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Petrographic, geochemical, and electron microbeam investigations of selected anthracites and anthracite-rank
coaly shales were conducted. The Pennsylvania, Rhode Island, and KwaZu-Natal anthracites show an enrichment
in the middle to heavy rare earths (REE) while the Virginia semi-anthracite exhibited a decreasing trend through
the light REE, a peak in Gd, and a depletion in the heavy REE. Substitution of As, Hg, and Se in pyrite was most
apparent in the Virginia coal. The Pennsylvania, Rhode Island, and KwaZu-Natal anthracites contained spherical

carbon nanotube (CNT) structures. The CNTs contained several elements, including Hg, Cd, F, Cl, and Br. While
CNTs are known to be produced from coals of varying ranks, this seems to be the first report of naturally

occurring CNTs.

1. Introduction

Coal currently accounts for nearly half of global electricity, most
prominently incountries such as China and India, with declining usage
in the US and much of the EU, among others [1]. However, compared to
other uses, such as for coke manufacturing, the economic value of coal
for energy generation is very low. Given this scenario, we need to seek a
better understanding of how economically important constituents, such
as critical elements [2-8], raw materials for activated carbon, many
common and industrial chemicals [2], and nanometer phases [9-11],
can be recovered or produced from coal. C-nanotubes and other C-na-
nophases are a class of carbon allotropes with various characteristics
and unique properties (superconductivity, ferromagnetism, sorption,
among others), which makes them of particular interest in different
fields of application, such as medicine [12], materials sciences [13],
energy [14], and personal care products [15]. Up to now, C-nanotubes
have not been detected in coals. The natural and incidental combustion
of hydrocarbons can generate C-nanophases, producing an environ-
mental exposure [16]. However, as a result of their incorporation into
industrial and consumer products, human and environmental exposure

* Corresponding author. Tel.: 1 859 257 0261.

should increase in the coming years.

The present study aims to identify trace phases such as carbon na-
notubes, but also to provide a basis for further studies of carbon na-
notubes, graphenes, and other new products from anthracites. To date,
the natural occurrence of carbon nanotubes in anthracite samples has
not been reported. The aim of this study is to discuss certain features of
the geochemistry, petrology and, in particular, the nanometer-scale
structure of the coals. In turn, this could establish the basis for further
studies of anthracites.

2. Materials and methods
2.1. Sampling and coal areas

Four semi-anthracite, anthracite-, and meta-anthracite-rank sam-
ples, as well as a non-coal sample, were collected from Rhode Island,
Virginia, Pennsylvania in the USA, KwaZu-Natal in South Africa, and
Saxony in Germany (non-coal sample), which were numbered in this
paper as 69759, 69761, 69762, 69763, and 69760, respectively. The
Rhode Island, Virginia, and German samples were from a collection of
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coals and rocks originally at Vanderbilt University and now archived at
the University of Kentucky Center for Applied Energy Research (CAER).
The samples came from mines that were active in the late-19th and
early-20th centuries. The Pennsylvania sample was collected by Hower
at an active mine in Schuylkill County. The South Africa sample was
collected by Nicola Wagner (University of Johannesburg) at an active
mine. The samples included in this study represent different coal ranks
within the broad semi-anthracite/anthracite range and to represent
(potentially) different types of metamorphism, including contact me-
tamorphism by an igneous intrusion (KwaZu-Natal).

Previous studies of these coalfields provided the geologic and coal
quality framework for this investigation. Lewis and Hower [17] and
Hower et al. [18] studied the metamorphism and petrology of the
Mississippian Valley Fields Virginia. Quinn and Glass [19] and Skehan
et al. [20] investigated the Pennsylvanian-age Narragansett Basin coals,
including examples near the Rhode Island coal in this study. The pet-
rology and mineralogy of Pennsylvanian-age anthracites in the Penn-
sylvania Anthracite Fields have been studied by Levine [21,22], Levine
and Davis [23]), Juster et al. [24], Daniels and Altaner [25], Daniels
et al. [26-28], and Hower et al. [29,30]. These three Appalachian
coalfields were also discussed by Hower et al. [31] and Ruppert et al.
[32,33]. Hower et al. [29] previously discussed the Permian-age
KwaZu-Natal coal.

The Pennsylvanian-age Frankenstein (Saxony, Germany) deposit is
less well known than the coals noted above. This is not to be confused
with an Upper Silesia, Poland, Ni-rich location of the same name de-
scribed by Beyschlag et al. [34,p. 453]. As noted above, the Vanderbilt
University coal collection, donated to the University of Kentucky CAER
in 2006, generally was from mines active in the late-19th/early-20th
centuries. This provides a window into deposits not currently being
mined, with the caveat that the locations were not necessarily well
defined and were not always what would be conventionally considered
to be a coal.

2.2. Petrology

Petrographic examination of crushed (840-um top size) samples was
made on Leitz Orthoplan microscopes at the CAER. The coal particles
were mounted in epoxy in 2.54-cm-diameter molds and prepared to a
final 0.05- pm alumina-slurry polish [35]. Maceral identification fol-
lowed ICCP [36,37] nomenclature for vitrinite and inertinite; at this
rank, liptinite is rarely recognized. Natural coke was counted when it
was encountered. Vitrinite reflectance determination [38] of 50 parti-
cles per sample utilized a 50 X, oil-immersion, reflected-light objective
with the incident light was polarized at 45° and the reflected light
passing across a 546-nm grating monochrometer on the path to the
photomultiplier which, in turn, was calibrated using a series of glass
standards of known reflectance (based on an extrapolation from D.J.
Cole’s circa 1980 glass standards; the highest standard is 1.67%R).

2.3. Chemistry

Proximate analyses (moisture, volatile matter, ash yield, and fixed
carbon; all in %) followed ASTM International test method D7582-12,
using a Leco thermogravimetric analyzer [39]. Total carbon and sulfur
analyses (both as %) followed ASTM International test method D4239-
12, using a Leco carbon/sulfur analyzer [40].

Concentrations of major oxides (% of ash) and minor elements (ppm
of ash) in the coal were determined by quadrupole-based inductively
coupled plasma mass spectrometry (Thermo Fisher, X series II ICP-MS)
following digestion in a closed-vessel microwave-digestion system
(Milestone UltraClave), following the procedures for coal digestion and
subsequent ICP-MS analysis [41]. In order to reduce the spectral in-
terferences of the Ar-based polyatomic ions “°Ar®°Cl and “°Ar*®Ar to
7®As and ”®Se, respectively, the concentrations of As and Se in samples
were determined by ICP-MS using collision/reaction cell technology,
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following the procedures outlined by Li et al. [42]. Boron concentra-
tions were also determined by ICP-MS after digestion of the solid
sample (50 mg) using a mixture of H3PO4, HNO3, and HF; a 2% am-
monia solution was injected into the spray chamber of the ICP-MS fa-
cility to eliminate the memory effect of boron, as described by Dai et al.
[43].

2.4. Mineralogy

To determine mineralogy, a representative portion of sample 69760
was ground to < 60 mesh, analyzed by X-ray powder diffraction using a
Phillips PW1830 diffractometer with Cu KA radiation, with mineral
identification by reference to the International Center for Diffraction
Data (ICDD) Powder Diffraction File [44].

2.5. Microbeam studies

Morphology, structure, and composition of the coal samples were
investigated using a Zeiss Model ULTRA plus field-emission scanning
electron microscope (FE-SEM), with charge compensation for all ap-
plications on conductive as well as non-conductive samples, and a 200-
keV JEOL-2010F high-resolution transmission electron microscope
(HR-TEM), equipped with an Oxford energy dispersive X-ray detector
and a scanning transmission electron microscope (STEM). The FE-SEM
was equipped with an energy-dispersive X-ray spectrometer (EDS) and
the mineral identifications were based on the morphology and grain
composition using secondary electron and back-scattered electron
modes and the EDS spectra. EDS spectra recorded in TEM image mode
were quantified using ES Vision software that uses the thin foil method
to convert X-ray counts of each element into atomic or weight per-
centages. Electron diffraction patterns of the crystalline phases were
recorded in selected area electron diffraction (SAED) or microbeam
diffraction (MBD) mode and the d spacings were compared to the ICDD
[44] inorganic compound powder diffraction file (PDF) database to
identify the crystalline phases.

Sample preparation for electron beam studies involved the use of
ultrapure acetone and/or hexane to disperse the representative portion
of each coal sample, a commonly used technique for HR-TEM sample
preparation [45,46]. The suspension was pipetted on to lacy carbon
films supported by Au grids and left to evaporate before inserting the
sample into the SEM and TEM. This method may have led to agglom-
eration, but is a widely used standard procedure for most minerals,
including metal sulphates. Before FE-SEM and STEM analysis, the TEM
specimen holder was cleaned with an Advanced Plasma System (Gatan
Model 950) to minimize contamination. A drift correction system was
used for the STEM-EDS mapping.

3. Results and discussion
3.1. Coal petrology

Table 1 presents the coal petrology data for the samples, including
the maceral content and vitrinite reflectance. The petrology of some of
the coals and coalfields has been discussed elsewhere, either specifi-
cally [Valley Fields: 17-18; KwaZu-Natal: 29] or as part of broader
studies (Narragansett Basin: 19-20, 31; Pennsylvania Anthracite Fields:
31, 47-48]. The Rhode Island, Germany, and Pennsylvania samples
(69759, 69760, and 69762, respectively) are dominated by vitrinite
macerals on the mineral-free basis. The Virginia “Sand coal” lithotype
(sample 69761) studied by Hower et al. [18], is dominated by in-
ertinite, with secretinite comprising 51% of the mineral-free maceral
assemblage. Sample 69763, the KwaZu-Natal anthracite with included
natural coke, shows the typical inertinite-rich petrology seen in other
Permian Gondwana coals [29].

With only a single sample and no detailed notes on the location, the
Frankenstein sample (MA no. 69760) does not have the geological
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Table 1

Petrology of the anthracites. The MA number, assigned by the Center for Applied Energy Research (CAER) analytical laboratory, is available for each sample. The
Vanderbilt and KCER numbers, listed for cross-referencing purposes, refer to samples in the collections housed at the CAER. Key: Ryax — Vitrinite maximum
reflectance; Ryandom — Vitrinite random reflectance, determined as the average of orthogonal reflectance readings (oil immersion, incoming light polarized at 45°) on
same areas analyzed for Ry, and st. dev. — standard deviation of the Ryax O Ryandom measurements. “t” — trace. The second column for each samples represent the
mineral-free maceral content as normalized against the sum of the minerals from the first column.Table 2. Geochemistry. As-received moisture (%); dry ash, C, H, N, S
and O (O by difference) (%); Whole-sample F (ppm); Ash-basis major oxides (%, Na,O through Fe,03); Whole sample minor and trace elements (ppm) (Li through Nb;
Mo through U; Sc, Y, La through Lu); ash-basis minor and trace elements (ppm) (Li through Nb; Mo through U; Sc, Y, La through Lu); REE- La through Lu; REY —
REE + Y.

Seam Frankenstein Merrimac Mammoth

State/Region Rhode Island Sachsen Virginia Pennsylvania KwaZu-Natal

Country USA Germany USA USA South Africa

MA no. 69759 69760 69761 69762 69763

Vanderbilt no. 4059 4082 5047

KCER no. 8658 8659

telinite 29.2 30.3 0.0 0.0 7.6 8.4 15.0 15.4 2.6 2.7
collotelinite 51.8 53.7 4.0 100.0 26.0 28.9 66.8 68.7 43.2 44.6
vitrodetrinite 0.8 0.8 0.0 0.0 0.4 0.4 2.2 2.3 0.2 0.2
collodetrinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
corpogelinite 0.8 0.8 0.0 0.0 0.0 0.0 0.2 0.2 0.2 0.2
gelinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
fusinite 11.2 11.6 0.0 0.0 10.0 11.1 12.2 12.6 47.2 48.8
semifusinite 1.6 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
micrinite 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2
macrinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
secretinite 0.6 0.6 0.0 0.0 46.0 51.1 0.4 0.4 0.8 0.8
funginite 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
inertodetrinite 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.0 0.0
sporinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
cutinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
resinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
alginite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
liptodetrinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
suberinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
exsudatinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
silicate 3.6 0.0 7.2 2.6 2.8

sulfide t 0.0 0.4 0.0 0.4

carbonate 0.0 0.0 2.0 0.2 0.0

quartz 0.0 53.0 0.4 0.0 0.0

metal oxide 43.0

natural coke 2.4 2.5
Rmax 4.35 291 2.44 4.72 3.35

st. dev. 0.22 0.24 0.16 0.14 0.17

Rrandom 3.74 2.63 2.23 4.33 291

st. dev. 0.23 0.24 0.18 0.19 0.22

25 pm

collotelinite
. - .
cutinite (?) fusinite
£l e

collotelinite
e El

Fig. 1. Frankenstein (Saxony, Germany) “coal”. A/Collotelinite with possible cutinite. B/Collotelinite with fusinite. C/Fe- (and other) oxides in silicate matrix. All
images taken with reflected-light, crossed polars with wavelength plate, oil-immersion 50x objective and crossed polars with wavelength plate. Scale bars on images.



Table 2
Geochemistry. As-received moisture (%); dry ash, C, H, N, S and O (O by difference) (%); Whole-sample F (ppm); Ash-basis major oxides (%, Na,O through Fe,03); Whole sample minor and trace elements (ppm) (Li
through Nb; Mo through U; Sc, Y, La through Lu); ash-basis minor and trace elements (ppm) (Li through Nb; Mo through U; Sc, Y, La through Lu); REE- La through Lu; REY - REE + Y.

MA no. Vandy no. KCER no. Mois Ash C H N S (0] F
Rhode Island 69759 4059 3.01 7.50 83.39 2.95 0.97 0.58 4.61 24
Frankenstein 69760 4082 0.11 96.03 2.15 0.45 < 0.01 0.01 1.36 57
Virginia 69761 5047 1.79 20.67 67.43 3.03 0.62 3.32 4.93 66
Pennsylvania 69762 8658 3.87 7.66 83.19 2.94 0.91 0.54 4.76 109
South Africa 69763 8659 2.09 9.70 79.34 2.95 1.77 0.88 5.36 64
ash basis MA no. Na,O MgO Al,03 SiO, P,0s5 SO3 K,0 CaO TiO, MnO Fe,03
Rhode Island 69759 0.06 0.33 41.60 52.53 0.10 0.27 0.68 0.81 0.85 0.00 2.44
Frankenstein 69760 0.00 0.08 0.61 49.10 0.15 0.19 0.01 2.49 0.02 0.11 47.46
Virginia 69761 0.18 3.90 18.72 35.95 0.25 4.16 0.86 7.45 0.58 0.09 18.82
Pennsylvania 69762 0.36 0.45 37.86 52.22 1.70 0.41 1.14 2.39 2.60 0.00 2.49
South Africa 69763 0.64 0.76 31.65 48.97 0.41 0.59 2.76 2.12 1.46 0.84 9.01
Whole sample MA no. Li Be \Y% Cr Co Ni Cu Zn Ga As Se Ge Rb Sr Zr Nb
Rhode Island 69759 36.7 0.4 20.2 14.1 5.2 18.9 12.5 12.1 5.8 1.3 1.0 0.5 2.4 14.0 14.6 1.6
Frankenstein 69760 17.1 0.7 51.6 102.6 12.9 98.8 8.1 9.9 2.7 17.2 0.5 3.1 0.3 14.0 3.5 0.5
Virginia 69761 22.6 0.7 42.7 21.2 7.5 15.9 11.5 96.5 5.1 39.5 1.4 0.6 9.6 63.0 22.3 2.1
Pennsylvania 69762 16.8 1.6 20.7 19.5 6.7 13.7 17.1 8.3 6.2 3.1 1.9 0.9 4.1 98.4 31.1 3.4
South Africa 69763 9.5 3.7 18.5 22.7 5.8 10.3 17.4 10.0 6.2 4.1 0.9 4.4 7.7 82.5 45.8 3.1
Whole sample MA no. Mo Ag Cd In Sb Cs Ba Hf Ta w Tl Pb Bi Th U
Rhode Island 69759 1.7 0.10 0.09 4.17 0.35 0.13 97.7 0.39 1.44 0.6 0.06 321 0.12 1.5 0.45
Frankenstein 69760 96.1 0.07 0.52 0.02 213 0.28 12.1 0.06 0.03 6.8 0.03 8.3 0.55 0.0 0.81
Virginia 69761 0.5 0.32 0.18 0.18 0.45 1.37 40.3 0.58 0.15 0.8 0.38 55.1 0.06 1.6 0.64
Pennsylvania 69762 2.1 0.28 0.15 3.56 0.40 0.36 149.9 0.80 0.27 1.2 0.05 8.0 0.18 2.1 0.69
South Africa 69763 0.5 0.32 0.16 0.04 0.15 0.79 59.0 1.12 0.27 1.1 0.67 11.8 0.39 3.0 0.97
Whole sample MA no. Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rhode Island 69759 1.5 3.3 3.6 9.4 1.1 4.0 0.8 0.17 0.8 0.12 0.7 0.12 0.33 0.05 0.29 0.04
Frankenstein 69760 BDL 5.1 2.5 3.6 0.5 2.2 0.6 0.17 0.7 0.11 0.6 0.12 0.33 0.05 0.28 0.04
Virginia 69761 2.2 7.2 17.4 34.1 3.3 11.2 1.9 0.35 2.1 0.25 1.2 0.24 0.65 0.09 0.59 0.09
Pennsylvania 69762 2.8 7.4 7.0 15.9 1.7 6.3 1.2 0.27 1.4 0.20 1.2 0.24 0.71 0.11 0.70 0.11
South Africa 69763 1.1 9.4 8.6 17.9 2.0 7.3 1.5 0.27 1.6 0.24 1.4 0.29 0.83 0.12 0.80 0.12
Ash basis MA no. Li Be v Cr Co Ni Cu Zn Ga As Se Ge Rb Sr Zr Nb
Rhode Island 69759 489 5 269 188 69 252 167 162 78 17 14 6 32 187 195 21
Frankenstein 69760 18 0.7 54 107 13 103 8 10 3 18 0.5 3 0.3 15 4 0.5
Virginia 69761 109 3 207 103 36 77 55 467 24 191 7 3 46 305 108 10
Pennsylvania 69762 220 21 270 254 88 179 223 108 82 40 25 11 54 1285 406 45
South Africa 69763 105 42 205 252 64 115 194 111 69 46 10 49 85 917 509 35
Ash basis MA no. Mo Ag Ccd In Sb Cs Ba Hf Ta w Tl Pb Bi Th U
Rhode Island 69759 23 1.4 1.1 56 5 2 1303 5 19 8 0.8 428 1.6 19 6
Frankenstein 69760 100 0.1 0.5 0.0 2 0.3 13 0.1 0.0 7 0.0 9 0.6 0.0 0.8
Virginia 69761 2 2 0.9 0.9 2 7 195 3 0.7 4 2 267 0.3 8 3
Pennsylvania 69762 27 4 2 46 5 5 1957 10 3 15 1 105 2.3 28 9
South Africa 69763 5 4 2 0.4 2 9 656 12 3 12 7 131 4.4 33 11
Ash basis MA no. Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu REE REY
Rhode Island 69759 20 44 48 125 14 53 11 2 11 2 9 2 4 0.6 4 0.6 286 330
Frankenstein 69760 BDL 5 3 4 0.6 2 0.6 0.2 0.7 0.1 0.6 0.1 0.3 0.0 0.3 0.0 12 18
Virginia 69761 11 35 84 165 16 54 9 2 10 1 6 1 3 0.4 3 0.4 356 390
Pennsylvania 69762 37 96 92 208 22 82 16 4 18 3 15 3 9 1.4 9 1.4 483 579
South Africa 69763 12 105 96 199 22 81 16 3 18 3 15 3 9 1.4 9 1.3 476 581
UCC correction MA no. Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rhode Island 69759 1.61 1.95 2.00 2.04 2.46 2.54 2.78 2.53 2.56 2.07 1.91 1.88 1.78 1.77
Frankenstein 69760 0.09 0.06 0.08 0.09 0.13 0.20 0.18 0.18 0.18 0.16 0.15 0.14 0.13 0.13

(continued on next page)
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1.29
4.48
4.18

1.30
4.14
4.04

1.34
4.27
4.19

1.37
4.04
4.02

1.44
3.98
4.00

1.73
4.30
4.36

1.90
4.08
4.15

2.69
4.67
4.71

2.00 1.95
3.52 4.07
3.61 3.37

2.08
3.16
3.13

2.26
3.07
3.06

2.58
3.25
3.10

2.81
3.06
3.19

69761
69762
69763

Pennsylvania
South Africa

Virginia

Table 2 (continued)

GdN/LuN La/Lu type La/Sm type

LaN/SmN

0.66
0.67
1.40
0.87
0.88

LaN/LuN
0.91
0.64
2.19
0.68
0.76

GdN/GdN*
1.11
1.13
1.39
1.20
1.19

CeN/CeN*
1.08
0.72
1.02
1.06
0.99

MA no. EuN/EuN*

UCC correction
Rhode Island

1.57
1.36
2.10

0.99
1.39
0.87
1.04
0.85

69759
69760
69761
69762
69763

Frankenstein
Virginia

1.04
1.12

Pennsylvania
South Africa
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context of the other samples examined here. Indeed, the Frankenstein
sample, dominated by minerals, is not a coal according to conventional
definition. Nevertheless, since it was described as a coal by the original
collector, it is retained in this study. The Frankenstein “coal”, not
previously described, consists of collotelinite (Fig. 1A) with traces of
inertinite (Fig. 1B) in a quartz/clay/metal oxide matrix (Fig. 1C).

3.2. Geochemistry

As noted, the Frankenstein “coal”, with 96% ash, is not really a coal
(Table 2). Despite the high content of Fe (47.46% Fe,03), the sample is
not enriched in other metals; note that it contains only 0.02% TiO,,
107 ppm Cr, and 103 ppm Ni (all on ash basis). Overall, only Mo, with
100 ppm on the ash basis, stands out as having a relatively high con-
centration.

Among the other coals, the high Sr and Ba in the Pennsylvania
anthracite (MA no. 69762) corresponds with the 1.7% P,05 content, the
highest among the studied coals, and likely also the REY of 579 ppm
(ash basis). Both Hower and Dai [48] and Hower et al. [47] examined
the REE content of Pennsylvania anthracites; in those cases, with a few
exceptions, the REY was in the 600-700-ppm range for the coal (both
studies) and the 700-800-ppm range for stoker combustion ash [47].
Hower and Dai [48] also summarized the USGS data [49], concluding
that, while there was a much wider range of REY values (up to
1722 ppm for a Northern Anthracite Field sample), the Schuylkill
County (the source county for our Pennsylvania sample) coal average
was similar to the Hower and Dai [48] analyses. The REE spider plot for
samples from Rhode Island, Virginia, Pennsylvania, and South Africa
(the German sample was not plotted because of its very low REE con-
centrations) shows at least two distinct patterns (Fig. 2; Table 2). The
patterns for the Pennsylvania and KwaZu-Natal anthracites, 69762 and
69763, respectively, are similar to each other while the Rhode Island
anthracite (69759) follows a similar path with lower concentrations,
through Dy. In general, these patterns were characterized by middle-
heavy REY enrichment types [50], resemble the trends found by Hower
and Dai [48]. The Virginia semi-anthracite, characterized by a light
REY enrichment type (after Seredin and Dai [50]), shows a decrease in
concentration with increasing atomic weight though the light REE, a
peak in Gd, and a depletion in the heavy REE. Sample 69761 has po-
sitive Lay/Luy and Lan/Smy values [after 51,52] in contrast to the
negative values for the other three anthracites. Most of the Pennsyl-
vania anthracites in the USGS database [after 48] and the collection of
sized anthracites studied by those same authors have negative Lay/Luy
values. Their Trevorton site, a semi-anthracite, is the exception, having

5
g A
5 /1 \‘\\ PN Py
g 41 ‘ S ¥ AT
2 69763 (RSA)  / /
= VaNi
Q L~ /
2 3 ] e e
& 3169762 (PA)
g 69761 .
g 27(VA)
O .
S [69759 (RD S

1 T — T T — — T —

La Ce Pr Nd Sm Eu Gd To Dy Ho Er Tm Yb Lu
Element

Fig. 2. Rare earth “spider plot” for Upper Continental Crust (UCC)-corrected
rare earth concentrations for four of the samples. Sample 69760 (Germany) was
excluded from the plot because of the extreme low-REE (ppm) concentrations.
RAS - South Africa); PA - Pennsylvania; VA - Virginia; RI — Rhode Island.
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Fig. 3. X-ray diffraction scan of the German sample showing peaks identified as quartz (qz), hematite (hm), and calcite (ct).

the largest (most positive) Lay/Luy and Lay/Smy. The Virginia semi-
anthracite Lay/Smy value exceeds any of the sized anthracites studied
by Hower and Dai [48] and is surpassed by only one sample in the USGS
collection from Pennsylvania. Overall, while intriguing, the sample
base is too small to draw inferences about the influences responsible for
the REE anomalies. Further studies of fresh samples, although on a
limited basis, would be feasible with respect to the Pennsylvania an-
thracites.

The Pb content of the Rhode Island (MA no. 69759) and Virginia
(MA no. 69761) coals (and the As content of the latter coal) is notably
higher than in other coals. Both regions were subjected to hydrothermal
metamorphism [31], a possible factor in Pb and As enrichment. Ala-
bama and Central Appalachian coals with known hydrothermal influ-
ences have similar As and Pb enrichments [53-54]. While the coal
metamorphism in the Pennsylvania Anthracite Fields has been ascribed
to hydrothermal influences [24-29,31-33], the alteration described in
those studies seems to have been largely confined to the metamorphism
of clay minerals and not to sulfide and other mineralization.

3.3. Mineralogy and nano-scale geochemistry

The Frankenstein “coal” sample’s X-ray diffraction mineralogy in-
dicates that it has abundant quartz and hematite (Fig. 3) with trace
quantities of chalcopyrite, calcite, and kaolinite. TEM examination
shows that samples 69760 and 69761 (Fig. 4A) contain jarosite in as-
sociation with Fe-nanospheres. Generally, hematite mixed with mag-
netite and ferrhydrite with some amorphous phases occurs in the
samples. EDS analysis in the spherical areas indicates the presence of
hazardous elements; for example, the As signals in Fig. 4B from the
Virginia sample with noted As enrichment. Iron nanospheres from the

Frankenstein sample show the presence of As and Pb (Fig. 5).

Among all of the samples, both Fe-disulfides (i.e. marcasite and
pyrite) contain minor substituted metals. Metalloids with As, Co, Cu,
Cd, Ga, Hg, Ni, Pb, and Se were ubiquitous minor constituents of the
anthracites. EDS measurements coupled to HR- TEM/SAED and FE-SEM
results indicate that pyrite grains in MA no. 69761 (Virginia) are the
most As-, Hg-, and Se-) rich. However, the Virginia coal has low Co, Cu,
Cd, Ga, Ni, and Pb proportions (< 0.01%) in the pyrite. Previous au-
thors working with As substitution for S in pyrite [4,55] demonstrated
expanded lattice parameters and electrochemical differences between
As-rich and As-poor domains, both of which should de-stabilize ar-
senian pyrite relative to pure FeS,.

The Frankenstein and Virginia samples contain complex amorphous
Al-Fe-O-Si-agglomerates containing hazardous elements (V, Sb, and Ti)
(Fig. 6). Their formation was probably the result of chemical reactions
of the decomposition of the Fe-sulfides that become sulfates (like jar-
osite) and iron oxides (e.g. hematite and magnetite). The resulting
sulfuric acid attacked the aluminum-silicate minerals present in the
latter samples, generating the amorphous phases.

3.4. Carbon nanotube structures

Among the five samples, the Rhode Island, Pennsylvania anthra-
cites, and KwaZu-Natal natural coke/anthracite contained mostly
spherical carbon nanotube (CNT) structures (Fig. 7). Certainly, gra-
phitic structures are well documented in anthracite [56] and other
rocks at that metamorphic level [57]. Bratek et al. [58] expanded
Franklin’s [59-60]) studies of graphite and Ergun et al.’s [61] in-
vestigation of a graphite and a Rhode Island meta-anthracite. Bratek
et al. [58] noted the differences between the properties of low volatile

100 nm

0

Full Scale 1231 cts Cursor: 3.977 (27 cts)

2 4 6
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Fig. 4. A/ TEM image of jarosite and Fe-nanospheres (primarily hematite) in the German sample. Scale bars equal 50 (top) and 300 nm. B/ Inset of TEM image of
jarosite from the Virginia sample. Accompanying EDS scan shows the presence of As (La and Lf peaks at 1.282 and 1.317 keV, respectively).
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Fig. 5. Arsenic- and Pb-bearing Fe-nanosphere from the German sample. Scale bar equals 50 nm.

bituminous coal (1.60-1.81%R (maximum vs. random not specified by
authors); note, the reflectances refer to the samples in their study, not to
the reflectances for the entire rank range), semi-anthracite and an-
thracite (2.35-5.15%R), and meta-anthracite (5.41 and 5.69%R). The
002 peak (at 26.53° for pure graphite) for the coals becomes sharper
(< 3.5 A for the meta-anthracites vs. nearly 3.6 A for the low volatile
bituminous coals) and the L,, a measure of the crystallite diameter,
increases with an increase in rank. To date, though, no significant
natural occurrences of CNTs have been recorded in anthracite. Thus,
while this study is the first time such CNT has been reported in the
literature, it is expected to motivate future studies that utilize or take
advantage of naturally occurring CNTs from coal from different geo-
logical formations, in order to achieve greater economic value for the
coals.

The occurrence of CNTs in anthracite might have implications in
their thermal and other properties. Expanding upon the work of Herrin
and Deming [62] and Kosowska-Golachowska et al. [63], Weisenberger
et al. [64] demonstrated that thermal conductivity (W/m*K) and
thermal diffusivity (mm?/sec) was higher in coals of, at least, 5.30%
Rinax than in lower-rank anthracites (the highest R;.x of the lower

group was 5.13%) and semi-anthracites. The connection between the
CNTs and thermal properties calls for further exploration.

The CNT particles almost always contained associated inorganic
elements, including toxic elements such as Hg and Cd, or more benign
elements such as Si, Al, and K, among others. The multiple crystal-
linities varied from particle to particle and from coal sample to coal
sample, however many times the same particle presented different
crystal ordering, as shown in Fig. 7C. Aside from the ubiquitous oc-
currence of trace element associations with organic matter, including
Mo and Ni with Fe-rich particles with K > S > Ti > Ca = Ni, are
found to be associated with the CNTs (Fig. 8). Among the halogens, F,
Cl, and Br were the most easily detected in CNTs (Fig. 9). While F and Cl
were detected by EDS in the same areas, in most occurrences. the or-
ganic matter contained only one of these three halogens. Of the coal
samples studied, the Pennsylvania anthracite was the sample with the
most abundant halogen-bearing CNTs; this is further supported by the
abundance of F in the whole coal sample (109-ppm F vs. 66 ppm and
64 ppm for the Virginia and South Africa anthracites; Table 2). Flourine
was also detected in amorphous Al-Si-K-Na-K-Mg nanoparticles in the
Pennsylvania, Virginia, and South Africa anthracites (Fig. 10).

Fig. 6. Inset of TEM image of Al-Si-Fe agglomerate the Virginia sample. The EDS scan shows the presence of Ti (Ka and Kf peaks at 4.512 and 4.933 keV, re-

spectively) along with more tenuous peaks for V, Sb, and Se.
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Fig. 7. Carbon nanotubes (CNT) in (A) the Rhode Island sample (scale = 10 nm), (B) the Pennsylvania sample (scale = 5 nm), and (C) the South Africa sample
(scale = 10 nm). The ovals in (C) mark areas with different crystal ordering.

Crystalline and
Amorphous Phases

Fig. 8. Left: Crystalline and amorphous phases in carbon nanotubes (CNT) from the Pennsylvania sample. Right: EDS scan of CNT-rich area showing relative
elemental composition.

Fig. 9. Carbon nanotubes (CNT) in the Pennsylvania sample. A/ CNT with Br, Cl, and F. B/ Magnification of dotted-box area on (A) showing the details of the fine
structure of the CNT. In both cases the scale = 10 nm.
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Quantitative results
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Fig. 10. Fluorine-, C-, and (minor) Si-bearing particle in the Pennsylvania sample.

4. Summary

As noted in the introduction, this study is a survey of a few
Paleozoic-age anthracites; it is not a comprehensive overview of all
anthracites. However, it does provide a basis for the identification of
naturally occurring C-nanoparticles in anthracites and for studies of
their impact on the properties of the coals.

Among the chemical properties of the anthracites, the enrichment of
Pb and As in the Rhode Island and Virginia anthracites corresponds to
expectations with respect to metamorphism by hydrothermal fluids.
The Rhode Island anthracite is in a region with notable metamorphic
facies gradients, from low-grade metamorphic rocks in the north to
staurolite zone metamorphism in the south [19-20]. The Valley Fields,
Virginia, semi-anthracites were influenced by hydrothermal fluid flow
[17]. The Pennsylvania anthracite, while in a region subject to intense
thrust faulting and known fluid flow, does not have as high of a con-
centration of chalcophile elements as the Rhode Island and Virginia
coals. Instead, the metamorphism of the Pennsylvania anthracites is
reflected in the mineralogy of clays and other phyllosilicates in the coal,
cleat, and surrounding rocks [24-28,31].

Some of the variability in the concentration of chalcophile elements
lies in their varied concentrations in forms of pyrite and marcasite and
in the occurrence of metalloid forms with As, Co, Cu, Cd, Ga, Hg, Ni, Pb,
and Se.

The Pennsylvania anthracite had the highest P,Os, Sr, Ba, and REE
content of the coals analyzed. The ash-basis REE exceeds 1700 ppm in a
Pennsylvania Northern Anthracite Field coal [49]. In general, the Bragg
et al. [49] analyses fall into the mid-100’s-1000-ppm-REE range, similar
to Pennsylvania anthracites analyzed by Hower and Dai [48] and
Hower et al. [47].

The Rhode Island, Pennsylvania anthracites, and KwaZu-Natal
samples, the three highest-reflectance coals in the sample set contained
carbon nanotube (CNT) structures. Several inorganic elements, in-
cluding Hg and the halogens, are associated with the CNTs. To the best
of our knowledge, this is the first report of naturally occurring CNTs in

anthracites.
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