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A B S T R A C T   

Although carbonatites are the primary source of the world’s rare earth elements (REEs), the processes responsible 
for ore-grade REE enrichment in carbonatites are still poorly understood. In this study, we present a petrologic, 
geochemical, and isotopic evaluation of the Elk Creek carbonatite in southeast Nebraska to constrain the origin of 
REE mineralization. The Elk Creek carbonatite is a multilithologic carbonatite comprised of an early apatite- 
dolomite carbonatite, a middle/heavy REE-enriched magnetite-dolomite carbonatite, and a late-stage light 
REE-enriched, barite-dolomite carbonatite, as well as a suite of breccias. Neodymium, strontium, and carbon 
isotopic data from the early apatite-dolomite carbonatite, εNd(T) = 2.3 to 3.4, 87Sr/86Sr(i) = 0.702704 to 
0.702857, and δ13C = − 3.3 to − 3.4, indicate that the parental magma and REEs were derived from the mantle, 
and textural and chemical data suggest that hydrothermal processes played an important role in reaching ore- 
grade enrichment. Higher initial 87Sr/86Sr values (~0.7041) of REE-mineralized lithologies are evidence that 
these fluids were derived, in part, from meteoric water that interacted with the country rock. Modeling of the C-O 
isotopic data reveals that some of the isotopic variation results from closed-system Rayleigh fractionation of an 
evolving carbonatitic magma between 300 and 500 ◦C, but an excursion to heavier δ18O is likely the result of 
interaction with H2O-CO2-fluids at temperatures from 400 to 100 ◦C. Hydrothermal dolomite has higher 
87Sr/86Sr values than early-formed magmatic dolomite, consistent with metasomatism by fluids derived, in part, 
from a more radiogenic source such as the Precambrian-age wall rock. Rare earth element mineralization occurs 
primarily in fine-grained, cavity filling minerals including monazite, bastnäsite, parisite, and synchysite along 
with barite, dolomite, quartz, and iron oxides. We interpret the LREE enrichment at Elk Creek to be the product 
of hydrothermal fluids derived from the evolving carbonatite magma and fluids from the wall rock. The REEs 
likely became enriched in late-stage fluids from the evolving magma as well as being remobilization by the 
dissolution of earlier formed minerals. Middle/heavy REE-enrichment in the magnetite-dolomite carbonatite is 
hosted in hydrothermal dolomite and is attributed to variations in the composition of hydrothermal fluids.   

1. Introduction 

With the increasing reliance on high technology and green energy 
products, demand for critical metals has become an important driver in 
economic geology. Understanding how various elements reach ore- 
grade enrichment and what minerals host the elements of interest are 
two keys to successful deposit evaluation. Compared to most base and 

precious metals, many critical elements tend to be enriched in relatively 
uncommon rocks and minerals. Carbonatites are one example of such, 
given that carbonatite-related deposits are the primary source of the 
world’s rare earth elements (REEs) and niobium as well as important 
sources of phosphate, iron, and fluorine (Chakhmouradian and Wall, 
2012; Jones et al., 2013; Verplanck et al., 2016). Currently the global 
supply of these critical elements (REEs and Nb) is dependent on only a 
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few mines, and as a result there is increasing interest in determining if 
other carbonatites have the potential to help meet increased future de
mand for these elements. 

Although carbonatites have been the primary source of REEs, espe
cially light REEs (LREEs), since the 1960′s, the processes responsible for 
ore-grade REE enrichment in carbonatites are still poorly understood 
(Verplanck et al., 2016; Feng et al, 2020; Wang et al., 2020). Rare earth 
element mineralization can be magmatic as is the case with some ore at 
the Mountain Pass deposit in southeast California (Mariano, 1989a), but 
there is increasing evidence that hydrothermal processes play an 
important role in many deposits (Xie et al., 2015; Trofanenko et al., 
2016; Broom-Fendley et al., 2017b; Song et al., 2018; Smith et al., 2000; 
Ying et al., 2020; Anenburg et al., 2021; Walter et al., 2021). However, 
the specifics of ore-forming process during the magmatic–hydrothermal 
transition in carbonatites are still unclear, in part because complex 
textures, multiple metasomatic events, and multiple brecciation events 
make unravelling the paragenesis challenging. 

Carbonatites are defined by the International Union of Geological 
Sciences (IUGS) as igneous rocks composed of greater than 50 vol% 
primary carbonate minerals, primarily calcite and/or dolomite, and 
containing less than 20 wt% SiO2 (Le Maître, 2002). Physical properties 
of carbonate melts differ from the commonly occurring silicate magmas; 
these differences include a relatively low viscosity, low magmatic tem
peratures, and ability to incorporate relatively high amounts of volatile 
components compared to silicate magmas. Experimental work by Kep
pler (2003) showed that a Ca-Na-Mg carbonate melt at 900 ◦C and 1 
Kbar could contain up to 10% water, approximately two to three times 
that of a silicate melt under similar conditions. Studies of fluid and melt 
inclusions in carbonatites document not only the presence of H2O and 
CO2 but also Cl, F, P, and S, and these components can partition into a 
fluid phase (Bühn, 2008; Panina and Motorina, 2008; Xie et al., 2009, 
2015; Prokopyev, et al., 2016). Recent experimental studies have shown 
that hydrothermal fluids can not only redistribute REEs but also frac
tionate light and heavy REEs (Williams-Jones et al., 2012; Gysi and 
Williams-Jones, 2013; Migdisov et al., 2016; Louvel et al., 2022). 
Components in fluids associated with carbonatites that may be impor
tant controls on the fate and transport of REEs include Cl− , F− , SO4

2− , 
CO3

2− , PO4
3− and OH− (Jago and Gittins, 1991; Bühn and Rankin, 1999; 

Williams-Jones et al., 2012; Broom-Fendley et al., 2016a, 2016b; Mig
disov et al., 2016; Louvel et al., 2022). Notwithstanding these experi
mental efforts, there is no consensus regarding the origin of REE- 
mineralizing fluids or the components of REE mineralization. 

Detailed petrologic, geochemical, and isotopic evaluations of 
mineralized carbonatites can help put laboratory-based investigations 
into a mineral exploration framework (Andersen et al., 2017; Ying et al., 
2020). Our study focuses on the geology and geochemistry of the Elk 
Creek carbonatite in southeast Nebraska, which hosts the United States’ 
largest Nb resource (Karl et al., 2021) and contains zones with high REEs 
concentrations, as well as being a potential resource for scandium and 
titanium (Brown et al., 2019). Furthermore, zones of light and middle/ 
heavy REE-enrichment have been identified. The purpose of this 
investigation is to gain insight into the processes controlling REE ore- 
grade enrichment and the fractionation of light and heavy REEs. This 
study utilized archived drill core samples and presents petrographic and 
mineral chemistry results to determine the relative timing of various 
carbonatite lithologies and determine if the minerals are primary 
magmatic or hydrothermal in origin. Whole-rock geochemistry results 
are used to evaluate magmatic trends, identify zones of REE enrichment 
and fractionation, and guide isotopic work. Isotopic results help to 
constrain the origin of the REEs and fluids. 

2. Geologic setting 

The Elk Creek carbonatite is an elliptical body approximately 6–8 km 
in diameter located in southeast Nebraska. It is part of a Cambrian- 
Ordovician alkaline complex that is buried by approximately 200 m of 

Pennsylvanian marine sedimentary rocks and Quaternary glacial till 
(Carlson and Treves, 2005). The alkaline complex occurs on the eastern 
margin of the Midcontinent rift system where the rift has been offset by 
one of a series of southeasterly-trending structures. This particular 
structure extends into northeastern Missouri where it has been mapped 
as the Missouri gravity low (Van Schmus et al. 1996) or the south central 
magnetic lineament (Atekwana, 1996). The Elk Creek carbonatite is 
located near the boundary between the Proterozoic Yavapai and 
Mazatzal provinces, which are two blocks of juvenile crust (Whitmeyer 
and Karlstrom, 2007). The carbonatite, and associated alkaline units, 
intruded Proterozoic granites and gneisses of the Nemaha uplift. 
Because of the sedimentary cover, there is no surface expression of the 
Elk Creek alkaline rocks. In some drill cores the unconformity between 
the carbonatite and overlying sedimentary units is marked by paleosols 
that developed within carbonatite, suggesting that at some time the 
carbonatite was exposed to subareal weathering (Nicklen and Joeckel, 
2001). Most drill holes ended within the carbonatite, and geophysical 
modelling suggests that the intrusion is open at depth (Drenth, 2014). 

2.1. Previous work 

The carbonatite was discovered in 1970 through a regional 
geophysical survey which defined a circular, positive gravity anomaly in 
southeast Nebraska. The following year, the Conservation and Survey 
Division of the University of Nebraska-Lincoln drilled this location and 
encountered iron-rich carbonate rocks that were identified as carbo
natite (Burfeind et al., 1971). The Molybdenum Corporation of America 
(Molycorp) leased property in the area and drilled 106 holes into the 
carbonatite between 1973 and 1986. In 2010, Quantum Rare Earth 
Developments Corporation, now called NioCorp Development Ltd., ac
quired access to the property and drilled additional holes (Brown et al., 
2019). 

Molycorp evaluated the deposit for REEs and Nb and initiated a 
lithologic naming convention based on mineralogy and textures. Car
bonatite units included apatite beforsite, magnetite beforsite, barite 
beforsite, and beforsite breccias (beforsite being the term used for 
dolomite-rich carbonatite). Mafic rocks were identified as xenoliths in 
beforsite units, as clasts in breccias, and as dikes that crosscut carbo
natite lithologies. Molycorp noted extensive zones of fenitization, fer
ruginous alteration, and brecciation (Mariano, 1976). 

Brookins et al. (1975) undertook a Sr isotopic study and concluded 
that fifteen samples were consistent with a carbonatite origin 
(0.7030–0.7055) and three samples had distinctly higher ratios 
(0.7064–0.7085), suggesting input from sedimentary carbonate and/or 
contamination by other non-carbonatite material. Utilizing the archived 
drill core from Molycorp, along with a high-resolution airborne gravity 
gradient and magnetic survey, compiled Molycorp drill core lithologic 
data, and new measured physical properties of drill core samples, Drenth 
(2014) described the geophysical expression of the Elk Creek carbo
natite. The new geophysical survey, coupled with the drill core de
scriptions, enabled Drenth (2014) to delineate the horizontal extent of 
the carbonatite which is approximately 4.5 by 7 km (Fig. 1). 

Limited age dating of the Elk Creek complex has been undertaken. 
Two potassium-argon determinations for biotite in an altered basalt 
yielded dates of 464 ± 5 and 484 ± 5 Ma (personal communications M. 
Ghazi, Georgia State University, reported by Carlson and Treves, 2005). 
A potassium-argon determination of another biotite from a silicate rock 
yielded an age of 544 ± 7 Ma. (personal communications Z.E. Peterman, 
United States Geological Survey, 1985, reported by Carlson and Treves, 
2005). 

3. Methods 

This study is based on samples from Molycorp Inc. drill cores 
archived at the University of Nebraska-Lincoln. Between 1973 and 1986 
Molycorp drilled 106 holes into the carbonatite, and approximately 
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24,400 m of cores and rotary samples were recovered. The primary focus 
of the study was on the carbonatite lithologies, but six alkaline silicate 
rock samples were analyzed for major and trace element chemistry, four 
of which were analyzed for their Nd and Sr isotopic compositions. 
Mineralogy and petrology were studied in transmitted and reflected 
light using an optical microscope followed by the utilization of scanning 
electron microscopy (SEM). Eight-seven geochemical samples were 
collected from sections of drill core. In addition, the drill core archive 
included ten-foot composite chip samples, and a subset of these, forty-six 
samples, were analyzed. 

3.1. Whole-rock major- and trace-element analysis 

Rocks were pulverized in a ceramic container, and major and trace 
element data were obtained from SGS Mineral Services, Canada and 
AGAT Laboratories, Canada. Major element analyses were performed by 
wavelength-dispersive X-Ray fluorescence (WDXRF) with analytical 
uncertainties of less than 5%. Minor and trace element determinations 
were performed using inductively coupled plasma-optical emission 
spectrometry (ICP-OES) and inductively coupled plasma mass spec
trometry (ICP-MS) with analytical uncertainties of less than 15% of the 
reported values. In addition, one U.S. Geological Survey (USGS) stan
dard reference material was submitted per every ten samples to verify 
analytical uncertainty. Data are presented in Supplementary data 
Table 1. 

3.2. Element analysis of minerals 

Major element analyses of dolomite grains were determined by 

electron microprobe analysis (EPMA) at the USGS in Denver, Colorado 
(Supplementary data Table 2). Quantitative elemental analysis of coated 
polished grain mounts of dolomite using EPMA were acquired with a 
fully automated JEOL 8530F Plus electron microprobe equipped with 
five wavelength X-ray spectrometers. Operating conditions were 12 kV, 
20 nA (cup), 2 μm beam diameter, and 40 s on the peak and 20 s on the 
background. Well- characterized silicate and oxide mineral standards 
were used for calibration. CO2 was added by difference from a total of 
100% to the sum of analyzed elements. The data were normalized to 6 
oxygens to calculate stoichiometric compositions. ZAF matrix correc
tions were used. The analytical errors for EPMA were approximately ±5 
percent of the reported values for major and minor elements (Ca, Mg, Fe, 
Mn) based on replicate analyses of laboratory standards. Values for 
major and minor elements are reported in weight percent. Points that 
contained contributions from surrounding phases, such as silicates or 
iron oxides, were removed from the dataset based on high Si and Fe 
values. 

Rare earth element concentrations of the dolomite and apatite grains 
(Supplementary data Table 3) were determined using Laser Ablation 
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) hosted at 
USGS-Denver following the procedure of Koenig et al. (2009). Apatite 
and dolomite mineral grains were ablated directly from polished thin 
sections and analyses were conducted using a Photon Machines Analyte 
G2 LA system (193 nm, 4 ns excimer) attached to a Perkin Elmer DRC-e 
ICP-MS. Prior to ablation, petrographic and scanning electron micro
scope analyses were undertaken to identify homogeneous domains. The 
ablation spot size varied from 30 μm for apatite grains to 150 μm for 
dolomite grains with an 8 Hz repetition rate and energy density of 4 J/ 
cm2. Single spot analyses were ablated using six pulses per second. 
Ablated materials were transported via a He carrier gas to a modified 
glass mixing bulb where He and the ablated materials mixed coaxially 
with Ar prior to the ICP torch. Signals were screened visually for het
erogeneities such as micro-inclusions or zoning. The detection limit for 
LA-ICP-MS is below 0.01 ppm for most elements, and run precision is 
better than 10% of the reported values based on reproducibility of 
standards. 

3.3. Multi-isotope analysis 

Sample splits for whole-rock Nd and Sr isotopic determinations were 
obtained from the prepared samples for major and trace element 
chemistry. Strontium and Nd isotope analyses were undertaken at the 
University of Colorado, Boulder. Whole-rock samples were dissolved in 
open containers in HCl, HF and HClO4. Dolomite separates were 
collected using a micromill on thin section billets such that for samples 
with multiple generations of dolomite, the sample may not represent 
100% of a mineral phase. Prior to micro milling, mineral locations were 
identified by petrographic and scanning electron microscope study of 
thin sections made from the respective billets. The Sr and Nd isotopic 
compositions of whole-rock samples and mineral separates (Supple
mentary data Tables 4 and 5) were obtained using a Finnigan-MAT 261, 
six collector, solid source, mass spectrometer (Farmer et al., 1991). The 
mean value for the SRM987 standard during this period was 0.71027 ±
2 (2σ standard error), and the mean value for the LaJolla Nd standard 
during this period was 0.511836 ± 9 (2σ standard error). The resulting 
εNd values and initial 87Sr/86Sr values were calculated at 571 Ma. 

Carbon and oxygen isotope ratios were measured at the stable 
isotope laboratory of the Geology, Geophysics, and Geochemistry Sci
ence Center, USGS, Denver, Colorado using a Micromass Optima mass 
spectrometer system that utilizes phosphoric acid digestion in septum- 
capped vials at a temperature of 90 ◦C (Verplanck et al., 2022). The 
system was calibrated by analyzing aliquots of the NBS 18 and NBS 19 
calcite standards along with the unknowns (accepted values taken from 
Brand et al., 2014). Results are expressed in δ-notation relative to Vienna 
Peedee Belemnite (VPBD) for carbon and Vienna Standard Mean Ocean 
Water (VSMOW) for oxygen. Their estimated error is ±0.1‰ for both. 

Fig. 1. Simplified geologic map of the Elk Creek carbonatite at an elevation of 
120 m, approximately 230 m below ground surface, using Molycorp drill core 
lithologic data, with younger mafic dikes removed (adapted from Drenth, 
2014). Sampled drill core collar location are displayed. 
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The acid fractionation factor for oxygen isotopes differs slightly between 
calcite and dolomite, however no attempt was made to correct the 
dolomite δ18O values for this difference because the correction is both 
imperfectly known and insignificant for the purposes of this study (Kim 
et al., 2015). 

4. Results 

4.1. Lithologic and petrographic characterization 

Dolomite is the primary carbonate mineral within the complex and 
occurs in every carbonatite lithology such that all carbonatite units have 
been subdivided based on the second most abundant mineral (apatite, 
magnetite, or barite). The three main carbonatite lithologies are the 

Fig. 2. Photomicrographs and back-scatter electron images (BSE) displaying mineral textures in the apatite-dolomite carbonatite unit. (a) Plane-polarized light 
photomicrograph of fresh apatite-dolomite carbonatite with euhedral to subhedral apatite grains and dolomite; (b) Cross-polarized light photomicrograph of the 
same section; (c) Cross-polarized light photomicrograph of fresh apatite-dolomite carbonatite with bands of euhedral to subhedral apatite; (d) BSE image of apatite- 
dolomite carbonatite with corroded apatite and cavity, bright spots on corroded apatite are monazite; (e) BSE image of corroded and embayed pyrite grain; and (f) 
BSE image of cavity filled with barite, iron oxide, quartz, and monazite. Mineral abbreviations: Ap = apatite, Dol = dolomite, FeOx = iron oxide phase, Mon =
monazite, Py = pyrite, SiO2 = silica phase. 
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apatite-dolomite (AD) carbonatite, the magnetite-dolomite (MD) car
bonatite, and the barite-dolomite (BD) carbonatite. Similar to most 
mineralized carbonatites, carbonatite breccias are present and hydro
thermal alteration overprints many primary features. The AD carbo
natite is the dominant lithology, forming approximately 70 percent by 
volume of this large carbonatite complex (Fig. 1). The other two car
bonatite lithologies, the MD and BD carbonatites, are substantially lower 
in volume, approximately 2 and 6% respectively, with the remaining 
carbonatite comprising brecciated units or undifferentiated carbonatite 
units (Drenth, 2014). Textural relationships and chemical trends 
observed in this study suggest that the AD carbonatite is the oldest 
carbonatite unit followed by the MD dolomite carbonatite and the BD 
carbonatite. 

The AD carbonatite consists of dolomite and apatite with accessory 
biotite, phlogopite, barite, sulfides (dominantly pyrite), pyrochlore, 
magnetite, fluorite, quartz, and REE-rich phases. The REE minerals are 
monazite and REE-fluorocarbonate minerals, primarily parisite and 
synchysite with subordinate bastnäsite. The abundance of apatite varies 
from trace to approximately fifteen percent. Texturally, the AD carbo
natite is quite variable, varying from coarse-grained and composed 
almost entirely of dolomite to fine-grained, with or without flow 
banding. Vugs are present in some AD carbonatite samples. The least 
altered AD carbonatites are located the furthest from the MD and BD 
carbonatites and consist of medium to coarse-grained dolomite with 
apatite (Fig. 2a-c). The dolomite is well-crystalized, contains inclusions, 
and is intergrown with coarse apatite. Texturally, the coarse-grained 
dolomite has well-developed cleavage and triple-junction grain bound
aries. This is referred to as dolomite 1A (DOL1A). The apatite is sub
hedral to euhedral, zoned, and is either disseminated or occurs in bands 
and clusters (Fig. 2a, c). Near the center of the complex, the AD carbo
natite contains a second dolomite (DOL2A) that rims and bisects DOL1A 
(Fig. 3a, b) or displays a gradational transition to DOL1A. DOL2A is fine- 
grained, cryptocrystalline and can be the dominant form of dolomite in a 
sample. Subhedral to euhedral, zoned apatite occur with DOL2A, but 
corroded, skeletal apatite grains have been observed (Fig. 2d). Pyro
chlore, the primary Nb host mineral, occurs sporadically in the AD unit. 
This mineral generally forms euhedral to subhedral zoned crystals up to 
~2 mm that are often broken (Fig. 4a, b), but also occurs as fine-grained 
euhedral to subhedral crystals in the dolomite (Fig. 4c, d). Pyrite is the 
main sulfide identified and occurs as either euhedral crystals or with 
irregular and embayed masses (Fig. 2e). The REE phases primarily occur 
in vugs either as fluorocarbonates or monazite (Fig. 5a, b). Monazite is 
also observed along apatite grain boundaries. Quartz and barite may 
occur as fine-grained masses and are commonly associated with the REE 
mineral phases (Fig. 2f). Iron oxide has been observed in these cavities 
(Fig. 2f). A few fluorite veinlets have been observed. Zones within the 
AD carbonatite contain barite as a dominant mineral phase, greater than 
apatite, and these zones are referred to as the barite-dolomite carbo
natite, described below. 

The magnetite-dolomite carbonatite occupies a small, well- 
delineated zone near the center of the carbonatite (Fig. 1). This unit 
has been extensively drilled because it is the primary host of Nb 
mineralization and is the focus of recent Sc and Ti assessment activities. 
Along with magnetite and dolomite this lithology contains variable 
amounts of pyrochlore, ilmenite, rutile, hematite, and sulfides. The MD 
carbonatite is fine grained and dark (Fig. 6a). Fresh samples are strongly 
magnetic and contain fine-grained euhedral magnetite (Fig. 6b). Much 
of this unit is brecciated, altered, and nonmagnetic. Embayed and 
corroded magnetite is present (Fig. 6c) and may be partially to 
completely replaced by ilmenite and hematite. Dolomite in this unit 
occurs as coarse-grained porphyritic masses or fine-grained matrix ma
terial. The porphyritic masses, texturally similar to DOL1A as described 
above and will be referred to as DOL1B, are surrounded by fine-grained 
dolomite, similar to DOL2A and referred to as DOL2B in this unit. These 
DOL1B fragments in the MD carbonatite are either angular pieces or 
rounded, elongate masses (Fig. 7a-c). 

Within the MD carbonatite, pyrochlore occurs as fine-grained 
euhedral to anhedral grains that are substantially smaller, generally 
<30 µm, than the coarse-grained and zoned pyrochlore observed in the 
AD carbonatite. Blessington (2014) noted zones of abundant, anhedral, 
<10 μm-diameter pyrochlore within the MD carbonatite that typically 
occurs as inclusions in ilmenite and magnetite (Fig. 4f). Veinlets of barite 
and dolomite are common, as discussed below. Rare earth element 
mineral phases, monazite and fluorocarbonates, primarily occur as vugs 
or cavities fillings. These cavities may also contain barite, quartz, iron 
oxide, potassium feldspar, and rarely, thorium minerals. 

The barite-dolomite carbonatite contains the highest abundance of 
REE phases. Rare earth phases include parisite, synchysite, bastnäsite, 
and monazite. The BD carbonatite consists mainly of dolomite, barite, 
and quartz with minor or variable apatite, fluorite, phlogopite, pyrox
ene, feldspar, chlorite, and sulfides (primarily pyrite). This unit pri
marily occurs as veins and dikes, a few millimeters to meters in width, 
but thicker zones (tens of meters thick) with diffuse contacts have been 
identified. BD carbonatite veins crosscut both the AD and MD 

Fig. 3. Photograph and BSE image of dolomite 1 and 2 (DOL1A and DOL 2A) in 
apatite-dolomite carbonatite. (a) Polished thin-section billet with early gray 
DOL1A surrounded by whiter DOL2A (EC48-971.8); and (b) BSE image of 
DOL2A (lighter) along boundaries of DOL1A. 
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carbonatites (Fig. 8a-c). Spatially, the BD carbonatite primarily occurs in 
zones towards the center of the carbonatite, but no discreet area of ore- 
grade REEs has been identified. The BD carbonatite makes up the matrix 
material in some of the breccias. Veins typically consist of barite, 
dolomite, and REE mineral phases, but an array of minerals may be 
associated with the veins or in the alteration halo that surround some 
veins. These minerals include apatite, monazite, xenotime, fluorite, 
bastnäsite, parisite, synchysite, pyrite, quartz, potassium feldspar, and 
iron oxide. Rare earth mineralization is discussed below. 

Carbonatite breccias have been identified in drill core, primarily in 
the central part of the carbonatite associated with the MD carbonatite. 
Clasts within the breccia can be AD carbonatite, MD carbonatite, or 
mafic lithologies, with MD carbonatite clasts being the most common. 
BD carbonatite clasts have not been identified, but some carbonatite 
clasts do contain BD carbonatite veinlets. Matrix material is typically 
fine-grained dolomite, commonly with fine-grained barite. Much of the 
MD carbonatite is brecciated, with MD carbonatite occurring as clasts 

and/or as the matrix. 
Lithologic information from drill core is primarily focused on the 

carbonatite lithologies of the Elk Creek alkaline complex because 
mineralization in the carbonatite was the target of this study. Intercepts 
of syenites and mafic dikes were encountered in the drilling. The altered 
syenite occurs as fenitized blocks within the carbonatite. The syenite 
sampled in this study contains remnant orthoclase, phlogopite, and 
biotite, and have been substantially metasomatized with secondary 
dolomite. 

Alteration is observed within the uppermost few meters (0 to ~15 m 
below the Pennsylvanian contact) of the carbonatite and in zones well 
below the top of the carbonatite. Nicklen and Joeckel (2001) and 
Joeckel and Nicklen (2007) describe the upper alteration zone as con
taining illitic clays, leached saprolite, and saprolite consisting of he
matite, goethite, and relic minerals from the underlying carbonatite. 
They interpreted this zone as a paleoweathering surface on the carbo
natite. Within the carbonatite, zones of ferruginous alteration occur and 

Fig. 4. Photomicrographs and BSE images displaying pyrochlore mineral occurrences in the Elk Creek carbonatite. (a) Cross-polarize light photomicrograph of 
coarse-grained, zoned pyrochlore in AD carbonatite; (b) BSE image coarse-grained, zoned pyrochlore; (c) Photomicrograph of medium-size pyrochlore within 
dolomite (image from Blessington, 2014); (d) Photomicrograph in high magnification of euhedral, medium-size pyrochlore within dolomite (image from Blessington, 
2014); (e) BSE image of euhedral, medium-size pyrochlore within dolomite; and (f) BSE image of <10 µm pyrochlore in ilmenite in the MD carbonatite unit. Dol =
dolomite and Pyr = pyrochlore. 
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range from fracture surfaces to zones with complete overprinting for 
tens of meters of core (Fig. 9). Intensely altered zones vary in color from 
yellow to dark red. Alteration minerals include hematite, limonite and 
quartz. In pervasively altered zones, the primary minerals and textures 
are difficult to recognize. In addition, some BD carbonatite veinlets are 
surrounded by narrow halos of bleached rock (Fig. 8c). Detailed petro
graphic and scanning electron microscope work documents significant 
hydrothermal alteration in zones of the carbonatite and which is dis
cussed below. 

4.2. Rare earth element mineralization 

Rare earth minerals occur in all carbonatite lithologies, with the 
highest abundance in the BD carbonatite. Monazite and fluorocarbonate 
minerals, primarily parisite and synchysite, have similar characteristics 
to Mariano’s (1989a and 1989b) description of hydrothermal REE 
minerals. In the least altered AD carbonatite, the two most abundant 
minerals are dolomite and apatite with apatite being the primary REE 
host mineral. Within this unit, fine-grained needles of monazite occa
sionally occur along apatite grain boundaries or in vugs, similar to an 
example described by Chakhmouradian et al. (2017) at Miaoya, China. 
In the more altered AD carbonatite towards the center of the complex, 
monazite and REE fluorocarbonates are observed in cavities and have a 
range of mineral associations. Cavities within this unit may be partially 
filled with fibrous to acicular, syntaxial intergrown parisite and syn
chysite along with barite, with bladed bastnäsite, monazite and barite, 
with monazite and barite, and with monazite, barite, quartz, and iron 
oxide (Figs. 2f, 5a and b). Monazite is observed along cracks and grain 

boundaries (Fig. 5c). Monazite primarily occurs as fine-grained, radi
ating clusters or fine needles. Parisite and synchysite are more common 
than bastnäsite, occurring as clusters of fine needles, sometimes in a 
radiating morphology (Fig. 5d). 

Rare earth element mineral occurrences in the MD carbonatite are 
broadly similar to occurrences described above for the adjacent AD 
carbonatite. Barite-rich vugs and cavities with REE minerals and iron 
oxide are more common, and the cavities are larger in the MD carbo
natite than the AD carbonatite. In cavities in the MD carbonatite, a va
riety of minerals are observed with the REE minerals including barite, 
dolomite, quartz, iron oxide, potassium feldspar, and a thorium phase. 
Monazite may occur along dolomite and magnetite grain boundaries 
(Fig. 6d). 

The most common mineral associated with REE mineralization in the 
Elk Creek carbonatite is barite, either within or adjacent to barite veins 
or in vugs and cavities. Occurrences include cavities with barite, par
isite/synchysite intergrowths and iron oxide and cavities with dolomite, 
monazite, and iron oxide. Other more complex assemblages occur 
within and adjacent to veinlets and include a suite of parisite/synchysite 
intergrowths with iron oxide and adjacent fluorite. Another example is a 
barite veinlet with synchysite and adjacent apatite with xenotime. 

4.3. Major element chemistry 

On the carbonatite ternary diagram, apatite-dolomite carbonatite 
samples from the Elk Creek complex primarily plot in the Mg carbonatite 
field (Fig. 10). Petrographic analysis of the AD carbonatite shows that 
many AD carbonatite samples display metasomatic features, but a subset 

Fig. 5. BSE images of REE occurrences in apatite-dolomite and barite-dolomite carbonatite units. (a) Vug in apatite-dolomite carbonatite with syntaxial intergrowths 
of parisite and synchysite; (b) Cavity in AD carbonatite with monazite and bastnäsite infilled with quartz; (c) Fine-grained monazite along fractures and in voids, BD 
carbonatite; and (d) Cavity in BD carbonatite with syntaxial intergrowths of parisite and synchysite, barite, and iron oxide mineral. Mineral abbreviations: Ap =
apatite, Bar = barite, Bas = bastnäsite, Dol = dolomite, FeOx = iron oxide phase, Mon = monazite, Par = parisite, Qtz = quartz, and Syn = synchysite. 
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of samples was delineated that are fresh to minimally altered. These 
samples plot in a narrower field on the low Fe portion of the ternary 
diagram (Fig. 10). The AD carbonatite samples are typical of many 
dolomite carbonatites with elevated MgO, and low Al2O3, Fe2O3, K2O, 
MnO, Na2O, and SiO2 (Supplementary data Table 1). Consistent with the 
presence of apatite, the P2O5 is also elevated, up to 7.54 wt%. 

On the ternary diagram (Fig. 10), the MD carbonatite samples plot in 
a field between the AD carbonatite samples and the Fe endmember. 
Similar to the AD carbonatite, these samples are overprinted by fluids to 
varying degrees and many are crosscut by veinlets containing variable 
amounts barite, quartz, phosphate minerals, and fluorocarbonate min
erals. Concentrations of Fe2O3, MgO, Al2O3, SiO2, and TiO2 are higher in 
the MD carbonatite (Supplementary data Table 1) as compared to the 
fresh AD carbonatite samples. 

The BD carbonatite samples plot in the Mg carbonatite field, over
lapping the field of the AD carbonatite on the ternary carbonatite dia
gram (Fig. 10). Barium concentrations range from 11,200 to 143,000 
ppm, such that in this unit, Ba can be considered a major element. The 
P2O5 and SiO2 concentrations are quite variable, from 0.14 to 22.6 wt% 
and 0.21 to 26.0 wt% respectively. 

A few samples of alkaline silicate rocks were analyzed. Although 
these are referred to as syenites, the major element chemistry is clearly 
affected by hydrothermal alteration. Typical of fenitization, enrichment 
in CaO, K2O, and Na2O occurred at the expense of SiO2 (9.8 to 36.3 wt%; 
Supplementary data Table 1). 

4.4. Minor element chemistry 

As with most mineralized carbonatites, the Elk Creek carbonatite is 
enriched in large ion lithophile elements including Ba, Sr, and the REEs 
(Verplanck et al., 2016). A range in LREE enrichment in the AD carbo
natite is observed, with the relatively fresh samples having lower REE 
concentrations (Fig. 11a). The La vs. wt % P2O5 plot (Fig. 12a) for all AD 
carbonatite samples displays a linear relationship for many of the sam
ples, including the suite of relatively fresh samples. Samples that lie 
above this trend contain vugs with REE-rich fluorocarbonates and 
monazite (Fig. 5a). Strontium concentrations in AD are variable and do 
not correlate with Ca (Fig. 12b). Barium concentrations in the AD car
bonatite are variable, and elevated concentrations tend to be in samples 
containing fine-grained barite or those cut by barite-rich veinlets. 
Fluorine concentrations are variable, ranging from 200 to 11,200 ppm. 
Fluorine concentrations generally correlate with phosphate concentra
tions (Fig. 12c). Samples with greater than 4000 ppm F lie above this 
trend and contain fluorite or fluorocarbonate minerals either within 
veinlets, along fractures, or in vugs. Niobium concentrations in the AD 
carbonatite tend to be low, less than a few hundred ppm, except in 
samples that contain pyrochlore. 

The REE patterns of the MD carbonatite contain a pronounced 
enrichment in the middle REEs (Fig. 11b), unlike the light REE-enriched 
patterns that most carbonatites display. The middle REE-enriched pat
terns have their maximum at either Eu, Gd, or Tb. Note that this 
manuscript denotes these elements as middle REEs but other workers, 
for example Broom-Fendley et al. (2016b, 2017a), demark heavy REEs 

Fig. 6. Photograph, photomicrograph, and BSE image of the magnetite-dolomite carbonatite. (a) Drill core image of magnetite-dolomite carbonatite; (b) Cross- 
polarized light photomicrograph of fresh MD carbonatite; (c) Reflected light photomicrograph of MD carbonatite with embayed and corroded magnetite; and (d) 
BSE image of magnetite with monazite along grain boundaries and as void filling. Mineral abbreviations: Dol = dolomite, Mon = monazite, and Mt = magnetite. 
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with mass greater than Sm. Thus, these MD carbonatite REE patterns 
could be classified as HREE-enriched. Some samples display enrichment 
in LREEs as well, and these samples contain veinlets with barite, quartz 
and fluorocarbonate or phosphate minerals. Barium concentrations in 
the MD carbonatite are variable, 2000 to 151,000 ppm, and elevated Ba 
concentrations occur in samples crosscut by barite veinlets. The MD 
carbonatite is the primary exploration target for Nb, Sc, and Ti. 
Compared to the other carbonatites at Elk Creek, these elements are 
enriched in most MD carbonatite samples (Fig. 13 a-c). Niobium varia
tion is correlated with Ti but not Sc, suggesting that Sc, at least in part, 
resides in different mineral phases than Nb. Similar to the AD, fluorine 
concentrations are variable, 410 to 61,400 ppm, and samples with high 

concentrations contain fluorite veinlets. 
The BD carbonatite REE patterns display LREE-enrichment and a 

steep negative slope on the chondrite-normalized REE diagram 
(Fig. 11c). The La, Ce, Pr, and Nd concentrations overlap those of ore- 
grade concentrations at actively mined carbonatite deposits of Moun
tain Pass, Bayan Obo, and Maoniuping (Verplanck et al., 2016). Fluorine 
concentrations range from 360 to 37,100 ppm. Niobium concentrations 
are relatively low (29–1720 ppm, with a median value of 660 ppm) 
compared to other carbonatite lithologies in the Elk Creek complex. 
Although this unit is enriched in Ba and LREEs, thorium concentrations 
are not enriched, 24.3 to 361 ppm, compared to the MD carbonatite. 

4.5. Mineral chemistry 

Electron microprobe spot analyses were conducted on dolomite 1 
and 2 crystals, which are reported in Supplementary data Table 2. 
DOL1A in the least altered AD carbonatite has similar median concen
trations of Fe and Mn (2.2% and 0.7%, respectively, n = 32) to DOL1A 
that is surrounded by DOL2A in the altered AD carbonatite (2.2% Fe and 
0.7% Mn, n-14), and to the DOL1B clasts within the MD carbonatite 

Fig. 7. Angular clasts of coarse-grained AD carbonatite (DOL1B) within 
magnetite-dolomite carbonatite (DOL2B). (a) Plane-polarized light photomi
crograph; (b) Cross-polarize light photomicrograph; and (c) BSE image with 
DOL1B as dark clast and DOL2B as lighter gray matrix. 

Fig. 8. Photographs of hand samples of barite-dolomite carbonatite veinlets 
crosscutting apatite-dolomite carbonatite and magnetite-dolomite carbonatite. 
(a) apatite-dolomite carbonatite with veins of barite-dolomite carbonatite. 
Reddish-brown color of veins primarily from iron oxide minerals, (b) 
magnetite-dolomite carbonatite with veins of barite-dolomite carbonatite. 
Reddish-brown color of veins primarily from iron oxide minerals; and (c) 
magnetite-dolomite carbonatite with veins of barite-dolomite carbonatite dis
playing extensive alteration halo around veins. 
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(1.7% Fe and 0.6 Mn, n = 67). The Fe concentrations of grains of DOL2s 
are consistently greater than those measured in grains of DOL1s, as are 
the Mn concentrations. The median values for Fe and Mn in DOL2A in 
the altered AD carbonatite are 10.3% Fe and 0.7% Mn (n = 8) whereas 
the median values for Fe and Mn in DOL2B in the MD carbonatite are 
14.3 and 1.2%, respectively (n = 62). 

Rare earth element concentrations for dolomite (DOL1A) and apatite 
in the least altered AD carbonatite were determined by LA-ICP-MS 
(Supplementary data Table 3). The REE patterns of both dolomite and 

apatite display light REE enrichment and a negative slope, with the 
apatite REE concentrations ~100 greater than those measured in dolo
mite (Fig. 14). Mass balance calculations using P as a proxy for apatite 
and Mg as a proxy for dolomite suggests that ~60% of the REEs are 
hosted by apatite and ~ 40% by dolomite. To determine which mineral 
controls the middle REE enrichment in the MD carbonatite, laser abla
tion analysis was undertaken, and the fine-grained dolomites (DOL2B) 

Fig. 9. Photograph of drill core photograph of zone of Elk Creek carbonatite 
overprinted by extensive iron oxidation, core depth of 2265 feet. 
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Fig. 10. Ternary diagram of major element concentration data for Elk Creek 
alkaline complex carbonatite units after Woolley and Kempe (1989). AD Carb 
= apatite-dolomite carbonatite; MD Carb = magnetite-dolomite carbonatite; BD 
Carb = barite-dolomite carbonatite. 
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Fig. 11. (a) Chondrite-normalized rare earth element diagram of apatite- 
dolomite carbonatite samples. (b) Chondrite-normalized rare earth element 
diagram for magnetite-dolomite carbonatite samples. (c) Chondrite-normalized 
rare earth element diagram for barite-dolomite BD carbonatite samples. Data 
normalized to chondrite values of Anders and Ebihara (1982). Data for field for 
ore-grade samples from active carbonatite-related mines from Fan et al. (2016) 
and Verplanck et al. (2016); AD Carb = apatite-dolomite carbonatite; MD Carb 
= magnetite-dolomite carbonatite; BD Carb = barite-dolomite carbonatite. 
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were identified as having middle REE enriched patterns (Fig. 15a and b). 
Slight differences in the peak enrichment in the patterns of dolomites 
from different samples were observed. 

4.6. Isotopic results 

Whole rock sample Nd and Sr isotopic data are presented in Sup
plementary data Table 4 and mineral C, O, and Sr isotopic data is pre
sented in Supplementary data Table 5. Most of the samples analyzed for 
Sr and Nd isotopic compositions were splits of the 10-foot composite 

pulp samples. These were the initial set of samples collected to gain 
insight into the chemical composition of the major lithologic units. The 
large variation in the Sm/Nd ratios of the carbonatite samples allows for 
an isochron age to be determined, 571 ± 7 Ma; Fig. 16. Samples that are 
moderately to extensively altered still plot along the isochron. Using this 
age, the initial Nd isotopic composition of the Elk Creek carbonatite 
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Fig. 12. (a) Diagram displaying variation in lanthanum (La) and phosphate 
(P2O5) in apatite-dolomite carbonatite samples. (b) Diagram displaying varia
tion in strontium (Sr) and calcium (CaO) in carbonatite samples. (c) Diagram 
displaying variation in fluorine (F) and phosphate (P2O5) in apatite-dolomite 
carbonatite samples. 
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Fig. 13. Diagrams displaying variation of a) niobium (Nb) and scandium (Sc); 
b) niobium (Nb) and titanium (TiO2); and c) scandium (Sc) and titanium (TiO2) 
for Elk Creek carbonatite samples. AD = apatite-dolomite carbonatite; MD =
magnetite-dolomite carbonatite; BD = barite-dolomite carbonatite. 
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samples can be calculated, and the εNd(T) = 1.9 to 3.4. The εNd(T) of the 
four samples of altered syenite ranges from 1.1 to 2.9. 

Unlike the Nd isotopic data, the Sr isotopic data does not plot along a 
linear array and cannot be used to calculate an isochron age (Fig. 17). 
Using the 571 Ma age, the calculated Sri isotopic ratios for the rock 
samples range from 0.7027 to 0.7075. The AD carbonatite samples range 
from 0.70270 to 0.70330, with the subset of AD carbonatite samples 
with coarse-grained dolomite (DOL1A) and apatite groups at low Sr 
isotopic compositions, 0.70270 to 0.70290 (Fig. 18). The Sr(i) of the MD 
carbonatite samples (5 samples) ranges from 0.70395 to 0.70500, with 
the samples that display iron oxidation having greater than 0.7045 
values. The initial 87Sr/86Sr ratios of the two relatively fresh BD car
bonatite samples are 0.70395 to 0.70413; a BD carbonatite sample 
overprinted by extensive iron oxidation alteration has an initial 
87Sr/86Sr ratio of 0.70522. The Sri of the four samples of altered syenite 
ranges from 0.70344 to 0.70413. Two 10-foot composite core samples 
with the highest Sr initial isotopic compositions (0.70569 and 0.70747) 
contain a mixture of lithologies including younger mafic dikes. These 
samples are not included in carbonatite discussions that follow because 
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Fig. 16. Graph displaying measured 143Nd/144Nd versus 147Sm/144Nd for Elk 
Creek carbonatite and syenites. Age calculated from best-fit regression = 571.4 
± 6.5 Ma. 143Nd/144Nd of y-intercept = 0.51202. 
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Fig. 17. Graph displaying measured 87Sr/86Sr versus 85Rb/87Sr for Elk Creek 
carbonatite samples. 
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of the unknown age of the younger mafic dikes. Overall, the range in Sr 
isotopic compositions presented here are similar to the results reported 
in Brookins et al. (1975) for carbonatite samples (0.7030 to 0.7056). 

The δ13C and δ18O values of a set of dolomites were determined. 
These samples were drilled from billets using a microdrill such that 
samples from complex lithologies, DOL2 with DOL1, may not represent 
100% of a mineral phase. Theses samples display a moderate range of 
δ13C values (− 4.4 to − 1.2‰) and a large range of δ18O values (8.8 to 
23.0‰; Fig. 19a). Four coarse-grained DOL1A samples plot within or 
just above the primary igneous carbonate field (PIC) defined by Deines 
(1989; Fig. 19a). The PIC field is designated from carbonate minerals in 
carbonatites unaffected by alteration and is representative of the mantle 
source composition (Broom-Fendley et al., 2017b). Of these samples, 
two dolomite samples are from the fresh AD carbonatite, and two 
samples from the AD and BD carbonatites that also contain DOL2. These 
samples have the lowest δ18O values. The dolomites with the highest 
δ18O values (22.3 and 23.0‰) also have the highest δ13C values (–1.18 
and − 1.45‰). These dolomites are from a BD carbonatite sample that is 
overprinted by extensive iron oxidation. Three dolomite samples from a 
single AD carbonatite sample that primarily contains DOL2 have a range 
of δ18O and δ13C values; the δ18O ranging from 18.0 to 21.2‰ and the 
δ13C ranges from − 2.32 to − 3.25‰. Dolomites from three carbonatite 
samples that contain both DOL1 and DOL2 plot in a field between the 
PIC field and the three DOL2 from previously mentioned AD carbonatite. 

Powders from a subset of these dolomite samples were also analyzed 
for their strontium isotopic compositions; their 87Sr/86Sr ratios vary 
from 0.70270 to 0.70526 (Fig. 19a). The sample of DOL1A from the 
fresh AD carbonatite sample had the lowest 87Sr/86Sr value (0.70270), 
whereas dolomite from the iron oxidation altered sample had the 
highest 87Sr/86Sr value (0.70526). A sample comprising primarily of 
DOL1 from a BD carbonatite had a 87Sr/86Sr value of 0.70319 and a 
dominantly DOL2 dolomite from the same BD carbonatite sample had a 
87Sr/86Sr value of 0.70332. Two DOL2 dolomites from the AD carbo
natite that is primarily composed of DOL2 had 87Sr/86Sr values of 
0.70334 and 0.70343. 

5. Discussion 

5.1. Relative ages of the Elk Creek carbonatite lithologies 

The Elk Creek carbonatite intruded alkaline silicate units that have 

been fenitized. Drill core penetrated the silicate lithologies along the 
margin of the carbonatite, and clasts of alkaline silicate units are 
included in the carbonatite, consistent with the carbonatite being 
younger than the alkaline silicate units. The εNd(T) of four alkaline sil
icate samples (1.1 to 2.9) overlap the range for the carbonatite, sug
gesting a common source. The alkaline silicate rock samples have been 
metasomatized, reflected in the depletion of SiO2 (27.9 to 36.3 wt%) and 
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Fig. 18. Diagram displaying 87Sr/86Sr(i) ratio for Elk Creek samples by litho
logic unit. 

Fig. 19. (a) Oxygen and carbon isotope compositions of dolomites from the Elk 
Creek carbonatite. Primary igneous carbonate (PIC) field from Deines (1989) 
and overlaps fields from Taylor et al. (1967) and Demény et al. (2004). Plot 
includes strontium isotopic composition of a subset of dolomites analyzed for C 
and O isotopic compositions in blue. (b) Oxygen and carbon isotope composi
tions of dolomites from the Elk Creek carbonatite with Rayleigh fractionation 
and dolomite-fluid interaction modeling results. C-O isotopic data with 
modeling results of Rayleigh isotopic fractionation from a multi-component 
source (RIFMS) displaying the trend in isotopic composition of dolomite 
shown with the closed-system Rayleigh-type fractionation of the carbonatite 
with its exsolved fluid at 500 ◦C, 400 ◦C and 300 ◦C (red lines). The fluid was 
modelled as having source δ13C and δ18O values are − 4‰ and 8.5‰, and an 
initial molar CO2/H2O ratio of 0.41. Black lines depict the modeling results of 
the evolution of dolomite isotopic composition by interaction with H2O-CO2- 
fluids (CO2/H2O = 1/1000) with in the fluid-rock isotope exchange model from 
Santos and Clayton (1995). The fluid was modeled with δ13C = − 4‰ and δ18O 
= 3‰, and the initial isotopic composition of the dolomite was δ13C = − 4 and 
δ18O = 9.5. The fluid-rock ratio varies from 1 to 1000, and temperature varies 
from 100 to 400 ◦C. The fractionation factors were determined using the 
thermodynamic data of Richet et al. (1977), Chacko et al. (1991), and 
Horita (2014). 
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enrichment in CaO, K2O, and Na2O, typical of alkali metasomatism 
associated with carbonatites (Woolley, 1982; Elliott et al., 2018). 

The primary carbonate mineral in the Elk Creek carbonatite is 
dolomite; calcite-rich lithologies have not been identified. Although this 
feature is not unique, most carbonatites contain calcite-rich portions 
(Woolley, 1982; Gittins, 1989; Le Bas, 1999). On the carbonatite ternary 
diagram (Fig. 10), the AD carbonatite and MD carbonatite samples form 
a trend towards the iron endmember, with the least altered AD carbo
natite samples located at the start of the trend. The evolution from a Mg- 
rich carbonatite to an Fe-rich carbonatite is a typical feature of carbo
natite systems; recent experimental results display similar evolution 
(Anenburg et al., 2020). Clasts of DOL1 (DOL1B), the primary dolomite 
in the early, fresh AD carbonatite, are found in the MD carbonatite and 
are surrounded by a finer-grained dolomite (DOL2B) (Fig. 7). The clasts 
appear to be fragments of AD carbonatite within the MD carbonatite, 
such that the MD carbonatite is younger than the AD carbonatite. The BD 
carbonatite, the unit with the highest REE values, is clearly younger than 
the other two carbonatite lithologies because veins of BD carbonatite cut 
the other two units. Mineralized carbonatites typically display late-stage 
Ba and REE enrichment (Verplanck et al., 2016), and the Elk Creek 
carbonatite is no exception. 

One important observation is that the Nd isotopic data for all li
thologies plot along a linear array and form an isochron with an age of 
571 ± 7 Ma. To form a linear array suggests that the Nd in all the units 
came from the same source and the units are approximately contem
poraneous. The REEs may have been mobilized during hydrothermal 
alteration, but this event would have to be contemporaneous with, or 
immediately following, emplacement. The Sm/Nd ratio and 
143Nd/144Nd values of all samples have evolved in a closed system since 
cessation of carbonatite emplacement and related hydrothermal alter
ation. The initial εNd(T) values for the carbonatites range from 1.9 to 3.4 
with a median value of 2.4. This is consistent with a mantle source of the 
carbonatite magma. Similar isotopic compositions have been noted for 
other mineralized carbonatites, including Iron Hill (USA), Kangankunde 
(Malawi), and Khibina (Russia) (Zaitsev et al., 2002; Premo and Lowers, 
2013; Verplanck et al., 2016). 

5.2. Magmatic and hydrothermal features 

Textural, chemical, and C, O, and Sr isotopic data reveal that the Elk 
Creek carbonatite underwent a complex evolution. Other studies of 
mineralized carbonatites have observed similar features, including 
complex textural relationships, enrichment in both light and middle/ 
heavy REEs, and variations in C, O, and Sr isotopic ratios. Many of these 
features can be attributed to fluids primarily derived from an evolving 
carbonatite magma (Williams-Jones et al., 2012; Dietzel et al., 2019). 

Carbonatite magmas may contain significant amounts of water 
(Keppler, 2003) with the fraction of water increasing as anhydrous 
carbonate minerals crystallize. In the latter stages of evolution, an 
aqueous fluid phase can exsolve (Bühn, 2008; Anenburg et al., 2020). 
This carbonatite-derived orthomagmatic fluid has been termed “carbo
thermal” fluid (Mitchell, 2005). The presence of fenitized wall rock 
adjacent to carbonatites is evidence of the hydrothermal systems asso
ciated with carbonatites. Elliott et al. (2018) reviewed the state of 
knowledge of fenites and highlighted that 1) the alteration is generally 
formed by multiple pulses of fluids, 2) brecciation is typical and may 
provide pathways for fluid flow, and 3) although fluids that contain a 
variety of constituents that include Na, K, REEs, Nb, F, Cl, CO2, H2O, and 
HCO3

− tend to move from the carbonatite outward, there are examples of 
the transport of elements, principally Si, from the country rock to the 
carbonatite. 

The AD carbonatite has a range in texture and chemistry. Chemi
cally, the fresh, medium to coarse grained AD carbonatite plots at the 
starting point of the carbonatite trend on the carbonatite ternary dia
gram (Fig. 10) and has low and LREE-enriched REE patterns (Fig. 11a). 
The δ13C, δ18O, and 87Sr/86Sr values are consistent with this subunit 

being of primary igneous origin that has mantle affinities. These features 
are consistent with the unaltered AD carbonatite being a relatively early 
crystalized carbonatite. In addition, the presence of ovoid apatite crys
tals and subhedrel to euhedral zoned pyrochlore in this subunit support 
a primary magmatic origin (Le Bas, 1999). Dolomite within this unit is 
LREE-enriched and contains relatively little Fe and Mn. The δ13C, δ18O, 
and 87Sr/86Sr values of DOL1 from the unaltered AD carbonatite plot in 
primary igneous carbonate and the mantle fields. These elemental 
concentrations and isotope ratios are also similar to those observed in 
Type 1 calcites within carbonatites from the Miaoya deposit (China) that 
were shown to be of primary igneous origin (Ying et al, 2020). Overall, 
the REE content of this unit is relatively low, except where late-stage 
REE minerals occur primarily in vugs and cavities. Although apatite 
crystallization takes up a fraction of the REEs, the REE content of the 
residual magma likely increases because of the simultaneous crystalli
zation of REE-poor phases, such as dolomite (Hornig-Kjarsgaard, 1998; 
Ionov and Harmer, 2002). 

The AD carbonatite in closer proximity to the MD and BD carbonatite 
and breccias displays a less equigranular texture and contains dolomite 
(DOL2A) that is fine-grained. These dolomites have higher Fe and Mn 
contents than DOL1s and may surround and invade dolomite with low 
Fe and Mn content (Fig. 3b). Fluid inclusion studies by Bühn and Rankin 
(1999) documented elevated Fe and Mn concentrations in the fluids 
expelled from a carbonatitic magma and concluded that these two ele
ments would be removed from the fluid relatively early. Fine-grained 
quartz can occur within masses of fine-grained dolomite. These fea
tures are consistent with this portion of the AD carbonatite undergoing 
recrystallization during metasomatic activity (Trofanenko et al., 2016; 
Ying et al., 2020). 

Vugs and cavities within the AD carbonatite are partially filled with 
fine-grained REE minerals including parisite, synchysite, bastnäsite, and 
monazite as well as quartz and iron oxide, with occasional fluorite and 
dolomite (Fig. 5a and b). Examples of skeletal remains of apatite have 
also been observed. Some pyrite within the carbonatite units is also 
corroded and embayed. These features are evidence of metasomatic 
activity by fluids of varying compositions, and since REE minerals are 
associated with these textures, it suggests that the REE mineral phases 
crystalized during these events. 

The MD carbonatite occurs near the center of the carbonatite, is 
younger than the AD carbonatite, and is brecciated. Laser ablation an
alyses of minerals in this lithology show that the fine-grained dolomite 
(DOL2B) has a middle REE-enriched pattern, and this accounts for the 
whole rock REE pattern. These dolomites are also enriched in Fe and Mn 
compared to DOL1s. Although carbonatites are generally characterized 
by enrichment in LREE, recent studies have documented zones of middle 
and heavy REE enrichment (Chakhmouradian et al., 2016; Broom- 
Fendley et al., 2016b, 2017b; Andersen et al., 2016, 2017; Ranta 
et al., 2018; Ying et al., 2020). These studies attribute this pattern to 
hydrothermal transport and fractionation of the REEs, but there is 
debate on the actual mechanism controlling REE fractionation, which is 
discussed in the following section. Within this unit are vugs and cavities 
with fine-grained REE phases, along with and barite, dolomite, quartz, 
iron oxide, and a thorium phase. These assemblages suggest multiple 
fluid pulses with a range in compositions. 

The barite dolomite carbonatite occurs as late-stage veins and has 
extreme LREE enrichment. The pervasive alteration adjacent to most 
veins (Fig. 8c) is evidence of the high fluid content. Fine-grained barite, 
dolomite, and quartz also occur surrounding coarse dolomite. The REE 
enrichment and association with barite and quartz in late stages of 
carbonatite complex is observed in other deposits, such as the Fen 
complex (Norway) and Maoniuping deposit (China) and is usually 
attributed to deposition from evolved hydrothermal fluids (Mariano, 
1989a, 1989b; Xie et al., 2015; Dahlgren, 2019; Dietzel et al., 2019). We 
interpret the BD carbonatite to be derived from hydrothermal fluids 
because it is the youngest unit, contains classic carbonatite hydrother
mal mineral associations, and has extensive alteration halos that 
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surround most veinlets. 
Fluorite is not a common mineral in the Elk Creek carbonatites, but 

in this study, fluorite veinlets were observed in the BD carbonatite and 
occasionally in the AD carbonatite. These late fluorite occurrences 
suggest a F-rich fluid was present but not a major feature. 

Breccias are identified within all AD and MD carbonatite units but 
are most prevalent within and adjacent to the MD carbonatite. Of note 
most breccias primarily contain one type of clast, and the MD carbo
natite is the most common lithology. Matrix material is variable but 
usually consists of either dolomite, magnetite, and quartz or dolomite, 
barite, and quartz. Breccias are common in many ore deposits (Sillitoe, 
1985; Jebrack, 1997), including mineralized carbonatites (for example 
Xie et al., 2009; Liu et al., 2015; Nadeau et al., 2018; Verplanck et al., 
2016; Elliott et al., 2018) and are the result of an increase in fluid 
pressure culminating with failure. The range in clast and matrix 
composition of the breccias within the Elk Creek carbonatite point to 
multiple brecciation events with differing fluid compositions. 

5.3. Nature of hydrothermal fluids-sources and evolution 

Coupling the elemental, petrographic, and isotopic data provides 
insight into the nature of the hydrothermal fluids. The Nd isotopic data 
are consistent with all the Nd being derived from the same source, and 
no significant post-emplacement fractionation between Nd and Sm 
occurred because the Nd isotopic data form a linear array (Fig. 16). In 
contrast δ13C, δ18O, and 87Sr/86Sr data display a range in values and can 
be used to constrain the nature of processes affecting the evolution of the 
carbonatite (Deines, 1989; Santos and Clayton, 1995; Trofanenko et al., 
2016; Broom-Fendley et al., 2017b, Ying et al., 2020). The freshest AD 
carbonatite samples have the lowest initial 87Sr/86Sr values 
(0.70270–0.70286), whereas the AD carbonatite samples with hydro
thermal DOL2A, (greater Fe and Mn contents), tend to have slightly 
higher initial 87Sr/86Sr values (0.70298 to 0.70330). The slight increase 
in initial 87Sr/86Sr values observed in the more altered AD carbonatite is 
consistent with Sr derived from a mantle source or addition of more 
radiogenic Sr to the magma. 

Whole rock initial 87Sr/86Sr values of those BD and MD carbonatites 
that comprise significant hydrothermal mineral phases but lack exten
sive iron oxidation have a similar range (0.70395 to 0.70414), whereas 
oxidized samples of these rocks have higher initial 87Sr/86Sr values 
(0.7046–0.7052) (Fig. 18). Initial 87Sr/86Sr values of fenitized syenite 
samples overlap this range (0.7034 to 0.7041). Overprinting by iron- 
oxidizing fluids appears to be the final event; it is unclear if this 
occurred late in the carbonatite evolution or was a younger event. The 
less altered MD and BD carbonatite samples with initial 87Sr/86Sr values 
ranging from 0.7034 to 0.7041 is evidence that the hydrothermal fluid 
was in part derived from a more radiogenic source. Fluids derived from 
interaction with the Precambrian-age granites and gneisses in the 
country-rock are a likely source because of their proximity and the 
observed fenitization. At 571 Ma, the strontium isotopic composition of 
the Precambrian wall rock would have a significantly more radiogenic 
composition than orthomagmatic fluids derived from the carbonatite. 

The Sr isotopic data can be coupled with the δ13C and δ18O values to 
aid in constraining the source of the metasomatic fluids. The δ13C and 
δ18O values of DOL1s from the AD and BD carbonatites plot within the 
primary igneous carbonatite field (Fig. 19a). The δ13C and δ18O values 
obtained from other dolomites (DOL2A and B) and from the AD, MD, 
and BD carbonatites plot along a curvilinear trend with increasing δ13C 
and δ18O values (Fig. 19a). Processes that can fractionate C and O iso
topes in an evolving carbonatite include closed system Rayleigh crystal 
fractionation or fluid- rock interaction(Andersen, 1987; Trofanenko 
et al., 2016; Broom-Fendley et al., 2017b, Andersen et al., 2019; Ying 
et al., 2020). Closed system Rayleigh crystal fractionation occurs as the 
magma cools and dolomite crystalizes. The isotopes of C and O can 
fractionate as the lighter isotope is preferentially incorporated in dolo
mite (Pineau et al., 1973; Ray and Ramesh, 2000). Fig. 19b displays 

calculated C-O isotopic fractionation for dolomite crystalizing at 500, 
400, and 300 ◦C. The C-O isotopic composition of DOL1 samples plot on 
or near the calculated compositions for Rayleigh fractionation, such that 
DOL1′s isotopic composition is consistent with primary igneous dolo
mite crystalizing from an evolving carbonatite magma. 

Most other samples have greater δ13C values for a given δ18O value, 
and are evidence that other processes were at work. The C and O isotopic 
composition of dolomite can be affected by interaction with external 
fluids. Following the method outlined in Santos and Clayton (1995) and 
utilized in Ying et al (2020), we modelled the C and O isotopic variation 
resulting from dolomite interacting with H2O-CO2-fluids at tempera
tures from 400 to 100 ◦C (Fig. 19b). Most of the dolomite data lies in this 
field consistent with the fluid being a mixture of fluid derived from the 
carbonatite and fluid derived from the country rock. The observed in
crease in Sr isotopic composition is consistent with a contribution from 
hydrothermal fluids with more radiogenic strontium resulting from 
circulation through the country rock. The presence of quartz in late- 
stage cavities is also consistent with late-stage input of silica derived 
from fluids that interacted with silicic country rock. The C-O isotopic 
composition of dolomite from the most altered sample, plot to the right 
of the model results indicating that it likely formed late in the sequence, 
or this alteration could be related to a younger event. 

Most mineralized carbonatites contain evidence for multiple fluid 
compositions and hydrothermal events. Such evidence has been re
ported at Fen (Andersen, 1986; Dietzel, et al., 2019), Kangankunde 
(Wall and Mariano, 1996; Broom-Fendley et al., 2017b), Mauniuping 
(Xie et al., 2015), and Bayan Obo (Smith and Henderson, 2000; Song 
et al., 2018). Unraveling the magmatic-fluid evolution is, therefore, 
challenging. Further complicating interpretation of the role of fluid 
composition on REE mobility is lack of consensus among experimental 
studies. Most investigations point to volatiles in the fluid as primary 
control of REE fate and transport, but two recent studies highlight the 
potential importance of K, Na, and Si (Anenburg et al., 2020; Cui et al., 
2020). A third recent study, Louvel et al. (2022), presents experimental 
results that show carbonate complexation in alkaline fluids can not only 
transport REEs but also fractionate light and heavy REEs. Our study does 
not have adequate information to resolve these issues but can provide 
some insight. 

Two units in the Elk Creek carbonatite are important hosts to REE 
mineralization, the magnetite-dolomite carbonatite is enriched in mid
dle/heavy REEs, in particular Dy, and the barite-dolomite carbonatite is 
enriched in light REEs. Both these units have been affected by hydro
thermal overprinting. Other mineralized carbonatite studies have re
ported zones of middle and heavy REE enrichment including Fen 
(Norway), Bear Lodge (USA), Tundulu (Malawi), and the Huanglongpu 
area (China) (Andersen, 1986; Broom-Fendley et al, 2016b, 2017a; 
Andersen et al., 2016, 2017; Smith et al., 2018). In these studies, the 
HREE-enriched zone is outward relative to the LREE enrichment, 
generally on the margins of the carbonatite or in the adjacent country 
rock. In the case of the Elk Creek carbonatite, the MREE/HREE-enriched 
MD carbonatite occurs near the center of the carbonatite and formed 
prior to the LREE-enriched BD carbonatite; thus, there is temporal 
variation instead of a spatial variation. The host mineral for the MREE 
enrichment is the fine-grained hydrothermal dolomite (Fig. 15). Two 
scenarios could lead to the middle/heavy REE patterns of the hydro
thermal dolomite in the MD carbonatite: 1) either the fluid from which 
the dolomite precipitated was enriched in middle/heavy REEs and there 
was no preferential complexing agent in the fluid to fractionate the REEs 
or 2) the light REEs in the fluid were more strongly complexed thus 
retarding their partitioning into the secondary dolomite and thus 
forming a middle/heavy REE-enriched secondary dolomite. We believe 
the second scenario is more likely in this case because crystallization of 
the apatite and dolomite in the AD carbonatite did not deplete the re
sidual magma in LREEs but likely enhanced the REE concentrations. 
Carbonatite magmas are characterized by extreme LREE-enrichment, 
and the REE composition of early formed minerals, including calcite, 
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dolomite, and apatite, reflect the overall REE pattern of the magma and 
do not fractionate it, unless REE-rich accessory phases crystalize 
(Hornig-Kjarsgaard, 1998). 

Possible ligands in the hydrothermal fluid that complex with REEs 
include Cl− , CO3

2− , F− , OH− , PO4
3− , and SO4

2− . Overall, fluorine con
centrations in the EC carbonatite are low, and recent work has shown 
that F− is not likely the primary control of REE complexation in carbo
natites (Migdisov and Williams-Jones, 2014; Migdisov et al., 2016). 
Phosphate tends to have a low solubility in low-temperature fluids and, 
if present, leads to precipitation of monazite or other REE-phosphate 
phases (Louvel et al., 2015; Migdisov et al., 2016). OH− and SO4

2− are 
possible ligands, but experimental work shows that there is minimal 
variation in the strength of complexation with increasing atomic number 
across the REEs (Migdisov et al., 2016); thus, these ligands would not 
lead to the observed REE fractionation. This leaves Cl− and CO3

2− as the 
remaining possible ligands. Although we have not undertaken a fluid 
inclusion study at Elk Creek, other studies of fluid inclusions associated 
with carbonatites have shown that fluids may be acidic and then chlo
ride would be the dominant ligand (Migdisov et al., 2016). Numerous 
cavities in the MD carbonatite and skeletal apatite in the AD carbonatite 
are consistent with interaction with an acidic fluid. Fluid inclusion 
studies of carbonatites document elevated NaCl concentrations, in 
excess of 10 wt% (Banks et al., 1994; Smith and Henderson, 2000; 
Williams-Jones et al., 2000; Bühn et al., 2002). Furthermore, modeling 
results show that chlorine is likely the dominant ligand in acidic fluids 
(Perry and Gysi, 2018). Experimental studies by Migdisov et al. (2009) 
showed that at 250 ◦C or greater, there is a systematic decease in the 
strength of complexation with increasing mass for REECl complexes, 
resulting in the relationship that LaCl complexes are more stable than 
LuCl complexes. With REE-chloride species having stronger LREE 
complexation (Migdisov et al., 2016), the HREE would preferentially be 
incorporated into the hydrothermal dolomite and lead to the observed 
REE pattern of the dolomite in the MD carbonatite. 

Louvel et al. (2022) present a case for hydrothermal fluids associated 
with carbonatites being at least in part circumneutral to alkaline in 
composition. They point out that 1) fenites surrounding carbonatites 
document alkaline- and carbonate-rich hydrothermal fluid circulation, 
and 2) the presence of late-calcite veining associated with many car
bonatites suggests a circumneutral to alkaline environment. At Elk 
Creek, calcite veining does not occur, but hydrothermal dolomite is 
present as well as fenitized blocks of early alkaline intrusive lithologies. 
Thus, we cannot discount the possibility that alkaline fluids played a role 
at Elk Creek. The new experimental results presented in Louvel et al. 
(2022), show that carbonate complexes can also fractionate REEs at 
temperatures between approximately 350 and 500 ◦C. Specifically, in 
this temperature range La was more soluble than Gd and Yb, which 
represent middle and heavy REEs respectively, in Na2CO3 ± NaF fluids. 
Similar to the behavior of Cl in an acidic environment, this scenario 
would promote middle/heavy REE enrichment in the hydrothermal 
dolomite. 

By either mechanism, Cl complexation in an acidic fluid or carbonate 
complexation in an alkaline fluid, removal of middle/heavy REEs from 
the fluid would further enhance the light REE enrichment in the residual 
fluid. Late-stage LREE enrichment at Elk Creek is well documented with 
the BD carbonatite, occurring as veins that crosscut the other carbo
natite units and as flooding or overprinting of earlier carbonatite units. 
Cavities and vugs are also host monazite and fluorocarbonate mineral 
phases in all carbonatite units. Fluorine- and phosphate-bearing min
erals (bastnäsite, parisite, synchysite, and monazite) have low solubil
ities such that the presence of F and P should lead to precipitation of the 
observed LREE mineral phases (Poitrasson et al., 2004; Gysi et al., 2015; 
Gysi and Williams-Jones, 2015). Fine-grained monazite rimming and 
along fractures of apatite likely formed in this manner. Although F is 
generally low in the Elk Creek carbonatite, fluorite veinlets and fracture 
coatings occur, suggesting the presence of fluorine late in the evolution 
of the carbonatite. A possible scenario for REE precipitation is with the 

REEs being present in one fluid and F and/or P present in another fluid, 
and upon mixing, the REE minerals bastnäsite, parisite, synchysite, and 
monazite would form (Williams-Jones et al., 2012). In addition, the 
overall decrease in temperature late in the evolution of the system would 
also promote precipitation of these mineral phases. 

Within the Elk Creek carbonatite, barite is the most common mineral 
associated with zones of LREE enrichment. The close association of LREE 
enrichment with barite is observed elsewhere including, Bayan Obo, 
Maoniuping, Mountain Pass, and Fen. In their review of carbonatite 
mineralization, Verplanck et al. (2014) noted the strong correlation of 
Ba and La in world-class REE deposits. Experimental work by Migdisov 
et al. (2006), documented limited solubility of REEs in sulfate-bearing 
fluids at hydrothermal temperatures, but recent work by Cui et al. 
(2020) showed that in the presence of silica, fluids can contain signifi
cant higher concentrations of sulfate and transport REEs, based on ex
periments carried out at ~250 and 400 ◦C. At Elk Creek we observe the 
association of barite, REE phases, and quartz (Fig. 2f). This suggests that 
sulfate may be an important complexing agent. Experimental and 
modelling work has shown that sulfate may become the more dominant 
ligand than chloride in near-neutral pH fluids (Migdisov et al., 2016). If 
the fluid was acidic, fluid interaction with the carbonate mineral phases, 
dolomite in this complex, would lead to a pH increase. With the pre
cipitation of barite, sulfate would be removed from the fluid, destabi
lizing the REE sulfate complexes and promoting REE deposition. In 
addition, with the formation of quartz, Si would be removed from the 
fluid limiting the amount of sulfate in solution, and again would lead to 
the destabilization sulfate complexes and REE deposition. Note that 
unlike REECl complexation, there is no preferential stability of REE-SO4 
complexation across the REEs, such that no mass dependent fraction
ation would be observed. 

Anenburg et al. (2020) conducted a series of experiments from 
1200 ◦C with 1.5 GPa and to 200 ◦C and 0.2 GPa using REEs, Cl, F, CO3, 
and P as well as Ca-Mg-Fe-Si-Na-K. They found that in the alkali-free 
experiments, the REEs formed carbonate and phosphate minerals, 
which crystalized in cavities. At Elk Creek, we observe numerous ex
amples of monazite and fluorocarbonate minerals in vugs and cavities. 
In the experiments with alkalis, the authors concluded that there was 
increased solubility of the REEs in the late hydrothermal fluid because 
REEs were found in the quenched phase, suggesting that Na and/or K in 
fluids may enhance the transport of REEs. At Elk Creek, the lack of 
substantial late-stage K- or Na- phases suggests that complexation with 
alkali elements may not have been had a major control on the behavior 
of the REEs in this setting. In a follow-up manuscript, Anenburg et al. 
(2021) point out that alkali REE carbonate minerals may form during the 
late magmatic stage, the “melt-brine” stage, but subsequent hydrother
mal overprinting would likely breakdown these minerals. The occur
rence of burbankite pseudomorphs at few carbonatite localities is 
presented as evidence of this process. At Elk Creek, monazite and REE 
fluorocarbonate minerals appear to have form directly from a fluid 
phase and do not show evidence of an earlier formed crystal habit. Thus, 
we cannot rule out that Na and or K played a role in the REE minerali
zation, but direct evidence is lacking. 

As for the sources of various constituents needed to fulfill the above 
scenarios, an evolving carbonatite magma may be sufficient, but evi
dence for the breakdown of primary minerals by hydrothermal fluids is 
clear. This would lead to the remobilizing some constituents. In places, 
dolomite, apatite, pyrite, and magnetite are pitted and corroded 
(Figs. 2d, e, and 6c). Dissolution of these phases would contribute Fe, S, 
P, Ca, and REEs to the hydrothermal fluid. All of these constituents are 
found in the minerals that precipitated from these fluids. Experimental 
studies by Harlov et al. (2002, 2005) and Harlov (2015) demonstrate 
that breakdown of apatite by metasomatizing fluids that contain sig
nificant amounts of HCl and H2SO4 results in reprecipitation of mona
zite. As discussed above, the Nd isotopic data suggests that all the Nd 
was derived from the same source, but this does not preclude the 
remobilization of Nd from earlier-formed minerals. Other carbonatite- 
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related ore deposit studies have discussed the potential importance of 
remobilization of REE from earlier-formed minerals as a source of REEs, 
with the world-class Bayan Obo deposit as an important example 
(Downes et al., 2014; Fan et al., 2016; Song et al., 2018; Smith et al., 
2000). 

6. Conclusions and implications 

Constraining processes that lead to ore-grade enrichment of REEs in 
carbonatites is needed for cost-effective mineral exploration. The late- 
stage, barite-dolomite carbonatite at Elk Creek contains LREE enrich
ment comparable to world-class carbonatite deposits at Bayan Obo, 
Maoniuping, and Mountain Pass. Neodymium, strontium, and carbon 
isotopic data from the Elk Creek complex reveal that the parental 
magma and REEs were derived from the mantle. Textural and chemical 
data suggest that hydrothermal processes played an important role in 
reaching ore-grade enrichment, and strontium, carbon, and oxygen 
isotopic data provide evidence these fluids were derived, in part, from 
an external source, likely meteoric water that interacted with the 
country rock. To evaluate fluid evolution, the C-O isotopic data was 
modeled. Results indicate that some of the isotopic variation can be 
accounted for by closed-system Rayleigh fractionation of an evolving 
carbonatitic magma between 300 and 500 ◦C, but excursions to heavier 
δ18O is likely the result of interaction with H2O-CO2-fluids at tempera
tures from 400 to 100 ◦C. Strontium isotopic compositions of hydro
thermal dolomite have higher values compared to early-formed 
magmatic dolomite, which is consistent with metasomatism by fluids 
derived from a more radiogenic source, such as the Precambrian-age 
gneissic wall rock. 

Processes likely responsible for ore-grade LREE enrichment at Elk 
Creek include 1) fractional crystallization that enriched the residual 
melt in REEs; 2) precipitation of middle/heavy REEs-enriched hydro
thermal dolomite, which further enhanced the residual fluid in LREEs; 
and 3) remobilization of REEs from earlier formed minerals. The REEs 
are primarily hosted in fine-grained, late-stage, cavity filling minerals 
that include monazite, bastnäsite, parisite, and synchysite along with 
barite, dolomite, quartz, and iron oxides. The bulk of the REEs are 
associated with barite, suggesting that barite precipitation destabilized 
REE sulfate complexes in the fluid that promoted REE deposition. New 
insight from recent experimental studies, for example Anenburg et al. 
(2020), Cui et al. (2020), and Louvel et al. (2022), highlight knowledge 
gaps in our understanding of the fate and transport of REES in hydro
thermal environments and show that transport mechanisms need further 
investigation. 

Remobilization of REEs by hydrothermal fluids is in part responsible 
for the observed REE enrichment and may be an important process in 
forming carbonatite-hosted REE deposits. This has been recognized at 
Bayan Obo for nearly two decades and has recently been identified at 
other mineralized carbonatites including Miaoya and the Cummins 
Range Carbonatite Complex (Downes et al., 2014; Ying et al., 2020). 
Large carbonatites with evidence of hydrothermal overprinting may be 
ideal exploration targets because they provide a substantial mass of 
REEs to be leached and redeposited. Dolomite-rich carbonatites may be 
a better target than calcite-rich carbonatites because the dolomite 
mineral structure has less capacity to fit REEs than calcite (Chakh
mouradian et al., 2016) leading to a higher fraction of REEs in the re
sidual melt. By- or co-product commodities can enhance an ore deposit. 
In addition to REE enrichment, the Elk Creek carbonatite contains zones 
of Nb, Sc, and Ti enrichment. Targeting carbonatites with multi-element 
enrichment could provide additional revenue as demand for various 
critical elements increases. 
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Demény, A., Sitnikova, M., Karchevsky, P., 2004. Stable C and O isotope compositions of 
carbonatite complexes of the Kola Alkaline Province: phoscorite–carbonatite 
relationships and source compositions. In: Wall, F., Zaitsev, A.N. (Eds.), Phoscorites 
and Carbonatites from Mantle to Mine: The Key Example of the Kola Alkaline 
Province. The Mineralogical Society, London, pp. 407–431. 

DePaolo, D.J., 1981. Neodymium isotopes in the Colorado Front Range and crust – 
mantle evolution in the Proterozoic. Nature 291, 193–197. 

Dietzel, C.A.F., Kristandt, T., Dahlgren, S., Giebel, R.J., Marks, M.A.W., Wenzel, T., 
Markl, G., 2019. Hydrothermal processes in the Fen alkaline-carbonatite complex, 
southern Norway. Ore Geol. Rev. 111, 1–18. 
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