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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, Fe2O3, 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

The Bolsovian age (Westphalian C, Middle Pennsylvanian)

Princess No. 3 coalbed in the Argillite 7.50 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

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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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

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-lm alumina

polish. Optical microscopy was conducted on a Leitz

Orthoplan microscope with polarized reflected-light, oil-

immersion optics at a final magnification of 500 9. 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 D4239-18e1 (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:

Fig. 1 Stratigraphic section after Sheppard and Ferm (1962). The

interval thickness is approximately 55 m

M. M. Hood et al.
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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 QuantaTM 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- 9 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.

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

Geochemistry, petrology, and palynology of the Princess No. 3 coal, Greenup County, Kentucky
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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.

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 Fe2O3 (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)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 Rmax = 0.58% and

a Rrandom = 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 TiO2-Zr enrichment in the basal

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

1 Not all samples analyzed by the CAER were available for analysis

at the CUMTB.
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