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A. Separation Techniques
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Figure S1  Example of wet sieving method applied for mine tailings sample MT-BNO7-SS;       [A]: wet sieve 325 mesh screen, effluent retained in catchment bucket transferred to settling container; [B]: settling container for 24-hour and 7-day settling trials; [C]: 24-hour settled material, supernatant transferred by decantation; [D]: draining light-subfraction away from the heavy-mineral subfraction in the 24-settled, –325 mesh fraction; [E]: drying the light-subfraction and heavy-mineral subfraction prior to further testing, e.g. XRD to determine the efficiency in concentration the minerals of interest
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Figure S2  Separations of heavy minerals from kaolin samples; [A]: Waring blender;               [B]: Eocene kaolin –325 mesh settling stage; [C]: Cretaceous kaolin –325 mesh settling stage;        [D]: Eocene kaolin –325 hand-pan stage; [E]: Cretaceous kaolin –325 mesh hand-pan stage;     [F]: Eocene kaolin +325 mesh retain; [G]: Cretaceous kaolin +325 mesh retain;                       [H]: Eocene kaolin heavy subfraction result; [H’]: Eocene kaolin light subfraction result










B. TGA Analyses
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Figure S3 Thermal Gravimetric Analysis (TGA) profile of the mined Eocene kaolin sample. Solid red profile is the weight loss, dashed red line is the 1st derivative profile
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Figure S4 Thermal Gravimetric Analysis (TGA) profile of the mined Cretaceous kaolin sample. Solid red profile is the weight loss, dashed red line is the 1st derivative profile




C. Microscopy Analyses – i. Mined Kaolins
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Figure S5  Cretaceous kaolin stereomicroscopy results – [Top]: +325 mesh (>45μm) fraction with muscovite/biotite-mica flakes; [Bottom]: –325 mesh (<45 μm) heavy subfraction
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Figure S6 Eocene kaolin stereomicroscopy results – [Top]: +325 mesh (>45μm) fraction; [Bottom]: –325 mesh (<45 μm) heavy subfraction
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Figure S7 SEM-EDS results of the mined Cretaceous kaolin –325 mesh (<45 μm) heavy subfraction showing: Ti-Fe: ilmenite; Ti: rutile/anatase; Fe-S: pyrite/marcasite; Zr: zircon; Zr-Y: zircon with Y content
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Figure S8 SEM-EDS results of the mined Cretaceous kaolin –325 mesh (<45μm) heavy subfraction showing several other minerals identified: Ilm: ilmenite; Fe-S: pyrite/marcasite; Zr: zircon



[image: A picture containing text, indoor, different

Description automatically generated]
Figure S9 SEM-EDS results of the mined Cretaceous kaolin –325 mesh (<45 μm) heavy subfraction showing several examples of xenotime grains analyzed
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Figure S10  SEM-EDS results of the mined Eocene kaolin –325 mesh (<45 μm) heavy subfraction showing: [A]: zircon (preserved crystal faces), ilmenite (sub-angular) and a Zn-sulfide cluster (sphalerite); [B]: rounded zircons, Fe/Zn-sulfides crystal clusters and ilmenite (sub-angular); [C]: framboidal pyrite examples
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Figure S11 SEM-EDS results for the +325 mesh (>45 μm) fraction separated from the Eocene kaolin sample at RGH-073121 – examples of kaolinitic + Fe-sulfide crystal clusters





























C. Microscopy Analyses – ii. Kaolin Mine Tailings
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Figure S12 SEM-EDS results of Cretaceous kaolin mine tailings (MT-BNO7-SS) showing monazite and xenotime examples of the –325 mesh (<45 μm) heavy subfraction
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Figure S13 SEM-EDS results of Cretaceous kaolin mine tailings (MT-BNO7-SS) showing zircon examples in the –325 mesh (<45 μm) heavy subfraction


[image: Calendar

Description automatically generated]
Figure S14 SEM-EDS results of Cretaceous kaolin mine tailings (MT-BNO7-IP H-P) showing the degree of roundness of the zircon grains with faintly preserved crystal faces, conchoidal fracture surfaces diagnostic of the rounded quartz grains
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Figure S15 SEM-EDS results of Cretaceous kaolin mine tailings (MT-BNO7-IP H-P) showing dissolution pitting and etching features along mineral-grain surfaces in monazite and ilmenite
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Figure S16 SEM-EDS results of Cretaceous kaolin mine tailings (MT-BNO7-IP H-P) showing monazite examples
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Figure S17 SEM-EDS results of Eocene kaolin mine tailings (MT-BNO6) showing several examples of minerals identified in +325 mesh (>45 μm) fraction including roundness of the zircon grains with faintly preserved crystal faces
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Figure S18 SEM-EDS results of the Eocene kaolin mine tailings (MT-BNO6) showing several examples monazite (smooth and rounded surfaces, lacking dissolution etching) present in the –325 mesh (<45 μm) heavy subfraction

C. Microscopy Analyses – iii. Sands
[image: Graphical user interface

Description automatically generated with medium confidence]
Figure S19 Stereomicroscopy – [A]: stereomicroscope and lighting accessories used; [B]: sample under investigation with naked-eye examination; [C]: individual mineral grains extracted with forceps for characterization; [D]: mineral grains under examination at high-magnification (100x)
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Figure S20 Stereomicroscopy results for the cross-bedded section (Marion Member sands) – [A]: dark minerals identified, laminations 1–2 mm thick, matrix dominated by quartz and minor mica grains visible under stereomicroscopy examination prior to XRD and SEM-EDS analysis. Scale gradings are 1 mm spacing; [B]: dark mineral grains highly visible by color and opacity contrast to the matrix quartz grains; [C]: extraction of the dark, heavy minerals by forceps presented an efficient means for isolating and examining mineral grains of interest for further study by SEM-EDS
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Figure S21 SEM-EDS results of the cross-bedded section of the Marion Member sands showing monazite and xenotime grains
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Figure S22 SEM-EDS results of the cross-bedded section of the Marion Member sands showing large monazite grains displaying dissolution pitting and etching along mineral grain surfaces
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Figure S23 SEM-EDS results of the mottled section of the Marion Member sands showing ilmenite, zircon and monazite identified
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Figure S24 SEM-EDS results of the mottled section of the Marion Member sands showing quartz, zircon and monazite identified
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Figure S25 SEM-EDS results of the mottled section of the Marion Member sands showing quartz, ilmenite, zircon and monazite identified
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Figure S26 SEM-EDS results of the mottled section of the Marion Member sands showing quartz, ilmenite, xenotime and monazite identified 
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Figure S27 SEM-EDS results for the sulfide-rich sand sample showing monazite grains displaying dissolution pitting and etching along mineral grain surfaces
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Figure S28  SEM-EDS results for a xenotime grain displaying dissolution pitting-etching and secondary formation or possible fibrous-morphology alunite-jarosite-like minerals in the sulfide-rich sand
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Figure S29  SEM-EDS results for the sulfide-rich sand sample showing rounded zircon grains
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Figure S30  SEM-EDS results for the sulfide-rich sand sample showing examples of the Fe-sulfide minerals
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Figure S31  SEM-EDS results for a xenotime grain and populations of rounded zircons and monazite in a matrix of the mostly quartz in the –325 mesh (<45 μm) heavy subfraction of the Eocene sand
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Figure S32  SEM-EDS results for monazite grains in the –325 mesh (<45 μm) heavy subfraction of the Eocene sand
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Figure S33 SEM-EDS results for zircon and Ti-phases (rutile/anatase/ilmenite) in the –325 mesh (<45 μm) heavy subfraction of the Eocene sand









D. Mineral Separations and Recorded Weights of Fractions

Table S1  Mineral separation fractions and weights (grams) per sample type

	
	Sample ID
	Fraction
	Weight (g) 


	
Mine Tailings
	MT-BNO7-SS1         
	Whole Rock
	200

	
	
	>45 μm WF
	186.9

	
	
	<45 μm SpF
	9.21

	
	
	<45 μm Lt
	3.09

	
	
	<45 μm Hv
	0.80

	
	MT-BNO7-IP1
	Whole Rock
	200

	
	MT-BNO62
	Whole Rock
	200

	
	
	>45 μm WF
	182.8

	
	
	<45 μm Lt
	2.09

	
	
	<45 μm Hv
	0.17

	
Kaolins
	Cretaceous Kaolin1
	Whole Rock
	888.9

	
	
	>45 μm WF
	2.29

	
	
	<45 μm Lt
	1.31

	
	
	<45 μm Hv
	0.13

	
	Eocene Kaolin2
	Whole Rock
	591.2

	
	
	>45 μm WF
	5.90

	
	
	<45 μm Lt
	34.83

	
	
	<45 μm Hv
	0.28

	Sands
	Cross-bedded HMS1
	Whole Rock
	200

	
	Mottled HMS1
	Whole Rock
	200

	
	Sulfide-rich Sand1
	Whole Rock
	200

	
	Eocene Sand2
	Whole Rock
	200

	
	
	>45 μm WF
	147.7

	
	
	<45 μm Lt
	4.34

	
	
	<45 μm Hv
	0.26

















Notes: Starting weights of all samples ≈200 (g) for mine tailings and sands. Larger starting weights were used for kaolins. Abbreviations: Hv – heavy subfraction; Lt – light subfraction; MT – mine tailings; HMS – heavy-mineral sands; SpF – suspended fraction; 1 – assoc. with Cretaceous Buffalo Creek Mbr mined kaolin; 2 – associated with Eocene Jeffersonville Mbr mined kaolin.




E. Monazite and Xenotime Mineral Grain Chemical Analyses

Table S2: Monazite (Mnz) mineral grain chemical analyses via SEM-EDS.
	Monazite Grains
	
	

	Oxide wt.%
	La2O3
	Ce2O3
	Pr2O3
	Nd2O3
	Sm2O3
	Y2O3
	P2O5

	Mine Tailings
	
	
	
	

	BNO7-IP Mnz
	12.50
	26.60
	4.00
	13.40
	4.90
	4.10
	28.6

	BNO7-IP Mnz
	12.90
	25.60
	3.30
	11.50
	4.10
	4.30
	32.0

	BNO7-IP Mnz
	13.40
	27.60
	5.30
	14.50
	4.30
	4.40
	18.3

	BNO7-IP Mnz
	14.00
	28.90
	5.50
	15.40
	4.60
	-
	26.6

	BNO7-SS Mnz
	14.60
	30.20
	4.70
	13.90
	4.20
	2.90
	22.5

	BNO7-SS Mnz
	16.40
	29.50
	4.30
	13.00
	3.20
	3.60
	25.7

	BNO6 Mnz
	13.90
	28.60
	4.20
	12.80
	3.70
	2.80
	27.8

	BNO6 Mnz
	13.00
	27.30
	3.50
	12.20
	3.60
	3.20
	31.2

	BNO6 Mnz
	15.80
	31.20
	4.20
	12.30
	3.20
	3.60
	25.9

	BNO6 Mnz
	14.80
	28.60
	4.60
	13.30
	3.70
	3.90
	24.4

	avg
	14.13
	28.41
	4.36
	13.23
	3.95
	3.64
	26.3

	stdev
	1.21
	1.60
	0.66
	1.09
	0.54
	0.55
	3.83

	
	
	
	
	
	
	
	

	Sands
	
	
	
	
	

	Cross-bed HMS Mnz
	12.90
	24.90
	3.60
	11.50
	3.90
	5.10
	33.5

	Cross-bed HMS Mnz
	12.50
	26.60
	3.60
	13.10
	4.40
	5.10
	31.3

	Cross-bed HMS Mnz
	-
	34.40
	6.00
	12.60
	2.60
	-
	-

	Cross-bed HMS Mnz
	-
	31.20
	0.00
	
	3.50
	5.10
	25.8

	Sulfide-rich Sand Mnz
	11.90
	25.00
	3.10
	11.50
	3.40
	4.70
	34.8

	Mottled HMS Mnz
	15.00
	32.10
	4.30
	14.90
	4.20
	4.20
	

	Mottled HMS Mnz
	14.40
	27.60
	3.20
	
	3.80
	4.00
	30.4

	Mottled HMS Mnz
	15.90
	29.40
	3.40
	10.00
	2.50
	3.80
	30.5

	Mottled HMS Mnz
	16.00
	31.80
	4.30
	12.50
	3.70
	-
	-

	Mottled HMS Mnz
	14.50
	30.00
	4.40
	13.60
	4.70
	4.80
	22.4

	Eocene Sand Mnz
	17.20
	28.60
	3.20
	
	2.50
	-
	31.2

	Eocene Sand Mnz
	15.10
	31.50
	4.10
	14.10
	4.00
	5.10
	21.2

	Eocene Sand Mnz
	13.80
	29.30
	3.90
	13.60
	3.90
	3.20
	26.9

	Eocene Sand Mnz
	11.50
	25.50
	3.20
	11.50
	3.70
	5.50
	33.1

	avg
	14.23
	29.14
	3.59
	12.63
	3.63
	4.60
	29.2

	stdev
	1.68
	2.82
	1.24
	1.35
	0.66
	0.67
	4.30





Table S3: Xenotime (Xtn) mineral grain chemical analyses via SEM-EDS.
	Xenotime Grains
	
	
	
	
	
	
	
	
	
	

	Oxide wt.%
	Eu2O3
	Gd2O3
	Tb2O3
	Dy2O3
	Ho2O3
	Er2O3
	Tm2O3
	Yb2O3
	Lu2O3
	Y2O3
	P2O5

	Mine Tailings
	
	
	
	
	
	
	
	
	
	
	

	BNO7-SS Xtn
	-
	5.10
	-
	8.10
	1.60
	6.50
	-
	6.70
	-
	35.40
	31.70

	BNO7-SS Xtn
	-
	3.00
	-
	7.90
	2.00
	6.40
	-
	5.60
	-
	35.80
	35.80

	avg
	-
	4.05
	-
	8.00
	1.80
	6.45
	-
	6.15
	-
	35.60
	33.75

	stdev
	-
	1.05
	-
	0.10
	0.20
	0.05
	-
	0.55
	-
	0.20
	2.05

	
	
	
	
	
	
	
	
	
	
	
	

	Sands
	
	
	
	
	
	
	
	
	
	
	

	Cross-bed Xtn
	-
	1.60
	-
	6.60
	0.90
	4.00
	-
	4.80
	-
	42.00
	39.10

	Sulfide-rich Sand Xtn
	-
	2.30
	-
	7.60
	1.30
	5.40
	-
	4.00
	-
	38.70
	36.00

	Mottled HMS Xtn
	-
	1.30
	-
	4.70
	0.90
	3.60
	-
	4.20
	-
	43.50
	41.70

	Eocene Sand Xtn
	-
	1.60
	-
	5.60
	1.10
	4.70
	-
	5.40
	-
	40.90
	40.70

	avg
	-
	1.70
	-
	6.13
	1.05
	4.43
	-
	4.60
	-
	41.28
	39.38

	stdev
	-
	0.37
	-
	1.08
	0.17
	0.69
	-
	0.55
	-
	1.75
	2.16

	
	
	
	
	
	
	
	
	
	
	
	

	Kaolins
	
	
	
	
	
	
	
	
	
	
	

	Cretaceous kaolin Xtn
	-
	2.10
	-
	6.70
	0.90
	5.10
	-
	4.90
	-
	39.90
	39.50

	Cretaceous kaolin Xtn
	-
	1.40
	-
	5.70
	1.00
	4.00
	-
	4.40
	-
	42.30
	41.20

	Cretaceous kaolin Xtn
	-
	2.40
	-
	8.20
	1.70
	4.70
	-
	2.50
	-
	43.20
	34.70

	Cretaceous kaolin Xtn
	-
	2.40
	-
	6.20
	0.90
	4.50
	-
	4.40
	-
	41.80
	39.70

	avg
	-
	2.08
	-
	6.70
	1.13
	4.58
	-
	4.05
	-
	41.80
	38.78

	stdev
	-
	0.41
	-
	0.94
	0.33
	0.40
	-
	0.92
	-
	1.20
	2.44
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