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SUMMARY

This study characterizes Pennsylvanian paleosols from coal-bearing strata in Indiana, with
the main emphasis on the abundance and distribution of rare earth elements (REE) and lithium
(Li). Eleven locations in southwest Indiana were selected for this study, targeting paleosols of
both the Carbondale Group and Raccoon Creek Group. Most paleosols were directly under-
lying coal beds. Lithologically, the paleosols range from grey mudstones to greenish-grey
claystones and occasional siltstones. In the Carbondale Group, the thickest paleosol horizons
occur under the Danville and the Houchin Creek Coal Members, with their thickness reaching
close to 10 ft. In the Raccoon Creek Group, the paleosol under the Wise Ridge Coal appears to
be thickest (4.6 to 11.4 ft) and best developed.

Total REE content in paleosol samples ranges from 138.8 ppm to 728.55 ppm, with an average
range of 208.3 ppm (Colchester Coal paleosol) to 342.9 ppm in the paleosol under the Upper
Block Coal. Light REE dominate over heavy REE, and the variation in the light REE is respon-
sible for the largest variations of the total REE. The largest amount of the heavy REE (61 ppm)
occurs in the paleosol under the Lower Block Coal. In contrast, the paleosol under the Upper
Block Coal has the largest variation in heavy REE content (49-148 ppm). REE patterns for
paleosol samples show very weak to no fractionation among light, medium, and heavy REE,
with no major anomalies present. The majority of paleosols have REE values roughly repre-
sentative of the upper continental crust. Only some paleosols are slightly enriched, and these
are paleosol samples under the Danville Coal and the Upper Block Coal. Lithium content in
the paleosol samples shows a variation from 21 ppm to 530 ppm. On average, the Wise Ridge
Coal is the richest in Li (249.3 ppm), followed by Viking B Coal (190.8 ppm). The coals of the
Brazil and Staunton Formations have higher Li content than the younger coals. Although this
study has not uncovered large concentrations of REE or lithium, the wide range of concen-
trations and potential ease of their extraction from these clay-rich rocks imply that paleosols
deserve further examination, and the current study can be used as a screening guide for a
more focused investigation.
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1. INTRODUCTION

Paleosols are ancient soils preserved in the rock record.
Because they form in response to interactions among
lithosphere, biosphere, hydrosphere, and atmosphere,
paleosols are important for environmental and climatic
reconstructions of the past (Cecil, 2013; Tabor and
Myers, 2015 and references therein). In the rock record,

they are common in coal-bearing sedimentary basins
where they underly coal seams and represent periods of
aerial exposure before the establishment of more humid
conditions and development of peat mires.

In the Illinois Basin, paleosols (also known as under-
clays) commonly underlie coal beds in Pennsylvanian
cyclothems and constitute a significant stratigraphic
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Figure 1. Map of southwestern Indiana showing locations of the boreholes analyzed in this study.
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component of the Pennsylvanian strata. Over decades,
various interpretations regarding the origin of these
paleosols have been developed (Potonie, 1910; Grim,
1935; Grim and Allen, 1938; Schultz, 1958; Baker,
1962; Duff and Walton, 1962; Parham, 1966 and refer-
ences therein). Despite different interpretations, there is
a general consensus that these strata are fossil soils that
developed on paleolandscapes during periods of rela-
tive environmental stability. Based on the morphology
and petrology of paleosols in the Illinois Basin, some
researchers discussed variations in paleoenvironmental
conditions (e.g., Weller, 1930; Archer and Greb, 1995; de
Wet et al., 1997; Cecil et al., 2003; DiMichele et al., 2010;
Falcon-Lang and DiMichele, 2010). Relatively detailed
morphological and mineralogical characteristics of
paleosol profiles preserved in Pennsylvanian (Atokan—
Virgilian; Westphalian—Stephanian) strata of the Illinois
Basin are provided in Rosenau et al. (2013a,b). These
authors also discussed spatial variability and the pedo-
genic history of paleosols. In Rosenau et al. (2013a,b)
study, four locations from Indiana (Pike, Gibson,
Warrick, and Daviess counties) were included.

Paleosols have recently received attention in relation
to the search for new sources of critical minerals, and
rare earth elements (REE; in this paper yttrium [Y] is
also included under the REE term) and lithium (Li) in
particular. Lithium is used in rechargeable batteries and
aluminum-lithium alloys for aerospace, and Australia
and Chile are the world’s largest producers and suppliers.
Decades ago, paleosols and other clay-rich Pennsylva-
nian rocks were shown to contain relatively high, though
variable, concentrations of lithium (Tourtelot and Bren-
ner-Tourtelot, 1977). The authors state that “Flint clays
and related rocks of Pennsylvanian age in Alabama,
Ohio, Pennsylvania, Kentucky, and Missouri very
commonly contain several hundred parts per million of
lithium, with maximum values as large as 4,000 to 5,100
ppm in the Missouri samples.” They further suggested
that these clay-rich rocks were “an unevaluated potential
resource for lithium.” Studies of modern soils provide
valuable information about controls on lithium distribu-
tion. For example, Tsai et al. (2014), based on a study of
loess soil in China, suggested that Li in the detritus and
carbonate fractions is derived from silicate weathering,
and that detrital fractions are Li-enriched compared to
the carbonate fractions.

Paleosols are attractive targets for REE mostly because
of the relative ease of their potential recovery. As clay-
rich sediments, paleosols have the potential to release
REE using leaching technologies (Moldoveanu and
Papangelakis, 2016; Montross et al., 2017; Yang et al.,
2020). For example, Rozelle et al. (2016) demonstrated
that in some cases, more than 90% of REE could be
recovered from paleosols and shales associated with
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Figure 3: Stratigraphic columns showing the position of the
paleosol samples studied within the Carbondale Group.
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coals using (NH4),SO, as an ion exchange lixiviant.
Ion-adsorption clays contain 0.05 to 0.3 % REE, with
more than 60 % REE occurring in a physically adsorbed
state recoverable by simple ion-exchange leaching (e.g.,
Chi and Tian, 2008; Luo et al., 2014. Available data
suggest that the concentrations of REE in paleosols
vary depending on many factors such as mineralogical
composition or the extent of pedogenic processes (e.g.,
Aide and Aide, 2012; Menendez et al., 2019). Limited
data on Pennsylvanian paleosols from Indiana show
the range of REE from 254 to 356 ppm, comparable to
those in the associated coals (Mastalerz et al., 2020)

The purpose of this study is to characterize Pennsylva-
nian paleosols from coal-bearing strata in Indiana, with
the main emphasis on the abundance and distribution of
REE and lithium.

2. METHODOLOGY
2.1 Samples

Eleven locations in southwest Indiana were selected
for this study (Figs. 1, 2). The selection was guided by
the availability of core material and the presence of
paleosols at various stratigraphic horizons. Paleosols of
both the Carbondale Group (middle and upper Desmoi-
nesian), which contains major coal beds (Fig. 2), and
the Raccoon Creek Group (upper Atokan and lower
Desmoinesian), which contains thinner and discontin-
uous coal beds, were targeted (Fig. 3). Most paleosols
were associated with the overlying coal beds, but a few
isolated paleosols not associated with coals also were
sampled (for example, the informally named “Maria
Creek paleosol” occurring between the lower and middle
benches of the West Franklin Limestone Member).

Core fragments containing paleosols were megoscop-
ically described and photographed. Depending on
paleosol thickness, one to three samples were collected
from each paleosol horizon. In total, 86 samples were
collected. Additionally, 29 coal and 39 shale samples
associated with paleosols were collected, but they are
not discussed in this paper. All samples were split into
two portions; one was sent to the United States Geolog-
ical Survey (USGS) for REE and associated analyses,
whereas the other was kept at the Indiana Geological and
Water Survey for the in-house analysis, including pXRF
and carbon and sulfur content.

2.2 Techniques

REE, trace elements, and major elements

Reports on REE, trace elements, and major elements in
all samples were provided to us by the USGS as part of the
Earth Mapping Resources Initiative (Earth MRI). Trace
elements and REE were analyzed by the inductively

coupled plasma — optical emission spectrometry — mass
spectroscopy (ICP-OES-MS) method, whereas major
elements were determined by the wavelength dispersive
X-ray fluorescence (WDXRF) technique.

Portable X-ray fluorescence (pXRF)

The pXRF analyzer (Thermo Niton XL3t GOLDD+)
was used to analyze the major element contents of the
studied samples. The pXRF analyzer was set to the
“Test All Geo” mode for 75 seconds. Three USGS
certified reference materials, one carbonatite (COQ-1)
and two shales (SDO-1 and SBC-1), were analyzed at
the beginning and end of each analytical session to
examine the accuracy and precision of the analyses
following McLaughlin et al. (2016).

Total carbon (TC) and total sulfur (TS)

A LECO elemental analyzer (SC832DR) was used to
determine the total carbon (TC) and total sulfur (TS)
contents of the samples. Dried and powdered samples
of 0.5 g in weight were used in the analysis. Two splits
were run on each sample, and the average value was
used for interpretation.

Vitrinite reflectance

Vitrinite reflectance was measured on the associ-
ated coal samples to document sample maturity. The
samples were crushed into rock chips finer than 0.85
mm (passing through a 20-mesh sieve) and made into
whole-rock pellets following standard coal petrog-
raphy procedures (ASTM, 2014). A Zeiss Photoscope
III reflected light microscope linked to a TIDAS PMT
I'V photometric system was used to measure the reflec-
tance of vitrinite, with more than 50 measurements
made on each sample. The vitrinite reflectance values
of the coals show a narrow range from 0.52 to 0.57 %,
all placing within high volatile C bituminous coal rank,
in agreement with previous maturity estimates of coal
in Indiana (e.g., Mastalerz et al., 2009).

3. RESULTS

3.1 Megascopic characteristics

The thickness and general megascopic characteristics
of the paleosols associated with major coal seams of
the Carbondale Group and the Raccoon Creek Group
in Indiana are summarized in Tables 1 and 2, respec-
tively. Additional paleosol horizons at locations not
associated with coals also were sampled (Figs. 3 and 4).
These characteristics are based on the description of the
paleosol samples collected for this study. Because the
purpose of the sampling was to collect representative
paleosol samples for the determination of REE concen-
trations, no detailed paleosol description, paleosol
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classification, or description of paleosol sections were
done as part of this study.

In the Carbondale Group (mid-Desmoinesian age), the
thickest paleosol horizons occur under the Danville and
the Houchin Creek coal members; their thickness can
reach close to 10 ft (Table 1). The greatest thickness of
the paleosol under the Danville (13.5 ft) was noted at
SDH-259 in Knox County, whereas the thickest paleosol
under the Houchin Creek (9.1 ft) occurred at SDH-379
in Pike County. Lithologically, the Carbondale Group
paleosols are dominantly represented by light grey, green-
ish-grey to dark grey claystones and mudstones, mostly
massive, rarely showing faint laminations. Claystones
often show pedogenic mottling and contain slickenside
surfaces. The intensity of rooting varies from sporadic
to abundant. There are also small plant fragments along
bedding surfaces, and the occurrence of these plant

fragments is especially common in the Danville Coal
paleosol. Paleosols under the Springfield Coal in Vander-
burgh County graded from mudstone to siltstone and
fine-grained sandstone, the latter with detected cross-
bedded lamination. The Springfield Coal paleosol also
contained brownish siderite veins and nodules.

Paleosols of the Raccoon Creek Group are grey
mudstones to greenish-grey claystones, and occasion-
ally siltstones (Table 2). Paleosols of the Brazil Forma-
tion (under Minshall/Buffaloville/Upper Block, and
Lower Block coals) are characterized by more intense
rooting and more frequent plant fragments compared
to those overlying the Staunton Formation (under Wise
Ridge and Viking B coals). Based on the locations
studied, the paleosol under the Wise Ridge Coal is the
thickest (4.6 to 11.4 ft) and best developed among the
paleosols of the Raccoon Creek Group.

Table 1. General characteristics of the paleosols under major coal beds of the Carbondale Group.

Strati- Sample | Thickness
graphic Location County depth Megascopic characteristics
position (feet) = (feet)
Danville Coal | SDH-4 Sullivan 313 51 Gray mudstone to claystone, rooting
3175 very rare, plant fragments along bedding,
slickensides
SDH-300 Sullivan 148 4.8 Light to dark gray massive mudstone,
149.8 rooting sporadic
SDH-347 Knox 74 4.8 Massive light gray mudstone to claystone,
76.2 rooting sporadic, siderite film
SDH-259 Knox 3425 135 Greenish-gray claystone, rooting sporad-
345.2 ic, slickensides common
350
352.5
SDH-366 | Vanderburgh 204 10.3 Greenish-gray claystone to mudstone,
207 rooting rare, some plant fragments, slick-
2135 ensides in some parts
Hymera Coal | SDH-259 Knox 366 3.3 Gray mudstone, rooting common, vitrain
fragments present.
SDH-366 | Vanderburgh 244 4.1 Gray mudstone, abundant root fragments
on bedding.
Herrin Coal | SDH-347 Knox 1147 8.0 Light gray claystone to mudstone to silt-
1186 stone, roots rare to very common, siderite
nodules
SDH-259 Knox 369.2 3.3 Gray claystone to mudstone, rooting rare,
371.2 slickensides, plant fragments abundant
SDH-300 Sullivan 190.8 3.0 Gray massive mudstone, plant fragments
present
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Springfield | SDH-300 Sullivan 262 125 Gray massive mudstone, rooting rare,
Coal 2673 plant fragments and slickensides in some
2733 parts
SDH-347 Knox 176 4 3.8 Light gray massive claystone to mud-
178.2 stone, rooting rare, plan fragments and
slickensides present
SDH-259A Knox 436 3.0 Gray mudstone with siderite concretions,
rooting rare
SDH-366 | Vanderburgh | 348.6 4.0 Gray mudstone to siltstone to sandstone,
3526 rooting sporadic, irregular siderite veins
Houchin SDH-300 Sullivan 354.8 4.3 Gray massive claystone to mudstone,
Creek Coal 3575 rooting sporadic, slickensides
SDH-259A Knox 534.5 9.0 Gray massive mudstone to light grey
5387 massive siltstone, rooting sporadic, plant
5427 fragments on bedding surfaces
SDH-377 Daviess 62.3 71 Light gray to greenish mudstone, brec-
64.5 ciated
SDH-379 Pike 121.2 9.1 Light gray claystone to gray massive mud-
124.4 stone, rooting sporadic, rare slickensides
130.9
SDH-366 | Vanderburgh 448 2.0 Gray massive mudstone, rooting sporadic
Colchester | SDH-317 Clay 71 3.0 Light gray claystone, plant fragments
Coal abundant
SDH-259A Knox 651.5 6.2 Massive light gray siltstone, rooting spo-
radic
SDH-379 Pike 215.8 10.0 Brownish-gray massive claystone, root-
218.1 ing and plant fragments abundant, some
2012 slickensides
Seelyville | SDH-317 Clay 79 (U) 17 Light gray claystone, plant fragments,
Coal and rooting abundant
SDH-300 Sullivan 436.2 3.6 Black massive to horizontally laminated
shale, no rooting
14Q13 Daviess 46 (U) 2.1(U) | (U) Gray friable claystone, plant frag-
49 (U) 21(1) ments present
575 (L) (L) Light gray to yellowish claystone, plant
58.5(L) fragments abundant
SDH-259A Knox 683.2(U) | 36(U) |(U) Gray mudstone to siltstone, rooting
6854(U)  ,g L rare to common
696.5 (L) (L) Light gray claystone, slickensides,

rooting rare
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Table 2. General characteristics of the paleosols under major coal beds of the Raccoon Creek Group
Stratigraphic Sample | Thick-
os?tioz Location | County | Depth ness Megascopic characteristics
P (feet) (feet)
Wise Ridge Coal | SDH-317 Clay 109.2 6.8 Gray mudstone, rare plant fragment, root-
m ing sporadic
14013 Daviess 96.5 85 Greenish-gray massive claystone, rooting rare
978

SDH-259A Knox 7273

4.6 Gray massive mudstone, rooting sporadic

SDH-377 | Daviess 198.2

114 | Gray mudstone to siltstone, common plant

208.2 fragments
Viking B Coal 14013 Daviess | 150.6 59 Gray massive claystone, rooting rare
154
SDH-377 | Daviess 238 4.9 Light gray to yellow-gray mudstone, crumbled
240.8 with brown concretions. Rare plant debris
Minshall/ SDH-217 Clay 130.5 4.5 Massive gray siltstone with intense rooting
Buffaloville Coal 135
Upper Block | SDH-217 Clay 141.3 52 Greenish-gray claystone to grey mudstone,
1435 intense rooting and slickensides
14Q13 Daviess | 216.5 2.9 Gray mudstone, plant fragments rare, root-
2185 ing sporadic
SDH-377 | Daviess | 3125 3.6 Gray mudstone with a lot of plant fragments
314.7
Lower Block SDH-217 Clay 167 9.8 Massive mudstone, rooting rare, plant frag-
Coal 171 ments parallel and oblique to bedding
173

14013 Daviess

78 Not sampled

3.2 Chemistry of paleosols

Carbon and sulfur

Carbon content of paleosols is low, below 1 wt % for
the majority of samples (Table 3, Fig. 5). The carbon
content measured in this study is total carbon, and
the low values indicate low combined carbonate and

organic carbon content. Occasional TC >3 % is related
to the presence of thin coal layers or abundant plant
fragments on bedding surfaces, thus indicating an
increased contribution from organic carbon. Sulfur
content is >1 % for the paleosols under the Danville and
shows more variation in paleosols under the Houchin
Creek, Springfield, and Wise Ridge Coals.
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Table 3. Total carbon (TC) and total sulfur (TS) in weight % of all collected paleosols.SD - standard deviation

Paleosolunder | N | TCMin A TC Max | TCAverage| TCSD | TS Min I\.Ill-asx TS Average TS SD
Colchester 5 0.21 118 0.60 043 0.24 3.35 2.09 1.31
Danville 13 0.21 10.05 1.57 2.79 0.02 0.71 0.29 0.26
Herrin 5 0.47 6.53 2.36 2.60 0.18 1.74 0.79 0.66
Houchin Creek | 11 0.38 244 1.06 0.89 0.18 6.15 1.35 1.76
Hymera 2 071 2.54 163 1.29 0.04 3.28 1.66 2.29
Lower Block 3 0.21 2.67 1.21 1.29 0.02 0.04 0.03 0.01
Maria Creek 4 0.22 2.70 1.00 116 0.01 0.16 0.06 0.09
Minshall 2 0.23 0.56 040 0.23 0.10
Springfield 8 0.30 9.06 2.33 2.89 0.40 2.79 1.37 1.00
Upper Block 6 043 2.27 1.03 0.76 0.02 149 0.35 0.63
Seelyville 9 0.14 1.75 0.68 0.52 0.08 5.86 2.07 1.96
Viking B 4 0.33 244 146 1.09 0.29 1.05 0.63 0.38
Wise Ridge 7 0.14 244 113 1.04 0.11 1.26 048 043
Danville Coal Houchin Creek Coal
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Figure 5. Bar graphs showing the total carbon (TC) and total sulfur (TS) of selected paleosols.
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Major oxides

SiO, and Al O, are the principal oxides of paleosols. The
average content of SiO, in individual paleosols varies
from 55.2 to 67.9 weight % (Fig. 6), but in individual
samples can be as low as 26.2 or as high as 76.6 wt %.
There are notable variations within each paleosol; the
largest variation in SiO, was recorded in the paleosol

Si0,[%]
min | max average
Maria Creek 58.10 | 60.10 58.90
Danville Coal 3540 | 60.50 55.32
Herrin Coal 16.40 | 60.30 46.92
Springfield Coal 26.20 | 66.90 55.98
Houchin Creek Coal | 54.70 | 76.60 63.10
Colchester Coal 50.70 | 59.60 55.15
Seelyville Coal 53.80 | 66.70 61.52
Carrier Mills Shale | 61.10 | 70.20 65.65
Wise Ridge Coal 4520 | 63.80 55.77
Viking B Coal 52.80 | 61.10 57.80
Upper Block Coal | 49.00 | 72.20 59.75
Lower Block Coal | 65.70 | 71.30 67.90
AlL0,[%]
min max average

Maria Creek 1240 | 22.30 19.45
Danville Coal 14.30 | 24.90 2146
Herrin Coal 6.36 | 21.80 16.23
Springfield Coal 759 | 22.10 15.28
Houchin Creek Coal | 10.40 | 22.00 16.84
Colchester Coal 1780 | 2140 19.60
Seelyville Coal 1560 | 24.50 19.08
Carrier Mills Shale | 14.60 | 22.80 18.70
Wise Ridge Coal 2350 | 34.10 2754
Viking B Coal 24.30 | 25.00 24.58
Upper Block Coal | 14.70 | 29.20 22.02
Lower Block Coal | 10.90 | 20.70 16.30

under the Herrin and the Springfield coals. Al,O, content
in individual paleosol samples ranged from 6.36 to 34.1
wt %, and on average, Wise Ridge Coal had the largest
content (27.5 wt %), followed by Viking B Coal (24.6
wt %) and Upper Block Coal (22.0 wt %) (Fig. 6). The
lowest average Al,O, content was recorded under the
Springfield and Herrin coals. Paleosols under these two
coals also had the largest variations in Al,O, content.
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Figure 6. Table data and graphs illustrating the concentra-
tion of major oxides of selected paleosols.
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= Fe203 [%] Figure 6 (continued). Table data and graphs illustrating
min max average the concentration of major oxides of selected paleosols.
Maria Creek 289 | 617 472 Fe,0, [%]
Danville Coal 125 | 786 412 1
Herrin Coal 220 | 941 546
Springfield Coal | 277 | 651 4.34 0
Houchin Creek Coal | 0.92 | 8.36 3.98 8
Colchester Coal 582 | 586 584 6 7
Seelyville Coal 194 | 540 3.50
Carrier Mills Shale | 213 | 242 2.28 4
Wise Ridge Coal 1.23 | 2.00 1.66 2 L &
Viking B Coal 146 | 324 2.74 .
Upper Block Coal 141 | 884 4.24 R EEEEEEEEE
Lower Block Coal | 165 | 1.00 |  4.89 <§ $EE 13283z
TiO, [%] IR I
min | max average o
Maria Creek 0.76 | 1.09 1.00 25 e
Danville Coal 070 | 1.26 1.02
Herrin Coal 031 | 111 0.84 20
Springfield Coal | 050 | 118 |  0.90 I
Houchin Creek Coal | 0.86 | 1.05 0.93 ko )
Colchester Coal 068 | 0.95 0.82 10
Seelyville Coal 09 | 114 1.03
Carrier Mills Shale | 115 | 1.22 119 05
Wise Ridge Coal 130 | 191 149 0
VikingBCoaI 0.97 1.35 118 5 E g § § § g E g E E E
Upper Block Coal | 0.97 | 1.34 1.15 g2 §¢ I g &% EZ
Lower Block Coal | 075 | 121 1.03 ST 5£33¢82°% §¢
P.0, [%] P,0; [%]
min | max average 06
Maria Creek 0.05 | 013 0.09 05
Danville Coal 0.02 ' 0.30 0.09
Herrin Coal 001 | 007 0.04 04
Springfield Coal 002 | 041 0.11 03
Houchin Creek Coal | 0.01 | 0.12 0.06 02
Colchester Coal 0.03 | 0.05 0.04 -
Seelyville Coal 003 | 011 0.05 o n -l ! .
Carrier Mills Shale | 0.02 | 0.05 0.04 o o
Wise Ridge Coal | 002 | 019 |  0.05 EEEEREEREERE
Viking B Coal 002 | 005 003 ‘DS S SRR
Upper Block Coal | 004 | 051 012 25 &7 =3
Lower Block Coal | 0.04 | 009 | 0.6 OO 144347les vl 33975
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Fe,O, ranges from less than 1 to 11.0 wt % between indi-
vidual paleosol samples, and average values for the paleosol
horizons span between less than 2 wt % in the Wise Ridge
Coal to 5.84 wt % in the Colchester Coal (Fig. 6). Inter-
nally most paleosols have a large spread of Fe,O, content.

The average TiO, ranges narrowly from 0.84 wt % in the
paleosol under the Herrin Coal to 1.49 wt % under the Wise
Ridge Coal. Paleosols under the Herrin and Wise Ridge
coals are the most variable with regard to TiO2 content Fig.
6).

The average content of P O, ranges from 0.01 wt % in the
Houchin Creek Coal to 0.41 wt % in the Springfield Coal,
and the difference in P,O, between different paleosol hori-
zons are of similar magnitude as between the samples
within individual paleosols (Fig. 6).

Rare earth elements and lithium of paleosols

Total REE content in paleosol samples ranges from
138.8 ppm to 728.6 ppm, with an average range of
208.3 ppm (Colchester Coal paleosol) to 342.9 ppm
in the paleosol under the Upper Block Coal (Fig. 7).
The largest variation in the total REE occurs under
the Upper Block, Wise Ridge, and Danville Coals. As
expected, light REE dominate over heavy REE (Fig. 7),
and the variation in the light REE accounts for the most
prominent variations of the total REE. The paleosol
under the Upper Block Coal has the largest variation in
heavy REE content (49-148 ppm).

REE patterns for paleosol samples are relatively
uniform regardless of their stratigraphic position, even
though each paleosol is associated with a different
coal seam (Fig. 8 A-C). This pattern (normal N-type)
represents very weak to no fractionation among light,
medium, and heavy REE. No major anomalies have
been revealed. As suggested in the previous study
(Mastalerz and al., 2020), the majority of paleosols have
REE values that are roughly representative of the upper
continental crust. Only some paleosols are slightly
enriched (C/UCC values of 2 to 5 or enriched (C/UCC
>5), and these are paleosol samples occurring under
Danville Coal (Fig. 8A) and the Upper Block Coal (Fig.
8B).

It has been previously suggested that paleosols could
have increased concentrations of lithium. For the
paleosol samples studied, the Li content shows a large
variation, from 21 ppm to 530 ppm (Fig. 9). On average,
the Wise Ridge Coal is most enriched in Li (249.3 ppm),
followed by Viking B Coal (180.8 ppm). In general,
the coals of the Brazil and Staunton Formations have
higher Li content than the younger coals that often have
Li content below 100 ppm.

Total REE [ppm]
min | max | average
Maria Creek 224.3 | 384.8 2756
Danville Coal 1559 | 7286 | 3297
Herrin Coal 1414 | 3444 244.2
Springfield Coal 1758 1 3088 | 230.1
Houchin Creek Coal | 129.5 | 318.7 2434
Colchester Coal 1388 | 2865 | 2083
Seelyville Coal 188.3 | 294.2 2477
Carrier Mills Shale | 230.3 | 4045 | 328.0
Wise Ridge Coal 1655 | 6065 2848
Viking B Coal 1876 | 3710 2579
Upper Block Coal | 264.0 | 635.0 | 342.9
Lower Block Coal | 214.3 | 316.2 282.0
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Figure 7. Table data and graphs of REE concentrations
(total, light, and heavy) in the paleosols studied (contin-
ued on next page).
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Light REE [ppm] Light REEs [ppm]
min  max = average 100
Maria Creek 1743 13386 | 2294 600
Danville Coal 1132 16650 2787 200
Herrin Coal 1045|2892 1935 400

Springfield Coal | 134.7 | 2490 1816 00
Houchin Creek Coal | 974 | 2557 | 1964 20
Colchester Coal | 92.0 12350| 1611 100
Seelyville Coal 1416 | 252.2 198.9
Carrier Mills Shale | 173.3 | 357.3 2764
Wise Ridge Coal | 1085 5650 230.2
Viking B Coal 139.7 | 315.5 2078
Upper Block Coal | 208.0 | 4870 2684
Lower Block Coal | 162.6 | 251.0 221.1

e
en
.

Maria Creek
Danville Coal
Herrin Coa

Springfield Coa
Colchester Coal
Seelyville Coa
Wise Ridge Coa
Viking B Coa
Upper Block Coa
Lower Block Coa

Houchin Creek Coa
Carrier Mills Shale

Heavy REE [ppm] Heavy REEs [ppm]

min = max  average 160
Maria Creek 402 | 501 @ 462 Eg
Danville Coal 372 | 654 51.1 100
Herrin Coal 36.9 | 80.0 50.7 80 .
Springfield Coal | 41.1 | 59.8 484 60 !
Houchin Creek Coal | 32.1 | 631 | 470 0 ™ 2 E Chs &
Colchester Coal | 335 | 671 472 20
Seelyville Coal | 397 | 596 | 4838 s s 2z s oc oo o= om
Carrier Mills Shale| 472 | 570 = 516 S:t3izz=Z2szi
Wise Ridge Coal | 415 | 679 | 546 =87 S 338
Viking B Coal 434 | 555 50.1 = © B
Upper Block Coal | 49.0 | 148.0 74.5 _ _
Lover Bock Coal | 516 | 660 | 610 | heamer o) Tebdte g apneof R oper
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Well SDH-366
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—O— SDH-366-2 paleosol under Danville Coal 1
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—8— SPH-366-6 paleosol under Hymera Coal
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Figure 8. Line graphs of REE distribution patterns for the studied paleosols from wells SDH-366, 14Q13, and SDH-217.
C - element concentration in ppm, UCC - concentration in the upper continental crust.
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Lithium [ppm] Li [ppm]

min | max average 600
Maria Creek 400 | 670 50.8 500
Danville Coal 450 | 258.0 115.6 100
Herrin Coal 250 | 1290 76.0
Springfield Coal | 29.0 | 1180 51.1 300 .
Houchin Creek Coal | 21.0 | 205.0 83.7 200 -
Colchester Coal 56.0 | 118.0 84.0 100 S
Seelyville Coal 39.0 | 205.0 85.8 * E @
Carrier Mills Shale | 50.0 | 141.0 92.3 0 o o -
WiseRidge Coal | 890 5300 2493 'SR EEEEEREEER
Viking B Coal 580 13280 | 1808 ‘SNl =
UpperBlock Coal | 520 | 2220 | 1418 >§S8S7 5= 553
Lower Block Coal 34.0 | 204.0 129.7

Figure 9. Table data and graph of the concentration of lithium in the paleosols studied.
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Figure 10. Scatter plot evaluating REE in collected paleosols, taking into account outlook coef-
ficient and total REE content (after Xie et al, 2022).
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Figure 11. Scatter plots showing relationships between REE and other selected parameters.
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4. DISCUSSION

4.1 Paleosols as a source for REE and lithium

Several factors must be considered when evalu-
ating deposits as a potential source of REE. The total
REE concentration is a good parameter for an initial
screening. Data generated on coal combustion waste
suggested that a combined REE oxides content above
1000 ppm (on ash basis) could be considered the
threshold for beneficial recovery of the metals (Seredin,
2004). Seredin and Dai (2012) further suggested that
this cut-off value could be lowered to 800—900 ppm,
especially if the layers in consideration are thick.
Considering similar criteria for paleosols, only one
sample would satisfy the 700 ppm cut-off (Fig. 7).
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Compared to the upper continental crust concentra-
tions, most paleosols are either not enriched or only
slightly enriched (Fig. 8).

Another approach to evaluating REE potential takes
into account the contribution of critical REE in relation
to excessive elements: the best quality source should
have as many critical elements and as few excessive
elements as possible (Seredin, 2010). This approach
uses a parameter known as the “outlook coefficient”
(C,,,) that is calculated as:

C, s = (Nd+Eu+Tb+Dy+ER+Y/SumREY) / (Ce+Ho+T-
M+Yb+Lu/Sum REY).

The higher the C_  value, the more promising the
ore with respect to potential industrial value. For the
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Figure 12. Scatter plots and linear regressions comparing pXRF and USGS (WDXRF) elemental data. Black line shows

1:1 concentration.
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paleosols studied, the combination of REE concentra-
tions and C_ is shown in Figure 10. On this diagram,
all samples place in the unpromising areas.

When evaluating REE potential, predicting REE
high concentrations, and their beneficiation behavior,
it is important to understand REE associations in the
rock. Available data suggest that the concentrations of
REE in paleosols depend on many factors, such as the
mineralogical composition of the source material or
the extent of pedogenic processes (e.g., Aide and Aide,
2012; Menendez et al., 2019). Considering that paleosols
are dominantly claystones and clay-rich mudstones
where Al,O, and SiO, are the main components of the
paleosols studied, identifying relationships between
REE and major components can provide insights into
their associations. To identify those associations and,
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consequently, possible proxies for higher REE concen-
trations, we compared REE concentrations to common
oxides and numerous elements. In most cases, no trends
were identified, and the best examples are shown in
Figure 11. Although no distinct trends were revealed,
the following observations may be helpful in screening
for zones of increased REE concentrations: 1) low AlO,
content (< 20 %) is associated with lower REY content
(Fig. 11A); 2) there is no relationship between TiO2 and
Y (Fig. 11B); 3) excluding several samples, there is a
trend of increased Ce with an increase in Al O, (Fig.
11C); 4) there is no relationship between total carbon
(TC) and Mg with REE, but higher values of REE are
associated with low Mg and TC (Fig. 11D-E); and 5)
there is no relationship between REE and P,O, (Fig.
11F). These observations suggest that REE associations
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Figure 13. Scatter plots and fitted regressions showing the relationships between lithium and other selected parameters.

DO0110.14434/ijes.v4i1.33975



INDIANA JOURNAL OF EARTH SCIENCES, V. 4, 2022

MASTALERZ AND OTHERS

in the studied shales are complex, but mainly include
clay minerals.

As mentioned in the methods section, splits of all
paleosol samples were analyzed for elemental compo-
sition using pXRF. The pXREF is a fast and inexpensive
technique, and its application for studying paleosols
was evaluated. Comparing elemental composition
obtained by pXRF to that using wavelength dispersive
X-ray fluorescence (WDXRF), a good relationship was
obtained for Al, Si, Mg, and Ca (Fig. 12), indicating
that pXRF can be successfully used to quickly obtain
concentrations of these elements. For Al and Si, the
pXRF values were generally slightly lower than those
obtained by WDXRF for the majority of samples.

With regard to lithium, the paleosols under the Brazil
Formation (Lower and Upper Block coals) and Staunton
Formation (Wise Ridge and Viking B coals) contain
the highest lithium concentrations, with some samples
having more than 300 ppm. The Wise Ridge Coal
paleosol includes samples that have more than 500
ppm. Due to the wide range of Li content within these
paleosols, further examination will be needed to iden-
tify zones containing the highest concentrations. In the
paleosols of the younger coals, the average Li concen-
tration is below 100, except for the Danville Coal, which
contains 115.6 ppm of Li. Comparing Li concentrations
to common oxides, sulfur, and TC (Fig. 13), a moder-
ately strong positive correlation was obtained between
Li and AlO, (Fig. 13A). This relationship, in addition
to the negative trend with sulfur and TC, suggests that
Li is associated with clay fraction and indicates that Al
can be used for an initial screening of the paleosols in
search for high Li concentrations.

5. CONCLUSIONS

This study provides general characteristics of the Penn-
sylvanian paleosols, with a special emphasis on REE
and lithium. The selection of the boreholes was based
upon a) stratigraphic variation within the Raccoon
Creek and Carbondale Groups; and b) geographic loca-
tion from Clay County in the north to Vanderburgh
County in the south to provide a good overview of vari-
ability of REE and lithium that can be expected in Penn-
sylvanian paleosols in Indiana and likely in paleosols
located elsewhere. As such, this study can serve as a
screening guide for more detailed future geochemical
studies of Pennsylvanian paleosols in Indiana.

Although the paleosols studied do not have high
concentrations of REE, we need to consider that the
liberation of REE by acid leaching clay-type deposits,
like the paleosols studied, is relatively easy. There-
fore, their potential as an REE source should be further

studied, and special attention should be directed toward
those that show the largest REE concentrations, such
as the paleosols underlying the Danville Coal and the
Brazil Formation coals.

Among the paleosols studied, those under the Brazil
Formation (Lower and Upper Block Coals) and Staunton
Formation (Wise Ridge and Viking B Coals) would be
the best sources of lithium. The presence of samples
with lithium concentrations exceeding 300 or 500 ppm
makes the paleosols under these coals a primary target
for further investigation. Our results suggest that Li is
likely associated with clay fraction and that AL, O, (or
Al) can be used for an initial screening of the paleosols
in search of high Li concentrations.
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