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Abstract
The Mercer Clay bed in central Pennsylvania has produced feedstocks for the refractory industry in the USA and has also 
been investigated as a source of alumina and lithium. Developments in global markets for these commodities, as well as rare 
earth elements, have led to their classification as critical minerals in the USA, in turn renewing production opportunities 
for the Mercer Clay resource. The work reported here includes a review of the clay types and minerals involved, as well as 
past mineral processing and extractive metallurgy test work, and reports new research results from renewed investigation of 
the deposit as a polymetallic resource. This renewed work has found lithium contents that exceed 1,000 ppm, lying directly 
below the overlying Mercer coal, where the alumina content ranged from 32 to 34 wt%. Total rare earth concentrations were 
somewhat lower than have been found elsewhere in the region, and the highest contents were also found to be stratigraphi-
cally close to the coal. Further work is required to establish the mineral hosts for lithium and rare earths and to define the 
extent of enriched alumina, lithium, and rare earth concentrations.

Keywords  High-alumina underclay · Clay-hosted lithium · Coal byproducts · Lithium

1  Introduction

1.1 � Policy and Market Drivers for Critical Mineral 
Research in the USA

Technological innovations in the defense, electronics, 
energy, medical, and telecommunications sectors have 

involved the development of new applications and sig-
nificant worldwide market growth for certain non-ferrous 
metals. This in turn has driven new searches for mineral 
resources from which these metals can be produced.

In the USA, there are both policy and economic drivers 
behind the search for new mineral resources. In 2015, non-
fuel minerals used by major industries added $2.5 Trillion to 
the US economy [1]. Among the non-fuel mineral commodi-
ties for which the USA was import-dependent were feed-
stocks for primary aluminum production (alumina produced 
from bauxite), as well as other metals required for techno-
logical applications, such as lithium and rare earth elements 
(REEs). More recently, as a result of the 20 December, 2017, 
Presidential Executive Order (1387), many of these com-
modities are now on the US Department of Interior’s Critical 
Minerals list [2].

One potential resource for these commodities, having 
received attention in the past as an alternative to imported 
bauxite, is the Mercer underclay (Mercer Clay), which is 
found directly below the Mercer coal zone in the North-
ern Appalachian region of the USA. Multiple organiza-
tions, including the US Bureau of Mines, the US Geologi-
cal Survey, the Pennsylvania Geological Survey, and The 
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Pennsylvania State University have conducted both geologic 
exploration research and investigations into the potential for 
alumina recovery, using both mineral processing and extrac-
tive metallurgy processes.

Largely subsequent to that body of work, elevated lithium 
contents were found in the Mercer Clay, and contents of 
selected rare earth elements (REEs) were also reported [3]. 
These results, including elevated lithium contents, have been 
reported for the portion of the deposit found in central Penn-
sylvania, especially Centre, Clearfield and Clinton Counties. 
In this region, previous mining operations supported a sig-
nificant refractory manufacturing industry, facilitating both 
exploration work and industry interest.

Much of the work regarding alumina production from 
the Mercer Clay, as well as other high-alumina US clays, 
occurred prior to 1970. There have been technological 
advances in both mineral processing and extractive metal-
lurgy since then, possibly offering improved process eco-
nomics. Additionally, the potential for recovering other met-
als simultaneously with smelter-grade alumina can result in 
further economic improvements. This potential is especially 
notable regarding lithium, with previous work having found 
contents over 1,000 ppm, and REEs. Both lithium and REEs 
are considered critical mineral commodities in the USA.

Current market conditions, policy drivers, and tech-
nological advances are such that a re-examination of the 
Mercer Clay is merited, as a multiple commodity mineral 
resource. This paper will summarize previous work resulting 
from both geologic exploration and mineral processing and 
extractive metallurgy research on the subject. Also presented 
will be recent assay and mineralogical analyses of the mate-
rial from central Pennsylvania.

1.2 � Background on Research on the Mercer Clay 
as a Mineral Resource

The use of high-alumina Mercer Clay as feedstock for refrac-
tory production dates back decades. Some knowledge of the 
extent of the resource was gained through its production 
for this application. Concerns about the supply of imported 
bauxite during World War II led to examination of alternate 
sources of smelter feedstock in the USA [4]. This in turn led 
to a series of geologic, mineral processing, and extractive 
metallurgy research involving the Mercer Clay as a potential 
alternate alumina resource for aluminum production. The 
deposit has been discussed in that context in subsequent 
reviews of alternative sources of alumina [5, 6]. This body 
of work has produced information on mineralogy, as well 
as the behavior of these minerals in mineral processing and 
extractive metallurgy systems, to be discussed here.

National Bureau of Standards (NBS) Standard 97, 
from the Mercer Clay in Clearfield County, PA, contains 
1,070 ppm lithium. This and other earlier data led to a 

sampling program by the USGS involving mines in the 
Mercer Clay in several locations in Pennsylvania, includ-
ing Clearfield and Clinton Counties [3]. These activities, 
preliminary investigations of high-alumina clays in the 
USA as potential lithium resources, resulted in a set of 
published data on both lithium contents of the Mercer Clay 
and its mineral form in the clay [3, 7, 8].

The body of work on the Mercer Clay as a lithium 
resource also included data on concentrations of selected 
REEs, these being sufficiently high in some cases to 
merit further investigation. Subsequent work by the US 
Department of Energy (DOE), based on the prior results, 
has focused on underclays in the Northern Appalachian 
Region, and rare earth concentrations in the Mercer hori-
zon have been among the data generated recently by DOE.

2 � Geological Context

2.1 � Overview

The study area lies entirely within the Appalachian Pla-
teaus Physiographic Province of western and central Penn-
sylvania. Sites in Clearfield County and northwestern Cen-
tre County lie within the Pittsburgh Low Plateau Section 
of the Province, while sites in Clinton County and north-
ern Centre County lie in the Deep Valleys Section. Most 
of the sites lie within the Medium-volatile bituminous coal 
fields of the Main Bituminous Field. The region was a 
structural, geomorphic, and depositional basin from post-
Devonian to Pennsylvanian and Permian time. The basin, 
i.e., the Appalachian Basin [9] or Allegheny Synclinorium 
[10] or Pittsburgh-Huntingdon Basin [11], is a broad, elon-
gate structural trough that trends in a northeast-southwest 
direction between the Cincinnati Arch and the Allegheny 
Front and plunges to the southwest [11].

Coal-bearing rocks in Pennsylvania are of Pennsylva-
nian and Permian ages. In western Pennsylvania the coal-
bearing strata are divided into the Pottsville, Allegheny, 
Conemaugh, Monongahela, and Dunkard Groups (Gp). 
The Pottsville Gp in which the Mercer clays are found 
is dominated by sandstone, contains discontinuous coals 
and claystone intervals, with a basal contact that is discon-
formable [12], and varies in thickness from 140’ to 200’ 
in northcentral Pennsylvania [13]. The group is divided 
into the Elliott Park and Curwensville Formations (Fm). 
The Curwensville Fm encompasses the Mercer coals and 
clays and spans up to the base of the Clarion Fm, the basal 
formation in the overlying Allegheny Gp. The areal extent 
of the coal measures, and the clay-producing district exam-
ined in this work, are shown in the map in Fig. 1.

2038 Mining, Metallurgy & Exploration (2021) 38:2037–2054



1 3

2.2 � Geology of the Mercer Member

The Pottsville Gp contains interbedded intervals of sand-
stone, shale, coal, and clay. At the base is the Pottsville 
sandstone, a light-gray trough-cross-bedded quartz-pebble 
sandstone and conglomerate that fines upwards through the 
formation [13, 14]. The sandstone contains high amounts of 
silica, kaolinite, and chert cement in areas where overlain by 
clay [15]. The Mercer Member is an interval of coal, shale, 
and claystone beds that range from a few inches to tens of 
feet in thickness [12]. The coals are described as thinly bed-
ded, blocky vitrain bone coal with thin shaley intervals; 
coals range from 3 to 30″ thick and the most pronounced 
Lower Mercer coal overlies lenticular bodies of claystone 
in places [16] that vary laterally in thickness from 0 to 20’ 
[6]. The Mercer Clays range in character from dark gray silty 
clay shale to medium gray, non-fissile claystone [14]. These 
are characterized as flint, plastic, and nodule clays [15]. The 
claystone is crystalline and consists of minerals such as kao-
linite, diaspore, boehmite, and gibbsite [15]. The flint clays 
are approximately 40% Al2O3, while nodule clays are ~ 70% 
Al2O3 and contain accessory minerals such as tourmaline 

and zircon. Plastic clays are lower in aluminum content and 
typically contain quartz and illite [15]. The areas of the Mer-
cer Member that lack clay exhibit thin beds of coal underlain 
by graywacke sandstone that consists of chlorite and meta-
morphic rock fragments.

The Mercer clays contain organic material derived from 
fossilized roots and other plant remains. Invertebrate fos-
sils from brackish-water and marine environments can be 
found within shales that overly some of the coals [13]. Other 
microbial fossils make up the bulk of the organic constitu-
ents in the clay [15]. The Mercer Clay is interpreted to have 
developed on paleotopographically high areas from weather-
ing of the underlying southwest-dipping Mauch Chunk For-
mation [17]. High alumina clays formed on top of resistant 
sandstone shelves in a swampy, coastal environment where 
chemical leaching enriched the hard clay in aluminum. Wil-
liams and Bragonier [15] suggested that the presence of per-
meable sandstones beneath the clay may have enhanced the 
percolation of water through the clay, at least seasonally, and 
therefore created a more oxidizing environment as compared 
to adjacent locales where no underlying sandstone existed 
and a reducing environment was encountered. Alternatively, 
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Fig. 1   Areal extent of the coal measures (shaded in blue) within the study area, central Pennsylvania
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Bolger and Weitz [18] described Mercer clays as having 
formed as colloidal gels transported in sluggish streams 
into swamps where the gels crystallized into the clays, with 
subsequent diagenesis associated with post-lithification 
shrinkage cracking and crack filling by recrystallized clay 
minerals. Similarly, Erickson [19] interpreted Mercer clays 
as having formed from kaolinite and high alumina precipi-
tates and gels that accumulated in an acidic reducing coastal 
swamp environment.

3 � Mineralogy of the High‑Alumina Mercer 
Clay

The nature and distribution of aluminum-bearing minerals in 
the Mercer Clay has been the subject of significant research 
with respect to its potential as an alternative to imported 
bauxite for US aluminum smelter feedstock. While a smaller 

body of research has been published regarding lithium and 
rare earth contents, this set of data also suggests potential 
for deposit as a resource for those elements.

3.1 � Al‑, Si‑, and Fe‑Bearing Minerals

Clays found below the Mercer coal in the region have had 
several conventions for classification, based on texture, 
alumina content, and behavior in the refractory production 
process. Broadly, they can be divided into soft clays and 
high-alumina or hard clays. Mineral content governs where a 
clay falls within these classifications. The first classification, 
offered by Foose [16], appears in Table 1.

Foose’s classification used terminology from the mining 
industry in the region. Subsequently, Erickson [19] offered 
updated terminology, which was presented for compari-
son with other definitions by Bragonier [20], as shown in 
Table 2. While the nomenclature in Table 1 is correlated 
with Al2O3 content that found in Table 2 is based in part 
on the fraction of diaspore nodules in the rock. Table 2 also 
correlates multiple sets of terminology including that of 
Weitz and Bolger [21] and the industry conventions behind 
the Foose classification. Hard clays, or high-alumina clays, 
range from “burnt” nodule clay to semi-flint clay. Non-
refractory, or soft clays, contain less Al2O3. Quartz and illite 
are found in the plastic clays but are absent in the high-
alumina clays [15].

The most abundant Al-bearing minerals found in high-
alumina zones of the Mercer Clay in central Pennsylvania 
are kaolinite, diaspore, boehmite, and gibbsite [15]. Among 
these, kaolinite is the most common and is typically fine 
grained. As alumina content increases above that of stoi-
chiometric kaolinite, diaspore becomes more common. 
Most of the diaspore is found as grains in nodules that can 
range from a fraction of a millimeter to several centimeters 
in diameter [22]. Nodules can become sufficiently abundant 

Table 1   Varieties of clay in the Clearfield County, PA region, from 
Foose [16]

Clay type Alumina content

“Burnt” module clay 70–75%
Fine-grained (or blue) nodule clay 60–65%
Green nodule clay  ~ 55%
Nodule-block clay 40–50%
Spotted flint 40–42%
Flint clay 38%
Block clay 38%
Semi-flint clay 35–37%
Associated non-refractory clays include:
Slabby soft clay

 ~ 30%

Soft (plastic) clay 25–30%
Shaly clay or clay shale 30–20%

Table 2   Nomenclature of Mercer Clay types, from Bragonier [20]

Weitz and Bolger’s classifica-
tion [21]

Composition Equivalent Miners’ term Erickson’s classification

Diasporite Over 90% aluminum hydroxides “Burnt” nodule Diasporite
Argillaceous diasporite Over 50% aluminum hydroxides Fine grained nodule green nodule Argillaceous diasporite 

(Over 50% Nodules)
Diaspore claystone Over 50% kaolinite Nodule flint clay

Nodule block clay
Nodule claystone
(25–50% nodules)
Flinty nodule claystone
(5–25% nodules)
Nodular flinty claystone
(< 5% nodules)

Flinty claystone
Blocky claystone

Apparently all kaolinite Flint clay
Block clay

Flinty claystone
Blocky claystone

Shaly claystone Shaly clay Shaly claystone
Soft (plastic) clay Soft (plastic) clay Soft (plastic) clay
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to compose the entire deposit, resulting in rock with 70% 
alumina [15]. Boehmite occurs in small grains, either in the 
Al-rich nodules or in the kaolinite-rich groundmass [22]. 
Gibbsite has also been found, as a minor constituent [19].

High-alumina clays in the region have been produced for 
the regional refractory industry [16]. The use of these clays 
for refractory production has been governed in part by the 
iron content: higher iron contents have rendered some of the 
material unsuitable as feedstock for refractory production. 
Iron carbonates can comprise up to 30% of high iron content 
claystones [22]. As a result, high-iron, high-alumina Mercer 
Clay, not suitable for refractory production, has been a focus 
of research as an alternate source of smelter-grade alumina 
(to be discussed subsequently). Iron carbonates occur as 
“individual grains in veinlets and as radiating crystals in 
rosette-like masses that resemble the nodular aggregates of 
aluminum hydroxides found in high-alumina claystones” 
[22]. Pyrite occurs as stringers and small crystals and may be 
associated with organics or tourmaline within the clay [20]. 
Iron oxides can be present as a “brownish coating around 
grains and nodules, and as opaque masses” [19].

3.2 � Accessory Minerals

Several minerals have been identified in the Mercer Clay that 
contains critical mineral commodities (USGS classification 
[2]). These include tourmaline, which may include lithium, 
and zircon, a possible host of zirconium and hafnium. Addi-
tionally, analyses by the US Geological Survey on samples 
from the mines in the Mercer Clay district in central Penn-
sylvania included lanthanum and neodymium contents as 
high as 150 ppm each [3]. More recently, a Mercer Clay 
total lanthanide content exceeding 500 pm has been found 
in Clearfield County, PA [23], this being reported as part of 
a DOE-sponsored exploration program for REEs in the US 
coal measures.

3.3 � Lithium Distribution

The primary mineralogical host of lithium in Pennsylvanian 
high-alumina clays is unknown. Lithium can be hosted in at 
least three different ways in these rocks, each of which indi-
cates a different lithium source — it can be (1) structurally 
bound in clay minerals at the time of formation (precipita-
tion from inland sea waters and/or oxidation of organic-rich 
peat bogs); (2) adsorbed onto the surfaces of clay minerals 
(weathering and hydrologic circulation following sedimen-
tary deposition); or (3) concentrated in detrital minerals such 
as tourmaline (derived from erosion of igneous or metamor-
phic rocks in paleomountains that once existed in southeast) 
[7].

First, in the case of structurally bound clay minerals, 
kaolinite is the primary constituent of PA high-alumina 

clays, and lithium may participate in a coupled substitution 
with magnesium whereby magnesium substitutes for alu-
minum and lithium occupy a vacancy to accommodate the 
charge imbalance (Li+  + Mg2+  =  > Al3+) [24]. It has also 
been suggested that structural lithium is hosted in minor 
cookeite (a chlorite group mineral) in the Mercer clays [8]. 
Second, lithium is known to be concentrated in late-stage 
magmatic fluids that form pegmatites, from which it can 
later be leached and potentially adsorbed onto clays or accu-
mulated in evaporites [25]. Although there was no large-
scale magmatic activity in this region during or subsequent 
to the Pennsylvanian Period, igneous rocks are present in the 
source terrain to the southeast. Finally, magmatic and meta-
morphic tourmalines can be recycled from older rocks and 
incorporated into sedimentary materials. Tourmaline has 
been recognized as a minor but pervasive accessory mineral 
in Mercer clays from central Pennsylvania [20, 22]. A fourth 
possibility would involve the presence of evaporitic brines 
enriched in lithium that may transfer that enrichment to clays 
either directly via precipitation of smectite or indirectly by 
adsorption onto clay surfaces [26].

Both tourmaline and zircon in the Mercer Clay were 
reported as accessory minerals by Weitz [22], and Brago-
nier [20] reported an average grain size for these minerals 
of 250 µm, being well-rounded and “not diagenetic or post-
diagenetic.” Bragonier also suggested that these minerals 
with this grain size may have been concentrated through 
specialized sedimentary processes during deposition of 
clay particles or that “they were deposited under normal 
sedimentary processes with a larger detrital fraction that has 
undergone subsequent removal,” with petrographic evidence 
favoring the second possibility.

While lithium-bearing clay minerals and tourmaline 
could both be sources of lithium, their association with 
other more abundant minerals in the Mercer Clay can be 
instructive, notably from the standpoint of mineral process-
ing and extractive metallurgy process design. The work of 
Tourtelot and Meier [7] and Tourtelot and Brenner-Tourtelot 
[3] reported lithium contents for Pennsylvanian clays in the 
region, including those from the Mercer horizon. In addition 
to a lithium assay, each result included a sample description, 
using nomenclature not unlike those found in Tables 1 and 
2. Descriptive terms found in those works include “shale,” 
“plastic clay,” “flint clay,” “diaspore” (outer ring of nodules), 
and “diaspore (central part of nodule).” Of these descriptive 
categories, the highest lithium contents found were associ-
ated with flint clay, as shown in Table 3. This data set rep-
resents all of the samples that produced lithium assays of 
1,000 ppm or greater (sixteen analytical results). Of these, 
fifteen are described as flint clay, and one is described as the 
“outer ring” of a diaspore nodule. Of the former, two are also 
described as adhering to the outer ring of a diaspore nodule, 
and one is described as flint clay “containing diaspore.”
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Data with analyses of the material within diaspore nod-
ules themselves are much more limited in the Tourtelot 
(USGS) series of publications [3, 7, 8] and are presented 
here in Table 4. Lower concentrations are found here as 
compared with the flint clay associations found in Table 3.

Possibilities for the mineral phase in which lithium is 
present include tourmaline, which has been found by multi-
ple authors, as well as a clay phase (cookeite, from [8]). In 
the case of the former, tourmaline has been reported as dis-
persed at random throughout the groundmass [20], with no 
mention of their presence in diaspore nodules. As diaspore 
nodules are the result of non-clay mineral formation at the 
expense of clay, lower concentrations of clay-hosted lithium 
might also be expected in these nodules, as compared with 
a surrounding kaolinite groundmass (i.e., the flint clay por-
tion of the rock).

3.4 � REE Distribution

While some elevated concentrations have been reported 
for selected REEs in the Mercer Clay previously, there is 

considerably less known about its REE than its Li content 
and mineralogy.

Recent assay results developed under contract to the 
US Department of Energy have found elevated total REE 
concentrations in several Lower Allegheny and Pottsville 
Group underclays in central Pennsylvania. Total rare earth 
concentrations exceeding 500 ppm have been found in both 
the Mercer and Lower Kittanning horizons [23].

There can be variations in both concentration and indi-
vidual element value across the suite of REEs found in a 
deposit. One useful means of presenting the distribution of 
individual REEs is through normalizing the concentration 
of each element, in order of increasing atomic number, to its 
chondrite concentration. This presentation, a chondrite-nor-
malized distribution, can also provide an expedient means of 
comparing the relative concentrations of REEs, individually, 
of different potential ores.

In Fig. 2, the chondrite normalized distribution of lan-
thanides in a central Pennsylvania (Clinton County) Mercer 
Clay [23] is shown, normalized to the CI chondrite values 
of Anders and Grevesse [27] and displayed on a log scale. In 
addition to the Mercer Clay analysis, an analysis of Moun-
tain Pass rare earth ore is presented. This data set has been 
calculated from the ore grade and its relative contributions 
from each element, as found in Krishnamurthy and Gupta 
[28]. The total rare earth element content for the Mountain 
Pass ore analysis was 7.7% (reported as oxide). The Moun-
tain Pass deposit has been a significant rare earth producer 
in the USA [29].

While the total rare earth element content of the Moun-
tain Pass ore analysis used for Fig. 1 was approximately two 
orders of magnitude higher than that of the Mercer Clay 
sample (536 ppm, sample PA-006, in [23]), a comparison of 
the two plots shows that the Mercer Clay sample is actually 
enriched in the heavier rare elements (holmium through lute-
tium) and the dysprosium contents are roughly comparable. 
These data suggest that the Mercer Clay merits consideration 
as a source of heavy REEs, notably where they could be co-
produced with other mineral commodities such as alumina 
and lithium.

Information regarding the minerals that host REEs in the 
Mercer Clay remains to be developed, and this information 
will be essential in process design for their recovery from 
this potential resource. As has been mentioned in the context 
of the overlying Lower Kittanning Underclay [30], REEs 
in the Mercer Clay may be present in detrital or authigenic 
minerals or adsorbed onto clay surfaces.

3.5 � Summary: The Mercer Underclay 
as a Polymetallic Resource

Significantly, the elevated contents of all of the elements 
of interest (Al, Li, and TREE) suggest the potential of the 

Table 3   Clay analyses sorted by lithium content with sample descrip-
tions

ppm Li Sample description Reference

2,100 Flint clay, black, fragmental [3]
2,100 Flint clay, black, fragmental [3]
2,100 Flint clay, black, sparsely fragmental [3]
2,050 Diaspore, outer ring of nodule [3]
1,800 Flint clay, black, fragmental [3]
1,750 Flint clay, slightly silty [3]
1,700 Flint clay, black, fragmental [3]
1,600 Flint clay, slightly flaky and contains diaspore [3]
1,400 Dark gray flint clay [7]
1,400 Flint clay, adhering to outer ring of diaspore 

nodule
[3]

1,250 Flint clay around diaspore nodule [3]
1,200 Flint clay [3]
1,200 Flint clay, adhering to outer ring of diaspore 

nodule
[3]

1,150 Flint clay, partly fragmental [3]
1,050 Flint clay, granular, contains diaspore [3]
1,000 Flint clay, dark gray, partly fragmental [3]

Table 4   Diaspore analyses sorted by lithium content with sample 
descriptions

ppm Li Sample description Reference

280 Diaspore, inner ring of nodule [3]
41 90% diaspore by X-ray diffraction [7]
37 Diaspore, porous central part of nodule [3]
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Mercer Clay as a polymetallic resource, covering multiple 
commodities on the USGS Critical Minerals list. Mon-
etizing this opportunity, however, will require the extrac-
tion of these elements from the clay and their rendering in 
forms that are compatible with the aluminum, lithium, and 
REE value chains. Requirements for the extracted mineral 
commodities would include market-compatible products 
(smelter-grade alumina, lithium carbonate, separated rare 
earth compounds), at purities that meet market standards.

4 � Metallurgical Research: The Mercer 
and Other High‑Alumina Clays

4.1 � Overview

The concept of geometallurgy relates geology to metallurgi-
cal outcomes, where geological, mining, and processing data 
are co-analyzed “to generate useful information and knowl-
edge to optimize resource profitability” [31]. Toward this 
end, it is advantageous to begin an examination of potential 
processing options, within the context of the body of knowl-
edge that has been developed to date regarding the mineral 
characteristics of the Mercer Clay. While gaps remain in the 
knowledge of the mineralogy regarding both lithium and 
REEs in the deposit, the following are relevant to mineral 
processing and extractive metallurgy applications:

•	 Among the high-alumina varieties of the Mercer Clay 
(flint clays and nodule clays found in Tables 1 and 2), 
there is a fine-grained groundmass of kaolinite, with an 

increasing predominance of diaspore nodules as alu-
mina content increases. The alumina content increases 
as the proportion of nodules in the volume of the rock 
increases. Nodules can range in diameter from a frac-
tion of a millimeter to several centimeters.

•	 Iron-bearing constituents vary in both mineralogy 
and predominance. Iron-bearing minerals can include 
carbonates, oxides, and pyrite, and iron contents (as 
Fe2O3) can range in excess of 20% [19]. Masses of iron 
carbonates can resemble the Al-rich nodular aggregates 
found in high-alumina claystones.

•	 Tourmaline and zircon grains with average diameters 
of 250 µm have been reported in the Mercer Clay.

•	 The lithium present in the Mercer Clay appears to be 
associated with the flint clay type. Minerals hosting 
lithium may include tourmaline and cookeite, the latter 
being a clay mineral. Limited information suggests a 
diminished lithium presence within diaspore nodules.

•	 While the rare earth minerals in the material have yet to 
be established, recent work regarding the Mercer Clay 
has shown enrichment in heavy REEs as compared with 
published information for the Mountain Pass ore.

Available processes for the recovery of alumina, lith-
ium, and REEs from the Mercer Clay include both mineral 
processing and extractive metallurgy techniques. Previ-
ous research regarding clay products in Pennsylvania has 
involved both, including that specifically focused on the 
Mercer Clay. There is also a body of prior research avail-
able regarding application of mineral processing to similar 
mineral assemblages.

Fig. 2   Comparison of chon-
drite-normalized rare earth ele-
ment contents, Mountain Pass 
ore, and Mercer Clay
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4.2 � Mineral Processing

Research on the application of mineral processing tech-
nologies to the Mercer Clay has involved the reduction of 
the iron content. While in the past this has been a goal to 
improve marketability in the refractory industry, it is also 
relevant to the production of alumina, lithium, and REEs. 
The enrichment and separation of minerals that are rich in 
these elements, and the removal of iron- and silica-bearing 
minerals, would be useful outcomes.

There are also similarities in the mineral separation chal-
lenges involving the Mercer Clay and those found in the ben-
eficiation of kaolin products, the latter finding application 
in the production of paper, ceramics, fiberglass, and paint 
[32]. Clay feedstocks for kaolin production have similari-
ties with the Mercer flint clays in that the dominant mineral 
component is kaolinite. In the case of kaolin products, less 
abundant Fe-, Ti-, and Si-bearing minerals are removed to 
meet market requirements [32, 33].

Mineral processing research involving the Mercer Clay 
has included laboratory flotation and electrostatic (triboelec-
tric) separation testing. Additional mineral processing tests 
involving high-alumina Missouri clays have included work 
with cyclone classification and tabling. Mineral processing 
technologies applied in the production of kaolin products 
have included, in addition to particle size reduction, cyclone 
classification, flotation, and magnetic separation [32, 34]. 
The objective in all cases has been to separate non-alumi-
nous minerals from a kaolinite-rich feedstock.

Early beneficiation work regarding the Mercer Clay was 
driven by the need to minimize the iron content of the mate-
rial as shipped for refractory production. Smith [35] reported 
results of flotation tests, using a Fagergren Laboratory Flota-
tion Cell, using Mercer Clay samples that had been ground 
to 75% passing 74 µm. Under a range of pH conditions and 
reagent additions to the process, iron rejection to the process 
tailings achieved values in excess of 35%. However, other 
work in that series [36] examined the flotation behavior of 
another sample from central Pennsylvania, resulting in “no 
appreciable beneficiation” (i.e., iron removal). That work 
suggested that the nature of the distribution of iron species 
(oxides “intimately associated with clay and diaspore) ren-
dered their liberation “difficult.” That work used particle size 
distributions ranging from 89 to 99% passing 74 µm.

Beneficiation of kaolins through flotation has been a com-
mercial practice in the USA for decades, including the intro-
duction of ultrafiltration [34], which allowed for the technol-
ogy to be applied to finer particle sizes (less than 50 µm).

More recent work on flotation has been applied to “coal-
series kaolins” in China. These are found in the coal meas-
ures of China [37], as the Mercer Clay is in Pennsylvania. 
Flotation tests on very finely ground (− 10 µm) coal-series 
kaolin, using a multi-stage circuit (rougher/2-stage cleaner/

scavenger) circuit resulted in an increase in the Al2O3 con-
tent of the material from 21.7 (feed) to 34.8% (product), at 
an Al2O3 recovery exceeding 74% [38].

The nodular varieties of the Mercer Clay contain both 
kaolinite and diaspore. In addition to the removal of non-alu-
minous minerals, the separation of kaolinite from diaspore 
can yield a diaspore product with a significantly increased 
Al2O3 content and a kaolinite product. The latter makes up 
the groundmass of flint clay, where results to date suggest a 
lithium association. Work continues worldwide in the search 
for means to produce aluminum smelter feedstocks from 
unconventional ores, and recent reviews by Gibson et al. 
[39] and Zhang et al. [40] cover the separation of diaspore 
from clay minerals (including kaolinite) through flotation. 
Example results reviewed include those of Jiang et al. [41], 
where flotation tests on − 74 µm mixtures of diaspore, kao-
linite, and illite produced a result with a diaspore recovery 
of over 95% at a kaolinite recovery in the 30% range (illite 
recovery would not be a concern in the case of the nodular 
Mercer Clay). These and the other results covered in the 
reviews suggest that the emerging body of work on flotation 
for the separation of diaspore from kaolinite could result in 
useful application to the Mercer Clay, resulting in a diaspore 
product suitable for processing into alumina, and a kaolinite-
rich product that could also host elevated lithium contents. 
However, as was the case of the early work on flotation, 
knowledge of the mineral liberation with grinding, involving 
the Mercer Clay, will be required.

In addition to flotation, there is a body of laboratory 
physical separations results that is relevant to the potential 
for beneficiating the Mercer Clay. Laboratory electrostatic 
separation work was reported by Skelly [42], the purpose 
being to separate free silica. Some reduction in free silica 
was shown for a central Pennsylvania flint clay product from 
Clearfield County (8–10%). That result was achieved using 
a 212 by 53 µm particle size. Little separation was produced 
using two other clay products in that work.

High intensity magnetic separation is used in kaolin bene-
ficiation [43], where processes operate on very fine feed par-
ticles. The potential for this type of process for the removal 
of paramagnetic (non-aluminous) minerals from the Mercer 
Clay will be influenced by the degree of liberation of these 
minerals (i.e., the particle size distribution). The availability 
of industrial high intensity magnetic separators, introduced 
subsequent to most of the research done on the Mercer Clay, 
merits further research on the subject.

The US Bureau of Mines conducted laboratory physical 
separations testing on high-alumina clays from Missouri, 
with characteristic not unlike those of the Mercer Clay. That 
set of work involved examination of the removal of both 
quartz and pyrite from ground clay materials. One set of 
results, by Powell et al. [44], involved wet-ground pyrite-
rich clay (composed of kaolinite, pyrite, and quartz), with a 
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300 micron top size. Laboratory concentration testing was 
done using a 30 mm hydrocyclone system. The result of the 
grinding of pyritic clay samples was such that the majority 
of the product (85 + %) was finer than 37 µm, while sig-
nificant amounts of pyrite remained in the coarser fractions. 
This is shown in Fig. 3. Laboratory cyclone tests on this 
material resulted in a slight increase of the Al2O3 content of 
the (overflow) product over that of the feed. Perhaps more 
significantly, the pyrite content of the (underflow) tailing 
stream was enriched from 2.9% in the feed to 10.5%. Previ-
ous work has suggested that tourmaline and zircon are found 
in grains in the 250 µm size range in the Mercer Clay. If 
these minerals were to concentrate in the coarser fractions of 
a grinding product, in a fashion similar to pyrite in the Pow-
ell et al. work, hydrocyclone testing could yield a means to 
concentrate these heavy minerals in a stream separate from 
the alumina-rich minerals found in the deposit. More work 
on both mineralogical characterization and liberation behav-
ior of the Mercer Clay will be required in order to further 
pursue this possibility.

4.3 � Extractive Metallurgy

As much of the early work on the Mercer Clay involved its 
potential as a source of domestically produced aluminum 
smelter feed, laboratory work has focused on the recovery 
of smelter-grade alumina, and some of the results have pro-
gressed to the point of flowsheet design.

The use of hydrometallurgy to produce alumina from 
clays includes leaching the Al-bearing species into solution, 
as well precipitating it from solution at an acceptable purity. 
Given that the Mercer Clay includes Si-bearing kaolinite, 
and Fe-bearing minerals with concentrations that can exceed 
20%, the challenge involves means by which these elements 
can be kept out of the product.

Research by Conley et al. [4] resulted in the design of a 
process that involved sintering of the Mercer Clay with lime-
stone and soda ash, followed by leaching and a set of steps 
involving desilication and precipitation and calcination of 
an alumina product. The desilication step was complicated, 
involving lime addition and autoclaving.

Fetterman [45] developed an alternative process whereby 
the Mercer Clay would be roasted with ammonium sulfate, 
followed by leaching with 3% H2SO4. Alum would be pre-
cipitated, re-dissolved with water, and precipitated again, 
and a further purification step involving Primene would 
remove additional iron from the precipitate.

Chao and Sun [46, 47] conducted thermodynamic and 
laboratory investigations involving the sulfation, at elevated 
temperatures, of Al-bearing minerals found in the Mercer 
Clay. These included kaolinite and diaspore, and the process 
would involve production of aluminum sulfate in a baking 
or roasting environment, followed by cooling and leaching 
of the aluminum-bearing material into solution. Under the 
conditions involved, Si-bearing species are not sulfated and 
remain in the solid leach tailings. Results from their work 
also produced selective sulfation of Al-bearing species over 
Fe-bearing species.

The work of Chao and Sun resulted in a process with 
advantages with respect to smelter-grade alumina produc-
tion from the Mercer Clay and other similar feedstocks, with 
the potential to selectively solubilize Al-bearing species in 
the deposit over the major elemental impurities (silicon and 
iron). This can significantly reduce the treatment of the leach 
solution and other purification steps required to produce 
smelter-grade alumina.

Sulfation at elevated temperatures has been shown in the 
laboratory to be a means of selectively producing a leach-
able aluminum compound from Mercer Clay minerals, selec-
tively over both Si- and Fe-bearing species. Sulfation for 
this application may be referred to as “baking” or “sulfation 

Fig. 3   Distribution of pyrite and 
Al2O3 in a ground pyrite-rich 
clay sample, data from Powell 
et al. [44]
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roasting,” depending on the temperature involved — the 
authors consider sulfation at temperatures below the boil-
ing point of concentrated H2SO4 to be “baking” and above 
that temperature to be “roasting.”

From the standpoint of polymetallic recovery, sulfuric 
acid baking, followed by leaching, is a long-established prac-
tice for the commercial production of REEs [48]. Addition-
ally, one clay-associated lithium production project under 
development has included sulfation roasting in its extraction 
system [49]. In both cases, as is the case with extraction of 
Al-bearing species, sulfation at elevated temperatures has 
the potential to convert insoluble minerals into lithium and 
rare earth compounds that can be leached.

The body of work reported here on extractive metallurgy 
involving the Mercer Clay was applied to the material with-
out prior beneficiation. Other work, cited in Sect. 4.2, sug-
gests that further mineral processing research may provide 
means for beneficiating the material ahead of an extractive 
metallurgy step. As Hazen and Robertson state in the 2019 
SME Mineral Processing and Extractive Metallurgy Hand-
book [50], “Exhaust the options for physical separation 
before accepting the result that you must treat the whole 
ore. A difficult physical separation is almost always cheaper 
than a chemical separation.” Technology has evolved sig-
nificantly since much of the cited mineral processing work 
was reported, and further mineral processing research on 
the Mercer Clay may produce results that can significantly 
reduce extractive metallurgy costs, especially where the 
removal of iron species ahead of the process can be accom-
plished, and where products with enriched lithium and 
Al2O3 contents can be produced through a kaolinite-diaspore 
separation.

The goals of the work reported here have been to present a 
unified review of the research results that have been reported 
for the Mercer Clay, relevant to the potential resource of 
three critical mineral commodities (alumina, lithium, rare 
earths), and to report preliminary results from current work. 
The new research is being undertaken to address unanswered 
questions involving the mineralogy of the Mercer Clay. 
These questions must be answered to guide further mining, 
mineral processing, and extractive metallurgy research and 
include the following:

1.	 What are the lithium and rare earth-bearing minerals 
found in the deposit, and are there useful mineral asso-
ciations?

2.	 Are there stratigraphic associations for critical mineral 
enrichments?

3.	 What are the characteristic grain sizes of these minerals?
4.	 How do these minerals behave in grinding systems as 

compared with the major mineral components (i.e., lib-
eration behavior)?

5.	 What is the liberation behavior of iron-bearing minerals?

6.	 Is there liberation behavior involving kaolinite and dia-
spore that can facilitate a kaolinite-diaspore separation 
by flotation to produce a diaspore product and a (poten-
tially lithium-rich) kaolinite product?

7.	 Would any byproducts be suitable for applications where 
soft clay is used?

In addition to providing mineral processing-related infor-
mation, the answer to the first question is required to begin 
thermodynamic analyses that could yield common operating 
conditions for the sulfation of all the species of interest (Al-, 
Li-, and REE-bearing minerals). The answer to the second 
question can influence mine design, in turn impacting pro-
duction economics. Results to be presented here will address 
the first and second questions.

5 � Experimental

5.1 � Description of Samples

Previous work on the Mercer Clay, reported here, was con-
ducted from the 1940s through the 1980s. Much of the geo-
chemical data generated during that time involved samples 
from active clay mines. Due to cessation of operations and 
site reclamation in the intervening decades, access to expo-
sures of the material is among the challenges of reassessing 
the resource. An additional challenge is finding locations 
where previous work has established, notably, elevated alu-
mina and lithium contents.

A description of the Morgan Run clay-producing district 
in Clearfield County appears in Foose [16]. Two exposures 
in that district were sampled for chemical analysis for this 
work. In both cases, samples were taken above and below the 
Mercer coal; the intervals sampled below the coal are con-
sidered here to be the Mercer Clay. While sampling extended 
as much as 150 cm below the coal, in neither case was the 
underlying bedrock formation encountered in the exposure. 
As such, the complete interval of the Mercer Clay was not 
sampled.

Descriptions of the samples, including stratigraphic posi-
tions, are shown in Tables 5 and 6. The Morgan Run 1 sec-
tion primarily consists of soft gray clay with two thin coal 
layers. The uppermost coal layer is overlain by shale, which 
in turn is overlain unconformably by a lenticular sandstone 
bed. The bottom of the section is characterized by a harder 
grey clay. The Morgan Run 2 section is likewise character-
ized by soft gray clay, with only one thin coal layer at the 
site. Millimeter-sized cavities are common in the clays near 
the bottom of the section, and some of the cavities are lined 
with what appear to be reddish oxides.

The stratigraphic succession of the samples is presented 
in Fig. 4.
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5.2 � Sample Preparation and Analysis

Both the search for elevated lithium and rare earth con-
tents and identification of the stratigraphic positions of 
enrichments required elemental and mineralogical anal-
yses. Following grinding, samples were digested and 
analyzed through two routes. Analyses for major oxides 
used a Thermo 7400 Inductively Coupled Plasma Emis-
sion Spectrometry (ICP-AES) system, following a lithium 
metaborate fusion and digestion. Lithium and rare earth 
contents were determined using a Thermo Fischer Scien-
tific X Series 2 Inductively Coupled Plasma Mass Spec-
trometer (ICP-MS) with Collision Cell Technology, after 
peroxide fluxing to oxidize organics and multi-acid sam-
ple digestion. As lithium contents were required analyses, 
lithium metaborate digestion was not used for the ICP-MS 
analyses.

Mineralogical analyses for samples were generated using 
X-Ray diffraction. Finely powdered bulk clay samples were 
loaded onto silicon wafers, and diffraction spectra were col-
lected using a Malvern Panalytical X’pert3 MPD with a Cu 
Kα X-ray source. The collected spectra were processed using 
JADE peak identification software.

Elemental analyses gained through spectrometric tech-
niques were used to reconstitute stratigraphic distributions of 
key elements through the columns, as presented in the “Results 
and Discussion” below.

Table 5   Sample descriptions, Morgan Run site 1

Sample Number Thickness, cm Description

Pit floor — not sampled 38 Light to medium gray claystone with cutans and carbonaceous roots (Facies A), gradationally overlain 
by 16,052,019–1

16,052,019–1 29 Same as pit floor, but brownish with platy peds (Facies B), gradationally overlain by 16,052,019–2
16,052,019–2 17 Dark gray claystone with faint laminations, and prominent orange yellow stains on weathered outcrop 

face and in laminations (Facies C), abruptly overlain (though not erosion surface) by 16,052,019–3
16,052,019–3 13 Dark gray to black carbonaceous claystone and coal (Facies D), identified as lower Mercer coal, grada-

tionally overlain by 16,052,019–4
16,052,019–4 17 Facies B, gradationally overlain by 16,052,019–5
16,052,019–5 27 Facies A, gradationally overlain by 16,052,019–6
16,052,019–6 13 Coal (mostly vitrain), identified as the upper Mercer coal, gradationally overlain by 16,052,019–7
16,052,019–7 17 Light to medium gray shale, abruptly and erosively overlain by 16,052,019–8
16,052,019–8 13 Fine to medium grained sandstone (channel), thickens laterally to 38 cm

Table 6   Sample descriptions, Morgan Run site 2

Sample number Thickness, cm Description

Pit floor — not sampled 25 Light to medium grey claystone with silty claystone intervals with abundant vugs (including many 
with yellow rims), white mica, and dark accessory minerals or organic matter, gradationally overlain 
by 16,052,019–9

16,052,019–9 27 Similar to pit floor material but harder and without vugs; with black (likely) organic matter streaks and 
cross-laminated intervals, gradationally overlain by 16,052,019–10

16,052,019–10 38 Prominent hard bench similar to 16,052,019–9, but with abundant brick red fracture faces, gradation-
ally overlain by 16,052,019–11

16,052,019–11 23 Intermediate between below and overlying (next in description), gradationally overlain by 16,052,019–
12

16,052,019–12 44 Medium grey to brownish claystone with platy laminations; darkens upward, gradationally overlain by 
16,052,019–13

16,052,019–13 13 Brown organic matter-rich claystone with cutans and carbonaceous root traces, gradationally overlain 
by 16,052,019–14

16,052,019–14 7 Carbonaceous shale and coal (mostly durain and fusain) gradationally overlain by 16,052,019–15
16,052,019–15 21 Medium grey shale similar to 16,052,019–8 (Table 5), gradationally overlain by 16,052,019–16
16,052,019–16 16 Black carbonaceous shale gradationally overlain by interbedded shale/siltstone/sandstone to top of 

outcrop

2047Mining, Metallurgy & Exploration (2021) 38:2037–2054



1 3

6 � Results and Discussion

6.1 � Analytical Results

The contents of key elements, Al, Li, and total REEs are 
of primary importance here, as they govern the production 
costs of the associated critical mineral commodities. From a 

geometallurgical perspective, additional parameters of inter-
est are the stratigraphic positions of any enrichments, which 
may influence mining strategies and costs, and the relative 
contents of key gangue minerals and elements that can influ-
ence extractive metallurgy production costs, notably iron. 
Analytical results for major elements, and lithium and rare 
earths, appear in Tables 7, 8, 9, and 10.

Fig. 4   a–b Stratigraphic rela-
tionships of samples from the 
Mercer coal zone

a Site 1 b Site 2

Table 7   Major oxide, lithium, 
and total rare earth analyses for 
samples from site 1

Sample Wt% PPM PPM

SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O P2O5 LOI* Li TREE

160519–1 46.11 33.86 1.43 2.08 0.01 0.88 0.28 5.05 0.04 9.72 280 146
160519–2 42.44 31.78 1.75 2.27 0.02 0.74 0.28 3.73 0.04 10.64 530 154
160519–3 45.70 32.14 1.76 2.86 0.03 0.80 0.24 2.89 0.06 13.17 1300 265
160519–4 Coal
160519–5 52.52 27.73 1.35 1.98 0.07 0.85 0.23 4.07 0.05 9.91 430 260
160519–6 53.02 24.67 1.52 1.92 0.01 0.80 0.22 3.91 0.05 12.58 390 207
160519–7 Coal
160519–8 56.95 25.15 1.86 1.94 0.02 0.73 0.17 3.30 0.06 9.3 460 250
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The clays are composed primarily of SiO2 (42–57%) and 
Al2O3 (25–36%), with lesser amounts of K2O (< 1–5%), 
Fe2O3 (< 1–5%), and TiO2 (1–3%). The average SiO2:Al2O3 
ratio is 1.5:1. Total volatiles by loss on ignition range from 
9 to 15%. Lithium concentrations in the clays are highly 
variable, ranging from 96 to 1,300 PPM. REE abundances 
are broadly similar to those in post-Archean Australian shale 
(PAAS; [51]), with moderate enrichment (up to 2 × PAAS) 
in the heavy REEs. Total rare earth elements (TREE) range 
from 84 to 348 ppm. The TREE contents of these samples 
are lower than previous results for the Mercer Clay, as seen 
in Fig. 2. However, that result was from material sampled 
in Clinton County (see Fig. 1), while the results presented 
in Tables 7, 8, 9, and 10 are from samples gathered in 

Clearfield County. Another explanation could be that the 
acid digestion technique used for the ICP-MS samples, while 
necessitated by the need to analyze for lithium, did not com-
pletely dissolve REEs found in refractory minerals such as 
zircon.

XRD results showed that kaolinite and illite are com-
mon to all samples. Some samples, including (but not 
exclusively) the high-Li samples, contain chlorite, and one 
sample was found to contain montmorillonite. Some sam-
ples additionally contain quartz and/or orthoclase. Tour-
maline and rare earth-bearing minerals were not detected. 
Although no tourmaline was identified, it is possible that 
the trace amounts of may not be picked up in the XRD 
spectra. While tourmaline had been found previously in 

Table 8   Major oxide, lithium, 
and total rare earth analyses for 
samples from site 2

Sample Wt% PPM PPM

SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O P2O5 LOI* Li TREE

160519–9 42.31 34.09 2.20 1.56 0.00 0.31 0.16 2.22 0.06 12.0 96 188
160519–10 42.02 34.66 1.86 0.82 0.00 0.22 0.11 1.45 0.06 13.2 180 230
160519–11 42.94 34.47 2.09 0.84 0.00 0.17 0.07 0.78 0.04 13.7 590 84
160519–12 44.10 36.39 2.08 2.01 0.00 0.38 0.13 1.75 0.05 12.7 730 99
160519–13 42.79 33.65 1.87 2.07 0.01 0.56 0.25 2.65 0.04 12.0 1100 129
160519–14 42.34 32.85 2.54 4.56 0.00 0.73 0.31 3.41 0.09 12.5 1200 232
160519–15 Coal
160519–16 48.28 26.56 1.71 2.1 0.00 0.69 0.16 3.47 0.07 15.03 540 348

Table 9   Individual REE 
contents of samples from site 1

Sample PPM

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

160519–1 30.6 59.0 6.06 24.2 4.55 1.08 4.60 0.74 5.20 1.03 3.94 0.51 3.53
160519–2 28.8 62.8 6.43 25.9 5.00 1.12 5.37 0.91 6.45 1.28 4.86 0.62 4.26
160519–3 43.8 109 10.0 39.7 7.20 1.23 6.24 0.91 5.97 1.14 4.48 0.58 4.15
160519–4 Coal
160519–5 54.5 118 11.2 44.3 7.64 1.36 6.66 0.91 5.79 1.09 4.09 0.52 3.58
160519–6 40.2 91.7 8.96 36.0 6.66 1.24 5.98 0.84 5.51 1.05 3.92 0.49 3.43
160519–7 Coal
160519–8 46.8 117 10.2 41.4 7.42 1.36 6.91 1.00 6.55 1.25 4.72 0.60 4.13

Table 10   Individual REE 
contents of samples from site 2

Sample PPM

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

160519–9 47.7 74.4 8.33 30.2 5.47 1.11 5.32 0.76 5.06 0.98 3.76 0.49 3.58
160519–10 46.6 104 10.7 41.1 6.80 1.33 5.81 0.78 4.80 0.88 3.34 0.43 3.06
160519–11 17.3 31.9 3.07 11.6 2.44 0.55 3.03 0.59 4.47 0.93 3.69 0.50 3.53
160519–12 21.8 38.8 3.62 13.8 2.64 0.61 3.18 0.59 4.53 0.95 3.83 0.52 3.71
160519–13 26.2 51.5 5.22 20.8 3.82 0.82 4.19 0.72 5.28 1.09 4.25 0.56 3.97
160519–14 44.8 96.7 9.85 40.1 7.36 1.41 7.22 1.15 8.17 1.64 6.32 0.82 5.70
160519–15 Coal
160519–16 68.6 159 14.8 59.5 10.6 1.99 9.21 1.30 8.44 1.59 5.96 0.76 5.21
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the Mercer Clay, the USGS work [3, 7] had suggested that 
lithium in the Mercer clay is present in a chlorite-group 
mineral (cookeite). The results for the materials exam-
ined in this work suggest that the latter is the case. This is 
significant as lithium present in tourmaline, which is con-
sidered a “heavy mineral” might be better suited to recov-
ery by mineral processing methods than lithium present 
in a clay mineral. However, these results are preliminary, 
and more work regarding the mineral host of lithium is 
required.

No diaspore was identified, consistent with the lack of 
nodules in the analyzed samples. Underlying nodular clays 
were observed visually in the field at nearby locations, but 
were not present in the sampled profiles.

In Table 2, analyses from previous works had shown 
that samples with 1,000 PPM lithium had largely been 
found in clays that fit the “flint clay” description. From the 
classification scheme of Foose [16], flint clay and semi-
flint clay occupy a range of Al2O3 contents from 35 to 38 
wt%. The analytical results in Tables 7 and 8, correspond-
ing to lithium contents exceeding 1,000 PPM, range in 
Al2O3 analysis from 32 to 34 wt%.

The iron contents of the samples tested for this work 
are also of note. Much of the previous work on mineral 
processing and extractive metallurgy applied to the Mercer 
clay (see Sects. 2 and 3), was devoted to dealing with iron 
present in the clay. Higher iron-content claystones have 
been found in the Mercer clay, in the 30 wt% Fe2O3 range 
[22]. However, compared with the previous work, the iron 
contents found here were relatively low. All samples were 
less than 5 wt% Fe2O3, and all but one were in the 1–3 
wt% Fe2O3 range, suggesting less cost and complexity for 
removing iron from process streams in industrial mineral 

processing or extractive metallurgy processes applied to 
these potential feedstocks.

6.2 � Stratigraphic Distributions of Elements 
Associated with Critical Mineral Commodities

The degree to which the rocks are enriched in the elements 
associated with these commodities will affect mining and 
production economics. Enrichments of the elements of inter-
est may not be found in the same stratigraphic interval, but 
the stratigraphic proximity of the enrichments of individual 
elements can influence economics; where they are closer to 
each other in the sequence, they can be removed with less 
co-production of lower value rock intervals.

The Pennsylvania Period strata in the study area are 
relatively flat, and production of both the Mercer coal and 
the underlying Mercer clay has, in the past, been accom-
plished through both underground and surface mining. With 
respect to production of critical mineral commodities from 
the Mercer Clay, economic enrichments of Al and Li have 
been documented in the literature. Further, there is a signifi-
cant carbon products manufacturing industry in the region, 
offering a potential outlet for any Mercer coal that might be 
produced. As such, coal may be added to the suite of poten-
tially salable products.

The lithium contents of the sampled intervals, along with 
Al2O3 analyses, are shown in Figs. 5 and 6. In both cases, 
the Al2O3 content remains in a relatively narrow range with 
depth beneath the coal (31–34 wt% Al2O3). However, in both 
cases, the highest lithium content zone (1,000 + PPM Li) is 
directly under the coal. Tourtelot and Meier [7] found lith-
ium enrichments near the top of what they called the “Mer-
cer flint clay bed,” in Clearfield County. The relationship 

Fig. 5   Stratigraphic variation in 
lithium (a) and Al2O3 content 
(b), site 1
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between the bottom of the coal and their sampling interval 
was not provided in that work.

While the Al2O3 content below the coal shows little varia-
tion through the sampled intervals here, as seen in Sect. 3.1, 
Mercer clay analyses in the region can exceed 60 wt% Al2O3 
where diapore is present. As the sandstone that underlies the 
Mercer clay was not encountered in the exposures sampled, 
the full vertical extent was not examined, and zones with 
higher Al2O3 contents may exist beneath the bottom of the 
intervals that were sampled for this work.

The Fe2O3 and TREE contents of the sampled intervals 
for both sites are shown in Figs. 7 and 8. While the Fe2O3 
analyses for all samples are relatively low, there is some 
enrichment directly under the coal in both cases.

Total rare earth contents are in both cases enriched in 
proximity to the coal. While these contents are lower than 
have been found elsewhere in the Mercer Clay, these data 
broadly suggest that within the intervals sampled, mining of 
the coal and immediately underlying rock would also result 
in production of the materials with the highest rare earth 
assays.

7 � Summary and Conclusions

The goals of this paper have been to present a review of the 
Mercer Clay as polymetallic critical mineral resources and 
report preliminary results from renewed investigations, 

Fig. 6   Stratigraphic variation in 
lithium (a) and Al2O3 content 
(b), site 2
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Fig. 7   Stratigraphic variation 
in Fe2O3 (a) and TREE content 
(b, site 1
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required to guide further mining, mineral processing, and 
extractive metallurgy research.

At different times over the last eight decades, the Mer-
cer Clay has been examined as a source of alumina and for 
its lithium content, and more recently, elevated rare earth 
contents have been found. Its composition has driven com-
mercial mining as feedstock for the production of refrac-
tory products. The economic significance of the deposit 
within the study area for this work has, in the past, pro-
vided exposures of the material for geoscience, mineral 
processing, and extractive metallurgy research. This body 
of previous work has been summarized here, and more 
recent policy developments related to critical minerals in 
the USA have led to a resumption of work under these top-
ics. Current work is focused on the Mercer Clay as a poly-
metallic resource (multiple critical mineral commodities).

Work reported here has been guided by a geometal-
lurgy approach (the overall goal being economic produc-
tion potential). The objective of the work reported here 
has been to provide for answers to two questions have 
produced the results presented in this paper:

1.	 What are the lithium and rare earth-bearing minerals 
found in the deposit, and are there useful mineral asso-
ciations ?

2.	 Are there stratigraphic associations for critical mineral 
enrichments?

Lithium contents approaching those of previous work 
(1,000 + PPM) were found as a result of this work. While 
a review of previous work has suggested that both tourma-
line and clay minerals could be the lithium source, tour-
maline was not detected by XRD analyses.

Lithium enrichments were found directly under the Mer-
cer coal and were associated with Al2O3 contents on the low 
side of the “semi-flint clay” and “flint clay” range, as defined 
by Foose [16]. The latter association, with a characteristic 
Al2O3 content range, is similar to the associations found in 
previous work regarding the highest lithium contents in the 
Mercer clay, as presented here in Table 3.

Similarly, XRD analyses did not detect rare earth-bearing 
minerals, and TREE contents measured by ICP-MS were 
lower than have been found elsewhere in the Mercer Clay.

The most significant stratigraphic association involving 
lithium, found here, is that the highest lithium contents were 
in both cases directly under the Mercer coal. The highest 
rare earth contents found in the sampled intervals were also 
near the coal. This could allow for co-production of both 
lithium- and REE-bearing ores with the coal.

Kaolinite and diaspore are well established as dominant 
minerals in the high alumina Mercer clay through the study 
area. Mineral processing and extractive metallurgy research 
has been reviewed here with respect to beneficiation of high-
alumina clays, as well as extractive metallurgy research spe-
cific to alumina production from the Mercer Clay. However 
the mineral forms of lithium and REEs remain to be identi-
fied prior to examination of processing options.

While the XRD technique did not detect tourmaline or 
REE minerals, microscopy may be required to conclusively 
establish their presence or lack thereof. The presence of both 
lithium and REEs in heavy minerals, such as tourmaline and 
monazite, can improve the prospects for the use of mineral 
processing techniques for their recovery from clays.

In addition to conclusively establishing the mineral 
forms of both lithium and REEs in the Mercer Clay, fur-
ther work is required to both establish the full extent of the 

Fig. 8   Stratigraphic variation in 
Fe2O3 (a) and TREE content 
(b), site 2
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deposit as a resource and to begin identification of mineral 
processing and extractive metallurgy options for the recov-
ery of salable critical mineral commodities.

With respect to the geographic extent of the Mercer 
Clay, much of the previous work was focused on the study 
area presented in Fig. 1, as this region has been a sig-
nificant past producer of the clay for the regional refrac-
tory industry. However, the extent of the Mercer horizon 
is larger than the central Pennsylvania study area, and 
a Mercer clay analysis exceeding 35 wt% Al2O3 has been 
reported in southwestern Pennsylvania (Somerset County 
[52]). Extending the exploration beyond the study area 
may result in the establishment of a significantly larger 
resource.

Conclusions are as follows:

1.	 Lithium contents in excess of 1,000 PPM were found 
at the sites sampled. In both cases the highest lithium 
contents were found directly under the Mercer coal zone.

2.	 The samples with highest lithium contents also had a 
characteristic range of Al2O3 contents ranging from 32 
to 34 wt%.

3.	 Total rare earth elemental contents were lower than that 
previously reported from the Mercer Clay in Clinton 
County. Further exploration will better define trends in 
rare earth content through the study area.

4.	 While the iron contents were lower than some found 
previously in the region, iron enrichments were found 
directly under the coal.

5.	 Rare earth concentrations were the highest near the coal.
6.	 Additional work will be required to establish the min-

eral hosts of lithium and REEs. This in turn will guide 
mineral processing and extractive metallurgy research.
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