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Abstract

Global demand for rare earth elements and yttrium (REY) is projected to increase drastically in the coming years coincident with
a transition to clean energy sources; however, economic ore deposits and global production of REY is concentrated in a small
number of locations worldwide. As such, there is interest in developing new sources of REY such as coal combustion byproducts
(CCBs) including fly ash and bottom ash. While previous studies have investigated the REY content of CCBs from the United
States, Europe, Asia and Africa, CCBs from Saskatchewan have yet to be studied. Accordingly, this work focused on the bulk
geochemistry of CCBs from the Poplar River, Boundary Dam and Shand coal-fired powerplants in Saskatchewan, with an
emphasis on REY. The results indicate that fly ash from Poplar River has the highest total concentration of REY, while bottom
ash from Boundary Dam has the highest concentration of critical REY and an enrichment in the more valuable heavy REY. This
work is the first step in assessing the economic potential of CCBs from Saskatchewan, which could provide an economically
valuable domestic source of REY.
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1. Introduction

The rare earth elements (REE) are a group of elements comprising the lanthanides (La to Lu), as well as yttrium (Y;
collectively REY) and scandium (Sc) due to shared geochemical properties. In non-aqueous geological
environments, however, Sc does not behave in a similar manner to the REY due to a smaller ionic radius, and it is
not included in this study. The REY are commonly subdivided into light REY (LREY) and heavy REY (HREY), with
the mining industry classifying the LREY as La to Nd and HREY as Sm-Lu, while IUPAC classifies LREY as La to Gd
and HREY as Tb to Lu due to the filling of the 4f electron orbital. REY have recently been classified as critical
minerals by the Canadian government (Natural Resources Canada, 2021) as they are required in clean energy
technologies such as wind turbines, photovoltaic cells, nuclear energy and energy storage (Trench and Sykes, 2020).
Demand for REY increased approximately 60% between 2015 and 2020 (USGS, 2021) and is projected to further
increase throughout the 2020s coincident with a global transition toward clean energy sources (Dushyantha et al.,
2020). The primary geologic sources of REY are carbonatites, alkaline igneous systems, ion-adsorption clay deposits
and monazite-xenotime-bearing placer deposits (Balaram, 2019); however, economic ore deposits only exist in few
locations worldwide. Recently, several non-traditional, secondary sources of REY from sedimentary basins have
been identified, including coal combustion byproducts (CCBs) and oilfield brines.

CCBs have been recognized as a promising source of REY because they can contain in excess of three times the
amount of REY compared to the coals from which they were derived (Seredin and Dai, 2012). Previous studies have
noted that the chemical composition of the fly ash depends primarily on the chemistry of the source coal as well as
the combustion process (Franus et al., 2015). While past studies have investigated the REY potential of CCBs from
localities around the world, including the United States (Hower et al., 2015; Taggart et al., 2016; Kolker et al., 2017;
Huang et al., 2020), China (e.g., Pan et al., 2018; Wang et al., 2019), the United Kingdom (Blissett et al., 2014),
South Africa (Wagner and Matiane, 2018) and Poland (Blissett et al., 2014; Franus et al., 2015), CCBs from
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Saskatchewan have yet to be investigated. As such, this work presents the REY and trace metal geochemistry of
CCB:s (i.e., fly ash and bottom ash) from three coal-fired power plants in Saskatchewan.

2. Geological Background

Coal in southern Saskatchewan is mined from the Tertiary Ravenscrag Formation at the Poplar River Mine near
Coronach, which supplies the Poplar River Power Station, and at the Boundary Dam mine near Estevan, which
supplies the Boundary Dam and Shand Power Stations. The Ravenscrag Formation is unconformably overlain by
Tertiary- or Quaternary-aged sandstone and gravels, or glacial till (Whitaker et al., 1978; Beaton et al., 1991) and it
conformably overlies the Upper Cretaceous Frenchman Formation, with the contact being interpreted as the
Cretaceous—-Tertiary boundary in southern Saskatchewan (Whitaker et al., 1978; Beaton et al., 1991). The
Ravenscrag Formation occurs throughout much of southern Saskatchewan on the northern flank of the Williston
Basin and consists of interbedded sands, silts, clays and lignite deposited in a low-energy alluvial-plane—fluvial
environment (Whitaker et al., 1978). It was deposited as part of a continuing sequence of continental-derived
sediment associated with uplift of the Laramide orogeny and retreat of the Bearpaw Sea (McCrossan and Glaister,
1964). The Late Cretaceous cratonic subsidence of the Williston Basin, accompanied by local subsidence due to salt
dissolution in the underlying Devonian Prairie Evaporite Formation, continued into the early Paleocene, resulting in
the deposition of thin, laterally restricted coal beds, with further subsidence leading to an increase in coal seam
thickness (Broughton, 1979).

3. Methods

Coal fly ash (FA) and bottom ash (BA) samples were collected from the Boundary Dam (BD), Shand (SND) and
Poplar River (PR) coal-fired power plants by employees of each facility. Samples were analyzed for bulk
geochemistry, including major oxides, trace metals and REY, utilizing a lithium-borate fusion digestion followed by
analysis by inductively coupled-plasma mass spectrometry (ICP-MS) by Bureau Veritas Canada Commodities Ltd.,
Vancouver, BC (LF200 method).

4. Results and Discussion

Rare earth element data for the three FA and three BA samples are presented as parts per million (ppm; mg/kg) in
Table 1, while additional information, including major oxide and trace metal data, is available in Appendix 1, Table 1.
Seredin (2010) classified the REY into critical REY (CREY; Nd, Eu, Th, Dy, Y and Er), uncritical REY (UREY;, La, Pr,
Sm, and Gd) and excessive REY (EREY; Ce, Ho, Tm, Yb and Lu) based on production, demand and projected
economic outlook for each element; however, this is subject to change based on economic conditions. The
percentage of critical REY in each sample is calculated as the CREY divided by total REY (TREY). A bar plot
representing the proportions of CREY, EREY and UREY is presented in Figure 1. Based on the data, the PR FA has
the highest TREY content, followed by the BD BA and the PR BA, while the BD BA contains the highest
concentration of CREY at 120 ppm and greatest proportion of CREY at 38.7%. The PR FA contains the second
highest amount of CREY at 104 ppm, but it contains the lowest proportion of CREY at 32.5%. Although the SND
CCBs contain among the lowest concentrations of TREY and CREY, the BA and FA contain the second and third
highest proportions of CREY, respectively.
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Table 1- REY concentrations in ppm for the fly ash and bottom ash samples and sums of the total, critical, uncritical, and excessive REY. The % critical REY is also indicated.

T
Boundary Dam BA

T
Boundary Dam FA

Poplar éiver BA
Sample

T
Poplar River FA

T
Shand BA

T
Shand FA

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm | Yb Lu TREY | CREY | UREY | EREE | % CREY
Poplar River fly ash 64.5 | 116.1 | 12.64 | 46.3 | 8.6 152 | 796 | 1.21 | 6.88 | 44.2 | 1.43 | 413 | 0.6 3.79 | 0.59 | 320.45 | 104.24 | 93.7 122.51 | 32.52926
Poplar River bottom ash 59.1 | 100.8 | 11.49 | 418 | 7.7 133 |1 6.84 | 1.09 | 6.77 | 415 | 1.33 | 3.88 | 0.57 | 3.78 | 0.56 | 288.54 | 96.37 85.13 | 107.04 | 33.39918
Shand fly ash 470 | 87.2 1014 | 371 | 715 | 136 | 711 | 112 | 7.00 | 455 | 1.47 | 443 | 061 | 412 | 0.63 | 261.94 | 96.51 714 94.03 36.84432
Shand bottom ash 494 | 88.3 1043 | 386 | 752 | 1.35 | 7.38 | 118 | 7.39 | 485 | 1.56 | 4.82 | 0.68 | 4.38 | 0.65 | 272.14 | 101.84 | 74.73 | 95.57 37.42192
Boundary Dam fly ash 499 | 91.0 1047 | 39.3 | 6.95 | 143 | 7.03 | 1.07 | 6.32 | 439 | 1.38 | 4.03 | 0.58 | 3.86 | 0.59 | 267.81 | 96.05 7435 | 97.41 35.86498
Boundary Dam bottom ash | 53.4 | 99.8 1149 | 432 | 829 | 169 | 8.78 | 1.41 | 868 | 59.4 | 1.95 | 591 | 0.84 | 531 | 0.86 | 311.01 | 120.29 | 81.96 | 108.76 | 38.67721
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Figure 1 - Bar plot displaying the proportions of critical REY (CREY), uncritical REY (UREY) and excessive REY (EREY) relative to the total concentration of REY in each sample.
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REY have been widely used as geochemical indicators of the sedimentary environment and post-depositional history
of coal deposits due to their predictable behaviour and fractionation during geochemical processes (Dai et al., 2016).
Normalization of REY relative to a well-characterized reservoir can be performed to compare REY concentrations
between samples in addition to identifying anomalous behaviour of REY. Such normalization can reveal enrichment
or depletion of LREY and HREY, as well as La, Ce, Eu, Gd and Ho anomalies which can be indicative of the REY
source (Henderson, 1984). Coal and CCBs are typically normalized relative to the upper continental crust (UCC)
based on Taylor and McLennan (1985; Dai et al., 2016; Table A1-2). A spider plot displaying the normalization
patterns of the six samples relative to the UCC is presented in Figure 2, while the La, Ce, Eu and Gd anomalies,
Y/Ho ratios, and LREY/HREY ratios are presented in Table 2. REY anomalies were calculated based on Bolhar et al.
(2004) for La as Lan/Lan* = Lan/(3 Pry — 2 Ndn), Ce as Cen/Cen* = Cen/(2 Pry — 1 Nd) and Gd as Gdw/Gdy* = Gdn/(2
Tbx - 1 Dyn), where the subscript N is the normalized value for each element. Eu anomalies were calculated as Eu.
/Eun® = Eun/(0.67Smy + 0.33Tby) following Bau and Dulski (1996). The Y-anomaly was calculated as the Yn/How
ratio, while LREY depletion was calculated using the Pry/Yby ratio (Bolhar et al., 2004).

Table 2 - Calculated REY anomalies relative to the UCC.

Sample Lan/Lan* Cen/Cen* Eun/Eun* Gdn/Gdn* Yn/Hon Prn/Ybw
Poplar River fly ash 1.21 1.02 0.91 1.15 1.12 1.03
Poplar River bottom ash 1.20 0.97 0.88 1.22 113 0.94
Shand fly ash 1.10 0.95 0.94 1.25 1.13 0.76
Shand bottom ash 1.15 0.95 0.89 1.23 1.13 0.74
Boundary Dam fly ash 1.19 0.99 1.02 1.20 1.16 0.84
Boundary Dam bottom ash 1.16 0.99 0.98 1.20 1.11 0.67

Positive La and Gd anomalies were present in all samples (Lan/Lan* = 1.10 to 1.21; Gdn/Gdn* = 1.15 to 1.25), while
no substantial Ce anomalies were observed (Cen/Cen* = 0.95 to 1.02). Minor negative Eu anomalies were found in
all samples except for the Boundary Dam fly ash, and normalized Y/Ho ratios indicated a positive Y anomaly ranging
from 1.11 to 1.16. With the exception of the Poplar River fly ash, all samples displayed a slight HREY enrichment,
with the Boundary Dam bottom ash exhibiting the largest HREY enrichment based on Pry/Yby ratios.
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Figure 2 - Spider plot displaying the REY normalization of each sample relative to the UCC (Taylor and McLennan, 1985).
Circles with solid lines represent fly ash samples and triangles with dashed lines represent bottom ash samples.
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5. Conclusions and Future Work

The goal of this study was to present the REY content of CCBs from southern Saskatchewan since CCBs have been
identified as potential sources of critical minerals. The PR FA contained the highest concentration of REY, while the
BD BA were found to have the highest abundance and proportion of CREY. The PR CCBs were LREY-enriched and
the BD and SND CCBs were enriched in HREY. Future work should investigate the sources of REY in the coals, their
subsequent enrichment in the CCBs, and potential extraction technologies suitable for CCBs from Saskatchewan.
This may involve studying the microscale bonding environment of REY using synchrotron techniques such as X-ray
adsorption spectroscopy (XAS) including X-ray adsorption fine structure (XAFS) or X-ray adsorption near edge
structure (XANES; e.g., Stuckman et al.; 2018, Liu et al., 2019), or aqueous geochemical methods such as
sequential extractions (e.g., Pan et al., 2019; Park et al., 2021), acid leaching (Cao et al., 2018) or bio-recovery (e.g.,
Park and Liang, 2019). A review of a number of potential REY extraction techniques is provided in Zhang et al.
(2020). Future work should also examine the heterogeneity of REY in CCBs over extended periods to assess how
the geochemistry and REY content of the CCBs vary over the course of a mine’s life cycle.

A transition to cleaner energy sources has been indicated to be a solution to combatting climate change (IPCC,
2018); however, these technologies will require new source of critical minerals, specifically REY (Sovacool et al.,
2020). CCBs are a promising alternative source since they contain elevated REY concentrations relative to the
source coals and have the potential to turn a waste stream into an economic asset while simultaneously reducing
environmental liability. Furthermore, with the impending closure of coal-fired power plants by 2030, the recovery of
critical minerals from coal products has the potential to extend the life cycle of coal mines in the south of the province
by both providing potential employment opportunities and positioning Saskatchewan as a leader in the energy
transition.

6. Acknowledgements

The authors would like to thank SaskPower and the staff at the Boundary Dam, Shand and Poplar River Power
Stations for providing the fly ash and bottom ash samples. This study was funded by the Saskatchewan Ministry of
Energy and Resources and an NSERC Discovery Grant awarded to L.J.R. (RGPIN-2021-02523).

7. References

Balaram, V. (2019) Rare earth elements: A review of applications, occurrence, exploration, analysis, recycling, and
environmental impact. Geoscience Frontiers, V.10, no.4, p.1285-1303.

Beaton, A.P., Goodarzi, F. and Potter, J. (1991): The petrography, mineralogy and geochemistry of a paleocene lignite from
southern Saskatchewan, Canada; International Journal of Coal Geology, v.17, no.2, p.117-148.

Blissett, R.S., Smalley, N. and Rowson, N.A. (2014): An investigation into six coal fly ashes from the United Kingdom and Poland
to evaluate rare earth element content; Fuel, v.119, p.236-239.

Broughton, P.L. (1979): Tectonic Controls on Sand Distribution, Late Tertiary Coal Basin of Southern Saskatchewan; in
Summary of Investigations 1979, Saskatchewan Geological Survey, Department of Mineral Resources, Miscellaneous
Report 79-10.

Bolhar, R., Kamber, B. S., Moorbath, S., Fedo, C. M., & Whitehouse, M. J. (2004): Characterisation of early Archaean chemical
sediments by trace element signatures; Earth and Planetary Science Letters, v.222, no.1, 43-60.

Cao, S., Zhou, C., Pan, J., Liu, C., Tang, M., Ji, W., Hu, T andZhang, N. (2018): Study on Influence Factors of Leaching of Rare
Earth Elements from Coal Fly Ash; Energy and Fuels, v.32, no.7, p.8000-8005.
https://doi.org/10.1021/acs.energyfuels.8b01316

Dai S., Graham I.T. and Ward, C.R. (2016): A review of anomalous rare earth elements and yttrium in coal; International. Journal
of Coal Geology, v.159, p.82-95.

Dushyantha, N., Batapola, N., llankoon, .M.S.K., Rohitha, S., Premasiri, R., Abeysinghe, B., Ratnayake, N. and Dissanayake, K.

(2020): The story of rare earth elements (REEs): Occurrences, global distribution, genesis, geology, mineralogy and global
production. Ore Geology Reviews, v.122, Article 103521.

Saskatchewan Geological Survey 5 Summary of Investigations 2022, Volume 1



Franus, W., Wiatros-Motyka, M.M. and Wdowin, M. (2015): Coal fly ash as a resource for rare earth elements. Environmental
Science and Pollution Research, v.22, p.9464-9474.

Henderson, P., Editor (1984): Rare Earth Element Geochemistry, 1st edition; Elsevier, Amsterdam, Netherlands, 510p.

Hower, J.C., Groppo, J.G., Henke, K.R., Hood, M.M., Eble, C.F., Honaker, R.Q., Zhang, W. and Qian, D. (2015): Notes on the
potential for the concentration of rare earth elements and yttrium in coal combustion fly ash; Minerals v.5, no.2, p.356-366.

Huang Z., Fan, M. and Tian, H. (2020): Rare earth elements of fly ash from Wyoming’s Powder River Basin coal; Journal of Rare
Earths, v.38, no.2, p.219-226.

IPCC (2018): Global warming of 1.5°C. An IPCC special report on the impacts of global warming of 1.5°C above pre-industrial
levels and related global greenhouse gas emission pathways, in the context of strengthening the global response to the
threat of climate change, sustainable development, and efforts to eradicate poverty; V. Masson-Delmotte, P. Zhai, H. O.
Portner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J. B. R.
Matthews, Y. Chen, X. Zhou, M. I. Gomis, E. Lonnoy, T. Maycock, M. Tignor and T. Waterfield (eds.), IPCC special report,
URL <https://www.ipcc.ch/sr15/>.

Kolker, A., Scott, C., Hower J.C., Vazquez, J.A., Lopano C.L. and Dai, S. (2017): Distribution of rare earth elements in coal
combustion fly ash, determined by SHRIMP-RG ion microprobe; International Journal of Coal Geology, v.184, p.1-10.

Liu, P., Huang, R. and Tang, Y. (2019): Comprehensive Understandings of Rare Earth Element (REE) Speciation in Coal Fly
Ashes and Implication for REE Extractability; Environmental Science & Technology v.53, no.9, p.5369-5377.

McCrossan, R.G. and Glaister, R.P., Editors (1964): Geological history of Western Canada; sponsored by the Alberta Society of
Petroleum Geologists and Geological Association of Canada, Canadian Sedimentary Basins Symposium 1961, Calgary,
Alberta, 232p.

Natural Resources Canada (2021): Critical minerals; https://www.nrcan.gc.ca/our-natural-resources/minerals-mining/critical-
minerals/23414 [accessed 25 September 2021].

Pan, J., Zhou, C., Liu, C., Tang, M., Cao, S., Hu, T., Ji, W., Luo, Y., Wen, M. and Zhang, N. (2018): Modes of Occurrence of
Rare Earth Elements in Coal Fly Ash: A Case Study; Energy and Fuels, v.32, no.9, p.9738-9743.

Pan, J., Zhou, C., Tang, M., Cao, S., Liu, C., Zhang, N., Wen, M., Luo, Y., Hu, T. and Ji, W. (2019): Study on the modes of
occurrence of rare earth elements in coal fly ash by statistics and a sequential chemical extraction procedure; Fuel, v.237,
p.555-565.

Park, S., Kim, M., Lim, Y., Yu, J., Chen, S., Woo, S.W., Yoon, S., Bae, S. and Kim, H.S. (2021): Characterization of rare earth
elements present in coal ash by sequential extraction. Journal of Hazardous Materials, v.402, Article 123760.

Park, S. and Liang, Y. (2019): Bioleaching of trace elements and rare earth elements from coal fly ash; International Journal of
Coal Science & Technology, v.6, no.2, 74-83.

Seredin V. V. (2010): A new method for primary evaluation of the outlook for rare earth element ores; Geology of Ore Deposits.
v52, p.428-433.

Seredin, V.V. and Dai, S. (2012): Coal deposits as potential alternative sources for lanthanides and yttrium; International Journal
of Coal Geology, v.94, p.67-93.

Sovacool, B.B.K., Ali, S.H., Bazilian, M., Radley, B., Nemery, B., Okatz, J. and Mulvaney, D. (2020): Sustainable minerals and
metals for a low-carbon future; Science v.367, n0.6473, p.30-33.

Stuckman, M.Y., Lopano, C.L. and Granite, E.J. (2018): Distribution and speciation of rare earth elements in coal combustion by-
products via synchrotron microscopy and spectroscopy; International Journal of Coal Geology, v.195, p.125-138.

Taggart, RK., Hower, J.C., Dwyer, G.S. and Hsu-Kim, H. (2016): Trends in the Rare Earth Element Content of U.S.-Based Coal
Combustion Fly Ashes. Environmental Science and Technology, v.50, no.11, p.5919-5926.

Taylor, S.R. and McLennan, S.M. (1985): The continental crust: Its composition and evolution; Blackwell Scientific.

Trench, A. and Sykes, J.P. (2020): Rare Earth Permanent Magnets and Their Place in the Future Economy. Engineering, v.6,
no.2, p.115-118.

USGS (2021): Mineral commodity summaries 2021; U.S. Geological Survey, 200p. https://doi.org/10.3133/mcs2021

Wagner, N.J. and Matiane, A. (2018): Rare earth elements in select Main Karoo Basin (South Africa) coal and coal ash samples;
International Journal of Coal Geology, v.196, p.82-92.

Saskatchewan Geological Survey 6 Summary of Investigations 2022, Volume 1



Wang, Z., Dai, S., Zou, J., French, D. and Graham, |.T. (2019): Rare earth elements and yttrium in coal ash from the Luzhou
power plant in Sichuan, Southwest China: Concentration, characterization and optimized extraction; International Journal of
Coal Geology, v.203, p.1-14.

Whitaker, S.H, Irving, J.A., Broughton, P.L., Cameron, A.R. and Sweet, A.R. (1978): Coal Resources of Southern Saskatchewan:
A Model for Evaluation Methodology; Geological Survey of Canada Economic Geology Report 30 / Saskatchewan
Department of Mineral Resources Report 209 / Saskatchewan Research Council Report 20, Text Volume (151p. and
microfiche) and Atlas Volume (56 plates).

Zhang, W., Noble, A., Yang, X. and Honaker, R. (2020): A comprehensive review of rare earth elements recovery from coal-
related materials. Minerals, v.10, no.5, Article 451.

Saskatchewan Geological Survey 7 Summary of Investigations 2022, Volume 1



Appendix 1: Analytical Results [also see separate Microsoft® Excel® file]

Table A1-1- Results of the ICP-MS analysis as provided by Bureau Veritas.

Analyte | SiO2 Al203 | Fe203 | MgO | CaO Na20 | K20 Ti0O2 | P205 | MnO | Cr203 | Ba Ni Sc LOI Sum | Be Co Cs Ga Hf Nb Rb Sn
Unit % % % % % % % % % % % PPM PPM | PPM | % % PPM | PPM | PPM | PPM | PPM | PPM | PPM PPM
MDL 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.002 |1 20 1 -5.1 0.01 1 0.2 0.1 0.5 0.1 0.1 0.1 1
Sample Type
Zoglar River Fly | Coal 39.58 26.64 4.76 5.82 18.58 | 0.35 0.97 0.69 0.06 0.07 0.008 | 3708 | <20 14 1.7 9964 | 6 5.1 3.7 65.5 75 20.4 35.8 10
S
Poplar River Coal 39.41 22.88 1095 | 5.77 17.2 0.21 0.61 0.73 0.03 0.06 0.004 | 3824 | <20 12 1.4 9968 | 5 47 1.8 204 9.9 238 20.6 3
Bottom Ash
Shand Fly Ash Coal 53.65 19.26 4.21 2.8 8.16 5.89 1.89 0.76 0.34 0.02 0.009 | 5169 | 33 15 2 9955 | 7 13.2 6.9 29.7 7 19.9 75.3 4
ih;md Bottom Coal 53.57 18.77 4.82 2.83 9.05 3.93 1.76 0.78 0.35 0.02 0.009 | 5687 | 35 16 3 99.52 | 10 13.9 6.2 18.6 8.3 20.8 715 2
S
Boundary Dam Coal 54.28 18.91 485 3.28 8.35 5.28 2.09 0.67 0.36 0.02 0.011 | 5047 | 34 15 0.9 99.53 | 7 1.7 8.9 30.2 59 18.1 91.5 4
Fly Ash
Boundary Dam Coal 53.09 18.7 4.89 3.06 114 4.56 1.3 0.8 0.4 0.02 0.008 | 6174 | 42 17 0.5 9944 | 7 13.2 45 19.2 8.9 234 53.1 2
Bottom Ash
Analyte | Sr Ta Th U v w Zr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu TOT/C | TOT/S
Unit PPM PPM PPM PPM | PPM | PPM PPM | PPM | PPM PPM | PPM PPM PPM | PPM | PPM | PPM |PPM |PPM |(PPM |PPM |PPM |PPM | % %
MDL 0.5 0.1 0.2 0.1 8 05 0.1 0.1 0.1 0.1 0.02 0.3 0.05 0.02 0.05 0.01 0.05 0.02 0.03 0.01 0.05 0.01 0.02 0.02
Sample Type
Zoglar River Fly | Coal 11675 | 1.9 29 19.6 76 8.6 257 44.2 64.5 116.1 | 1264 | 46.3 8.6 1.52 7.96 1.21 6.88 1.43 413 0.6 3.79 0.59 0.19 0.47
S
Poplar River Coal 981 19 241 13.4 49 6.5 3536 | 415 59.1 1008 | 1149 | 418 7.7 1.33 6.84 1.09 6.77 1.33 3.88 0.57 3.78 0.56 0.19 0.08
Bottom Ash
Shand Fly Ash Coal 23769 | 14 20.7 9.7 118 45 2722 | 455 47 87.2 10.14 | 371 7.15 1.36 7.1 1.12 7 1.47 4.43 0.61 412 0.63 0.26 0.53
Shand Bottom Coal 26511 | 1.5 20.6 11.1 120 39 303.5 | 485 494 88.3 1043 | 38.6 7.52 1.35 7.38 1.18 7.39 1.56 4.82 0.68 4.38 0.65 1.58 0.2
Ash
Boundary Dam Coal 24116 | 1.2 17.8 12.5 143 5 2288 | 43.9 49.9 91 1047 | 393 6.95 1.43 7.03 1.07 6.32 1.38 4.03 0.58 3.86 0.59 0.09 0.2
Fly Ash
Eounda'&y Ir?am Coal 32625 | 1.7 222 12.8 111 5.5 356.2 | 59.4 53.4 99.8 1149 | 432 8.29 1.69 8.78 1.41 8.68 1.95 5.91 0.84 5.31 0.86 0.19 0.08
ottom As
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Table A1-2 - REY values normalized to upper continental crust.

Sample Lan Cen |Prv [ Ndv | Smn | Eun | Gdn | Tbn | Dyn | Yn Hon | Erv | Tmn | Ybn | Lun

Poplar River | 215 | 1.81 | 1.78 | 1.78 | 191 [ 173 | 209 | 189 | 197 | 201 | 179|180 | 182 | 172 | 1.84
fly ash

Poplar River | 197 | 1.58 | 1.62 | 1.61 1.71 | 151 180 | 1.70 | 1.93 189 | 166 | 1.69 | 1.73 | 1.72 | 1.75
bottom ash

Shand fly 157 | 136 | 143|143 [ 159 | 155 | 187 | 175|200 | 207 |1.84 | 193|185 | 187 | 1.97
ash

Shand 165 [ 138 | 147|148 | 167 | 153 [ 194|184 | 211 220 | 195|210 | 206 | 1.99 | 2.03
bottom ash

Boundary 166 | 142 | 147 151 | 154 [ 163 | 185|167 | 181 |200 | 173|175 | 176 | 1.75 | 1.84
Dam fly ash

Boundary 178 | 156 | 162|166 | 184 | 192 |231 220|248 | 270 | 244 | 257|255 | 241 | 269
Dam bottom
ash

UCC! (ppm) | 30.00 | 64.00 | 7.10 | 26.00 | 450 | 0.88 | 3.80 | 0.64 | 3.50 | 22.00 | 0.80 | 2.30 | 0.33 | 220 | 0.32

1 Upper Continental Crust. Samples were normalized against the UCC based on Taylor and McLennan (1985).
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