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Abstract In the search for rare earth and other criti-
cal elements in coal measures, the coals are empha-
sized with lesser consideration for the accompanying
rocks. In this investigation, the focus is on a lantha-
nide-rich, 315-317 Ma (after Machlus et al., Chemi-
cal Geology, 539, art. no. 119485, 2020) volcanic
ash-fall trachyandesite to trachyte tonstein which
occurs in association with the Middle Pennsylvanian
Duckmantian-age Fire Clay coal in eastern Kentucky.
The tonstein was deposited largely during peat accu-
mulation, although it is known to occur at the base of
the coal or within the underclay. The mineralogy is
dominated by kaolinite with illite and quartz as minor
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to major minerals. A number of accessory minerals,
as detected by X-ray diffraction+ Siroquant XRD
software and scanning and transmission electron
microscopy (S/TEM), include REE-bearing phos-
phates (apatite, crandallite, florencite, monazite), and
Y-bearing zircon. The highest rare earth element+Y
concentrations occur in the weathered tonsteins, prob-
ably due to the concentration of these minerals after
weathering of kaolinite from the rock.
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Introduction

Altered volcanic ash beds within coal seams are
referred to as tonsteins; they occur mainly as thin
and laterally persistent bands in coal. As with organic
matter, tonsteins are significant components of coal,
from both academic and practical perspectives. They
may provide useful information on: the depositional
environments, diagenetic and epigenetic processes
within coal beds, and coal-bearing strata; geologic
events, in this case related to a volcanic eruption;
coal-basin formation; and regional tectonic evolu-
tion (Arbuzov et al., 2023; Zhang et al., 2022, 2023).
Tonsteins may contain minerals (such as zircon and
sanidine) suitable for radiometric age determination
(Dai et al., 2017c; Nechaev et al., 2022). Practically,
tonsteins can be used as chronostratigraphic markers
to identify and correlate coal beds during coal explo-
ration and exploitation. Alkali tonsteins may contain
critical elements (e.g. rare earth elements (REE) and
Y, Nb, Zr, Ga), and thus have the potential as raw
materials for the recovery of these critical metals (Dai
et al., 2017c; Hou et al., 2023; Jiu et al., 2023; Karay-
igit et al., 2021; Liu et al, 2021; Shen et al., 2021;
Sutcu et al., 2021). Tonsteins can also affect the qual-
ity of mined coals through elevating the mineral mat-
ter content; this can be a source of abrasion, agglom-
eration, corrosion, or pollution associated with
coal use (Davis et al., 2021; Ward, 2016). With the

exception of the Devonian, tonsteins occur widely in
sequences representing almost all coal-forming ages,
including the Pennsylvanian, Permian, Late Triassic,
Jurassic, Late Cretaceous, Paleocene, and Neogene.
Tonsteins have been found in numerous coals on all
continents and in ranks ranging from lignite, through
various bituminous coals, to anthracite.

The Middle Pennsylvanian Duckmantian-age Fire
Clay coal, one of the most important coal resources
in the Central Appalachians, contains a lanthanide-
rich volcanic-ash fall tonstein. This tonstein, dated at
315-—317 Ma (Machlus et al., 2020), contributes to the
coal’s reputation as one of the premier coal-based REE
resources in the world (Seredin & Dai, 2012; after Mar-
don & Hower, 2004). In most cases within this study
area, the ash was deposited during the peat accumula-
tion (Andrews et al., 1994; Bohor & Triplehorn, 1981;
Chesnut, 1985; Eble et al., 1994; Greb et al., 1999,
2002; Hower et al., 1994, 1999, 2016, 2018, 2020,
2022; Lyons et al., 1992, 2006; Mardon & Hower,
2004). Not all the ash fall is found as a megascopic
rock. At the Mardon and Hower (2004) and Hower
et al. (2018) site to the west of this study area, the ash is
mixed with the macerals within the coal. In a few cases,
the tonstein is found at the base of the coal or within the
underclay (Eble et al., 1994; Hower et al., 1994).

Aspects of the chemistry and petrology of the coal
and tonstein were discussed by Robl and Bland (1977),
Bohor and Triplehorn (1981), Hower et al. (1994, 1999,
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Fig. 1 Locations of the tonstein and other sample sites within central eastern Kentucky, USA
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2016, 2020), and Hower et al. (2022) and will not be
discussed in detail here. While the earlier studies estab-
lished the nature of the tonstein, they did not have
the advantage of modern analytical techniques such
as inductively coupled plasma mass spectrometry (ICP-
MS). The present study is based on the suite of samples
collected by Hower and Eble and others (at least one of
the Hower and Eble team was part of every sampling
crew) in 1990 through early 1992. The tonstein, while
not the sole target of the comprehensive coal + rock
sampling, was appreciated to be a unique part of the

coal seam and, therefore, was always sampled during
the field campaign. The purpose of the present study
was to carry out mineralogical and geochemical analy-
ses to characterize the enrichment in REE, Y, and other
critical elements in the Fire Clay tonstein.

Samples and Methods

Samples were collected by Hower, Eble, and col-
leagues from 1990 through 1992, with all but one

Table 1 Sample, sample

type, location (755" Sample Type | Quadrangle County N Lat W Long Thick
quadrangle, county, north (cm)
latitude, west longitude), 4647 tonstein  Vicco Knott 37.23585 83.10149 16.00
thickness (cm) for samples 4662  tonstein Hazard South Perry  37.23166 83.12741 7.87
analyzed in the present 4673  tonstein HydenEast  Leslie 37.14911 83.32207 28.96
study 4687  tonstein HydenEast  Leslie  37.13857 83.30367 18.80
4703 floor Tilford Letcher 37.0466 83.02287
4712 tonstein  Tilford Letcher 37.07253 83.00702 13.97
4724 tonstein  Tilford Letcher 37.05509 83.04731 10.92
4734 tonstein  Vicco Perry 37.12972 83.10194 11.43
4746 tonstein Vicco Knott  37.21444 83.02778 8.38
4761 tonstein  Hyden East Leslie | 37.14472 83.25917 12.45
4777 tonstein Hyden West | Leslie = 37.16056 83.39028 10.92
4790 tonstein Hazard South = Perry 37.18417 83.17056 9.14
4806 tonstein  Vicco Perry 37.20806 83.1175 10.49
4813 tonstein Hyden West  Leslie 37.175  83.44028 7.59
4823 tonstein Hyden East | Leslie  37.13833 83.26417 12.19
4837 tonstein Hazard South = Leslie  37.13167 83.24694 9.09
4851 tonstein Hazard South = Perry 37.19508 83.21501 9.50
4868 floor Tilford Letcher  37.08111 83.03778
4879 tonstein Hyden West  Leslie  37.13694 83.44639 8.00
4880  floor Hyden West | Leslie  37.13694 83.44639 2.01
4887 tonstein  Hyden West  Leslie  37.16389 83.48319 11.51
4895 tonstein  Vicco Perry  37.12722 83.09806 10.49
4911 tonstein  Tilford Perry 37.08056 83.05417 2.49
4912 floor Tilford Perry 37.08056 83.05417 3.99
4925 tonstein Hazard South Perry 37.18351 83.19198  14.50
4938 tonstein Hazard South = Perry 37.18236 83.19266 8.51
4950 tonstein Hazard South = Perry 37.18191 83.19281 13.00
4962 tonstein Hindman Knott | 37.34278 82.98444 1.50
4969 tonstein Hyden East Leslie | 37.14911 83.32207
4997 tonstein Hazard South = Perry 37.184 | 83.19169 13.97
41009  tonstein Hazard South Perry 37.1808  83.19356 12.19
41010  coal Hazard South | Perry 37.1808 | 83.1936 | 7.62
KGS 998 tonstein Hoskinton Leslie 37.0091  83.3922

KGS Kentucky Geological Survey

Blue type is used for the floor samples and gray type is used for the coal sample
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site within the region shown in Fig. 1. One sample,
KGS-998, was collected prior to the latter sampling
campaign. The samples were collected from coun-
ties including Knott, Perry, Leslie, and Letcher, and
included 27 tonstein samples, three floor samples,
and one coal sample. The samples were preserved
in plastic jars at the Kentucky Geological Survey’s
Earth Analysis and Research Laboratory (EARL)
in Lexington, Kentucky. The sample number, type,
location, and thickness are presented in Table 1 and
Fig. 1. One sample not in the eight-quadrangle area
shown in Fig. 1 (sample 4962) is from the Hindman
7%" quadrangle, northeast of the Vicco 7%' quadran-
gle mapped in Fig. 1.

The proximate and total sulfur analyses were con-
ducted at the University of Kentucky Center for Applied
Energy Research (CAER) after ASTM procedures (cur-
rently ASTM, 2017, 2018a, b). The major oxide analy-
ses attributed to the CAER were performed following
Hower and Bland’s (1989) procedures on an X-ray fluo-
rescence (XRF) instrument in place at that time. The
major oxide analyses attributed to the China University
of Mining & Technology (CUMT) were analyzed with
a scanning wavelength dispersive X-ray fluorescence
spectrometer (XRF; Thermo ARL Advant’ XP*, Ther-
moFisher, Waltham, Massachusetts, USA).

- Tilitieelay

Coal

The concentrations of trace elements in the ton-
steins, floor, and coal samples were determined by
ICP-MS (ThermoFisher, X series II). Before the ICP-
MS analysis, the samples were prepared in the follow-
ing procedure: 50 mg of coal and non-coal samples
were digested in a Milestone UltraClave Microwave
High Pressure Reactor microwave digestion system
(Milestone, Inc., Sorisole, Italy); tonstein and floor
samples were digested with 2 mL of HNO; (65%) and
5 mL of HF (40%); ashed coal samples were digested
with 5 mL of HNO; (65%) and 2 mL of HF (40%).
More details of the ICP-MS analysis method were
described by Dai et al. (2011).

The mineral phases and their contents in sam-
ples were determined by X-ray diffraction (XRD)
using a Rigaku D/max-2500/PC X-ray powder dif-
fractometer (Rigaku, Tokyo, Japan), along with the
commercial software Siroquant™ (Michell, ACT,
Australia) developed by Taylor (1991) based on the
whole-pattern analysis principles proposed by Riet-
veld (1969). More details of XRD and Siroquant
analyses were given by Ward et al. (2001). Each
coal sample was subjected to low-temperature ash-
ing (<120°C) using a plasma low-temperature asher
(EMITECH K1050X; Quorum, East Sussex, UK) to
remove the organic matter prior to XRD analysis.

coal from
sample 41009

Fig. 2 a Lithologic profile of a coal seam surrounding tonstein sample 4712. b Hand specimen of tonstein (sample 4712), the under-
lying illitic clay (sample 4713 in Hower et al., 1999), and a portion of the lowermost lithotype of the coal (sample 4714 in Hower
et al., 1999). Note centimeter scale to the right of hand specimen. ¢ Polished block corresponding to coal sample 41010. The coal
encases kaolinite lenses (K) and a thin tonstein lens (t). The tonstein was present at the top of the polished coal section. Note centim-

eter scale to the left of polished block
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The morphology and some elemental composi-
tions of minerals in tonsteins were analyzed using
a field emission-scanning electron microscope (FE-
SEM, FEI Quattro S; ThermoFisher, Waltham,

Massachusetts, USA) in conjunction with an
energy-dispersive X-ray spectrometer (EDS, Octa-
neElect, Berwyn, PA, USA). Samples were carbon-
coated using a Quorum Q150T ES (Quorum, East

Table 2 Mineral percentages as determined by XRD and Siroquant (%)

Sample

Type ‘Kaolinite Illite  Quartz  Clinoptilolite

Siderite  Rutile Pyrite Gypsum Chlorite  Anatase

4647 tonstein 60.4 343 3.8 1.6

4662  tonstein /47 240 13
4673 tonstein 39.1 55.5 2.9
4687 tonstein 63 329 1.2
4703 floor 18.5 68.9 12.6
4712 tonstein 643 30 04
4724 tonstein 70.6 262 32

4734 tonstein 61.8 38.2
4746 tonstein 65.2 34.1 0.7

4761 tonstein 70.4 28.7 0.8

4777 tonstein 67.5 23.8 87
4790  tonstein 697 30 0.3
4806 tonstein 72.3 26 1.7
4813 tonstein 64.4 353 03
4823 tonstein 91.7 6.5 1.7

4837 tonstein 67.1 323 0.6
4851 tonstein 75.4 242 04

4868  floor 51.1 427 62
4879 tonstein 59 19.7 189
4880 floor 117 679 143

4887 tonstein 70.8 29.2

4895 tonstein 68 31.6 03
4911 tonstein 34.1 441 219

1912 floor 40.1 437 162
4925 tonstein 68.9 306 0.5
4938 tonstein 75.4 24.6

4950 tonstein 70.8 29.1 0.1
4962 tonstein 6.3 85 8.7
4969 tonstein 45 53 2
4997 tonstein 68.2 31.8
41009 tonstein 70.8 28.9 03

41010 coal 59 38.2 2.8
KGS 998 69.6 29 1.4

2.5
0.7 2.2

2.7 23 0.3

23
6.2

Tonsteins in regular type, floor rocks in blue italics, and coal in bold blue italics

KGS Kentucky Geological Survey
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Sussex, UK) sputter coater. The images of SEM
were captured via a retractable solid-state backscat-
ter electron detector. The working distance of the
FE-SEM-EDS was ~10 mm, the beam voltage was
20 kV, the aperture was 6, and spot size was 5.0.

Transmission electron microscopy (TEM) images
and selected area diffraction patterns (SAED) of
the Dean coal sample were collected using a JEOL
JEM-2100 (JEOL USA, Peabody, Massachusetts,
USA) operated at 200 keV, at the Virginia Tech
National Center for Earth and Environmental Nano-
technology Infrastructure (NanoEarth).

Results and Discussion
Mineralogy

As discussed by Robl and Bland (1977), Rice et al.
(1994), and Hower et al. (1994), the tonstein (Fig. 2)
mineralogy is dominated by kaolinite with lesser
amounts of quartz, K-feldspar, illite, and other min-
erals (Table 2). The Al,05-Si0,-K,0 chemistry
(Fig. 3) supports the dominance of kaolinite, with
most samples clustering along the Al,0,-SiO, axis.

As a caveat concerning the samples, Frank Dulong
(Hower et al., 1994; based on a 1991 personal commu-
nication with Cortland Eble) noted that sample 4911
might have been transitional to the underclay (sample
4912) resulting in a diminished kaolinite content in the
“tonstein” and a relatively high kaolinite content in the
underclay. Of the other tonstein samples with<50%
kaolinite, 4673 was noted as darkening upwards, per-
haps an indicator of an increasing illite content in that
part of the rock; 4962 was a parting from a roadcut in
the Hindman 7%' quadrangle, thus relatively distant
from the other sites; and 4969 was from a weathered
roadcut. Basically, the field identification was imper-
fect and roadcut samples with~10-15 y of weathering
(at the time of the sampling) are imperfect. In this case,
the XRD analysis is the final arbiter of the sample type.
Setting aside these four gradational (4673 and 4911)
and weathered (4962 and 4969) samples, the kao-
linite content of the tonstein samples ranges from 59
t0>91%. The coal sample included among these sam-
ples (41010) contains several flint clay inclusions.
Previous electron microscopy studies include the
SEM and high-resolution TEM (HRTEM) investi-
gation of the minerals in a high-REE portion of the
Dean coal (a Fire Clay coal correlative) in Knox

K,0

4703
30
4868
—> 58,
4912 : "—;60
/ %
4962
50
KZO 4969
Sio,
0 L
SiO 40 50

Fig. 3 Al,0;-Si0,—K,0 chemistry of the rock and coal samples. The floor samples (4703, 4898, 4880, and 4912) and the weathered

tonsteins (4962 and 4969) are identified
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County, Kentucky (Hower et al., 2018; based on sam-
ples from Mardon & Hower, 2004). Figure 4a shows
interlayered monazite and kaolinite. In this case, the
kaolinite could represent the diagenetic recrystalliza-
tion of the volcanic glass. A well crystallized kaolin-
ite, possibly a phenocryst from the volcanic-ash fall,
is shown in Fig. 4b,c. The Dean coal site is different
from the sites in the current study in that it has no
megascopic tonstein. The lower portion of the coal
bed does show an enrichment in REE and does con-
tain abundant kaolinite and trace amounts of mona-
zite, however (Hower et al., 2018).

In addition to minerals identified by XRD, some
trace minerals with contents below the detection lim-
its of XRD analysis were identified by SEM-EDS,
including K-feldspar and apatite (Fig. 5); zircon
(Fig. 6); Ti oxides (rutile or anatase) (Fig. 7); ilmen-
ite, pyrite, crandallite, florencite, and galena (Fig. 8);
and siderite and goethite (Fig. 9). Compared to the
trace minerals found in the present study, Weaver
(1963), in his review of heavy minerals in bentonites,
noted that hornblende, biotite, zircon, apatite, and
titanite were the most common non-opaque heavy
minerals in felsic ashes.

Kin [110]

Fig.4 TEM images of the FIB section. a Monazite (mz) and kaolinite (Kln); the black ribbon is a platinum (Pt) protective layer placed on the sur-
face of the sample; b kaolinite; ¢ selected area electron diffraction pattern (SAED) of the region within the white circle in b. The pattern symmetry

and d spacing correspond to kaolinite viewed along [ITO]. The inset shows the kinematic simulation computed with the software SingleCrys-
tal®4, using the kaolinite structure by Bish and Von Dreele (1989) which confirms the identification (from Hower et al., 2018)
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As indicated by XRD analysis, kaolinite is the
main constituent of tonsteins present in this study.
In addition to occurring as matrix for other trace
minerals, it occurs in vermicular form (Figs. 5a and
7a), indicating an authigenic origin. Vermicular kao-
linite is usually considered as evidence of volcanic
ash deposition of the partings with coal seams (Dai

AV de spot mag=
20.00 kV ABS 9.5 mm 3.0 700 x

v det WD ]
0 PM 20.00 kV ABS 10.6 mm 3.0 3 600 x

et al., 2017¢), mainly because vermicular kaolinite in
the partings is indicative of in situ alteration of vol-
canic minerals, as reported by Triplehorn and Bohor
(1981), Ward (20022016), and Dai et al. (2017c).

The volcanogenic minerals identified in altered
volcanic ash layers present in this study that survived
post-depositional alteration include mainly sanidine,

spot mag &

Y det WD D
0.00 kV ABS 9.9 mm 3.5 2500 x

def

M 20.00 kV ABS 10.5 mm 3.0 7000 x

Fig. 5 SEM back-scattered electron images of kaolinite, sanidine, and apatite in tonstein samples: a vermicular kaolinite and a
matrix kaolinite in sample 4673; b sanidine in a kaolinite matrix in sample 4673; ¢ sanidine in a kaolinite matrix in sample 4777; d
sanidine in a kaolinite matrix in sample 4673; e and f apatite in a kaolinite matrix. Key: Kln, kaolinite; Sa, sanidine; Ap, apatite
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zircon, apatite, and rutile (or anatase). Sanidine
occurs mainly as anhedral, elongate shards distributed
in the kaolinite matrix (Fig. 5b,c). Sanidines shown
in Fig. 5b,c have well defined shard-like morpholo-
gies strongly suggestive of original subhedral to euhe-
dral sanidine micro crystals being torn apart during
an explosive volcanic eruption. Some sanidines are
in the form of embayed, tabular euhedral crystals
(Fig. 5d). The presence of sanidine supports strongly
the volcanic-ash origin of the partings. Apatite occurs
typically as individual shard-like grains within a

% det WD spot mag &
5:13:26 PM 20.00 kV ABS 12.1 mm 3.5 3034 x

Fig. 6 SEM back-scattered electron images of zircon in sample 4673

https://doi.org/10.1007/s42860-023-00237-5 Published online by Cambridge University Press

kaolinite matrix (Figs. Se,f and 8a) and the apatite in
a few cases is resorbed, all suggesting a volcanic ori-
gin (Fig. 5f). The delicate and elongate apatite grains
may have fractured as a result of the volcanic explo-
sion or compaction after deposition (Figs. 5c—e and
8a) (Dai et al., 2017c; Spears, 2012).

In many cases, zircon grains observed in samples
that were subjected to SEM—EDS analysis do not
show well crystallized shapes, but euhedral crystals
are observed (Fig. 6a,b,c). The embayments seen in
Fig. 6b,c are evidence of magmatic corrosion. The

pot mag 40 pm
Quattro S

det WD spot mag &
2 PM 20.00 kV ABS 10.2 mm 3.0 6000 x
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zircon grains shown in Fig. 6d,f are clearly frag-
ments of zircon crystals from an explosive volcanic
primary origin while the grain shown in Fig. 6e is
a euhedral prismatic crystal with well developed
terminations. The fractures shown in Fig. 6d,f are
probably the result of this explosive volcanic activ-
ity which would have shattered original primary
subhedral to euhedral zircon micro-crystals. A sin-
gle tonstein horizon was suggested by Dopita and
Kralik (1977) to have an homogeneous population
of euhedral zircons with a limited range of shapes.
The various shapes of zircon are probably due to
modification resulting from the volcanic eruption
and transport in the ash cloud. Larger and rounded
zircon grains appear to be older than the normal
zircon population (Guerra-Sommer et al., 2008),
suggesting that the xenocrysts represent partially
resorbed older zircons in the magma (Spears, 2012).
In addition, some zircon grains contain inclusions
(Fig. 6a,b).

Various TiO, forms are shown in Fig. 7. Ti oxides
in Fig. 7a,b are clearly of authigenic origin, in places
(Fig. 7a) clearly intergrown with kaolinite along
its cleavage planes. Ti oxides shown in Fig. 7c,d
are probably originally magmatic in origin (from
the same source as sanidine and zircon grains) and
similarly deposited from an explosive volcanic erup-
tion. They would have been primary magmatic Fe-Ti
oxides, probably titaniferous magnetite with a well-
developed trellis or lattice structure (probably origi-
nally magmatic exsolution of Ti oxide in magnetite)
and during diagenesis, the Fe was leached out selec-
tively and the Ti oxides have remained behind and
now may be the phase ‘leucoxene’.

Ilmenite, observed as a partially corroded grain
in kaolinite (Fig. 8b), is a resistate volcanogenic
mineral and has also been found in a few tonsteins
(Bohor & Triplehorn, 1993; Dai et al., 2017c; Lyons
et al.,, 1994). As with apatite, goyazite-gorceixite-
crandallite-florencite minerals are often indicative

Fig. 7 SEM back-scattered electron images of Ti oxides (rutile or anatase): a Ti oxide distributed in vermicular kaolinite in sample
4673; b authigenic Ti oxide distributed in a kaolinite matrix in sample 4673; ¢ Ti oxides subjected to corrosion and filled with authi-
genic quartz in sample 4777; d Ti oxides subjected to corrosion and filled with kaolinite in sample 4777. Key: Kln, kaolinite; Qtz,

quartz
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of volcanic input (Brownfield et al., 2005; Dai et al.,
2017c; Rao & Walsh, 1997; Wilson et al., 1966;
Zhao et al., 2012;) and have been found in a num-
ber of tonsteins in coals (e.g. Bohor & Triplehorn,
1993; Kokowska-Pawlowska & Nowak, 2013; Rao
& Walsh, 1997). Crandallite and florencite were also
identified in tonstein samples present in this study.
They occur as individual (Fig. 8c) or as elongated
grains (Fig. 8d) in kaolinite.

v det WD
M 20.00 kV ABS 10.4

0.00 kV_ABS 10.7 mm 3.0 10 000 x

Sulfide minerals such as pyrite (Fig. 8c) and
galena (Fig. 8f) have been observed in the sam-
ples present in this study and indicate an epither-
mal solution input. The pyrite seen in Fig. 8e is of
syngenetic or authigenic origin. Siderite has been
found in tonsteins, but if present, it is probably
of secondary origin (Dai et al., 2017c). Siderite
in sample 4763 distributed in kaolinite was sub-
jected to alteration (Fig. 9). Goethite in sample

e

/ det WD spot mag
M 20.00 KV ABS 10.1 mm 3.0 7000 x

Fig. 8 SEM back-scattered electron images of trace minerals in sample 4673: a apatite distributed in a kaolinite matrix; b ilmenite
in kaolinite; ¢ crandallite and pyrite in kaolinite; d florencite in kaolinite; e euhedral pyrite in kaolinite; f galena. Key: Kln, kaolinite;
Ap, apatite; Ilm, ilmenite; Crd, crandallite; Flr, florencite; Py, pyrite; Gn, galena
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4673 (Fig. 9d) with a bell-emulsion shape shows an
authigenic origin, possibly as a pseudomorph after
siderite because of the rhombohedral shape of the
original siderite.

Geochemistry

The chemical analyses of the tonstein, floor rock, and
coal are shown in Tables 3, 4, 5, 6, 7, and 8. Both
the CAER and CUMT major oxides results are given.
The CAER major oxides data were used in the plot-
ting of the figures.

Major Oxides

The major-element oxides in all samples are domi-
nated by SiO, and Al,O; (Table 3) with traces of
TiO,, Fe,0;, MgO, CaO, MnO, Na,O, K,O, and
P,0s. Among the tonsteins, the amounts of each
major element oxide in the two data sets based on
CUMT and CAER analyses (Table 3) are very close

Kln

v det WD
M 20.00 KV ABS 10.2 m:

to each other. The data for major-element oxides are
also consistent with the mineral components in the
samples as presented in Table 2. Samples with large
illite contents also have large K,O contents.

Rare Earth Elements

In the present study, REE were used to describe the
lanthanide elements, REY for REE+Y, and REYSc
for REY +Sc with light REE (LREE) defined as La
through Sm and the heavy REE (HREE) defined as
Eu through Lu (Hower et al., 1999; Seredin, 1996).
Following the normalization of REE abundances to
the Upper Continental Crust (UCC) averages (indi-
cated by the subscript suffix ‘N’) (after Taylor &
McLennan, 1985), L-type (light type: Lay/Luy> 1),
M-type (medium type: Lay/Smy<1, Gdy/Lug> 1),
and H-type (heavy type: Lay/Luy<1) enrichment
patterns are delineated (Seredin & Dai, 2012). Build-
ing upon the UCC corrections (Taylor & McLennan,
1985), Ce, Eu, and Gd are decoupled from the other

det V
PM 20.00 kV ABS

Fig. 9 SEM back-scattered electron images of siderite and goethite in sample 4673: a well crystallized siderite; b and ¢ siderite sub-
jected to corrosion; d goethite with a bell-emulsion shape. Key: Sd, siderite; Kln, kaolinite; Gt, goethite
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Table 3 a Sample; as-determined moisture, ash, and total S; ash-basis major oxides determined at CAER. b Sample, ash-basis (%)
major oxides determined at CUMT

a

As-determined basis | CAER XRF (ash basis)
Sample Mois Ash St Na,O MgO AlLO; SiO, P,Os SO; KyO CaO TiO; Fe)O3

4647 1.79 | 67.06 0.15 021 0.15 38.62 5481 0.11 0.00 0.79 0.23 1.68 1.79
4662 242 7225 0.09 031 0.08 43.09 53.13 0.08 0.00 034 0.23 1.70 1.86
4673 3.81 8449 005 064 1.03 31.80 5731 0.14 0.04 183 0.59 0.92 3.73
4687 3.09 8176 0.07 0.13 0.08 39.50 55.73 0.08 0.00 038 044 1.35 0.70
4703 0.84 | 89.27  0.06 053 | 046 | 21.08 71.51 0.05] 0.00 | 3.04 020 15] 1.61
4712 291 8314 0.07 009 0.11 4071 5441 0.17 0.00 040 0.71 143 0.91
4724 246 8385 1.62 037 0.15 3998 5231 0.15 0.00 035 049 1.25 3.04
4734 2.86 78.78 0.08 0.16 0.08 4093 54.02 0.05 0.00 031 047 144 0.93
4746 246 8120 0.05 0.09 0.14 40.82 5427 0.04 0.00 020 0.56 1.59 1.03
4761 354 8385 0.04 052 032 3793 5524 0.15 0.00 054 047 144 1.49
4777 285 83.08 003 025 0.11 4087 5459 0.12 000 026 042 1.46 0.38
4790 2.66 8282 0.09 0.68 0.08 39.67 5524 0.11 0.00 034 036 1.47 0.64
4806 196 7484 0.14 046 0.10 4041 5488 0.07 0.00 039 021 194 1.11
4813 240 8567 0.02 0.09 0.08 4151 5386 0.05 0.00 0.14 030 1.61 0.83
4823 3.10 8250 021 0.17 032 38.08 5353 0.12 0.00 042 0.70 1.17 1.19
4837 2.86 8260 0.80 020 0.13 36.65 56.15 0.11 0.00 048 0.56 1.27 2.13
4851 212 83.77 003 0.19  0.11 4047 5451 0.09 0.00 032 046 141 0.76
4868 1.46 | 90.11  0.05 052 052 2951 63.09 0.08 0.00 232 033 091 1.79
4879 278 8532 0.03 0.15 0.14 3495 6199 0.06 0.00 0.81 042 134 0.73
4880 0.97 | 9491  0.10 096 | 1.31 | 2444 | 59.63 | 0.07 | 0.00 527 021 | 096 4.02
4887 2.60 8451 0.11 004 0.08 3849 56.83 0.17 0.03 0.17 048 142 1.12
4895 246  81.55 0.08 034 0.08 39.16 5520 0.08 0.03 028 036 1.44 1.05
4911 227 8167 025 029 0.69 3284 5782 0.07 0.00 240 030 1.03 2.58
4912 1.65 | 89.54  0.05 | 040 058 | 31.80 60.09 0.05 0.00 178 0.27  1.02 2.05
4925 3.08 80.79 0.09 0.05 000 44.63 53.60 0.10 043 043 137 0.32
4938 268 8323 032 0.00 000 4245 5275 0.10 042 038 1.55 1.08
4950 2.57 8336 0.08 0.09 0.08 39.07 5567 0.12 049 036 1.29 0.91
4962 028 1.21 3150 55.71 0.07 6.63 035 1.65 2.60
4969 490 8493 0.02 031 113 33.65 5670 0.12 0.03 231 0.55 0.83 2.54
4997 346 80.58 0.07 0.14 0.12 36.20 5830 0.10 0.04 047 050 1.35 0.84

41009 2.58  82.74 0.07 0.16 0.00 36.84 5780 0.13 0.00 044 046 1.55 0.70
41010 2.50 | 16.96 @ 0.77  0.00 0.13 35.87 57.00 017 0.25 085 086 121 1.97

KGS 998 3.05 8548 0.10

REE in the distribution patterns (Bau & Dulski, 1996; In addition to the tuffaceous, detrital, infiltra-
Dai et al., 2016b, 2017a, b): tional/leaching, and hydrothermal modes of REE
enrichment in coals (Seredin & Dai, 2012), peat and
low-rank coals would have had organic associations,
with HREE having a greater affinity for organics than
Cey/Cey #= Cey/(0.5Lay + 0.5Pry ) 2) the LREE (Aide & Aide, 2012; Davranche et al.,
2011; Eskenazy et al., 1986; Eskenazy, 1978, 1987a,
b, ¢, 1999, 2015; Pédrot et al., 2010). As the chelat-
ing functional groups diminish in importance in

Euy /Euy #= Euy/(0.67Smy + 0.33Tby) 1)

Gdy/Gdy, *= Gdy/(0.33Smy +0.67Tby ) 3)
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Table 3 (continued)

b
CUMT XREF (ash basis)

‘ Samp]e Na,O MgO Al Os SiO, P,0s5 SO3 K,O CaO MnO TiO, Fe,05
4647 0.15 0.39 30.01 38.59 0.030 0.41 0.83 0.47 0.01 0.98 1.53
4662 0.19 0.24 3442 37.86 0.023 0.36 0.37 0.48 0.01 0.95 1.41
4673 0.70 1.54 29.48 49.55 0.042 0.07 2.02 0.95 0.02 0.49 2.79
4687 0.09 0.37 39.15 41.34 0.023 0.23 0.38 0.75 0.00 0.88 0.65
4703 0.48 0.80 22.40 57.92 0.013 0.08 3.44 0.38 0.01 0.86 1.40
4712 0.08 0.47 39.79 41.85 0.054 0.12 0.39 1.04 0.01 0.88 0.68
4724 0.40 0.37 38.99 41.98 0.044 0.88 0.34 0.89 0.01 0.73 2.02
4734 0.12 0.33 38.34 40.10 0.013 0.21 0.29 0.74 0.01 0.82 0.67
4746 0.10 0.46 38.86 40.59 0.012 0.21 0.27 0.82 0.00 1.00 0.83
4761 0.53 0.64 38.22 43.59 0.042 0.08 0.53 0.72 0.00 0.80 0.94
4777 0.07 0.33 41.53 41.64 0.048 0.09 0.28 0.72 0.01 1.17 0.37
4790 0.32 0.23 39.98 40.85 0.028 0.13 0.32 0.64 0.01 0.89 0.53
4806 0.20 0.24 34.96 39.58 0.018 0.31 0.45 0.44 0.01 1.19 0.81
4813 0.06 0.28 41.62 41.53 0.018 0.06 0.19 0.63 0.01 1.10 1.12
4823 0.15 0.68 37.76 42.55 0.030 0.21 0.41 0.98 0.01 0.68 0.89
4837 0.13 0.40 36.20 40.02 0.029 0.57 0.46 0.88 0.00 0.76 1.31
4851 0.12 0.26 39.25 40.51 0.023 0.12 0.33 0.72 0.01 0.84 0.62
4868 0.34 1.08 32.52 48.78 0.021 0.04 2,45 0.60 0.01 0.53 1.51
4879 0.15 0.49 39.03 43.02 0.015 0.08 0.85 0.67 0.01 0.76 0.63
4880 0.80 1.40 23.21 53.66 0.017 0.01 547 0.42 0.03 0.53 351
4887 0.08 0.27 40.12 41.12 0.048 0.19 0.37 0.76 0.02 0.82 0.88
4895 0.27 0.21 37.62 39.27 0.025 0.24 0.29 0.65 0.01 0.88 0.82
4911 0.20 1.01 31.51 45.05 0.017 0.33 2.39 0.59 0.02 0.57 2.15
4912 0.35 1.05 34.36 47.63 0.012 0.02 1.86 0.54 0.02 0.56 1.72
4925 0.37 0.20 38.82 40.05 0.027 0.22 0.39 0.54 0.00 0.77 0.36
4938 0.33 0.24 39.89 41.04 0.031 0.26 0.36 0.62 0.01 0.88 0.70
4950 0.40 0.36 39.12 41.62 0.039 0.13 0.46 0.58 0.00 0.74 0.72
4962 0.38 0.94 23.62 45.85 0.021 0.36 6.19 0.47 0.01 0.86 2.30
4969 0.67 1.66 30.50 48.86 0.036 0.05 2.23 0.80 0.01 0.45 2.09
4997 0.41 0.37 37.96 40.66 0.028 0.19 0.41 0.64 0.01 0.79 0.73

41009 0.39 0.29 40.10 41.86 0.035 0.13  0.38 0.61 0.00 0.85 0.60
41010 0.36 0.50 32.63 49.13 0.280 087 102 1.02 0.02 1.35 2.15

KGS 998 0.07 0.39 39.69 4221  0.073 0.17 036 0.67 0.01 0.84 1.53

KGS Kentucky Geological Survey
Tonsteins in regular type, floor rocks in blue italics, and coal in bold blue italics

bituminous coals (Given, 1984; Hatcher & Clifford,
1996), organic associations are lost from the coal
with low LREE/HREE being a ghost signature of

intra-seam and bordering rocks (Dai et al., 2006,
2008) and hydrothermal mobilization of HREE-
depleted phosphates and HREE- and Y-enriched

the original organic association (Hower et al., 2020).
The formerly organic-bound REE could be leached
from the coals, bound to clays (Eskenazy, 1995,
1999; Seredin, 1996), or incorporated in secondary
carbonates and phosphates. Leaching of LREE from
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The UCC-normalized REE for all of the samples
are shown in Figs. 10 and 11. As noted above, several
of the highlighted samples are complicated, being
weathered tonsteins (sample 4673 with a distinct
negative Eu anomaly; samples 4962 and 4969 do not

have a distinct Ce anomaly), floor rock (sample 4703
without a distinct Ce anomaly; sample 4880 with a
distinct Ce anomaly), gradational between the ton-
stein and the floor rock (4911 without a distinct Ce
anomaly), or a coal with kaolinite inclusions (41010

Table 4 Sample; ash basis (ug/g) minor elements from Li through Nb; World coal average (ash basis), 2 X World coal average, and
5% World coal average at bottom of table (after Ketris & Yudovich, 2009).

Ash basis (ug/g)

‘ Sample ’ Li Be \Y Cr Co Ni

Cu Zn Ga Ge Rb Sr Zr Nb

4647 25048 249  58.61 3402 1.82 1220
4662 230.39  2.08 47.74 18.81 199 1573

4673 63.73 1.17  28.04 3410 275 28.69
4687 133.56 1.78  35.03 1022 143 582
4703 80.54 2,68 121.70 7494 474 1885

4712 12248  1.64 3809  9.66 201 4.09
4724 12249 111 3580 850 478 12.54
4734 10542 088 3841 1235 1.16 258
4746 5950 095 3925 836 078 1.10
4761 8342 091 4239 1078 521 7.8
4777 8525 154 3338 835 364 5.54
4790 12928 127 4035 1012 1.06 2.03
4806 186.60 245 5951 2523 219 1331
4813 89.86 124 3646 912 191 3.89
4823 85.00 097 3058  8.07 375 9.4
4837 10420 141 3736 1109 965 19.89
4851 10652 126 3640 983  0.66 1.40

4868 77.43 502 54.17 29.22 154 643
4879 144.05 587  43.96 1588 142 733
4880 65.36 530 13559 8099 526 16.07

4887 112.12 1.92  41.73 10.71  4.69 7091

4895 97.27 1.01 37.70 1140 221 471
4911 103.80 558  60.67 3594 503 13.72
4912 93.25 443 51.74 2834 239 7.82

4925 143.31 1.53 3294 9.92 294 519
4938 113.30 1.40 3795 11.04 449 672
4950 147.04 1.58 3497 8.69 4.88 7.56
4962 41.18 451 183.04 11039 2.78 832
4969 51.82 1.13 21.87 5.95 2.50  4.86
4997 120.94 136 3447 1458 3.07 750
41009 161.14 1.70  44.27 1221 278 10.90
41010 25.81 4.23 2515 9.23 6.13 12.36

KGS998 116.84 1.64  37.76 1046 633 934

hard coal 82 12 170 120 37 100
x2 164 24 340 240 74 200
x5 410 60 850 600 185 500

KGS Kentucky Geological Survey

1990 1740 3097 094 17.52  37.56 38329 3447
2012 13.60 3282 126 635 3437 469.84 3236
2647 4240 2850 090 3272 21010 371.88 2131
1543 3106 2551 1.00 290 4454 35826 32.74
5010 7750 2651 173 152.69 12223 334.06 30.62
1841 3544 2427 105 471  39.02 39406 2830
19.78 4299 2217 077 295  39.06 41223 25.79
2228 2830 2673 129 344  18.18 318.66 34.26
2264 1263 2641 149 774 1592 503.80 3531
2046  49.14 2349 0.81  3.63 5522 35426 29.80
1444 4781 2569 1.03 254 538 26022 27.93
1901 2410 2483 122 480 4654 389.74 36.52
2550  25.68 31.07 320 9.09  27.68 495.66 41.04
1851 2520 2202 144 261 2.86 39528 3426
1485 4615 2275 075 183 8125 38478 2775
1551 3904 2378 1.03 412 7507 349.16 27.01
1225 2988 2591 1.09 4.14 2210 33637 3438
19.68  31.04 2596 1.82 41.99 3502 279.17 29.56
1510 23.67 2172 161 1140 2421 37295 35.58
3325 10528 3803 230 24693 12885 222.89 22.89
1933 3796 2155 121 503 959 35466 35.16
1890 1374 2404 127 322 725 44575 3491
36.54 3417 2488 196 4815  46.15 33553 24.67
1842 3581 2491 177 3393 2569 28538 33.51
19.15 1834 2219 140 495 1232 37072 32.59
2498 1000 2115 1.10 532 2714 498.66 32.86
2112 7640 2671 093 845 2790 426.66 28.54
12396 3580 42.10 249 20112 12500 20347 26.74
1462 6289 3401 080 74.92 40129 637.42 14.04
1754 2656 3325 1.8 575 5942 33526 34.14
3408 4378 3001 1.04 591 2342 42686 30.50
13.43 4895 17.99 322 476  87.22 26573  9.66

19.96 5528 29.67 1.08 5.60 13.35  287.41 2829

110 170 36 18 82 740 230 22
220 340 72 36 164 1480 460 44
550 850 180 90 410 3700 1150 110

Tonsteins in regular type, floor rocks in blue italics, and coal in bold blue italics
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without a distinct Ce anomaly). All of the latter sam- distribution patterns. Most of the samples have L-type
ples comprise the highest normalized Lu values. distributions (the exceptions being 4703, 4823, 4962,
Basically, all of the other samples have similar spider and 41010) and negative Eu anomalies (the excep-

plots, varying in their normalized REE but not in the tions being 4703 and 4962; Figs. 10 and 11).

Table 5 Sample; ash basis (ug/g) minor elements from Mo through U; World coal average (ash basis), 2 X World coal average, and
5% World coal average at bottom of table (after Ketris & Yudovich, 2009).

ash basis (ng/g)
Sample Mo Ag Cd In Sn Sb Cs Ba Hf Ta W Tl Pb Bi Th U
4647 139 166 062 0.19 138 043 220 1103 128 590 3.79 020 422 032 246 7.2

4662 081 271 078 021 169 022 068 1369 151 405 343 007 514 0.3 207 50
4673 527 191 070 015 122 006 166 3389 13.1 307 120 044 632 d 348 87
4687 024 155 062 013 126 006 036 1235 142 377 216 005 505 d 133 59
4703 0.50 1.84 059 0.07 63 083 1312 5705 9.6 244 216 109 200 dl 1.9 3.7
4712 018 1.90 075 021 131 012 037 2146 161 352 190 0.17 529 0.8 261 53
4724 025 189 072 0.7 141 084 027 1231 165 3.60 1.0 025 583 005 113 7.2
4734 025 139 061 012 118 036 039 2102 105 3.62 293 008 508 d 107 34
4746 024 152 071 018 116 dl 071 2503 140 284 354 003 123 055 127 49
4761 118 156 071 0.8 128 0.11 048 1549 156 3.88 1.64 012 464 d 164 4.6
4777 063 123 056 012 119 028 021 669 121 488 274 021 505 d 111 69
4790 030 1.8/ 064 0.0 110 012 039 1139 146 384 368 009 516 d 118 53
4806 124 233 080 0.5 13.6 040 077 1155 166 470 422 010 381 000 21.1 42
4813 030 177 083 012 95 008 027 215 137 368 327 004 563 d 92 60
4823 120 164 066 0.5 151 009 042 1964 163 3.8 181 0.8 571 dl 128 7.1
4837 021 155 064 014 137 109 040 2397 147 376 168 029 720 dl 230 79
4851 016 141 067 013 127 007 040 913 139 395 3.3 004 618 d 193 46
4868 d 116 045 012 102 0.04 299 2518 111 296 2.67 048 435 dl 253 5.1
4879 030 1.53 055 021 116 017 114 1078 139 3.65 268 0.5 585 0.3 110 32
4880 0.09 0.62 033 015 64 029 1439 8745 63 158 225 132 260 033 264 6.5
4887 230 159 066 0.2 128 007 037 713 128 373 266 023 484 dl 117 46
4895 076 212 073 011 138 059 035 522 154 509 371 0.0 461 d 53 49
4911 041 145 056 017 102 041 470 2181 89 284 269 1.10 434 001 281 66
4912 0.10 113 045 011 107 019 239 1666 112 327 3.02 049 529 dl 207 4.1
4925 049 1.63 059 011 146 067 028 682 139 3.75 244 0.1 470 d 58 58
4938 1007 220 074 0.08 104 004 028 932 17.6 411 300 027 432 d 110 7.6
4950 113 180 089 024 135 009 060 832 173 383 159 021 610 006 125 7.6
4962 1.04 088 034 0.3 110 113 1728 7002 64 244 269 122 260 044 194 48
4969 003 146 072 023 137 d 271 6472 150 264 022 037 542 080 662 148
4997 125 146 062 026 423 dl 056 2032 128 360 273 008 633 dl 151 58
41009 037 1.8 0.79 021 161 002 041 851 171 391 189 011 449 d 65 87
41010  0.61 DI 042 0.05 53 024 034 1114 48 059 127 003 121 014 167 51

KGS998 282 1.10 057 132 3897 020 044 937 136 382 157 024 51.63 dl 200 722

hard coal 14 063 12 021 8.0 7.5 8.0 900 9 2.00 7.8 4.6 55 7.5 23 15
x2 28 1.26 24 042 160 150 16.0 1800 18 4 156 9.2 110 15.0 46.0 300
x5 70 315 6.0 1.05 40.0 375 400 4500 45 10 39 230 275 375 1150 75.0

KGS Kentucky Geological Survey
Tonsteins in regular type, floor rocks in blue italics, and coal in bold blue italics
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While the Ce,/Ce, vs. Euy/Euy” and Gd,/Gd,*
vs. Euy/Euy" trends show flat, non-significant dis-
tributions for the tonstein samples, the Gd,/Gdy*
Vs. CeN/CeN* (Fig. 12) plot shows a positive corre-
lation (r*=0.59 with the inclusion of sample 4746

(a weathered tonstein; significant at the 1% level);
12=0.36 (below the r*=0.37 point for being signifi-
cant at the 5% level). Removing the weathered and
gradational tonsteins from consideration yields an
r*=0.46 which is significant at the 5% level. Sample

Table 6 Sample; ash basis (ug/g) REE plus Sc and Y; World coal average (ash basis), 2 x World coal average, and 5x World coal
average at bottom of table (after Ketris & Yudovich, 2009)

Ash basis (ng/g)

‘ Sample ‘ Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
4647 2.97 189 423 59.8 108  40.7 80 070 746 102 530 0.88 225 029 183 026
4662 1.43 12.5 256 262 68 26.2 53 040 474 066 348 057 150 0.17 121 0.16
4673 3.34 46.1 688 1276 212 800 157 0.89 1462 202 1093 190 514 065 412 054
4687 1.61 159 241 240 69 268 53 033 483 068 385 067 183 023 149 0.19
4703 15.89 41.2 484  100.7 11.3  43.1 80 1.64 850 119 727 146 441 062 444 0.66
4712 2.79 305 46.5 441 137 535 11.0 075 1019 141 747 126 332 040 258 0.34
4724 1.74 20.8 280 221 8.5 335 70 044 638 093 520 090 245 032 209 027
4734 1.06 5.7 13.9 17.5 3.7 140 26 022 231 028 149 023 063 007 052 0.07
4746 1.08 2.6 120 348 28 11.4 18 012 178 0.17 0.81 012 034 004 037 0.05
4761 1.63 20.2 358 398 101 396 78 042 724 1.00 533 090 238 029 192 025
4777 0.76 10.7 223 214 66 258 49 029 434 059 288 051 121 0.17 087 0.14
4790 0.96 6.8 14.0 189 39 15.3 28 018 261 033 177 030 077 009 056 0.07
4806 1.51 16.5 328 285 8.8 333 67 050 590 086 454 075 196 024 154 021
4813 0.55 3.7 152 193 4.0 154 27 014 228 025 115 016 041 003 027 0.03
4823 1.53 170 240 297 13 28.7 58 036 564 083 483 087 238 030 200 026
4837 2.05 22.8 338 363 9.4 364 7.1 047 654 093 538 097 268 034 224 028
4851 1.39 124 257 284 71 278 52 029 470 062 330 055 147 017 114 0.14
4868 4.04 28.2 523 328 136 500 93 087 854 116 659 119 327 041 268 0.36
4879 1.61 7.5 168 208 4.6 178 34 034 308 040 209 035 100 012 092 0.12
4880 16.72 46.3 1104 2571 265 106.6 20.6 251 1892 228 1221 198 571 0.72 499 0.62
4887 1.19 8.8 14.9 176 45 177 35 018 319 041 217 036 092 0.10 0.67 0.08
4895 0.75 4.0 9.6 122 25 9.5 1.7 0.09 154 0.8 100 015 041 004 033 0.04
4911 6.72 349 59.6 1116 139 495 9.0 091 885 123 725 138 400 054 359 051
4912 4.90 24.1 419 411 104 380 69 075 665 091 526 098 286 038 258 0.35
4925 0.56 6.1 142 19.7 39 150 27 012 245 030 153 025 0.64 0.06 047 0.05
4938 0.99 5.0 169 358 46 17.5 31 015 281 031 147 022 054 005 037 0.04
4950 0.48 6.8 192 274 48 18.5 33 013 305 035 179 028 076 0.08 0.55 0.07
4962 19.58 35.7 63.1 1253 139 514 89 174 860 1.08 630 127 407 058 430 0.66
4969 6.78 73.7 1284 286.0 33.7 1223 243 149 2338 292 1793 285 879 104 723 082
4997 1.30 12.7 200 293 54 209 40 025 383 052 303 054 149 019 124 0.15

41009 0.58 4.9 12.6 23.1 39 15.5 29 013 266 034 177 028 0.73 0.08 054 0.06
41010 6.18 60.3 61.0 139.2 156 61.1 123 0.88 1249 1.83 1131 227 695 095 6.63 094

KGS 998 1.38 28.7 56.9 410 153 593 116 068 106 144 749 123 307 036 217 027

hard coal 24 57 76 140 26 75 14 2.6 16 2.1 15 4.8 6.4 2.2 6.9 1.3
x2 48 114 152 280 52 150 28 5.2 32 4.2 30.0 96 128 44 138 26
x5 120 285 380 700 130 375 70  13.0 80 10.5 750 24.0 32.0 11.0 345 6.5

KGS Kentucky Geological Survey

Tonsteins in regular type, floor rocks in blue italics, and coal in bold blue italics
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41010, the coal with tonstein-like inclusions, and
the coal samples from the 4754-4765 series (data
from Hower et al., 1999) exhibit a non-significant
distribution to the low-Gd,/Gdy* side of the ton-
stein distribution indicating that the tonstein has a
more pronounced M-type-distribution tendency than
the coals.

Principal components analysis (PCA) (JMP® Pro
17.0.0, © JMP Statistical Discovery LLC, Cary, North
Carolina, USA) for all of the samples shows that the first
Eigenvector, contributing to 42.71% of the variation,

comprises Al,05/TiO,, LREE/HREE, and Gd,/Gd,*
with a less significant contribution by Zr+Nb (Fig. 13a;
supporting statistics in Table 9). The second Eigenvec-
tor, contributing to 25.80% of the variation, is com-
posed of Al,04/TiO, and REE (ppm; ash basis) with a
less significant contribution of Zr+Nb. The most sig-
nificant outliers are 4703, 4746, 4806, 4969, and 4880,
the weathered tonsteins and floor samples noted above
(Fig. 13b). Without the floor and coal samples, the first
Eigenvector, contributing to 42.96% of the variation,
is comprised of Zr+Nb, LREE/HREE, and Gd,/Gd,*

Table 7 Sample; UCC-normalized REE values (after Taylor & McLennan, 1985)

UCC-normalized REE

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
4647 141 093 1.53 157 1.79 080 196 1.70 151 1.10 098 097 0.83 0.86
4662 0.85 041 096 1.01 1.18 045 125 1.10 1.00 0.71 0.65 0.58 0.55 0.52
4673 229 1.99 298 3.08 349 1.01 385 336 3.12 238 224 217 187 1.79
4687 0.80 0.38 098 1.03 1.18 038 127 1.14 1.10 084 080 0.76 0.68 0.65
4703 1.61 1.57 1.59 166 178 187 224 198 208 183 192 206 202 220
4712 1.55 0.69 193 2.06 244 085 268 234 213 158 145 133 117 1.13
4724 093 034 120 1.29 1.55 050 1.68 1.55 149 1.13 1.06 1.05 0.95 0.91
4734 046 027 0.51 0.54 0.58 025 0.61 047 043 029 027 022 024 023
4746 040 0.54 040 044 041 0.14 047 028 023 0.15 0.15 0.14 0.17 0.15
4761 1.19 0.62 142 152 173 048 190 1.67 152 1.13 1.03 098 0.87 0.82
4777 0.74 033 093 099 1.08 033 1.14 099 082 0.63 053 057 039 047
4790 047 030 0.55 0.59 0.63 020 0.69 0.55 0.51 037 034 029 026 0.24
4806 1.09 045 124 128 148 056 155 143 130 094 085 0.78 0.70 0.69
4813 0.51 030 0.57 0.59 059 0.16 0.60 041 033 020 0.18 0.11 0.12 0.11
4823 0.80 046 1.03 1.11 129 041 148 138 138 1.08 1.03 1.02 091 0.87
4837 1.13 0.57 133 140 158 053 1.72 155 154 121 1.17 1.12 1.02 0.95
4851 0.86 044 1.01 1.07 1.16 033 124 1.03 094 0.69 0.64 057 0.52 0.48
4868 1.74 0.51 1.91 1.92 207 099 225 194 188 149 142 136 122 1.19
4879 0.56 032 0.65 0.68 0.75 0.38 0.81 0.66 0.60 043 044 041 042 041
4880 3.68 4.02 373 4.10 4.57 285 4.98 380 349 248 248 239 227 208
4887 0.50 0.27 0.64 0.68 0.77 021 084 0.69 062 045 040 033 030 0.27
4895 0.32 0.19 0.35 0.37 0.38 0.11 040 030 029 0.19 0.18 0.13 0.15 0.13
4911 199 1.74 196 191 2.00 1.03 233 205 207 172 174 181 163 1.70
4912 1.40 0.64 147 146 1.54 085 1.75 151 1.50 1.23 124 126 117 116
4925 047 031 0.54 0.58 0.60 0.14 0.65 050 0.44 031 028 021 021 0.18
4938 0.56 0.56 0.64 0.67 0.68 0.17 074 051 042 027 023 0.16 0.17 0.14
4950 064 043 0.68 071 0.73 0.15 080 0.58 0.51 035 033 026 025 0.23
4962 210 196 195 198 197 197 226 179 180 159 177 193 195 221
4969 428 447 475 470 539 169 6.15 486 512 356 3.82 346 328 2.72
4997 0.67 046 0.76 0.80 0.90 0.28 1.01 0.87 0.87 0.67 0.65 062 0.56 0.51
41009 042 036 0.55 0.60 0.64 0.14 0.70 0.56 0.51 036 032 025 025 0.21
41010 2.03 217 219 235 274 1.00 329 305 323 284 3.02 318 3.02 3.12

KGS998 190 0.64 216 228 258 077 280 240 214 154 134 1.19 099 091

KGS Kentucky Geological Survey

Tonsteins in regular type, floor rocks in blue italics, and coal in bold blue italics
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(Fig. 14a; supporting statistics in Table 10). The second
Eigenvector, contributing to 34.02% of the variation,
consists of Al,04/TiO,, Zr+Nb, and REE. The outliers
are the weathered tonsteins (Fig. 14b).

In previous studies, the relationship between
Al,05/TiO, and REE (Dai et al., 2018) was used to
discern a relationship, e.g. the REE distribution and
the detrital minerals (represented, in part, by TiO,).
The Al,04/TiO, vs. REE relationships is shown in

Fig. 15 but it does not show a significant distribu-
tion among the tonstein samples. Samples 4703 and
4969, distinct outliers, are weathered tonsteins.

Other Elements
Zircons can contribute REE and Y to a coal as

a detrital or tuffaceous mineral. Zircons were
noted in the Fire Clay tonstein by Hower et al.

Table 8 Sample; Light (L) vs. Heavy (H) distribution, EuN/EuN*, CeN/CeN*, GAN/GdN¥*, total REE, REE+Y (REY), REY +Sc

(REYSc, Light REE/Heavy REE (LREE/HREE)

Sample Dist.

EllN/ EUN* CeN/ CeN* GdN/ GdN* ‘

| REE REY REYSc LREE/HREE

4647 L 0.46 0.64
4662 L 0.39 0.45
4673 L 0.29 0.76
4687 L 0.32 0.42
4703 H 1.01 0.98
4712 L 0.35 0.40
4724 L 0.32 0.32
4734 L 0.45 0.56
4746 L 0.38 1.36
4761 L 0.28 0.48
4777 L 0.32 0.40
4790 L 0.33 0.58
4806 L 0.39 0.38
4813 L 0.29 0.56
4823 H 0.31 0.51
4837 L 0.34 0.46
4851 L 0.30 0.48
4868 L 0.49 0.28
4879 L 0.53 0.54
4880 L 0.66 1.08
4887 L 0.28 0.48
4895 L 0.30 0.57
4911 L 0.51 0.88
4912 L 0.55 0.45
4925 L 0.24 0.61
4938 L 0.27 0.93
4950 L 0.21 0.65
4962 H 1.03 0.97
4969 L 0.32 0.99
4997 L 0.32 0.64
41009 L 0.23 0.74
41010 H 0.35 1.03
KGS998 L 1.00 0.96

KGS Kentucky Geological Survey

Tonsteins in regular type, floor rocks in blue italics, and coal in bold blue italics
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1.14 182 201 203 8.09
1.11 103 115 117 6.99
1.13 354 400 404 7.68
1.10 101 117 119 6.18
1.17 242 283 299 7.00
1.13 196 227 230 6.09
1.08 118 139 141 5.22
1.20 57 63 64 8.89
1.46 67 69 70 16.54
1.13 153 173 175 6.75
1.12 92 103 103 7.36
1.20 62 69 69 8.25
1.07 126 143 145 6.68
1.28 61 65 66 12.00
1.10 113 130 132 5.47
1.11 143 166 168 6.21
1.16 107 119 120 7.60
1.14 183 211 215 6.30
1.17 72 79 81 7.52
1.23 571 617 634 10.44
1.18 66 75 76 7.21
1.25 39 43 44 9.39
1.15 272 307 313 8.62
1.15 159 183 188 6.68
1.22 61 67 68 9.42
1.31 84 89 90 13.07
1.27 80 87 88 10.39
1.22 291 327 346 9.18
1.22 661 735 742 8.95
1.15 91 104 105 7.09
1.19 65 70 70 8.81
1.11 333 394 400 6.53
1.09 212 240 242 6.73
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Upper continental crust normalized REE

La Ce Pr Nd Sm Eu Gd Tb Dy

janii

(4]

Er Tm Yb Lu

Fig. 10 Upper continental crust-normalized REE distributions for all of the studied samples. Normalization after Taylor & McLen-

nan (1985)

(1994) and in the present study. The relationship
between Zr+Nb (ppm; ash basis) and Al,O5/
TiO, (after Dai et al., 2018), with the TiO, being
an indicator of detrital contributions and a trace

(4703, 4962, and 4969), there is a clustering of
the points but there is no significant relationship,
with the Zr 4+ Nb showing a greater relative vari-
ation than the Al,05/TiO,. Zircons can contain

mineral in tuffaceous deposition (Hower et al.,
1994), is shown in Fig. 16. Within the tonstein

trace amounts of Y but the relationship between
Zr and Y (Fig. 17) is not significant for these

population, excluding the weathered samples samples.

7
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Fig. 11 Upper continental crust-normalized REE distributions for the samples with the highest normalized Lu. Normalization after
Taylor & McLennan (1985)
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Fig. 12 Gd,/Gd,* vs. Ce,/Ce," distribution showing the locations of coal data from Hower et al. (1999)

Compared with the world hard coal average
(after Ketris & Yudovich, 2009) (admittedly, not
necessarily the best baseline for the tonstein and
floor samples, but they are within or adjacent to
coal), few elements exceed even the 2 X -world coal
average level. Lithium reaches its highest concen-
trations at several Hazard South and Vicco quad-
rangle locations. Aside from Ag, with only one ton-
stein sample (weathered sample 4962) not reaching
the 2xlevel, only Zr and Ta exceed the 2 Xlevel
in five of the 27 tonstein samples. The greatest Ta
concentrations correspond with some of the high-
est Nb samples (Fig. 18), with samples 4647, 4806,
and 4895 all being from Vicco quadrangle sites.
The largest Zr value corresponds with the largest Y
value (weathered sample 4969; Fig. 17). The same
sample also has the highest REE concentrations
(except for Eu) and the largest Th and U contents of
any of the tonstein samples. The high Zr, Y, REE,
and Th+ U in sample 4969 and, to a lesser extent,
in sample 4962, might be a function of an enhanced
concentration of zircons and REE-bearing minerals,
such as monazite, in the weathered tonstein.

Discussion

The tonstein rock type, after Winchester and Floyd
(1977) and later utilization of the defining geochemical

https://doi.org/10.1007/s42860-023-00237-5 Published online by Cambridge University Press

parameters, is largely trachyandesite to trachyte
(Fig. 19) and has a relatively constant Zt/TiO, value
but Nb/Y values which change significantly, espe-
cially as there is little change in the designated fields,
suggesting that tonsteins present in this study have all
come from a very similar source.

The tonstein mineralogy is generally dominated by
kaolinite (59-91% of the unweathered samples) with
illite> quartz comprising the remainder of the major
minerals. Much of the kaolinite is a secondary mineral
after volcanic glass, as evidenced not only by its ver-
micular texture derived from other original volcanic
minerals (e.g. mica; Dai et al., 2017c) but also by its
matrix occurrence for other minerals rather than detri-
tal modes of occurrence (Fig. 5) and in Hower et al.
(2018), although phenocrysts of kaolinite suggest a
primary deposition of those forms. Minor amounts of
clinoptilolite, siderite, pyrite, gypsum, chlorite, and
anatase were detected and quantified by XRD + Siro-
quant. Sanidine, apatite, zircon, ilmenite, pyrite, cran-
dallite, florencite, galena, siderite, and goethite were
detected by SEM among these samples. Monazite and
kaolinite phenocrysts were noted in the electron micros-
copy study of the correlative Dean coal (Hower et al.,
2018); Hower et al. (1994) found sanidine (some with
alteration to quartz and kaolinite), f-quartz, magnetite,
magnetite with an ilmenite core, anatase, rutile, and
weathered titanite; and Robl and Bland (1977) noted
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the presence of kaolinite pseudomorphs after f-quartz
and sanidine. Mineralogical evidence for a volcanic-
ash deposit includes vermicular kaolinite, sanidine,
B-quartz, euhedral zircons, ilmenite, apatite, and phos-
phates including crandallite-group minerals, monazite.
and rutile (or anatase). The possibility that some of the
phosphates and TiO, minerals could be of secondary
origin cannot be discounted. The Fe-Ti oxides shown in
Fig. 7c,d give strong evidence for the magmatic origin
of at least some of the Fe-Ti oxide/TiO, suite.

The tonstein geochemistry is dominated by Al,O;
and SiO,, a function of the dominance of kaolinite.
The total REE content, exceeding 400 pg/g in one
case (sample 4997) and <100 pg/g at many of the
sites, is, perhaps, deceptively small as the REE in
the coal is often reported on an ash basis (e.g. Hower

et al., 2016, 2020). The tonstein, with REE and REY-
bearing minerals such as apatite, crandallite, mona-
zite, florencite, and zircon, was, indeed, a primary
source of the REE in the surrounding coal. That
influence may have been through direct deposition
of REY-bearing minerals, as in coal sample 41,010,
or via remobilization of the REY in the tonstein by
leaching.

Among the tonsteins, some of the highest REY
concentrations occur in tonsteins that were possibly
gradational with non-tonstein lithologies (samples
4673 and 4911; noted in both the megascopic appear-
ance and in the <40% kaolinite content) and in weath-
ered outcrops (samples 4962 and 4969). The reasons
for this could not be explored further in this study
because crushed whole-rock samples were being

Number Eigenvalue 20 40 60 80
1 1.880281 I | 1.0 o
2 1.344819 [ o ~ GAN/GAN?
3 1.051762 I 4 {
4 0.441530 1] p
2 i Zr+Nb
5 0281609 [] _ =103 LREE/HREE i °
R R [ @ i 2
o o {
8 g ;
~ ~ o
.5: E ()1 B RS RN *).M77<7. ........
§ ] AT
& § teREE
o : v £
: -05 :
B :
-2 i i
T
-8 -6 -4 -2 0 2 4 10 -05 0 05 1.0
a Component 1 (37.6 %) Component 1 (37.6 %)
30 KGS 998 l a = 0.05 Limits
|
4950 4687 4746 4962 4868 |
|
|
20 Il [
|
| Il [
J
= [ |
! B [
I | \
A J\ A | ) \\ |
10 v" m | ] T A T UCL=10.01
| \ | | \ ) ‘V \
| w}l [ ll‘ "A ,‘} / il | ", ‘
T — — ———d Median=4.40
< / l‘ o 'J‘ ‘\ o v} . — 3 { o % v
v Y S L~
0
0 10 20 30
b
Sample

Fig. 13 a Principal components analysis (PCA) distribution for selected variables for all of the samples. Note that the vectors for
LREE/HREE and Gd,/Gdy* overlap at this scale. b Outlier distribution for all samples
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Table 9 Principal components analysis parameters for the analysis of all samples
Correlations
Al/Ti Zr+Nb REE LREE/HREE Gd\/Gdy«
Al/Ti 1.0000 0.2029 0.2586 —-0.1105 —0.0863
Zr+Nb 0.2029 1.0000 -0.0873 0.3147 0.2968
REE 0.2586 -0.0873 1.0000 —-0.0358 —0.0662
LREE/HREE -0.1105 0.3147 -0.0358 1.0000 0.9539
Gdy/Gdy« -0.0863 0.2968 -0.0662 0.9539 1.0000
Covariance matrix
Al/Ti Zr+Nb REE LREE/HREE Gd\/Gdy«
Al/Ti 23.169 87.503 180.283 -1.252 —-0.033
Zr+Nb 87.503 8026.766 -1133.302 66.387 2.100
REE 180.283 —-1133.302 20981.725 -12.201 -0.757
LREE/HREE -1.252 66.387 -12.201 5.544 0.177
Gdy/Gdy« -0.033 2.100 -0.757 0.177 0.006
Eigenvalues
Number Eigenvalue % Cumul. % Chi Square d.f Prob > ChiSq
1 2.136 42.706 42.706 79.829 9.344 <0.0001
2 1.290 25.797 68.503 61.397 7.859 <0.0001
3 0.965 19.301 87.804 50.302 4.937 <0.0001
4 0.565 11.307 99.111 35.972 2.235 <0.0001
5 0.044 0.889 100.000 0.000
Eigenvectors
Prinl Prin2 Prin3 Prin4 Prin5
AVTi -0.0750 0.7489 —0.2241 -0.6182 -0.0337
Zr+Nb 0.3483 0.3447 —0.6298 0.6022 0.0267
REE -0.1028 0.5659 0.6832 0.4486 0.0335
LREE/HREE 0.6579 -0.0022 0.2158 -0.1220 -0.7112
Gdy/Gdy« 0.6555 -0.0073 0.1995 -0.1979 0.7009
Loading matrix
Prinl Prin2 Prin3 Prin4 Prin5
Al/Ti —-0.1096 0.8505 -0.2201 —0.4648 —0.0071
Zr+Nb 0.5089 0.3915 -0.6187 0.4528 0.0056
REE -0.1503 0.6427 0.6712 0.3373 0.0071
LREE/HREE 0.9613 —-0.0025 0.2120 -0.0917 —-0.1499
Gdy/Gdy« 0.9579 -0.0073 0.1960 —0.1488 0.1478

analyzed. The character of these samples is seen in
the upppermost UCC spidergram plots (Figs. 10 and
11), with the gradational and weathered tonsteins, the
floor rock, and the coal sample having the greatest
and, in some cases, the most significant, negative Eu
anomalies. In the PCA analyses (Figs. 13b and 14b),

https://doi.org/10.1007/s42860-023-00237-5 Published online by Cambridge University Press

the weathered tonsteins are among the outliers. In the
assessment of REE vs. Zr+Nb (Fig. 15), Al,05/TiO,
vs. Zr+Nb (Fig. 16), and Zr vs. Y (Fig. 17), weath-
ered sample 4969 stands out as being distinctly differ-
ent from the other tonstein samples. Both weathered
samples are on the low-Ta and, to a lesser extent, the
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low-Nb end of the Nb vs. Ta plot (Fig. 18). Transi-
tional sample 4673 is at the low-Nb/Y and high-Zr-
TiO, end of the Winchester and Floyd (1977) rock
classification (Fig. 19).

What are the implications of the outliers? For the
transitional tonsteins, the rock type was gradational
between the tonstein, as represented by the apparently
non-gradational samples with 59-92% kaolinite, and
a relatively illite-rich lithology. In the deposition of
the partings, the passage from an illitic clay to the
kaolinite-rich tonstein can be seen (Fig. 2a,b); the
boundary between the two is transitional, as seen by

Number Eigenvalue 20 40 60 80

the dark streaks in the lower quarter of the tonstein
(Fig. 2b). The illitic clay, presumed to have been a
terrigenous depositional event, is an influence on the
REE chemistry of the coal underlying the tonstein,
with the coal below the illitic clay having a lower
REE content than coal directly underlying the ash-fall
tonstein (Fig. 2c) (Hower et al., 1999, 2020). Weath-
ering of the tonstein preferentially removes kaolinite
from the rock, leaving behind REE-bearing phos-
phates (apatite, crandallite, florencite, monazite) and
Y-bearing zircon, the latter causing a relative enrich-
ment in the REY.
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Fig. 14 a Principal components analysis (PCA) distribution for selected variables for the tonstein samples. Note that the vectors for
LREE/HREE and Gd,/Gd* overlap at this scale. b Outlier distribution for all samples
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Table 10 Principal components analysis parameters for analysis of the tonstein
Correlations
Al/Ti Zr+Nb REE LREE/HREE Gdy/Gdy-
Al/Ti 1.0000 0.2826 0.5095 —0.1248 —-0.0660
Zr+Nb 0.2826 1.0000 0.2394 0.3323 0.3160
REE 0.5095 0.2394 1.0000 -0.0957 -0.1096
LREE/HREE —0.1248 0.3323 —0.0957 1.0000 0.9595
Gdy/Gdy« -0.0660 0.3160 -0.1096 0.9595 1.0000
Covariance matrix
Al/Ti Zr+Nb REE LREE/HREE Gdy/Gdy-
Al/Ti 18.586 101.293 284.435 -1.320 -0.024
Zr+Nb 101.293 6913.085 2577.175 67.684 20.288
REE 284.435 2577.175 16770.319 -30.348 -1.193
LREE/HREE -1.320 67.684 —-30.348 6.001 0.198
Gdy/Gdy« -0.024 20.288 -1.193 0.198 0.007
Eigenvalues
Number Eigenvalue % Cumul. % Chi Square d.f Prob > ChiSq
2.148 42.955 42.955 78.244 9.103 <0.0001
2 1.701 34.016 76.971 62.093 7.604 <0.0001
3 0.625 12.503 89.474 37.445 5.214 <0.0001
4 0.490 9.793 99.267 30.362 2.540 <0.0001
5 0.037 0.734 100.001 0.000
Eigenvectors
Prinl Prin2 Prin3 Prin4 Prin5
AlTi —0.0569 0.6444 0.1824 0.7367 0.0741
Zr+Nb 0.3443 0.4286 -0.8228 —0.1418 —-0.0275
REE -0.0716 0.6293 04119 -0.6538 —0.0413
LREE/HREE 0.6626 —-0.0564 0.2289 -0.0275 0.7104
Gdy/Gdy- 0.6288 —-0.0431 0.2603 0.0944 -0.6982
Loading matrix
Prinl Prin2 Prin3 Prin4 Prin5
Al/Ti —-0.0834 0.8404 0.1442 0.5155 0.0142
Zr+Nb 0.5046 0.5589 —0.6505 -0.0992 -0.0053
REE —-0.1050 0.8207 0.3256 0.4575 -0.0076
LREE/HREE 0.9711 -0.0736 0.1810 -0.0193 0.1361
Gdy/Gdy« 0.9355 —-0.0562 0.2058 0.0660 -0.1337
Summary nearly 29 cm in thickness in the study area, the ton-

A lanthanide-rich, 315-317 Ma (after Machlus et al.,
2020) volcanic ash-fall tonstein occurs in association
with the Middle Pennsylvanian Duckmantian-age Fire
Clay coal in eastern Kentucky. Ranging from 1.5 to

stein was deposited generally during peat accumu-
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lation, although sites with the tonstein at the base of
the coal or within the underclay are known. Outside
of the study area, the ash fall is known to have been
dispersed within the peat, resulting in REE-rich coal
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lithologies but not as a distinct parting (Hower et al.,
2018; Mardon & Hower, 2004). In addition to the
tonstein, one coal and four floor (underclay) samples
were studied.

Some of the tonsteins were transitional to illitic
partings and two of the samples were from roadcuts
(therefore, weathered samples). The kaolinite con-
tent of the non-weathered tonsteins and exclusive of
the partings known to be transitional to other lith-
ologies ranged from 50-92%. Illite and quartz were
present as major to minor minerals in all cases, with
clinoptilolite, siderite, pyrite, gypsum, chlorite, and
anatase detected by XRD and Siroquant mineralogy;
sanidine, apatite, zircon, ilmenite, pyrite, crandallite,
florencite, galena, siderite, and goethite observed
during SEM examination of three of the samples;
and monazite, B-quartz, magnetite, magnetite with
an ilmenite core, rutile, and weathered titanite known
from studies by Robl and Bland (1977), Bohor and
Triplehorn (1981, 1993), and Hower et al., (1994,
2018). Evidence for a volcanic-ash deposit includes
vermicular kaolinite, sanidine, -quartz, euhedral zir-
cons, ilmenite, apatite, phosphates (including cran-
dallite-group minerals and monazite), and rutile (or
anatase). Zircons and the REE-bearing phosphates
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contributed to the REY concentrations in the ton-
stein. The REE concentration is enriched in the
weathered tonsteins due to the preservation of REE-
bearing phosphates (apatite, crandallite, florencite,
monazite) and Y-bearing zircon at the expense of the
kaolinite weathered from the rock.
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