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Introduction

According of the International Union of Pure and Applied

Chemistry (IUPAC), rare-earth elements (REEs) include

15 lanthanides plus Sc and Y (Connelly et al., 2005). They

are grouped into two categories: light REEs (LREEs) and

heavy REEs (HREEs). The elements La to Gd and Sc be-

long to the LREEs group and the HREEs group consists of

Tb to Lu and Y (Moldoveanu and Papangelakis, 2013;

Zhang et al., 2015). The REEs are used in the manufactur-

ing of a wide variety of products and devices, such as light-

emitting diodes, permanent magnets, catalytic converters,

hybrid cars, wind turbines, fibre optics, super conductors

and defence equipment (Balaram, 2019). China is one of

the dominant suppliers of REEs globally and accounts for

on average 86% of total rare-earth oxide production in the

last 20 years (U.S. Geological Survey, 2021). The demand

for REEs has increased significantly as the global transition

to a low carbon economy has gained greater momentum in

the recent years (Goodenough et al., 2018). The REEs are

classified as critical elements in different studies due to in-

creased supply risk to meet the future demand, considering

various geopolitical, geological, environmental and market

risks (U.S. Department of Energy, 2010; Deloitte Sustain-

ability et al., 2017; Natural Resources Canada, 2020). To

mitigate the supply risk, coal-related feedstocks are being

evaluated as alternative sources of REEs for future exploi-

tation (Seredin and Dai, 2012; Dai and Finkelman, 2018).

The detailed review of REE occurrences and enrichment in

coal deposits and geochemical analyses results are reported

in the literature (Zhang et al., 2015; Dai et al., 2016). Using

the U.S. Geological Survey’s (USGS) coal database, the

National Energy Technology Laboratory (NETL) in the

United States has assessed coal deposits as source material

for REE production (Bryan et al., 2015). As a result, NETL

has funded a research and development program to

demonstrate the techno-economic feasibility of developing

domestic technologies to separate REEs from coal and/or

its byproducts that contain a minimum of 300 ppm total

REEs (U.S. Department of Energy, 2016).

Data indicating the presence of REEs in Canadian coal de-

posits scarcely exists, but some coal deposits have been

studied for trace elements (Goodarzi, 1988; Birk and

White, 1991; Goodarzi et al., 2009). There have been no ef-

forts made to specifically quantify and characterize the

REEs in British Columbia (BC) coal deposits or other coal

deposits in Canada for subsequent extraction. The main ob-

jective of this study is to create a REE database for the East

Kootenay coalfield (Figure 1) using field-collected sam-

ples to identify the best potential source material in the

study area. A few samples in the database were also evalu-

ated for extraction of REEs, using processes such as mag-

netic-, density- and gravity-based methods, flotation, ion-

exchange and leaching. Preliminary results on the REE

database were reported previously (Kuppusamy and

Holuszko, 2021), and this database is now updated with

additional field-collected samples and presented in this

paper.

Materials and Methods

In 2020 and 2021, samples were collected by coal geolo-

gists from their respective mines to develop the database.

Sample preparation in the lab was conducted in accordance

with ASTM standards for coal sample preparation. A lith-

ium-borate fusion was used in the REE analysis and four-

acid digestion in the analysis for other minor elements. For

a few reactive samples, aqua-regia digestion was adopted

for minor element analyses. The digested solutions were

analyzed by inductively coupled plasma–mass spectrome-

try (ICP-MS). All the chemical analyses reported in this

study were conducted by ALS-Geochemistry (Vancouver,

British Columbia). In this study, REEs in samples are ex-

pressed as follows: on a whole coal basis (REE concentra-
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tion in the coal sample) and on an ash basis (REE con-

centration in the ash of the coal sample). The

procedure followed for sampling, preparation and

chemical analyses is detailed in Kuppusamy and

Holuszko (2021).

Results and Discussion

The preliminary results of 49 samples were reported

previously (Kuppusamy and Holuszko, 2021). In this

paper, the data is updated with an additional 55 sam-

ples collected from the study area. Results of the

proximate analysis of 37 coal samples are shown in

Table 1. According to ASTM D388-17 (2017), all the

coal samples can be classified as low-to-medium vol-

atile bituminous coal, which is of a metallurgical

quality. For the database, more than 60 parameters

were collected for each sample, including type, rank

and major-, minor- and trace-elements concentra-

tions. Once the study is completed, the comprehen-

sive dataset will be released in future reports. Seam identifi-

cation and the specific locations of the individual samples

are not disclosed to uphold a confidentiality agreement.

The REE concentration in the samples varied from 91 to

686 ppm on ash basis and more than 77% of total REEs was

accounted for by five elements (Ce, La, Nd, Y, Sc). The

maximum, minimum and average REE concentrations on

ash basis for different geological material collected, includ-

ing roof, floor, coal and partings, are listed in Table 2. It can

be observed that coal showed an enhanced concentration of

REEs when compared to the other material types. As shown

in Figure 2, the concentration of REEs increases with ash

content of the material on a whole coal basis indicating the

preferred REEs association with mineral matter, which is

comparable with previously published results (Kuppusamy

and Holuszko, 2021). On Figure 2, grey colour markers in-

dicate data points reported last year. During the coal benefi-

ciation process, the REEs associated with mineral matter

are generally concentrated into waste tailings streams. The

flotation of East Kootenay coal samples showed that most

of the REEs by weight were reported to the middlings and

tailings streams (Kuppusamy and Holuszko, 2019), which

confirms the trend shown in Figure 2.

40 Geoscience BC Summary of Activities 2021: Minerals

Figure 1. Location of East Kootenay coalfield and operating coal mines in southeastern British Columbia (adapted from BC Geological Sur-
vey, 2019).

Figure 2. Rare-earth element (REE) concentration (on whole coal basis;
ppm) versus ash content (%) for the roof, floor, coal and partings samples
from the East Kootenay coalfield, southeastern British Columbia. Grey col-
our markers indicate data points reported last year.



The preliminary economic evaluation of samples was con-

ducted using the evaluation plot proposed by Dai et al.

(2017). In the plot, REE concentration was plotted against

outlook coefficient (Coutl), which signifies the quality of

REEs present in the sample. Using the plot, samples were

grouped into three categories. An explanation of the REE

cut-off grades and calculation of outlook coefficient can be

found in Kuppusamy and Holuszko (2021). The evaluation

plot was adopted to accommodate the resource cut-off

suggested in U.S. Department of Energy (2016), which clas-

sifies the samples into five categories: unpromising source

(REE <300 ppm on ash basis or Coutl <0.7); promising re-

source (300<REE<720 ppm on ash basis and 0.7<Coutl<2.4);

highly promising resource (300<REE<720 ppm on ash ba-

sis and Coutl >2.4); promising source (REE >720 ppm on ash

basis and 0.7<Coutl<2.4); and highly promising source

(REE >720 ppm on ash basis and Coutl >2.4). All the sam-

ples in the REE database were plotted in the modified plot

and are shown in Figure 3. The updated data points are

shown in different colours, whereas last year’s data points

are shown in grey.

The Coutl values for most of the samples are >1, implying

that the critical REE concentration is significant and

accounts for, on average, 36% of the total REEs. Further, it

can be noticed from Table 3 that HREE concentrations are

generally more significantly concentrated in coal com-

pared to roof, partings and floor samples, in some cases

they consist of more than 50% of total LREEs, which con-

tributes to the better Coutl values. The average Coutl for the

coal samples is found to be 1.2, which is consistent with re-

sults from Kuppusamy and Holuszko (2021). Additionally,

certain partings samples also showed enriched HREE con-

centrations, which resulted in the highest outlook coeffi-

cient observed among the tested samples. Because of

HREE enrichment in some samples, the general statistics of

partings were improved and comparable to that of coal val-

ues in terms of HREE-LREE ratio and outlook coefficient.

Since the reported Coutl for world coal is 0.64 (Zhang et al.,

2015; Dai et al., 2017), these results show that BC coals

may become a viable source of REEs if extraction pro-

cesses are further refined.

Correlation analysis also shows a strong correlation be-

tween coal ash and REE content (except Sc) when calcu-
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Table 1. Proximate analysis results for coal samples (as-
determined basis) from the East Kootenay coalfield, south-
eastern British Columbia. Abbreviation: ID, identification.

Table 2. Maximum, minimum and average rare-
earth element (REE) concentrations (on ash basis;
ppm) in the roof, floor, coal and partings samples
from the East Kootenay coalfield, southeastern Brit-
ish Columbia.

Table 3. Maximum, minimum and average heavy rare-earth ele-
ments (HREEs) to light rare-earth elements (LREEs) ratio and out-
look coefficient in the different coal sample types from East
Kootenay coalfield, southeastern British Columbia.



lated on a whole coal basis (r = +0.86 to 0.93). This indi-

cates the presence of various mineral phases containing

REEs in the coal samples. One of the REE carriers in these

types of metalliferous coal is zircon, which can originate

from volcanic ash or authigenic minerals and it can be iden-

tified by enrichment of Hf, Th, U and HREEs (Finkelman,

1981; Seredin, 2004). A compelling correlation between

Hf, Th, U, Y and other REEs implies that zircon could be

one of the source minerals of REEs and indicates an input of

volcanic ash containing REEs into these coals. Elemental

analysis by ICP-MS indicated the presence of zirconium in

these samples. Also, volcanic ash is believed to be the

source of tonsteins associated with the coal beds in the Mist

Mountain Formation in the East Kootenay coalfield

(Grieve, 1993), which further validates the inference made

in this study.

No correlation was observed between ash and REE content

when calculated on an ash basis (r = –0.07 to 0.44). This im-

plies that only a small amount of REEs is associated with

organic matter in the studied samples. To confirm this, the

next step would be to look for a strong correlation between

REEs and W, which is believed to be organically fixed in

coal. However, a very weak correlation was shown be-

tween REE and W in the studied samples (r = +0.14 to 0.37)

indicating inorganically associated REEs.

In the samples, on the whole coal basis, REEs strongly cor-

related with U (r >+0.84) and Th (r >+0.80). This suggests

that one of the REE mineral phases could be monazite, but a

more detailed mineralogical study is required to confirm its

presence in the sample.

The modified evaluation plot was used to select a few sam-

ples with a high potential for use as REE feedstock. These

select few samples are currently being investigated to un-

derstand the mode of occurrence and REE mineralogy. Fur-

ther, REE extraction potential from these samples is also

being assessed using bench-scale test works. The final re-

port containing the entire database, characterization and

extraction study results will be published in the near future.

Conclusions

In this study, more than 100 samples were collected from

the East Kootenay coalfield to develop a rare-earth element

(REE) database for the study area. The results from the first

49 samples were reported previously and the database is

now being updated with an additional 55 samples. It was

found that total REE concentrations on ash basis varied

from 91 to 686 ppm. Considering different geological ma-

terial types, the tested coal samples showed enriched REE

concentrations. Further, the concentrations of heavy rare-

earth elements (HREEs) were generally higher in coal and

partings samples. In certain partings samples, the HREE–

light rare-earth element (LREE) ratio was >1 meaning the

concentration of HREEs was greater than the LREEs,

which was reflected in the significantly higher outlook co-

efficient value, showing increased economic potential.
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Figure 3. Outlook coefficient (Coutl) versus rare-earth element (REE) concentration for various
types of coal samples from the East Kootenay coalfield, southeastern British Columbia. The
REE resource categories for coal sources: green, highly promising source; yellow, promising
source; blue, highly promising resource; light salmon, promising resource. Grey colour markers
indicate data points reported last year.



Further, correlation analysis revealed a significant domina-

tion of inorganic association of REEs in the samples.

The extraction of REEs from alternative source material is

currently being developed for successful exploitation of

these resources. Even though REE concentration in coal

sources are considerably lower than conventional REE de-

posits, the extraction of REEs from coal-based feedstocks

has numerous advantages compared to traditional REE

mining, including reduced cost, environmental footprint

and waste management. Further, coal-based source mate-

rial was also shown to contain other valuable elements such

as Ge, Ga, Li, V, Nb Au, Ag, Al and platinum group ele-

ments, which can also be co-extracted with REEs paving

the way for more sustainable resource usage.
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