Gedscience BC

Occurrence of Rare-Earth Elements in Selected British Columbian Coal Deposits
and their Derivative Products

V. Kumar, The University of British Columbia, Vancouver, BC, vinothkumar@alumni.ubc.ca

A. Kumar, The University of British Columbia, Vancouver, BC

M.E. Holuszko, The University of British Columbia, Vancouver, BC

Kumar, V., Kumar, A. and Holuszko, M.E. (2018): Occurrence of rare-earth elements in selected British Columbian coal deposits and their
derivative products; in Geoscience BC Summary of Activities 2017: Minerals and Mining, Geoscience BC, Report 2018-1, p. 87—100.

Introduction

Coal, an organic sedimentary rock, is reported to contain 86
elements, including 74 trace elements identified using
modern analytical techniques (Tang and Huang, 2002). The
presence of trace elements in coal is attributed to prevailing
conditions in the coal swamp as well as geological activi-
ties and atmospheric inputs that would have occurred from
time to time during coal deposit formation (Swaine, 1990).
Some of the genetic controls that are responsible for the en-
richment of trace elements include the source rock, the en-
vironment, and the presence of hydrothermal fluid, ground-
water and volcanic ash (Dai et al., 2012). Coal with enriched
concentrations of valuable trace elements is referred to as
metalliferous or mineralized coal (Seredin and Finkleman,
2008). Even though there is no commercial process, metals
such as Al, Au, Pt-group metals, V and Zn have been recov-
ered from coal and its byproducts (Bratskaya et al., 2009;
Sahoo et al., 2016). Enriched concentrations of rare-earth
elements (REE) in coal were first documented in Russian
Far East deposits during the early 1990s (Seredin, 1996)
and enriched concentrations of REE in coal deposits have
been discovered around the world (Birk and White, 1991;
Howeretal., 1999; Seredin, 2004; Dai etal.,2007,2008).

With the emergence of new clean-energy and defense-re-
lated technologies, the consumption of REE has increased
rapidly (Tse, 2011). For example, it is projected that the de-
mand for Dy will increase by as much as 2600% by 2025
(Chakhmouradian, 2014). In addition, traditional rare-
earth ore deposits are depleting quickly and are projected to
meet the demand for only the next 15-20 years (Seredin and
Dai, 2012). Based on supply and demand, REE are classi-
fied as “critical elements’ by the United States and the Euro-
pean Union due to their importance in clean energy and de-
fense applications (United States Department of Energy,
2010; European Commission, 2017). The United States
National Energy Technology Laboratory (NETL) has iden-
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tified coal deposits as a potential source of REE and has
conducted a prospective analysis of coal deposits using the
United States Geological Survey coal database, which con-
tains data on the concentration of REE across the United
States coalfields. Furthermore, the United States Depart-
ment of Energy has provided US$10 million in funding to
research projects that demonstrate the techno-economic
feasibility of domestic REE separation technologies from
coal and/or its byproducts containing a minimum of
300 ppm total REE and concentrating the REE to a level
greater than or equal to 2% (by weight) in processed
streams (National Energy Technology Limited, 2016).

Even though the literature indicates the presence of REE in
some Canadian coal deposits, especially in British Colum-
bia (BC) coalfields, there has been no effort to properly
quantify and characterize these deposits and no analysis of
extraction techniques (Birk and White, 1991; Goodarzi et
al., 2009). The purpose of this ongoing research is to char-
acterize and quantify the REE and their mode of occurrence
in BC coal deposits and coal processing products, and to
study the possible extraction of these elements. This paper
shows the preliminary results from studies conducted on
coal samples originating from coal deposits in southeastern
BC.

Background

According to the International Union of Pure and Applied
Chemistry (IUPAC), REE are a group of 17 elements in the
periodic table, including 15 lanthanides and 2 chemically
similar transition metals: Sc and Y. Based on supply and de-
mand, these elements are classified into three categories
(Seredin and Dai, 2012):

e critical: Nd, Eu, Tb, Dy, Y and Er

e uncritical: La, Sm, Pr and Gd

e excessive: Ce, Ho, Tm, Yb and Lu

Using the atomic number, REE are classified as heavy REE
(HREE) and light REE (LREE), with elements from Tb to
Lu and Y belonging to the former group and La to Gd and
Sc belonging to the latter group (Dai et al., 2008;
Moldoveanu et al., 2013; Zhang et al., 2015).
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More than 200 minerals have been identified as containing
REE, but the traditional commercial sources of rare-earth
elements are (O’Driscoll, 1991)

e bastnaesite, a fluorocarbonate mineral;

e monazite, a LREE phosphate;

e xenotime, a Y-rich phosphate;

e apatite, a Ca fluorophosphate and

e ion-adsorbed clays, an aluminosilicate mineral.

The grade for REE is defined by the content of their oxides
(such as lanthanum oxide, La,053) in the deposit. The cut-
off grade for a traditional rare-earth resource is approxi-
mately 1.5 to 2.0% rare-earth oxide (REO) except for ion-
adsorbed clays, for which it is approximately 0.06 to 0.15%
REO (Zhang et al., 2015). As noted earlier, the traditional
commercial sources are fast depleting and with the increas-
ing demand of REE, the discovery of coal deposits with en-
riched concentrations of REE have gained special attention
in recent years.

Abundance of REE in Coal

Table 1 lists the average concentration of REE in coal from
different countries such as the United States, China, the
Democratic People’s Republic of Korea and Turkey in
comparison with average values for the upper continental
crust, black shale and world coal on a whole coal basis. The
average REE concentration in world coal on a whole coal
basis is 68 ppm (Ketris et al., 2009), which is 2.6 times
lower than REE in the upper continental crust (179 ppm;
Taylor and McClennan, 1985), and the average black shale
values are 182 ppm (Ketris et al., 2009). Approximately
80% of'the total REE concentration in coal is LREE (Zhang
etal., 2015). The average concentration of REE in Chinese
coal varies between 101 and 138 ppm (Dai et al., 2008;
Zhang et al., 2015), which is 1.5-2 times greater than the
world’s average. Similar results were observed for Turkish
coal (Karayigit et al., 2000; Zhang et al., 2015). The aver-
age REE concentration of coal in the United States and the
Democratic People’s Republic of Korea is close to the
world’s average. The average REE concentration in world
coal on an ash basis is 404 ppm (Seredin and Dai, 2012);
however, coal with enriched concentrations of REE on a
coal ash basis have been found in coalfields such as in the
Sydney Coal Basin, Nova Scotia (72—483 ppm), the coal-
fields in the Russian Far East (300—-1000 ppm) and the Cen-
tral Appalachian Basin Fire Clay coal bed in the United
States (500—4000 ppm; Birk and White, 1991; Seredin,
1996; Hower et al., 1999). The anomalies of REE in coal
and distribution patterns are discussed in detail elsewhere
(Dai et al., 2016).

Some of the enriched coal (0.68-2.03% REO) have compa-
rable rare-earth concentrations to traditional commercial
rare-earth deposits and these coal ashes can be viewed as a
potential source for these metals (Seredin and Dai, 2012).
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Mode of Occurrence of REE in Coal

Enriched concentrations of REE in coal can be formed un-
der different geological conditions during the entire coal
deposit formation process and by various ore-forming pro-
cesses (Seredin and Finkelman, 2008; Dai et al., 2016). Ta-
ble 2 shows the four genetic types of REE enrichment in
coal: terrigenous, tuffaceous, infiltrational and hydrother-
mal.

Rare-earth elements can be associated with both organic
(Eskenazy, 1987; Seredin, 1996; Wang et al., 2008) and in-
organic matter in coal (Eskenazy, 1987; Birk and White,
1991; Seredin, 1996; Hower et al., 1999; Dai et al., 2008),
although REE associated with organic matter are consider-
ably less abundant (Eskenazy, 1987; Birk and White, 1991;
Seredin, 1996; Zheng et al., 2007). The organic association
of'the REE in coal is demonstrated by the strong correlation
of HREE with organically fixed trace elements like Ge, W
and Be and high concentrations of HREE with low-ash coal
(Eskenazy, 1982; Eskenazy, 1987; Querol et al., 1995;
Seredin, 1996). Trace elements in coal may be associated
with organic matter such as carboxylic acid (-COOH), phe-
nolic hydroxyl (-OH), mercapto (-SH) and amino (=NH)
groups (Swaine, 1990). Sorption experiments on REE with
xylain and humic acid suggested that in the cation exchange
process, ions such as Na', K", Ca” and Mg2+, which are
bound to COOH and OH" groups, might have been replaced
by REE ions (Eskenazy, 1999).

The mechanism of the organic matter association of REE
can also be sorption during coagulation with humic and ful-
vic acids, as well as the formation of organometallic com-
plexes (Yershov, 1961; Birk and White, 1991; Wang et al.,
2008).

On the other hand, the inorganic matter association of REE
in coal can be shown by the strong correlation of REE with
ash content. In this case, REE minerals are included in ac-
cessory minerals, resistate minerals or clay minerals (Es-
kenazy, 1987; Birk and White, 1991; Zheng et al., 2007). In
addition, REE in the Fire Clay coal deposit in the United
States have been found to be authigenic in origin (Hower et
al., 1999). Finding the percentage of organic and inorganic
REE in a coal deposit is essential because it plays a signifi-
cant role in developing extraction options (Zhang et al.,
2015). The present study examines the concentration of
REE in coal and their mode of occurrence in select
coalfields in BC.

Materials and Methods

An approximately 300 kg run-of-mine sample from five
seams were collected at two coal mines in the East
Kootenay coalfields, BC. Figure 1 shows the location of
East Kootenay coalfields and coal mines. The representa-
tive samples were obtained for testing following the stan-
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dard test procedure ASTM D2013/D2013M-12(2012)".
Proximate analysis was conducted on the representative
samples in duplicates using the standard methods ASTM
D3173/D3173M-17(2017), ASTM D3174-12(2012),
ASTM D3175-17(2017) and ASTM D3172-13(2013).

Release Analysis Test

The release analysis test is a technique that is considered to
produce an ideal separation curve for the flotation response
of any coal. In the release analysis test, as initially outlined
by Dell (1964), a flotation test is performed in two stages.
In the first stage, coal is floated to achieve maximum recov-
ery, whereas in the second stage, all products from the pre-
vious stage are separated into different concentrate prod-
ucts with varying grades and yields. Because products from
the release test will have fractions consisting of clean coal
(low mineral matter) to tailings (liberated mineral matter)
with incremental ash percent, studying REE concentration
in these products helps increase understanding of the nature
of REE association (organic or inorganic) in the studied
samples. For the first stage of release analysis test, a 250 g
sample passing 500 um was mixed with 1800 mL of tap wa-
ter in a laboratory-scale 2 L Denver flotation cell and condi-
tioned for 5 minutes at 1200 rpm. Then, the coal slurry was
subjected to flotation reagents using 50 g/t methyl isobutyl
carbinol (MIBC) and 200 g/t kerosene and conditioned for
14 minutes followed by another 50 g/t of frother addition
and conditioning for 1 minute. Using an aeration rate of 4—
5 L/min of air, concentrate was collected until the froth was
barren; if required, extra collector and frother were added
to ensure the maximum recovery. In the second stage,
concentrate was fractionated into different products using
variable impeller speed and aeration rates.

Agglomeration Test

Efficiency of very fine coal recovery from conventional
flotation is usually poor (Sastri et al., 1988). The presence
of ultrafine slimes or clays also increases the difficulties of
processing fine coal, which is ultimately disposed into tail-
ings ponds (Laskowski, 2001). In coal agglomeration, fine
coal particles are mixed with the oil under intense agitation,
which preferentially covers only fine coal particles and fa-
cilitates aggregation of these particles into clusters called
agglomerates. Because there is no lower particle size limit
for agglomeration, it can be used to recover very fine coals
from tailings ponds (Mehrotra et al., 1983).

The presence of REE in agglomerated coal products were
also studied in this project. If successful, this agglomera-
tion process may encourage cleaning tailings as a value-
added product with REE recovery from the tailings ponds.

!References to the relevant ASTM methods can be found at the end
of the ‘References’section.
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In this study, pure diesel was used as a reagent for agglom-
eration. Reagent concentrations varying from 8§ to 20% (by
weight) were used for agglomerating a fine coal slurry con-
taining 12% (by weight) coal (sample S3) with a Pgo (80%
of particles finer than the size) of 250 um. In each test,
500 ml of a 12% coal slurry was conditioned in a high-
speed blender at 12 000 rpm for 2 minutes. The reagent
(diesel) of required concentration was added and mixing
continued for an additional 150 seconds before the mixture
was poured onto the sieves to obtain three size fractions:
>500 um (concentrate), <500 um to >210 um (middling)
and <210 wm (tailings). These products were dried and
used for the chemical analysis.

Chemical Analysis of REE and
Characterization

For total REE quantification, feed and test product samples
(0.2 g) were added to lithium metaborate and lithium
tetraborate flux and mixed thoroughly. The samples were
then fused in a furnace at 1025°C. Finally, resulting melts
were cooled and digested in an acid mixture containing ni-
tric, hydrochloric and hydrofluoric acids. The digested so-
lutions were then analyzed by inductively coupled plasma—
mass spectrometry (ICP-MS). The analytical results were
corrected for inter-elemental spectral interference. This
analysis was conducted by ALS Geochemistry (Vancouver,
BC). In this study, REE in coal are expressed as follows:
whole coal basis (REE concentration in the coal sample)
and ash basis (REE concentration in the ash of the coal
sample).

Additional sample characterization was conducted using
FEI Quanta 650 ESEM (environmental scanning electron
microscope) equipped with scanning energy microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX).

Results and Discussion

Results of the as-determined proximate analysis of the sam-
ples are shown in Table 3. According to ASTM D388-
17(2017), all the feed coal samples (samples S1-S5) are
classified as medium volatile bituminous coal. Flotation re-
lease analysis tests provided an estimate of ideal separation
achievable for the given coal. Samples used for the release
tests showed excellent performance with the clean concen-
trate containing less than 10% ash while recovering 85% of
the combustible material. In the case of the agglomeration
test, results indicated that selectivity was not possible with
a similar amount of ash in the concentrate (S10), middling
(S11) and tailings (S12), which can be observed in the Ta-
ble 3. All five coal samples along with the flotation and ag-
glomeration products and their respective ashes were ana-
lyzed for the REE content and the results are shown in
Table 4. Table 5 shows the calculated REE values on a
whole coal basis.
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Table 3. Proximate analysis of the five British Columbia feed coal samples and flotation and

agglomeration products (as-determined basis)

Moisture Volatile matter Ash Fixed carbon
Sample ID Sample name
(%) (%) (%) (%)
S1 Feed sample 2,97 21.01 15.93 60.09
S2 Feed sample 1.49 18.5 18.44 61.57
S3 Feed sample 2.19 16.42 39.63 41.76
S4 Feed sample 2.81 23.27 16.93 56.99
S5 Feed sample 1.13 22.26 20.21 56.4
S6 Flotation concentrate 0.99 20.74 6.39 71.88
S7 Flotation tailings 0.9 19.72 18.64 60.74
S8 Flotation concentrate 0.94 20.79 10.82 67.45
S9 Flotation tailings 0.96 19.79 67.01 12.24
S10 Agglomeration concentrate 1.33 23.67 19.45 55.55
S11 Agglomeration middling 1.03 21.83 19.81 57.33
S12 Agglomeration tailings 1.16 21.22 22.56 55.06

The REE content in the samples varied from approximately
240 ppm to 570 ppm (Table 4), and Ce, La, Nd and Y ac-
counted for 80% of the total REE. Among the five feed
samples, sample 1 had the highest REE content (~350 ppm)
and sample 3 had the lowest content (~270 ppm). Also,
among the treated samples, the REE content in flotation
concentrate (~569 ppm) is more than the tailings (~340 ppm)
and the similar trend was observed for the agglomeration
product (~315 ppm) compared to its tailings (~258 ppm).
Furthermore, mass balance showed that 60 to 80% of total
REE by weight in the coal is present in the tailings and mid-
dling streams.

Preliminary Economic Evaluation of BC Coal
as Raw Materials for REE

Based on the rare-earth oxide (REO) content, a coal seam
with a thickness greater than 5 m may be considered as a po-
tential source of REE if the minimum REO content is above
800-900 ppm in the coal ash formed from combustion
(Seredin and Dai, 2012). Assuming a valence state of +2 for
Ce and +3 for the remaining REE, REO content for the sam-
ples were calculated. Also, using the ash data from Table 3,
REE content on a whole coal basis were determined. Total
REO and REE (whole coal basis) values are given in Ta-
ble 6. The REO concentrations in the samples (Table 6) do
not meet the cut-off grade as described by Seredin and Dai
(2012), but they still represent a significant resource poten-
tial. As mentioned earlier, the coal seams in the United
States with REE content of more than 300 ppm are still con-
sidered as a potential source for developing the extraction
process (National Energy Technology Laboratory, 2016).
This shows that BC coal deposits are prospective REE
sources depending on the advancement in the extraction
practices that could be applied for recovery.

One of the important trends observed in this study is that the

product with a low ash content has higher REE concentra-
tion on an ash basis but lower concentration on a whole coal
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basis (Table 6), which might be due to organic dilution. It
implies that a significant portion of REE are associated
with ash components in the samples studied. When organic
matter in coal is oxidized during the ashing process, REE
associated with the organic matter of the coal reports to the
ash, thus increasing the REE content of the ash. These asso-
ciations can be organic REE compounds or microdispersed
REE minerals. Further studies, including sequential extrac-
tion and sodium hydroxide extraction of REE from the coal,
are necessary to assess the percentage of organic associa-
tion in the samples.

The outlook coefficient is another factor that can be used to
assess the quality of the REE concentration in the coal
seam, which can be defined as the ratio between the relative
amounts of critical REE in the sample to the relative
amounts of excessive REE in the sample (Seredin and Dai,
2012). It can be calculated as

Sum concentrations of Nd, Eu, Tb,Dy,Er and Y

Total REE concentration
Sum concentrations of Ce,Ho, Tm,Yb and Lu
Total REE concentration

outl =

where Coutl is the outlook coefficient. A higher value for
this index represents a higher market value of REE in the
coal seam because the concentration of critical REE in-
creases with the index, allowing for the REE in coal as a po-
tential source for industrial purposes. The Coutl for world
coalis 0.64 (Ketris etal.,2009; Zhangetal., 2015). The cal-
culated values of Coutl for the five coal samples are given
in Table 7. The Coutl values for the BC coal samples are
near to or more than 1, implying that critical REE concen-
tration is significant and accounts for more than 35% of the
total REE. This provides further evidence for BC coal de-
posits to be potential sources for REE. The correlation be-
tween the outlook coefficient and REE content is believed
to be an indicator of organic REE; otherwise, the dominant
carrier of REE is authigenic minerals (Seredin, 1996;

Geoscience BC Summary of Activities 2017: Minerals and Mining
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Table 6. Rare-earth oxide (REO) content and rare-earth element (REE; whole coal and ash
basis) content for British Columbia coal samples and flotation and agglomeration products (in

ppm).
Sample ID Sample name REE i REE . Total REO
(ash basis) (whole coal basis)
S1 Feed sample 349.72 55.72 420.88
S2 Feed sample 315 58.08 379.93
S3 Feed sample 269.81 106.94 324.88
S4 Feed sample 301.7 51.08 363.72
S5 Feed sample 319.87 64.66 385.67
S6 Flotation concentrate 568.99 36.38 685.34
S7 Flotation tailings 340.25 63.41 409.75
S8 Flotation concentrate 441.02 47.7 531.2
S9 Flotation tailings 241.29 161.69 290.42
S10 Agglomeration concentrate 314.71 61.22 379.3
S11 Agglomeration middling 298.39 59.12 359.64
S12 Agglomeration tailings 257.82 58.17 310.77

Table 7. Outlook coefficient (Co,y) for British Columbia coal samples and
flotation and agglomeration products. Abbreviation: REE, rare-earth ele-

ments.
Sample ID Sample name Couu Critical REE (ppm)
S1 Feed sample 1.06 130.86
S2 Feed sample 1.12 122.06
S3 Feed sample 0.99 96.59
S4 Feed sample 1.09 113.73
S5 Feed sample 1.14 125.25
S6 Flotation concentrate 1.07 214.35
S7 Flotation tailings 1.08 128.67
S8 Flotation concentrate 1.1 169.1
S9 Flotation tailings 0.97 85.11
S10 Agglomeration concentrate  1.11 1211
S11 Agglomeration middling 1.1 114.33
S12 Agglomeration tailings 1.07 96.94

Hower etal., 1999) and there is no correlation observed for
the BC coal samples that implies the REE may originate
from authigenic minerals.

Correlation Analysis

Table 8 shows the correlation coefficients of REE (ash ba-
sis) with other elements (ash basis) and ash in the coal sam-
ples. Table 9 shows the correlation coefficients for REE
(whole coal basis) with other elements (whole coal basis).
A strong correlation between ash and REE content calcu-
lated on a whole coal basis is observed (r =+0.95 to +0.99),
indicating the presence of REE mineral phases in the coal
samples. One such rare-earth mineral in these types of met-
alliferous coal is zircon, which can originate from volcanic
ash or authigenic minerals and can be identified by the en-
richment of Hf, Th, U, Y and HREE (Finkelman, 1981;
Seredin, 2004). A compelling correlation between Hf, Th,
U, Y and other REE implies that zircon is one of the source
minerals of REE and an indication of volcanic ash input of
REE into these coal samples. Elemental analysis results us-
ing ICP-MS proved the presence of zircon in the samples.

94

Also, volcanic ash is believed to be source for the tonsteins
in the Mist Mountain Formation, which further validates
the inference made in this study (Grieve, 1993).

Weak negative correlation between ash and REE content on
an ash basis (r=-0.58 to —0.78), however, highlights that a
small portion of REE in the samples are associated with
coal organic matter due to the organic affinity of certain
REE with humic acid. A similar trend has been identified in
the Sydney Coal Basin, Nova Scotia (Birk and White,
1991), which further supports the inferences made in this
study. The presence of a strong correlation between REE
and W, which is believed to be organically fixed in coal, is
additional evidence for the presence of organically associ-
ated REE in the coal.

Figure 2 shows a similar pattern between REE content nor-
malized to upper continental crust values for all the feed
and product samples. This may indicate the REE in the ash
material in the organic matrix, partings, roof and floor ma-
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Figure 2. Upper continental crust-normalized rare-earth element (REE) content in British Columbia coal samples.

terial have the same source. The REE sites in the samples
were identified using SEM-EDX.

Figure 3 shows grains that contain REE in the sample S3.
Based on the elements found using SEM-EDX, it can be in-
ferred that some of the REE are associated with alumino-
silicate minerals, which may be clay, although further anal-
ysis is required. In addition, REE strongly correlate with U
(r>+0.86 on ash basis; r > +0.96 on whole coal basis) and
Th (r > +0.89 on ash basis; r > +0.98 on whole coal basis).
This suggests that one of the REE mineral phases could be
monazite.

Conclusions

Five coal samples from BC coal deposits were tested for the
presence of REE and it was found that total REE concentra-
tion on an ash basis varied from 240 to 570 ppm. It was in-
ferred from the data that REE in the coal samples are associ-
ated with both the organic and inorganic portions of the
coal constituents. The highest concentration was reported
in the flotation product with low ash content, indicating that
some of the REE are associated with the organic matter of
the coal. Additionally, correlation analysis showed a signif-
icant amount of organic matter associated with REE is due
to the organic affinity of REE with humic acid. Total REE
concentration versus the outlook coefficient did not, how-
ever, show any pattern suggesting the presence of authi-
genic REE minerals either. Rare-earth element content nor-
malized to the upper continental crust indicated a similar
source for all the samples and one of the possible REE
sources identified as volcanic ash. The SEM-EDX and

Geoscience BC Report 2018-1

chemical analysis data suggested that minerals that contain
REE in the coal samples could be monazite and zircon and
some of the REE could also be associated with aluminosili-
cate minerals. Further studies will include sequential ex-
traction, X-ray diffraction analysis and detailed SEM-
EDX, required to estimate the quantity of REE associated

Figure 3. Rare-earth element (REE) sites in sample S3 (200 times
magnification); the elements observed in the highlighted grains are
as follows: spot 77: Dy, Gd, K, O, P, Si, Y; spot 88: Dy, Fe, K, O, P, Si,
Ti; spot 127: Al, Ba, Ca, Ce, Fe, K, O, P, Si, Ti; spot 150: Al, Ce, K,
O, P, Si.
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with organic matter and inorganic matter of the coal
samples.

With the development of extraction techniques for REE in
coal, these elements will be extracted as byproducts of coal
mining, which strengthens the brownfield operations by in-
creasing profitability and possible green credits as these
REE are used in the clean energy technologies. In case of
the greenfield operations, the possibility of extracting REE
from coal will increase the competitiveness of the deposits
and its feasibility for actual mining and extraction.
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