 0.34 7.82 71.26 0.70 1.34 0.45 0.45 0.07 0.39 89.10
1145 4.06 2 of 7 35.67 0.98 17.77 42.02 0.58 1.57 0.13 0.29 0.59 0.41 94.10
1146 6.1 30of 7 23.80 0.30 12.60 60.24 0.58 1.38 0.29 0.42 0.11 0.29 92.20
1147 5.08 4 of 7 57.07 1.70 24.33 13.13 0.72 0.77 0.26 1.66 0.23 0.11 75.70
1148 8.89 5of7 59.27 1.11 22.03 11.61 1.35 0.66 0.00 3.44 0.25 0.30 23.50
1149 30.99 Parting 60.20 1.85 29.86 2.95 1.12 0.58 0.27 3.06 0.09 0.03 24.50
1150 18.03 6 of 7 47.27 0.92 31.31 15.54 0.90 1.62 0.24 1.39 0.50 0.30 92.90
1151 16 7 of 7 45.11 0.82 25.48 24.16 0.79 1.26 0.23 1.32 0.56 0.27 90.90
1152 Floor 57.31 1.31 30.97 4.30 1.15 0.56 0.39 3.89 0.09 0.03 17.00
1153 Floor 65.31 1.09 20.29 6.94 1.65 0.50 0.30 3.61 0.14 0.16 7.90
1154 12.95 Leader 26.40 0.52 12.16 57.10 0.66 1.53 0.23 0.72 0.23 0.47 90.90
1155 19.61 1 of 5 (top) 23.94 0.46 14.28 57.94 0.59 1.51 0.08 0.52 0.11 0.56 93.90
1156 159 20f5 58.80 1.78 28.19 7.01 0.98 0.48 0.14 2.38 0.19 0.06 70.10
1157 11 Parting 60.95 2.14 29.07 2.90 1.17 0.37 0.24 3.06 0.09 0.01 20.40
1158 16 Parting 59.73 1.76 30.63 2.82 1.11 0.37 0.20 3.27 0.07 0.02 12.90
1159 6.5 3of5

1160 19.99 4 of 5 43.12 0.95 31.17 20.60 0.68 1.38 0.13 1.15 0.54 0.29 94.20
1161 17.81 5of 5 31.30 0.58 22.19 42.46 0.61 1.24 0.16 0.64 0.44 0.39 92.20
1162 9.98 1 of 7 (top) 17.43 0.38 8.30 69.92 0.76 1.67 0.10 0.56 0.11 0.77 91.70
1163 4.5 2 of 7 32.00 0.79 15.64 47.54 0.73 1.63 0.10 0.73 0.09 0.73 94.10
1164 9.98 3of7 38.20 0.68 22.16 35.24 0.63 1.65 0.14 0.43 0.30 0.56 95.50
1165 13.79 4 of 7 35.59 1.13 15.69 45.09 0.54 0.34 0.09 1.35 0.08 0.11 65.10
1166 14.68 Parting 58.97 1.91 30.02 3.43 1.19 0.46 0.27 3.64 0.09 0.02 17.90
1167 10.49 Parting 59.74 1.83 29.96 3.06 1.20 0.39 0.23 3.49 0.08 0.01 12.60
1168 4.5 5of 7 56.70 1.39 33.53 324 1.15 0.46 0.18 3.26 0.09 0.01 50.30
1169 21.69 6 of 7 51.45 1.26 33.64 8.51 1.05 0.85 0.20 2.44 0.40 0.21 89.20
1170 19.81 7 of 7 37.19 0.74 26.73 30.27 0.68 1.56 0.12 1.05 0.87 0.79 93.50

Table 4 Concentrations of trace elements in samples 1143—1154, determined in at the CAER by the XRF (ppm; on whole coal basis, calculated
from ash basis based on ash yield)

Sample \'% Cr Mn Co Ni Zn Rb Sr Zr Mo Ba

1143 71 34 29 11 20 31 85 222 147 5 142
1144 7 bdl bdl 14 2 bdl bdl 19 bdl 3 14
1145 9 2 bdl 6 5 1 bdl 147 9 2 17
1146 13 2 bdl 10 9 12 bdl 21 1 3 12
1147 41 20 11 9 12 1 34 263 102 5 91
1148 103 26 277 26 57 73 193 187 239 11 371
1149 128 60 72 6 23 14 279 327 445 4 353
1150 21 8 6 5 19 33 7 226 22 4 31
1151 48 18 bdl 7 70 41 7 278 28 3 40
1152 139 39 bdl 8 40 72 385 481 448 10 432
1153 109 10 285 22 35 99 265 251 461 11 507
1154 26 11 9 12 46 40 bdl 42 2 2 25
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Table 5 Concentrations of trace elements in samples 1155-1170 (ppm; on whole-coal basis)

Sample Li Be Sc v Cr Co Ni Cu Zn Ga Ge As Se Rb Sr Zr
1155 4.67 3.23 140 9.04 137 241 8.73 8.45 36.1 4.85 8.07 328 452 BDL 365 442
1156 85.1 347 787 652 623 345 143 30.7 214  16.6 244 329 527 452 150 77.1
1160 163 2.80 279 201 254 742 244 7.88 1514 6.84 2.03 4.66 823 289 110 9.89
1161 114 5.39 6.12 558 440 109 55.5 16.58 60.0 1359 13.88 10.0 469 087 113 1213
1163 5.04 329 063 729 305 1.80 6.27 11.07 10.2 2.20 062 727 330 047 319 e6.16
1164 6.12 252 043 595 193 2.08 5.54 9.45 28.0 4.08 1.00 4.83 319 BDL 521 4.64
1165 604 222 6.81 527 781 118 45.0 339 16.0 126 247 103 16.6 266 522 539
1168 86.7 3.47 7.18 125 108 446  26.5 46.6 272  21.8 1.06 1.78 145 95.7 925 122
1169 313 283 456 371 36.8 532 16.0 15.0 20.7 9.29 1.94 251 847 153 156  21.6
1170 113 5.64 436 329 312 792 264 16.9 485 1057 105 9.87 647 208 207 8.15
1162 382 3.15 231 836 193 1.62 6.03 8.19 15.8 7.02 142 253 596 033 430 3.77
1157 264  3.08 935 187 129 102 39.9 39.6 359 36.1 1.46  5.70 745 79.6 951 272
1158 213 285 9.48 148 119 921 353 28.1 539 346 1.54 245 540 953 830 255
1159 138 263 172 145 107 557 30.6 38.0 335 223 134 178 165 89.6 86.0 129
1166 215 292 181 157 129 117 434 36.1 39.6 404 1.49 542 892 140 144 239
1167 183 265 168 142 121 8.40 31.0 25.7 46.6 373 1.52  1.85 517 152 124 259
1168 86.7 3.47 7.18 934 62.6 348 164 1.49 283  21.8 1.06 1.78 1453 187 258 244
1169 313 283 456 295 149 4.00 9.41 3.46 15.7 9.29 1.94 251 847 251 265 394
1170 11.3  5.64 436 282 109 698 19.6 3.75 51.7 10.6 10.54  9.87 6.47 245 271 151
Sample Nb Mo Cd In Sn Sb Cs Ba Hf Ta w Tl Pb Bi Th U
1155 BDL 189 025 BDL 026 0.23 0.11 224 BDL 0.10 413 0.56 198 BDL BDL 1.06
1156 950 135 017 0.04 165 0.30 426 150 2.28 129  3.67 022 11.6 016 4.13 1.89
1160 053 240 044 BDL 017 0.29 029 415 0.13 144 192 0.04 6.51 BDL BDL 035
1161 005 232 013 BDL 0.07 275 022 336 0.09 BDL 0.74 046 270 BDL BDL 059
1163 0.07 1.68 0.05 BDL 008 0.14 0.19 225 052 009 097 BDL 3.04 BDL BDL 0.18
1164 BDL 133 0.19 BDL 0.10 BDL 0.06 159 0.10 0.02 1.08 BDL 275 BDL BDL 0.09
1165 685 590 023 0.03 1.90 1.67 253 853 1.66  0.85 123 1188 126  0.07 277 1.39
1168 131 042 022 009 386 0.11 6.99 217 3.66 146 136 0.59 388 028 6.65 255
1169 218 099 011 0.01 034 038 122 68.1 052 029 052 025 9.18 BDL BDL 0.75
1170 0.18 1.94 021 BDL 0.02 226 030 438 006 0.04 047 0.18 773 BDL BDL 0.54
1162 BDL 347 008 BDL 0.02 042 0.12 287 BDL BDL 0.71 0.50 433 BDL BDL 0.83
1157 357 338 046 0.14 631 096 9.81 179 877 439 422 092 302 0.77 861  3.05
1158 329 120 043 012 541 069 105 241 825 385 357 082 216 046  8.11 2.59
1159 16.1 092 025 0.10 381 0.62 6.12 224 412 196 193 0.67 367 035 823 245
1166 314 277 039 015 642 097 117 357 750 356  3.63 1.25 362 066 122  2.89
1167 33.8 1.04 043 0.13 591 057 12.6 380 8.31 371 361 0.83 216 044 115 288
1168 131 596 022 0.09 386 0.11 6.99 177 366 146 136 059 388 028 6.65 255
1169 218 476 011 0.01 034 0.38 122 4923 052 029 052 0.25 9.18 BDL BDL 0.75
1170 0.18 265 021 BDL 0.02 226 030 2997 0.06 004 047 0.18 773 BDL BDL 0.54

Tree fern spores are both diverse and abundant in the
Princess No. 3 coal. Tree ferns have their origins in the
Early Pennsylvanian, rapidly expand in abundance in the
late Middle Pennsylvanian (Desmoinesian, Asturian), and
are a dominant element of mire floras in the Late Penn-
sylvanian (Stephanian). Tree ferns, and probably ferns in
general, exhibited considerable ecological amplitude and

adaptability. They had the least specialized method of
reproduction of all the major coal-forming plant groups,
exhibited a totally herbaceous growth habit, and possessed
a massive root mantle for aeration and support. These
features adapted them to a wide variety of swamp and
swamp-like environments (Phillips and Peppers 1984).
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Fig. 7 Concentration coefficients (CC, the ratio of trace-element concentrations in investigated samples vs. average concentrations in world

coals) for HW-2 and HW-3 series samples

Sphenopsid spores are a subdominant element of the
Princess No. 3 coal palynoflora. Sphenopsid spores in the
Pennsylvanian include Calamospora, large species of
Laevigatosporites and, to a lesser extent, Vestispora, and
Reticulatisporites. Sphenopsids are subdivided into two
major evolutionary groups: arborescent calamites and the
shrubby or vine-like Sphenophyllum (DiMichele et al.
1986). Both groups occurred in paleomires and were
locally abundant in clastic substrate areas. Sphenophyllum
was widespread throughout most of the Pennsylvanian,
though a minor contributor to biomass because of its small
size of (DiMichele et al. 1986). Calamites were also
common constituents in Pennsylvanian swamps but, like
Sphenophyllum, were also minor peat-biomass contributors
(DiMichele et al. 1986). Although their abundance is
generally associated with inorganic partings and high ash
coal, exceptions exist. This type of general distribution
supports the interpretation that calamites may have been
centered outside of mires, with some forms persisting in
both mire and clastic substrate environments (DiMichele
et al. 1985).
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Cordaite pollen in the Princess No. 3 coal occurs pri-
marily as Florinites, with F. florini being the most common
species. In general, Florinites is more common in the
parting and coal benches that occur above the parting.
Cordaites were a diverse group of plants with a broad
ecological spectrum during the Pennsylvanian, ranging
from dry, upland areas to waterlogged areas including
mires (Raymond 1988). Coal ball studies recognize two
principle stem genera, Mesoxylon and Pennsylvanioxylon
(Cordaixylon). Mesoxylon was prominent in Early though
mid-Middle Pennsylvanian  (Langsettian—Bolsovian)
mires (Phillips and Peppers 1984; Costanza 1985), and is
inferred to have occupied areas of mires that were well-
drained and periodically exposed. This interpretation is
largely based on Mesoxylon roots lacking aerenchymatous
tissues, and the poorly-preserved nature of Mesoxylon peats
in coal balls. Mesoxylon produced Sullisaccites pollen,
which is seldom reported in Pennsylvanian palynological
literature. This is probably the result of misidentification
with morphologically similar palynotaxa (e.g., Florinites,
Wilsonites and Potonieisporites).
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1985)

Table 6 Concentrations of rare earth elements and Y in the samples (ppm, on whole-coal basis)

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

1155 1.92 4.67 0.60 288 083 020 099 0.17 1.20 790 023 071 0.08 058  0.06
1156 22.85 47.36 4.50 1635 3.1 0.68 358 049 297 15.04  0.52 1.64  0.20 .52 0.19
1157 46.91 108.75 10.04 3751 6.67 1.37 745 090 488 2437 089 280 037 273 038
1158 40.06 94.29 897 3430 653 133 692 08 470 2379 089 272 036 270 038
1159 48.31 118.87 12.00 4844 996 205 9.78 1.08  5.01 2229 082 234 031 226 030
1160 11.93 22.89 222 8.46 1.72 038 198  0.27 1.68 829 029 088 0.09 0.73 0.08
1161 10.48 20.66 1.95 7.15 136 0.28 1.57  0.20 1.26 6.74 022 072 008 066 0.08
1162 1.29 3.53 0.47 2.15  0.61 0.14 0.66 0.10 0.68 420 0.13 038 004 037 005
1163 1.78 4.86 0.66 318 088 020 096 0.14 0.86 564 015 045 005 037 0.04
1164 6.94 15.43 1.75 7.18 1.38  0.26 1.39  0.18 1.05 6.08 0.18 052 005 041 0.04
1165 12.65 28.63 3.06 1193 249 053 279 039 237 12.02 042 1.33  0.16 122 0.15
1166 63.72 138.87 1271 47.32 851 1.77  9.37 1.13  6.08  30.87 1.10 352 047 352 048
1167 54.05 115.12 10.96  41.00 748 1.59  8.19 1.06 591 30.54 1.09 346 048 349 047
1168 35.85 75.98 8.15 3231 6.23 1.27  6.06 065 3.08 13.90  0.52 1.55  0.19 148  0.18
1169 17.30 35.76 3.50 1353 249 050 273 033 1.90 9.62 033 099 0.11 0.84  0.10
1170 18.17 36.85 3.61 1330 215 043 259 0.29 1.65 885 029 091 0.11 0.85 0.10
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Table 7 continued
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Pennsylvanioxylon was originally described as a
small mangrove-like tree, with some species being salt-
water tolerant (Raymond 1988). Others apparently
developed in fresh water conditions. Unlike Mesoxylon,
Pennsylvanioxylon roots were aerenchymatous, thus
suggesting growth in water saturated, or even flooded,
areas. As with Mesoxylon, Pennsylvanioxylon peats tend
to be highly degraded and fusinized in coal balls.
Pennsylvanioxylon produced Florinites pollen, which
tends to be erratic in distribution. Samples with abun-
dant Florinites are commonly high in ash, liptinite and
inertinite, all of which are suggestive of peat accumu-
lation under marginal conditions of preservation
(DiMichele and Phillips 1994).

4 Summary

The high volatile C bituminous Princess No. 3 coal, cor-
relative with the Hazard No. 7 and the lower splits of the
Peach Orchard and Coalburg coals, was studied as litho-
type intervals from three sites at a mine site in the Argillite
7.5 quadrangle, Greenup County, Kentucky.

In general, the coal exhibits a “dulling upwards” trend,
with decreasing vitrinite and a greater tendency towards
dull clarain and bone lithotypes towards the top of the coal.
The basal lithotype is marked not only by relatively high
concentrations of vitrinite, but also by a dominance of
lycopod tree spores. The lower portion of the middle
parting is co-dominated by tree fern and small lycopod
spores. Tree ferns dominate the upper bench of the coal,
with contributions from small ferns, cordaites, and
calamites.

The lithotypes have a wide range of ash yield con-
tents and are generally have a moderate- to high-S
content. Sulfur, Fe,O3, and certain siderophile elements
are highest near the top of the coal. Uranium and Ge
are enriched at the top and bottom margins of the coal.
The rare earth chemistry at the top of the coal has a
significantly lighter distribution (higher LREE/HREE)
than at the base of the coal. While REE in coal
attracted attention in the 2010s, as with most, if not all,
coal resources, the exploitation of the coal for its REE
content is likely to be driven by the need for the coal,
with the REE being a valuable by-product of the coal
processing and combustion. At present, coal production
in eastern Kentucky is significantly less than what it
was 30 years ago, decreasing from 131 Mt in 1990 to
about 17 Mt in 2018 (Kentucky Energy and Environ-
ment Cabinet 2017, 2019) with much of the current
production centered in central eastern Kentucky,
therefore, exploitation of the coal studied here is not
likely to be a near-term prospect.
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Fig. 9 Graphical representation of the palynology of the 1155 (top of
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