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Abstract: Several studies investigating the behavior and environmental distribution of rare earth elements (REEs) have
been reviewed to determine the geochemical processes that may affect their concentrations and fractionation patterns in
groundwater and whether these elements can be used as tracers for groundwater-rock interactions and groundwater flow
paths in small catchments. Inductively coupled plasma-mass spectrometry (ICP-MS), equipped with an ultrasonic nebulizer
and active-film multiplier detector, is routinely used as an analytical technique to measure REEs in groundwater,
facilitating the analysis of dissolved REE geochemistry. This review focuses on the distribution of REEs in groundwater
and their application as tracers for groundwater geochemistry. Our review of existing literature suggests that REEs in ice
cores can be used as effective tracers for atmospheric particles, aiding the identification of source regions.
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Infroduction

With the development of new energy and energy
storage technologies, the consumption of critical
elements is increasing rapidly (Zou et al., 2020). In
addition, rare earth element (REE) geochemistry is a
useful complementary tool in trying to -elucidate
chemical variations in geological systems due to their
generally coherent and predictable behavior (Henderson,
1984; Bau and Dulski, 1996). This coherent behavior
of the REE, combined with their sensitivity to changes
in pH, redox potential and adsorption/desorption
reactions, make the REE particularly useful in
groundwater geochemistry studies (Johannesson et al.,
1996a; McCarthy et al., 1998; Dia et al., 2000; Noack
et al., 2014). However, the low concentrations of these
elements in waters (ppb level or less) had been
prevented their use either as witness of water/rock
interaction processes or as hydrological tracers. These
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problems have been alleviated by the advent of
analytical methods, in particular, inductively coupled
plasma-mass spectrometry (ICP-MS) (Stetzenbach et
al., 1994; Verplanck et al., 2001). With more chemical
data available for each groundwater sample, it
becomes possible to fingerprint groundwaters accurately
based on their unique trace elements signatures. The
analyses of multiple trace elements in groundwater
samples can thus provide more information concerning
a groundwater sample than was possible with
traditional analyses of the major solutes. For example,
the use of the multivariate statistical method (principal
component analysis; PCA) was explored by many
workers as a means of rapidly searching for chemical
similarities between many different groundwater
samples. They employed a large data set consisting
REE that was measured in each groundwater sample
by inductively coupled plasma-quadrupole mass
spectrometry (ICP-QMS) (Stetzenbach et al., 1999;
Stetzenbach et al., 2001; Worrall and Pearson, 2001a)
and inductively coupled plasma-sector field mass
spectrometry (ICP-SFMS) (Chung et al., 2009;
Rousseau et al., 2013).

Rare earth element (REE) pattern can record subtle
geochemical processes in natural systems (Nesbitt et
al., 1979; Elderfield and Greaves, 1982; Zhang et al.,
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1998; Moller et al., 2000; Smedley, 1991). Because of
lithophilic nature of REE, the source in groundwaters
is dominantly the surrounding strata, and hence the
potential REE have to be tracers of groundwater
mixing, source regions, and water-rock interactions
(Banks et al., 1999; Stetzenbach et al., 1999; Serrano
et al., 2000; Stetzenbach et al., 2001; Lee et al., 2003;
Tweed et al., 2006; Yan et al., 2013; Liu et al., 2016).
Some works have proposed that the REEs may
approach conservative in some groundwater (Johanneson
et al., 1997; Feng et al, 2001). Other studies have
tended to focus on the probable complexation
behavior of the REEs in different groundwater
environments (Johannesson et al., 1996b; Tricaa et al.,
1999; Takahashi et al., 2002). These studies suggest,
therefore, that, depending on the system, both rock
source and solution chemistry can play important roles
in controlling and determining the dissolved REE
signatures of natural waters (Johannesson et al., 1994;
Johannesson et al., 1995; Johannesson et al., 1999;
Leybourne et al., 2000).

The primary objective of this paper are: 1) to
suggest precise measurement of REE concentrations in
groundwaters 2) determine geochemical processes that
likely exert controls on the REE concentrations and
fractionation patterns in groundwaters and 3) to test
whether these elements can be useful tracers of
groundwater-rock interaction and groundwater flow
paths in small size catchments.

Methodology

Sampling and analytical techniques

The methods used to sample groundwater from the
springs and wells have been thoroughly discussed in
the literature (Stetzenbach et al, 1994). In brief,
groundwater samples were pumped from the springs
using a peristaltic pump or bailer equipped with acid-
washed Teflon” tubing, subsequently passed through
an inline Gelman Sciences filtering capsules (pore size
0.45 pm; polyether sulfone membrane), and collected
in acid-washed, high-density polyethylene sample
bottles (Nalgene). After the well and spring water

samples were filtered, they were immediately acidified
to pH <2 with ultrapure nitric acid.

REE concentrations were measured by inductively
coupled plasma-mass spectrometry (ICP-MS) with
ultrasonic nebulization (Stetzenbach et al., 1994,
Verplanck et al., 2001). The ultrasonic nebulization
(Cetac Technologies Model U-5000) increased the
sensitivity of the instrument by roughly a factor of 30
over cross-flow nebulization and decreased the
potential interferences from oxide formation in the
plasma stream (Stetzenbach et al., 1994). The ICP-MS
was also equipped with the active film multiplier ion
detector (ETP Scientific) that, along with the
ultrasonic nebulizer, further increased the sensitivity of
the instrument by roughly 100 times (Stetzenbach et
al., 1994). The REEs were preconcentrated 50-fold by
cation exchange and quantififed by ICP- MS using the
REE isotopes (Stetzenbach et al., 1994).

Principal component analysis (PCA)

Principal component analysis is an ideal technique
for analyzing multivariate data such as REE patterns.
This method can be used to simplify data, to explore
groups in data, and to visualize underlying controls in
a multivariate data set. PCA recalculates the data in
terms of multivariate components that better explain
the variation in the data than the original variables
(Worral and Pearson, 2001b). In using PCA, a large
data matrix can be reduced to two smaller matrices,
one consisting of principal component (PC) scores and
the other containing the loadings (Stetzenbach et al.,
1999). The PC scores (s) are linear combinations of
the standardized data (x) with the loadings (/) as the

coefficients:

Spe =D X, X1, (1)

where n identifies the samples spring or well water, e
is the chemical measurement (e.g., different trace
element), and c identifies the principal component
(Stetzenbach et al., 1999; Stetzenbach et al., 2001).
The maximum amount of variance is explained in the
first PC, with decreasing variance explained in each
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subsequent component. All PCs are uncorrelated (i.e.
orthogonal) to one another.

Rare Earth Elements in
Groundwater Geochemistry

The distribution of rare earth elements in
groundwaters

Recently, REEs have been employed to investigate
the geochemistry of groundwater system and other
low temperature aqueous system (Brookins, 1989;
Smedley 1991; Alibo and Nozaki, 1999; Lee et al.,
2002). These studies have demonstrated that ground-
water and some surface waters can inherit their REE
signatures from the rocks or aquifer material with
which they flowed (Smedley, 1991; Stetzenbach et al.,
2001; Worrall and Pearson, 2001a). Unfortunately, the
significance of rock inherited aqueous REE signature
as compared to control of REE signatures by solution
and/or surface complexation has not been completely
unraveled (Lee and Byrne, 1993; Johannesson et al.,
1996a; Dia et al., 2000).

All REE patterns were chondrite-normalized or
shale-normalized to values reported in Anders and
Ebihara (1982) and Gromet et al. (1984), respectively

(See Table 1 and 2). Smedley (1991) reported that
groundwaters from the metasediments have a notable
depletion in Ce which is distinct from waters in the
granite. This depletion is problematic in that it is
difficult to see how redox processes could be the
dominant control, since groundwaters from the
metasediments are unlikely to be more oxidizing than
those from the granite. It is therefore suggested that
the Ce contents are largely source-related rather than
process-related. Johannesson and Hendry (2000) have
conducted that rare earth elements were determined in
groundwater samples collected from a thick till and
clay-rich aquitard sequence located in southern
Saskatchewan, Canada. Shale-normalized REE patterns
for the site groundwaters were used in the study.
Shallow groundwaters have heavy REE (HREE)-
enriched shale- normalized patterns, whereas the REE
patterns of the deep groundwaters are relatively flat.

The REE are especially useful because they exhibit
similar chemical properties to the highly radioactive
actinides owing, in the case of the trivalent actinides
(e. g, Pu3+, Am3+, Cm3+, cf "), to their identical
valence and similar ionic radii (Johannesson et al.,
1996a). Studies of REEs in terrestrial waters was
described that although these waters may inherit their

Table 1. Analysis results for the “North American shale composite (NASC)” from and Gromet et al. (1984)

Neutron activation analyses

Mass spectrometry isotope dilution analyses

La 31.1
Ce 66.7
Pr -
Nd 274
Sm 5.59
Eu 1.18
Gd -
Tb 0.85
Dy —
Ho -—-
Er -
Tm -
Yb 3.06
Lu 0.456
Sample wt. (mg) 107.41

67.8

344

6.69

1.39

5.60

5.75

334

321

229.88

*Weight basis is for shale including H;O and CO,; values in pg/g.
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Table 2. Abundance of REE in chondrites from Anders and
Ebihara (1982)

Unfractionated pattern

Element ppb
La 236
Ce 616
Pr 92.9
Nd 457
Sm 149
Eu 56.0
Gd 197
Tb 355
Dy 245
Ho 54.7
Er 160
Tm 24.7
Yb 159
Lu 24.5

REE signatures through interaction with rocks and/or
other aquifer materials, solution complexation can
significantly affect the dissolved REE signature by
several workers (Johannesson et al., 1996a; Johannesson
et al., 1996b). Lee and Byrne (1993) and Johannesson
et al. (1999, 2000a, 2000b), for example, have
demonstrated that REE-carbonate complexes dominate
and typically account for more than 99% of each REE
in circumneutral pH (7 <pH<9) groundwaters from
Nevada. In acid (29<pH<3.5),
hypersaline groundwater from Australia, the striking
feature of the normalized REE profiles is that, in
general, the groundwaters are enriched in the MREEs
(i.e. Eu, Gd, Tb, Dy) over both the LREEs and the
HREEs. Although MREE-enriched patterns have been
recognized in a variety of different terrestrial waters,

south-central

the origins of shale-normalized MREE enriched
patterns are currently not sufficiently understood. In
addition, several studies have shown that free ions and
complexes with carbonates generally dominate the
aqueous speciation of REE in groundwaters (Elbaz-
Poulichet and Dupuy, 1999; Biddau et al., 2002). The
speciation of REE was calculated by the EQ3Nr or
MINEQL computer program (Liang et al., 2021),
using the given database of thermodynamic constants

for the inorganic complexes of the REE. The
carbonate complexes dominate the REE speciation at
pH between 6.7 and 8.6, REECO;" being prevalent for
the LREE, and REE(CO;)” being increasingly
important with increasing atomic number. The free ion
REE™ is the main aqueous species for the LREE at
pH <6.7. The REE™ ions, and the complexes with
SO~ F-, and HCO;™ become negligible (<1%) at pH
>7.0. These results of the REE speciation in the
waters are consistent with those observed in previous
mentioned studies.

Rare earth elements as groundwater geo-
chemistry fracers

Stetzenbach et al. (1999) have proposed that PCA
may provide rapid and relatively cost-effective methods
to assess possible groundwater flow regimes in
systems that have not been previously investigated. In
addition, the PCA of REE suggested that ground-
waters from felsic volcanic rocks in the vicinity of
Yucca Mountain, previously thought to have interacted
only with the volcanic rocks, have a significant
component that is characteristic of the underlying
carbonate aquifer (Stetzenbach et al., 2001) because
the PCA indicates that wells from Yucca Mountain
have trace element signatures that are statistically
more similar to the regional carbonate groundwaters
discharging from Ash Meadows, the Pahranaga Valley
and the Spring Mountains than to the strictly volcanic
rock groundwater characterized by Tippipah and
Topopah Springs. Again, these results can be
interpreted as indicating that groundwaters from these
wells are mixtures of regional carbonate groundwaters
and local volcanic groundwaters.

Johannesson et al. (1997) have investigated that the
groundwater sources and mixing ratios determined
directly with dissolved REE concentrations in the
regional groundwaters of south-central Nevada as well
as with the La-normalized REE patterns expected to
persist in solution as a function of surface and
solution complexation are remarkably similar are those
determined with more traditionally accepted conservative
tracers, such as deuterium, U, and Na. Their work is
highly suggestive of the practical use of REEs as
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geochemical tools for tracing groundwater sources,
deciphering mixing proportions of different groundwaters,
and for investigating groundwater- rock interactions.

In addition, Johannesson et al. (1999) has examined
fractionation patterns and concentration variations of
REE along a groundwater flow path within a specific
aquifer. Aqueous REE concentrations sampled along a
groundwater flow path decrease along the direction of
flow. The removal of REEs from solultion is
attributed to their sorption to aquifer surface sites.
Groundwater REE data, in conjunction with Kgs,
support strong sorption of aqueous REEs to aquifer
surface sites as the primary removal mechanism of
REEs from these groundwaters.

REE are also a useful geochemical tool for
estimating source regions in the ice core studies due
to their conservative behavior in the environment and
their transport mostly in the atmosphere in the particle
phase (Gabrielli et al., 2006; Zhang et al, 2009;
Wegner et al., 2012). Gabrielli et al. (2006) present a
direct ultrasensitive method for determination of REE
in less than 1 mL of molten ice layer collected in
Antarctica by ICP-SFMS wusing a micro-flow
nebulization equipped with a desolvation sample
introduction system. The system was used to overcome
spectroscopic interferences during the direct determination
of REE. The determination of REE has enabled
studies for paleoclimate/paleoenvironment reconstruction
in ice core samples such as change in dust variability
and of potential sources areas and so on.

Summary and Closing Thought

Thanks to their properties and to their consistent
chemical behavior, rare earth elements (REE) are
considered important trace elements in the study and
understanding of various hydrogeochemical processes.
Previous investigations have shown that, groundwaters
typically exhibit REE signatures (i.e., normalized to a
common rock standard) that closely resemble the
rocks through which they have interacted, whereas
others have examined their inorganic solution

complexation behavior. The previously reported

similarities between aquifer-rock REE patterns and
those of some groundwaters strongly suggest that the
REEs can be useful tracers of groundwater-rock
interactions. However, several authors argued that
solution complexation plays an important role whereby
formation of strong complexses with ligands, acts to
inhibit REE uptake onto sorptive surface sites within
an aquifer. In addition, in ice core studies, the
determination of REE has enabled studies for
paleoclimate/paleoenvironment reconstruction using ice
core samples such as change in dust variability and of
potential sources areas and so on.

Acknowledgments

This work was supported by two research grants,
KOPRI research grant (PE21100) and the National
Research Council of Science & Technology (NST)
grant of the Korea government (MSIP) (CAP-17-05-
KIGAM).

References

Alibo, D. S., and Nozaki, Y., 1999, Rare earth elements in
seawater: Particle association. Shale- normalization, and
Ce oxidation. Geochimica et Cosmochimica Acta, 63,
363-372.

Anders, E., and Ebigara M., 1982, Solar-system abundance
of the elements. Geochimica et Cosmochimica Acta, 46,
2363-2380.

Banks, D., Hall, G, Reimann, C., and Siewers, U., 1999,
Distribution of rare earth elements in crystalline bedrock
groundwaters: Oslo and Bergen regions, Norway.
Applied Geochemistry, 14, 27-39.

Bau, M., and Dulski, P, 1996, Anthropogenic origin of
positive gadolinium anomalies in river waters. Earth
and Planetary Letters, 143, 245-255.

Biddau, R., Cidu, R., and Frau, F., 2002, Rare earth
elements in waters from the albite-bearing granodiorites
of Central Sardinia, Italy. Chemical Geology, 182, 1-14.

Brookins, D. G., 1989, Aqueous geochemistry of rare earth
elements. In Lipin, B. R. and McKay, G. A. (Eds),
Geochemistry and mineralogy of rare earth elements.
Mineral. Soc. Am., pp. 201-255 (Chapter 8).

Chung, C-H., Brenner, 1., and You, C-F., 2009, Comparison
of microconcentric and membrane-desolvation sample
introduction systems for determination of low rare earth
element concentrations in surface and subsurface waters



388 Heejn Hwang, Yalalt Nyamgerel and Jeonghoon Lee

using sector field inductively coupled plasma mass
spectrometry. Spectrochimica Acta Part B, 64, 849-856.

Dia, A., Gruau G, Olivie- Lauquet, G, Riou, C., Molenat,
J., and Curmi, P., 2000, The distribution of rare earth
elements in groundwater: Assessing the role of source-
rock composition, redox changes and colloidal particles.
Geochimica et Cosmochimica Acta, 64, 4131-4151.

Elbaz- Poulichet, F., and Dupuy, C., 1999, Behavior of rare
earth elements at the freshwater- seawater interface of
two acid mine rivers: the Tinto and Odiel (Andalucia,
Spain). Applied Geochemistry, 14, 1063-1072.

Elderfield, H., and Greaves, M. J, 1982, The rare earth
element in seawater. Nature, 296, 214-219.

Feng, X., Kirchner, J. W., Renshaw, C. E., Osterhuber, R.
S., Klaue, B., and Taylor, S., 2001, A study of solute
transport mechanisms using rare earth element tracers
and artificial rainstorms on snow. Water Resources
Research, 37, 1425-1435.

Gabrielli, P., Barbante, C., Turetta, C., Marteel, A,
Boutron, C., Cozzi, G, Cairns, W., Ferrari, C., Cescon,
P., 2006, Direct Determination of Rare Earth Elements
at the Subpicogram per Gram Level in Antarctic Ice by
ICP-SFMS Using a Desolvation System. Analytical
Chemistry, 78, 1883-1889.

Gromet, L. P, Dymek, R. F., Haskin, L. A., and Korotey,
R. L, 1984, The “North American shale composite”: Its
compilation, major and trace element characteristics.
Geochimica et Cosmochimica Acta, 48, 2469-2482.

Henderson, P., 1984, Rare earth element geochemistry.
Elsevier, Amsterdam/Oxford/New York/Tokyo.

Johannesson K. H., and Hendry, M. J., 2000, Rare earth
element geochemistry of groundwaters from a thick till
and clay- rich aquitard sequence, Saskatchenwan,
Canada. Geochimica et Cosmochimica Acta, 64, 1493-
1509.

Johannesson K. H., Stetzenbach K. J., Hodge, V. F,
Kreamer D. K., and Zhou, X., 1997, Delineation of
ground- water flow systems in the southern great basin
using aqueous rare earth elements distributions. Ground
Water, 35, 807- 819.

Johannesson, K. H., and Stetzenbach, K. J., 1995,
Speciation of the rare earth element neodymium in
groundwaters of the Nevada Test Site and Yucca
Mountain and implications for actinide solubility.
Applied Geochemistry, 10, 565-572.

Johannesson, K. H., Farnham I. M., Guo, C., and
Stetzenbach K. J., 1999, Rare earth element
fractionation and concentration variations along a
groundwater flow path within a shallow, basin- fill
aquifer, southern Nevada, USA. Geochimica et
Cosmochimica Acta, 63, 2697-2708.

Johannesson, K. H., Lyons, W. B., Fee, J. H., Gaudette, H.
E., and McArthur, J. M., 1994, Geochemical processes

affecting the acidic groundwaters of Lake Gilmore,
Yilgarn Block, Western Australia: a preliminary study
using neodymium, samarium, and dysprosium. Journal
of Hydrology, 154, 271-289.

Johannesson, K. H., Lyons, W. B., Yelken, M, A,
Gaudette, H. E. Stetzenbach, K. J., 1996a,
Geochemistry of the rare-earth elements in hypersaline
and dilute acidic natural terrestrial waters: Complexation
behavior and middle rare-earth elements enrichments.
Chemical Geology, 133, 125-144.

Johannesson, K. H., Zhou, X., Cuo, C., Stetzenbach, K. J.,
Hodge, V. F., 2000a, Origin of rare earth element
signature in groundwaters of circumneutral pH from
southern Nevada and eastern California, USA. Chemical
Geology, 164, 239-257.

Johannesson, K. H., Stetzenbach, K. J., and Hodge, V. F,,
1997, Rare earth elements as geochemical tracers of
regional groundwater mixing. Geochimica et Cosmochimica
Acta, 63, 3605-3618.

Johannesson, K. H., Stetzenbach, K. J., Hodge, V. F., and
Lyons, W. B., 1996b, Rare earth element complexation
behavior in circumneutral pH groundwaters: Assessing
the role of carbonate and phosphate ions. Earth and
Planetary Science Letters, 139, 305-319.

Johannesson, K. H., Zhou, X., Guo, C., Stetzenbach, K. J.,
and Hodge, V. F., 2000b, Origin of rare earth element
signatures in groundwaters of circumneutral pH from
southern Nevada and eastern Californica, USA.
Chemical Geology, 164, 239-257.

Lee, J., H., and Byrne, R., 1993, Complexation of trivalent
rare earth elements (Ce, Eu, Gd, Tb, Yb) by carbonate
ions. Geochimica et Cosmochimica Acta, 57, 295-302.

Lee, S. G, Lee, D. H,, Kim, Y., Chae, B. G, Kim, W. Y,,
and Woo, N. C., 2003, Rare earth elements as
indicators of groundwater environment changes in a
fractured rock system: evidence from fracture- filling
calcite. Applied Geochemistry, 18, 135-143.

Leybourne, M. I., Goodfellow, W. D., Boyle, D. R., and
Hall, G, M., 2000, Rapid development of negative Ce
anomalies in surface waters and contrasting REE
patterns in groundwaters associated with Zn-Pb massive
sulphide deposits. Applied Geochemistry, 15, 695-723.

Liang, S.Y., Lin, W.S., Chen, C.P,, Liu, C.W,, and Fan, C.,
2021, A review of geochemical modeling for the
performance assessment of radioactive waste disposal in
a subsurface system. Applied Science, 11, 5879.

Liu, H., Guo, H., Xing, L., Zhan, Y., Li, F., Shao, J., Niu,
H., Liang, X., and Li, C., 2016, Geochemical behaviors
of rare earth elements in groundwater along a flow path
in the North China Plain. Journal of Asian Earth
Sciences, 117, 33-51.

McCarthy, J. F., Sanford, W. E., and Staford, P. L., 1998,
Lanthanide field tracers demonstrate enhanced transport



Distrioution of Rare Earth Elements and Their Applications as Tracers for Groundwater Geochemistry - A Review 389

of transuranic radionuclides by natural organic matter.
Environmentall Science Technology, 32, 3901-3906.

Moller, P,, Dulski, P, Bau, M., Knappe, A., Pekdeger, A.,
Jarmersted C. S., 2000, Anthropogenic gadolinium as a
conservative tracer in  hydrology. Journal  of
Geochemical Exploration, 69-70, 409-414.

Nesbitt, H. W., 1979, Mobility and fractionation of rare
earth elements during weathering of a granodiorite.
Nature, 279, 206-210.

Noack, C.W., Dzombak, D.A., and Karamalidis, AK.,
2014, Rare earth element distributions and trends in
natural waters with a focus on groundwater.
Environmental Science and Technology, 48, 4317-4326.

Rousseau, T., Sonke, J., Chmeleff, J., Candaudap, F.,
Lacan, F., Boaventura, G., Seyler, P., Jeandel., C., 2013,
Rare earth element analysis in natural waters by
multiple isotope dilution-sector field ICP-MS. Journal of
Analytical Atomic Spectrometry, 28, 573-584.

Serrano, M. J. G, Sanz, L. F. A., and Nordstrom, D. K.,
2000, REE speciation in low-temperature acidic waters
and the competitive effects of aluminum. Chemical
Geology, 165, 167-180.

Smedley, P, 1991. The geochemistry of rare earth elements
in groundwater from the Carmenellils area, southwest
England. Geochimica et Cosmochimica Acta, 55, 2767-
2779.

Stetzenbach, K. J., Amano, M., Kreamer, D. K., and
Hodge, V. F. 1994, Testing the limits of ICP- MS
determination of trace elements in ground water at the
parts-per-trillion level. Ground Water, 32, 976-985.

Stetzenbach, K. J., Farnham, 1. M., Hodge, V. F.,, and
Johannesson, K. H., 1999, Using multivariate statistical
analysis of groundwater major cation and trace element
concentrations to evaluate groundwater flow in a
regional aquifer. Hydrological Processes, 13, 2655-2697.

Stetzenbach, K. J., Hodge. V. F., Guo, C., Farnham, I. M.,
and Johannesson, K. H., 2001, Geochemical and
statistical evidence of deep carbonate groundwater
within overlying volcanic rock aquifers/aquitards of
southern Nevada, USA. Journal of Hydrology, 243,
254- 271.

Takahashi, Y., Yoshida, H., Sato, N., hama, K., Yusa, Y.,
and Shimizu, H., 2002, W- and M-type tetrad effects in
REE patterns for water-rock systems in the Tono
uranuym deposit, central Japan. Chemical Geology, 184,
311- 335.

Tricaa, A., Stille, P., Steinmann, M., Kiefel, B., Samuel, J.,
and Eikenberg, J., 1999, Rare earth elements and Sr
and Nd isotopic compositions of dissolved and
suspended loads from small river systems in the Vosges
mountains (France), the river Rhine and groundwater.
Chemical Geology, 160, 139-158.

Tweed, S.0., Weaver, T.R., Cartwright, 1., and Schaefer, B.,
2006. Behavior of rare earth elements in groundwater
during flow and mixing in fractured rock aquifers: An
example from the Dandenong Ranges, southeast
Australia. Chemical Geology, 234, 291-307.

Verplanck, P. L., Antweiler, R. C., Nordstorm, D. K., and
Talor, H. E., 2001, Standard reference water samples for
rare earth element determination. Applied Geochemistry,
16, 231-244.

Wegner, A., Gabrielli, P., Wilhelms-Dick, D., Ruth, U,
Kriews, M., De Deckker, P., Barbante, C., Cozzi, G,
Delmonte, B., Fischer, H., 2012, Change in dust
variability in the Atlantic sector of Antarctica at the end
of the last deglaciation. Climate of the Past, 8, 135-147.

Worrall, F., and Pearson, D. G, 2001a, The development of
acidic groundwaters in coal- bearing strata: Part I. Rare
earth element fingerprinting. Applied Geochemistry, 16,
1465- 1480.

Worrall, F., and Pearson, D. G, 2001b, Water- rock
interaction in an acidic mine discharge as indicated by
rare earth element patterns. Geochimica et Cosmochimica
Acta, 65, 3027-3040.

Yan, Z., Liu. G, Sun, R., Tang, Q., Wu, D., Wu, B., and
Zhou, C., 2013, Geochemistry of rare earth elements in
groundwater from the Taiyuan Formation limestone
aquifer in the Wolonghu Coal Mine, Anhui province,
China. Journal of Geochemical Exploration, 135, 54-62.

Zhang, C., Wang, L., Zhang, S., and Li, X, 1998,
Geochemistry of rare earth elements in the mainstream
of the Yangtze River, China. Applied Geochemistry, 13,
451-462.

Zhang, Q., Kang, S., Kaspari, S., Li, C., Qin, A,
Mayewski, P, Hou, S., 2009, Rare earth elements in an
ice core from Mt. Everest: Seasonal variations and
potential sources. Atmospheric Research, 94, 300-312.

Zou, J., Cheng, L., Guo, Y., Wang, Z., Tian, H., and Li,
T., 2020, Mineralogical and geochemical characteristics
of lithium and rare earth elements in high-sulfur coal
from the Donggou mine, Chongging, Southwestern
China. Minerals, 10, 627; doi:10.3390/min10070627.

Manuscript received: June 26, 2021
Revised manuscript received: August 6, 2021
Manuscript accepted: August 12, 2021



