Geochemical fingerprinting of Tanzanian uranium deposits: The insights of REE ratios (La/Ce, Nd/Ce, and Sm/Nd) as a provenance tool
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	Accurate uranium provenance determination is crucial for nuclear non-proliferation and environmental protection, yet a forensic-level geochemical framework for Tanzanian uranium deposits has been lacking. This study establishes a robust analytical method using forty-five samples from three major deposits (Mkuju, Manyoni, and Bahi), analyzing elemental compositions, particularly Rare Earth Elements (REEs), via ICP-MS, and validating results using Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA). Despite their proximity, the deposits exhibit distinct geochemical signatures as revealed by key REE ratios and anomalies. Mkuju (mean La/Ce 1.17, Nd/Ce 0.62, Sm/Nd 0.56) is characterized by a positive Europium (Eu) anomaly and heavy REE enrichment, indicating a high temperature, reducing hydrothermal origin. Manyoni (mean La/Ce 1.22, Nd/Ce 0.53, Sm/Nd 0.56) shows a strong positive Cerium (Ce) anomaly and a negative Eu anomaly, suggesting a redox-driven, oxidizing environment typical of sandstone-hosted deposits. Bahi (mean La/Ce 1.24, Nd/Ce 0.60, Sm/Nd 0.55) exhibits light REE enrichment with negative Ce and Eu anomalies, pointing to a complex secondary, redox-controlled model. Statistically, PCA showed a single dominant factor accounting for ∼90% of Mkuju's and 99% of Manyoni's variability, and HCA revealed a simple binary clustering for both, confirming a single-event, redox-controlled deposition. In contrast, Bahi's HCA showed three distinct clusters, reflecting multiple geological influences. Furthermore, the strong positive correlation between La/Ce and Eu/Eu∗ in Manyoni (r = 0.713) and moderate correlations in Mkuju (r = 0.592) and Bahi (r = 0.498) confirm a shared influence from geological history. This framework provides a powerful tool for nuclear forensics, with future work advised to integrate isotopic data (especially Pb isotopes) and machine learning for enhanced accuracy.
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Introduction
Accurately pinpointing the source of uranium has become a cornerstone of nuclear non-proliferation, environmental monitoring, and nuclear forensics (Mayer et al. 2011, Hutcheon et al. 2015). Traditionally, provenance determination has relied heavily on U, Th, and Pb isotope ratios (e.g., 234U/238U, 204Pb/206Pb) (Richter et al. 1999, Keegan et al. 2008, Kupi et al. 2020). However, these single-parameter approaches often face limitations in achieving precise origin pinpointing due to overlapping signatures and complex geological histories (Keegan et al. 2012, Kristo et al. 2016). Consequently, integrated approaches that combine multiple isotopic and chemical characteristics are increasingly recognized as the best tool for enhancing source discrimination (Brennecka et al.2010, Varga et al. 2010, Sirven et al. 2009, Krajkó et al. 2014, Meza et al. 2025).
Rare earth elements (REEs) offer a powerful complementary avenue as their consistent behavior during uranium processing allows for robust tracing of the ore back to its geological source (Asai et al. 2015, Khumalo et al. 2018, Bonhoure et al. 2007, Madzunya et al. 2021). The unique patterns and ratios of REEs in ore deposits can act as geochemical fingerprint, reflecting the specific source rock, magmatic differentiation, and alteration events that formed the deposit (McLennan S.M. 1989, Nakano 2016). This study specifically aims to overcome the limitations of relying solely on isotopic methods by demonstrating the enhanced potential of specific REE ratios (La/Ce, Nd/Ce, and Sm/Nd) (Maas et al. 1987) as a complementary provenance tool in Tanzania.
This research hypothesizes that uranium samples from the Mkuju, Manyoni, and Bahi deposits possess unique and distinguishable geochemical signatures based on their REE ratios. These signatures are expected to directly correspond to their geological origins: Mkuju's hydrothermal origin will be reflected in a positive Europium (Eu) anomaly and heavy REE enrichment; Manyoni's redox-controlled formation show a strong positive Cerium (Ce) anomaly and a negative Eu anomaly; and Bahi's secondary alteration is characterized by light REE enrichment, a subtle negative Ce anomaly, and a negative Eu anomaly. The study further proposes that multivariate analysis (PCA, HCA, Pearson Correlation) will validate these findings by producing distinct clusters that correlate with each deposit, thereby proving the efficacy of REE ratios as a provenance tool. By analyzing 45 uranium soil samples from these deposits, this research advances the understanding of uranium mineralization and establishes a robust foundation for advanced uranium fingerprinting methodologies crucial for global security and environmental stewardship (Mayer et al. 2008, Sarparandeh et al. 2018, Trabelsi et al. 2023).

Materials and Methods
Geological setting of the study areas and sample collection
The Mkuju uranium deposit is a sandstone-hosted type, with mineralization occurring within the fluviatile sediments of the Triassic Mkuju formation (Banzi et al. 2015, Kasoga et al. 2016) (part of the Karoo supergroup) as detailed and shown in Table 1 and Figure 1, respectively. In contrast, the uranium deposits at Manyoni and Bahi are primarily surficial (calcrete-hosted) mineralization in semi-arid playa lake and swamp environments (mbugas). The uranium was leached from surrounding uranium-rich Archean granites and transported/precipitated within Pliocene to Quaternary lacustrine sediments (Kimaro et al. 2015)


Table 1: 	Basic information on the geological setting of Mkuju, Manyoni and Bahi uranium deposits
	Characteristic
	
	Mkuju
	
	Manyoni
	
	Bahi

	Location
	
	Selous Basin, Southern Tanzania (9°45'–10°30'S, 30°30'–37°00'E)
	
	Central Tanzanian Craton (5°45'S, 34°50'E)
	
	Central Tanzania Basement, East African Craton (5°51'–6°20'S, 34°59'–35°21'E)

	Host Rock
	
	Fluvial/lacustrine sandstones, siltstones (Karoo Supergroup)
	
	Neoproterozoic Usagaran metasedimentary rocks; mineralization in quartz veins/fractures
	
	Paleoproterozoic graphitic schists/gneisses, interlayered with quartzites/amphibolites

	Mineralization
	
	Shallow, tabular mineralization linked to organic matter and redox changes.
	
	Structurally controlled uraninite in quartz veins/fractures, potentially polymetallic.
	
	Disseminated uraninite and coffinite associated with sulfide minerals.

	Primary Controls
	
	Redox changes and organic matter.
	
	Structural pathways (faults, shear zones) and redox conditions from graphite.
	
	Tectonic history and carbon-rich, reducing environment from graphitic schists.



A total of forty-five uranium soil samples (≈ 200 g each) were collected. An equal number of fifteen samples were taken from each of the three distinct uranium mine sites and subsequently packed in zippered plastic bags. Manyoni and Bahi samples were collected at ≈1 km intervals. Mkuju source rocks, as typically shown in Figure 2, were retrieved from warehouse storage. Samples were crushed, milled, and sieved into a fine 25 μm powder (Jarvis et al. 1992, Ntsoi et al. 2020).

[image: ]
Figure 1:	Geological map of the Nyota uranium deposit (Mkuju), showing major lithologies of the Triassic Mkuju series, including sandstones, arkose, and gritstone (Mantra Resources 2009).
[image: ]
Figure 2: 	Cross-sectional photos of drill core samples showing host rocks composed of moderately indurated, sub horizontal, braided fluviatile sedimentary rocks (grits, sandstones, and siltstones) (Mantra Resources 2009)[footnoteRef:2]  [2:  Project ownership transferred from Mantra Resources to Uranium One in 2011 ] 




Sample preparation and measurement
The rigorous sample preparation process began with the precise weighing of 0.5 g aliquots of the uranium ore soil samples. These were transferred to microwave digestion vessels, where they underwent acid digestion as specified in Table 2. Specifically, 20 mL of aqua regia (3:1 v/v HCl: HNO3), 1 mL of hydrofluoric acid (HF), and 0.5 mL of hydrogen peroxide (H2O2) were added to each vessel (Mester et al. 2003). To ensure quality control, certified reference materials (CRMs) and procedural blanks were subjected to the same procedure. The digestion was performed in an Anton Paar Multiwave GO microwave system, utilizing a program that consisted of a 10-minute ramp to 200 oC followed by a 30-minute hold at that temperature (Kingston et al. 2018). Following digestion, the sample solutions were diluted to a final volume of 50 mL and refrigerated for 24 hours. The solutions were then vigorously shaken and subsequently filtered through 45−μm and 22−μm filters to remove particulates (Richter et al. 1999).


Table 2. The microwave digestion method is used for sample preparation.
	Parameters

	Microwave Oven
Rotor type
	Anton Paar multiware Go
High pressure, quartz insert

	Rotor capacity
Digestion:
Sample weight
HNO3
HCl
H2O2
HF
Deionized water
Oven Program:
Pre-digestion
Ramp (200 oC)
	12 Vials

0.5 g
2.0 mL
6.0 mL
0.5 mL
1 mL
2.0 mL

5 min
10 min

	Hold
Cool Down
	30 min
15 min




For the measurement phase, the elemental composition, including REEs, was determined using a PerkinElmer NexION 350D ICP-MS (Dean 2005) with Rhodium Internal Standard. The instrument (ICP-MS), as specified in Table 3, employed an argon plasma operating at 1350 W with a temperature of approximately 10,000∘C to ionize the sample elements. The ions were directed into the mass analyzer using a 'peak hopping – KED mode' scan to effectively minimize polyatomic interferences (Houk 1986, Douglas 1989). A total of seven calibration standards, ranging from 5 ppb to 1000 ppb, along with blanks and quality control samples, were run alongside the prepared samples for accurate quantification.



Table 3. NexION 350D ICP-MS Instrumental Operating Conditions
	NexION 350D ICP-MS Parameters

	Sample Introduction
	Spray Chamber

	ICP- RF power
Skimmer cone
	1350 W
Nickel

	Sample cone
Gas flow rates (L/min)
	Nickel
Nebulizer: 0.80, auxiliary: 1.35, plasma: 18.0

	Lens voltage
Scan mode
	4.850 V
Peak hopping – KED mode

	Number of sweeps
Number of replicates
	20
3

	Sample flush
Read delay
	35 (s); Speed (± rpm): 45
25 (s); Speed (± rpm): 20

	Wash
Autosampler
	30 (s); Speed (± rpm): 40
S10




Results and Discussion
Rare earth element (REE) ratios (La/Ce, Nd/Ce and Sm/Nd)
The REE ratios, as shown in Table 4, and chondrite-normalized values provide distinct geochemical fingerprints. The ability of these REE ratios to distinguish geological origins is analogous to the use of lead (Pb) stable isotope ratios (204Pb/206Pb, 207Pb/206Pb, 208Pb/206Pb) for uranium characterization. Studies of this nature were carried out and documented at uranium mines in several countries, including but not limited to Namibia and South Africa, as shown in Table 5 (Keegan et al. 2008, Nakano 2016, Kupi et al. 2020). 


Table 4: Results of REE isotope ratio measurements of Mkuju River uranium ore soil samples (The present study).
	
Sample ID
	[image: ]
	

	


	MKJ01
	1.0803
	0.5612
	0.5367

	MKJ02
	1.0884
	0.6516
	0.5786

	MKJ03
	1.1807
	0.6479
	0.5744

	MKJ04
	1.3933
	0.6269
	0.5687

	MKJ05
	1.2114
	0.6313
	0.5459

	MKJ06
	1.0746
	0.6777
	0.6522

	MKJ07
	1.1826
	0.6109
	0.5651

	MKJ08
	1.2082
	0.6036
	0.5582

	MKJ09
	1.1412
	0.6302
	0.5642

	MKJ10
	1.2096
	0.6308
	0.5390

	MKJ11
	1.1569
	0.6194
	0.5465

	MKJ12
	1.1754
	0.6367
	0.5445

	MKJ13
	1.1822
	0.5989
	0.5512

	MKJ14
	1.1536
	0.6144
	0.5374

	MKJ15
	1.1165
	0.6275
	0.5528

	Mean
	1.1703 ±0.0391
	0.6246 ±0.0171
	0.5610 ±0.0408

	SD
	0.0811
	0.0279
	0.0293

	RiC
	0.3840
	0.7429
	0.3249



Table 5: Results of lead (Pb) isotope ratio measurements of Namibia mine tailing samples (Kupi et al. 2020)
	
Sample ID
	

	

	


	TSF2-1
	0.0589
	0.9672
	2.3113

	TSF2-2
	0.0612
	1.0153
	2.4330

	TSF2-3
	0.0584
	0.9658
	2.3160

	TSF2-4
	0.0614
	1.0148
	2.4278

	TSF2-5
	0.0610
	1.0111
	2.4209

	TSF2-6
	0.0606
	0.9993
	2.4004

	TSF2-7
	0.0605
	1.0059
	2.4007

	TSF2-8
	0.0605
	1.0045
	2.4075

	TSF2-9
	0.0606
	1.0065
	2.4037

	TSF2-10
	0.0606
	1.0020
	2.3969

	Mean
	0.064 ±0.00091
	0.9992±0.01708
	2.3918±0.04078

	Measured NIST SRM 981
	0.05888±0.0001
	0.91441±0.0036
	2.17061±0.0013

	Certified NIST SRM
981 (Catanzaro 1968)
	
	0.91464±0.0033
	2.1681±0.0008






Comparative analysis of logarithmically formatted chondrite normalized (CNREE) concentration patterns
The chondrite-normalized Rare Earth Element (REE) patterns for Mkuju, as shown in Figure 3, and those for Manyoni and Bahi offer distinct geochemical fingerprints crucial for assessing the origin of their associated uranium mineralization. A consistent general trend across all three samples is observed: a smooth depletion in the Light Rare Earth Elements (LREEs, La to Sm), followed by a prominent negative Europium (Eu) anomaly, and a subsequent overall flattening or modest increase in the Heavy Rare Earth Elements (HREEs, Gd to Lu).



Figure 3:	Chondrite normalized rare earth elements (CNREEs) concentration patterns (Mkuju)


This ubiquitous negative Eu anomaly is a dominant feature, strongly suggesting that the precipitating fluids and, by extension, the uranium have been involved in a process of plagioclase feldspar fractionation, or that the source material itself was depleted in Eu due to its preferential incorporation into plagioclase during high-temperature events. This common anomaly points definitively toward a history of significant fluid-rock interaction, a hallmark of hydrothermal systems, without uniquely differentiating between a magmatic or sedimentary ultimate source (Mishra et al. 2024).
A comparative analysis of the overall REE enrichment reveals a distinct gradient: The Mkuju patterns exhibit the greatest total REE enrichment, with concentrations reaching up to approximately 4.0 on the logarithmic scale for elements like Nd and Er. This profound enrichment suggests the uranium mineralization at Mkuju may have been driven by fluids that were either more REE-concentrated or interacted with a source material richer in these elements, potentially indicating a more evolved or higher-temperature hydrothermal system relative to the other two locations. 
Conversely, the Bahi patterns show the lowest overall concentration, with many elements clustering near the zero line. The Manyoni patterns occupy an intermediate position in terms of enrichment, falling between the Mkuju and Bahi extremes. Although the characteristic negative Eu anomaly is shared, the varying magnitudes of REE enrichment—following the order Mkuju > Manyoni > Bahi imply distinct geochemical pathways, varying degrees of fluid-rock interaction, and differing metal scavenging efficiencies that contributed to the formation of their respective uranium deposits. Nevertheless, the common overall shape of these patterns strongly points toward a shared, likely crustal source for the REEs, which typically serves as a robust proxy for the origin of the accompanying uranium in diverse geological environments.
Multivariate statistical validation
Comparative analysis of principal component analysis (PCA) data
At the Mkuju and Manyoni uranium deposits, the geochemical data are dominated by a singularly controlling factor. Specifically, Mkuju's data variability is explained by a single factor (F1) accounting for approximately 90% of the variance, while Manyoni's F1 factor accounts for an even higher 99%. This strong, single control functions as a clear uranium fingerprint, strongly suggesting that both systems are geochemically simple and governed by a primary, single mineralizing event, which is interpreted as redox-controlled deposition (Corcoran et al. 2019, Sumary et al. 2025).
In contrast, the Bahi uranium deposit, although also exhibiting a single dominant factor (F1) explaining a significant 98% of the variability, presents a more complex geological signal (Sumary et al. 2024). In this case, the F1 factor appears to represent an overarching lithogenic source (uranium derived from the parent rock) that has been subsequently overprinted by supergene processes. Further examination using biplots helps to reveal this dual influence, showing clear indications of both oxidative weathering (characterized by a positive Ce anomaly) and source-rock fractionation (evidenced by a negative Eu anomaly) (Sumary et al. 2025, Haneklaus et al. 2025)
Comparative analysis of hierarchical cluster analysis (HCA) data
Both the Mkuju and Manyoni deposits reveal a clear division into two distinct geochemical clusters as shown in Figure 4. This binary pattern strongly supports a redox-controlled origin, such as a roll-front or sandstone-hosted deposit, where a sharp transition from oxidizing to reducing environments is the primary mechanism for concentrating uranium (Peel 2022, Mvile et al. 2023). In contrast, the Bahi deposit reveals a more complex pattern, with its samples separating into three distinct geochemical clusters. This suggests that multiple geological sources or processes have influenced the Rare Earth Element (REE) distribution, indicating a complex interaction between a primary geological source and secondary processes (Flamminii et al. 2024, Mvile et al. 2023).



[image: ]
Figure 4:	Hierarchical cluster analysis (dendrogram) on the measured variables REEs (Mkuju)


Comparative analysis of pearson correlation matrices
The Mkuju deposit reveals two distinct geochemical groups. The first group consists of a coherent cluster of almost all Rare Earth Elements (REEs), spanning from Lanthanum (La) to Lutetium (Lu), and including Scandium (Sc), all exhibiting exceptionally high correlation coefficients (most r > 0.95). 
This strong coherence indicates co-precipitation by a single dominant process (Patel et al. 2023). The second group is composed only of Cerium (Ce), which shows a very low correlation with other REEs (for example, its correlation with Sc is only r = 0.038) as shown in a white square in Figure 5. This significant separation of Ce signifies an oxidizing environment that acted to partition the element (Bingham-Koslowski et al. 2024).
.
Overall, this pattern supports a two-stage, redox-controlled origin. Furthermore, the moderate positive correlation between the La/Ce and Eu/Eu∗ ratios for Mkuju (r = 0.592) suggests that the geological processes responsible for the separation of Light REEs (LREEs) are directly related to the redox conditions that influence the Europium anomaly (Kwelwa et al. 2018). Conversely, Manyoni shows an exceptionally strong, positive correlation among all REEs, including Ce (most correlations are > 0.95, with many reaching 1.00) (Narsis et al. 2025). The absence of a Cerium anomaly indicates that the primary precipitation event was so dominant that it completely overprinted any prior oxidizing conditions. This pattern strongly supports a single-stage, redox-controlled origin.



Figure 5:	Correlation maps for REEs concentration (Mkuju)


Finally, Bahi reveals a strong positive correlation among most REEs (r > 0.99), indicating co-precipitation. However, Scandium (Sc) shows a much lower correlation (r ≈ 0.77−0.84) with the other REEs (Lyoba et al. 2025). This pattern suggests a lithogenic origin where the element distribution was subsequently influenced by supergene processes (Parviainen et al. 2025).

Conclusion
The study successfully established that specific REE ratios (La/Ce, Nd/Ce, and Sm/Nd), validated by multivariate statistics, provide a powerful and distinguishable geochemical fingerprint for uranium provenance determination across the Mkuju, Manyoni, and Bahi deposits in Tanzania. The distinct REE anomalies and statistical clustering confirm the differing geological origins of the deposits: Mkuju's hydrothermal origin, Manyoni's single-stage redox-driven formation, and Bahi's complex, secondary redox-controlled nature. This framework is crucial for nuclear forensics. Future work should integrate traditional lead (Pb) isotopes and explore machine learning for enhanced accuracy and source discrimination.
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Chondrite normalized REE patterns for Mkuju

La 139
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	2.6318203062524352	2.663933656343715	2.7303519023412992	3.3832887426246963	2.5625343723441607	2.5757379320135114	2.5441961631891368	2.3572341169337716	2.6064203893381954	2.4826128306708566	3.6704470111547485	2.5123683161121328	2.2286609877950996	2.3848445444390554	2.4761844461021121	Ce 140
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	3.0102634640053134	3.0391258877068807	3.070201650948615	3.6512329640544379	2.8912421985849828	2.9564761441457028	2.8833428021149836	2.6871123341044534	2.9610403575952078	2.8119807563250134	1.5916497327059946	2.8541915119555523	2.5679740183496285	2.734774114031703	2.8403257738696266	Pr 141
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	2.0422123444244487	2.1312683693539229	2.165338949922619	2.7241558639867671	1.9795271679825317	2.0493231212739857	1.9569970668775571	1.765225591574811	2.0451562466745368	1.9017465595721479	3.0752351878659341	1.9383086388865469	1.63656856554609	1.8090296484234532	1.9230316004041115	Nd 142
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	2.6419210215687472	2.7356842060446338	2.7642814050304549	3.3309734736520897	2.574050863479409	2.6700972595858956	2.5518762515232609	2.3504566833961955	2.6430868764728395	2.4944534256087278	4.0051610386740855	2.5406754871953234	2.2279555575665047	2.4057812122612638	2.5205205695103334	Sm 152
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	1.8870180593553865	2.0134744375729858	2.0388735268278797	2.6012046637541681	1.826598899453751	1.9998216997418536	1.8193542212579732	1.6126235129530355	1.9098802128437875	1.7414502845578386	3.0520044869158411	1.7920642688087913	1.4846598222525362	1.6514860164390055	1.7784955244394731	Eu 153
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	1.2079245477451976	1.3698669397424263	1.4412909211164144	2.0352510544808	1.1120006263148365	1.3826830170820796	1.1428572778144104	0.90161189272087816	1.2094458467848139	1.0157252082210297	2.488751275398442	1.1140615605857576	0.77460753559849993	0.96583192462076428	1.1271047759447268	Gd 158
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	1.8311123013590533	1.9639293219246292	2.0107796383818166	2.6276011832605923	1.768091192211827	1.9109388355713213	1.7588096193773892	1.5685404507370491	1.8566259707649422	1.6967787604841043	3.0950825209354695	1.7260538709100453	1.4397829314706188	1.6017858525762201	1.7503043180680902	Tb 159
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	0.94606675076413016	1.1469321056609771	1.1668199672107991	1.8321047540258906	0.89282258689754179	1.0329600667884129	0.89701692079803974	0.72185758212572992	0.99366958041810161	0.82633824198728401	2.2267673859357235	0.84668014298482897	0.55134397870192375	0.71859668717283864	0.91585903823558679	Dy 164
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	1.631959957875146	1.9174260773414804	1.9198451652691915	2.6194964189124659	1.6286712255150817	1.7516442285639036	1.6107288917224305	1.4602162487013308	1.7159910427680187	1.5603828317469046	2.9578262213131898	1.5447133649417502	1.2744541786517294	1.4350888629542289	1.6730790174520531	Ho 165
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	0.84804360692956426	1.2404596476587808	1.1993879253880486	1.9239624342588668	0.89587997069088665	1.005379929005948	0.87422140670734272	0.75033736553538177	0.9870594592197014	0.832802399194711	2.2268854112385754	0.79414224583528037	0.51354368088600477	0.6892939272293569	0.97545839509669596	Er 166
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	1.2563961103698009	1.7997694618476296	1.675805442430252	2.3788812732316624	1.3687420962463164	1.4747114608031016	1.3353938771581753	1.2715516815617154	1.4697749210591744	1.302840699248843	2.6569324271628698	1.280778078188695	0.99031432186218327	1.1516476360386974	1.4631599405084683	Tm 169
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	0.31808389685369298	1.0447108422604554	0.83793908530221639	1.4924457138552674	0.53511468358719649	0.62177393008429305	0.4654709876535556	0.45168638896827185	0.6408307500376631	0.44612953078090883	1.7354606582508483	0.40375218754524217	9.9393782828665844E-2	0.26121419913703497	0.61774988050703639	Lu 175
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	0.24140943450908334	1.1497529237327329	0.91361317670800746	1.4829921577068854	0.6029574818535185	0.68899290571059946	0.49228692938499841	0.52700368208286474	0.73302012877666389	0.48384190124893744	1.7223789636344813	0.45876702316645618	0.14329943325971714	0.31827903165100058	0.66397873061541801	Sc 45
	La	Ce	Pr	Nd	Sm	Eu	Gd	Tb	Dy	Ho	Er	Tm	Yb	Lu	Sc	1.3787141234306093	1.474972233534511	1.6937283054531513	2.1648806116333263	1.9003986453870927	1.8420248197912803	1.7639401465295965	1.4120174446007132	1.8235454712967878	1.6165952319333605	2.0660612276652133	1.7132059110012239	1.247855830642902	1.4559876899846209	1.7322816294568328	Rare Earth Elements
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La 139
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	1	0.22040951029391256	0.99717106062424443	0.98701087303677104	0.99109320134905043	0.98681940480402108	0.99409635992005363	0.99358060763087208	0.98952265083916491	0.98183875220600902	0.96723159721847118	0.9402457462028595	0.9057963886133138	0.74382300274625557	Ce 140
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.22040951029391256	1	0.23775169909536609	0.35372573638375371	0.26626532484890808	0.24156469181635901	0.2723850852181518	0.23590960968072458	0.21081693067620358	0.19216253171166842	0.18027108919754195	0.15118802164572839	0.14163450913309666	3.8250582394162798E-2	Pr 141
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.99717106062424443	0.23775169909536609	1	0.99250562980646773	0.99753430319454373	0.99432164216408203	0.9982833478130777	0.99729228470937403	0.9929612755499182	0.98591982268425127	0.97323399182493542	0.9495899099591677	0.91875610670228081	0.74569852131537695	Nd 142
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.98701087303677104	0.35372573638375371	0.99250562980646773	1	0.9944248019447085	0.98860896071153481	0.99537612373556594	0.98953296223688059	0.98186709575410003	0.97239287509782579	0.95843576157438559	0.93170653699477202	0.90061143992292914	0.7129979507226385	Sm 152
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.99109320134905043	0.26626532484890808	0.99753430319454373	0.9944248019447085	1	0.9979487567290779	0.99879848003939598	0.99631798290369666	0.99105197718281324	0.98342216338598976	0.97134696605708493	0.94851551025868031	0.91987976388293613	0.74451244027524233	Eu 153
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.98681940480402108	0.24156469181635901	0.99432164216408203	0.98860896071153481	0.9979487567290779	1	0.99658942235270032	0.99553647785467503	0.99141945868027581	0.98450991938918131	0.97323271102845599	0.9511085365024059	0.92348180822540493	0.74125151018023894	Gd 158
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.99409635992005363	0.2723850852181518	0.9982833478130777	0.99537612373556594	0.99879848003939598	0.99658942235270032	1	0.9983745852763467	0.99423146386304639	0.98729966743693887	0.97532289896370739	0.95173326623196131	0.92236364355196376	0.73634400153300505	Tb 159
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.99358060763087208	0.23590960968072458	0.99729228470937403	0.98953296223688059	0.99631798290369666	0.99553647785467503	0.9983745852763467	1	0.99853222844905543	0.99433438559931442	0.9851676044143326	0.96515084767781045	0.93787409393799515	0.73976672731555737	Dy 164
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.98952265083916491	0.21081693067620358	0.9929612755499182	0.98186709575410003	0.99105197718281324	0.99141945868027581	0.99423146386304639	0.99853222844905543	1	0.99845942708928292	0.99207048906467266	0.97571424251120331	0.95138048048599244	0.7417067392045873	Ho 165
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.98183875220600902	0.19216253171166842	0.98591982268425127	0.97239287509782579	0.98342216338598976	0.98450991938918131	0.98729966743693887	0.99433438559931442	0.99845942708928292	1	0.99719058479410183	0.98551054332543397	0.965039350634601	0.74299443286254419	Er 166
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.96723159721847118	0.18027108919754195	0.97323399182493542	0.95843576157438559	0.97134696605708493	0.97323271102845599	0.97532289896370739	0.9851676044143326	0.99207048906467266	0.99719058479410183	1	0.99508846192218203	0.98093831041331836	0.73286600991468176	Tm 169
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.9402457462028595	0.15118802164572839	0.9495899099591677	0.93170653699477202	0.94851551025868031	0.9511085365024059	0.95173326623196131	0.96515084767781045	0.97571424251120331	0.98551054332543397	0.99508846192218203	1	0.99463349314769289	0.72651337739854605	Lu 175
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.9057963886133138	0.14163450913309666	0.91875610670228081	0.90061143992292914	0.91987976388293613	0.92348180822540493	0.92236364355196376	0.93787409393799515	0.95138048048599244	0.965039350634601	0.98093831041331836	0.99463349314769289	1	0.7234982380103161	Sc 45
	La 139
	Ce 140
	Pr 141
	Nd 142
	Sm 152
	Eu 153
	Gd 158
	Tb 159
	Dy 164
	Ho 165
	Er 166
	Tm 169
	Lu 175
	Sc 45
	0.74382300274625557	3.8250582394162798E-2	0.74569852131537695	0.7129979507226385	0.74451244027524233	0.74125151018023894	0.73634400153300505	0.73976672731555737	0.7417067392045873	0.74299443286254419	0.73286600991468176	0.72651337739854605	0.7234982380103161	1	Correlation Matrix

Rare Earth Elements and Sc
Rare Earth Elements and Sc
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