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Scientific Abstract 

Critical elements (or minerals) are natural resources that are crucial for modern technologies that have a 

significant risk for supply chain disruption (DOE, 2024). With the current state of world politics, the US 

government is looking for domestic production and refinement of these resources. Notable examples of 

critical elements include the use of indium for touchscreens and niobium as an anticorrosive and in 

superconductors. While the exact list of critical elements varies between government agencies due to 

differing priorities (Rowan, 2024), though some such as rare earth elements (REEs), remain consistent 

throughout. All REEs have uses in modern technologies, some examples include neodymium, which is 

used to create permanent magnets, and gadolinium, which is used as contrast for magnetic resonance 

imaging (MRI). Carbonatites are rare igneous rocks, with approximately 550 total locations worldwide 

(Woolley and Kjarsgaard, 2008), that contain greater than 50% carbonates. REEs and other critical 

elements are often enriched in carbonatites. Nine percent of all known carbonatite localities have or 

were historically mined (Simandl and Paradis, 2018). While REEs are common in crustal rocks significant 

concentrations are required to be considered a mineral resource. This study is looking at the critical 

element enrichment of the carbonatite and related alkali rocks of Magnet Cove, Arkansas and 

determining the distribution of critical minerals and possible mode of formation. The Magnet Cove 

Complex is within the Ouachita Mountains in central Arkansas and is about 12 km 2 of surface exposure. 

There are 5 primary rock types that are seen at this location, jacupirangite, nepheline syenite, 

trachyte/phonolite, ijolite, and carbonatite (Howard and Chandler, 2007). The carbonatite is less than 

2% of the total surface area. The carbonatite is significantly more concentrated than the silicate rocks in 

REE but over an order of magnitude less concentrated than that of productive carbonatite mines. We 

see that the whole rock concentrations match the trends that are seen in other carbonatites but in 

lower concentrations. This likely indicates a depleted source. 

Plain text abstract 

Critical elements (or minerals) are natural resources that are crucial for modern technologies that have a 

significant risk for supply chain disruption. With the current state of world politics, the US government is 

looking for domestic production and refinement of these resources. Notable examples of critical 

elements include the use of indium for touchscreens and niobium as an anticorrosive and in 

superconductors. While the exact list of critical elements varies between government agencies due to 

differing priorities, though some such as rare earth elements (REEs), remain consistent throughout. All 

REEs have uses in modern technologies, some examples include neodymium, which is used to create 

permanent magnets, and gadolinium, which is used as contrast for magnetic resonance imaging (MRI). 

Carbonatites are rare igneous rocks that contain greater than 50% carbonates. They are often the 

highest producing sources for REEs and other critical minerals. Nine percent of all known carbonatite 

localities have or were historically mined (Simandl and Paradis, 2018). While REEs are common in crustal 

rocks significant concentrations are required to be considered a mineral resource. This study is looking 

at the critical element enrichment of the carbonatite and related alkali rocks of Magnet Cove, Arkansas 

and determining the distribution of critical minerals and possible mode of formation. The Magnet Cove 

Complex is within the Ouachita Mountains in central Arkansas and is about 12 km 2 of surface exposure. 

There are 5 primary rock types that are seen at this location, jacupirangite, nepheline syenite, 

trachyte/phonolite, ijolite, and carbonatite (Howard and Chandler, 2007). The carbonatite is less than 
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2% of the total surface area. The carbonatite is significantly more concentrated than the silicate rocks in 

REE but over an order of magnitude less concentrated than that of productive carbonatite mines. 

1. INTRODUCTION AND BACKGROUND  

1.a. What are Critical Minerals?   

Critical minerals are defined as “nonfuel minerals that is essential for use and faces considerable supply 

chain vulnerabilities” (Rowan, 2022). Lists are extensive and encompass 50+ elements and minerals. 

While they are called “critical minerals” most are listed in the elemental state. The exact list varies from 

agency to agency, but many elements are shared in each list. Such as the rare earth elements (REEs) that 

are predominately found in carbonatites and are used for batteries and in alloys. The current list of 

critical minerals was recently changed so that copper, helium, potassium, lead, silver and uranium are 

no longer considered critical. Reasons why elements are taken off the list vary, such as copper and 

helium which were taken off due to the lack of supply chain disruption (Rowan, 2024). Or uranium which 

is now defined as a fuel element and therefore does not meet the current definition set forth by the 

DOE and USGS. 

These are especially important in the current political climate with constant uncertainty of sourcing 

critical minerals. In 2024, 12 critical minerals the US was entirely reliant on imports as well as 28 that 

were more than 50% imported. Growing political tension with especially China has made obtaining 

certain critical minerals such as REEs difficult. However, the US government is investing heavily in mines 

and refineries and have promised to pay twice market rates for REEs. This incentivizes the exploration of 

new potential sources for these resources including carbonatites such as is seen at Magnet Cove, 

Arkansas. 

1.b. What are Carbonatites? 

Figure 1: A chart highlighting all the current critical elements (plus calcium and promethium) as well 

as breaking down the REE into LREE and HREE; (DOE, 2024) 
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Carbonatites are defined as igneous rocks that are >50% carbonates. These are rare with about 550 total 

known locations around the world (Wooley, 2008) (figure 2). Most of these are very small. The 3 major 

types of carbonatites, calcite, dolomite and ankerite, are defined by the primary carbonate mineral that 

makes them up (Winter, 2010). There are other types as well, most notably the alkaline 

natrocarbonatites found only in East Africa at the Oldoinyo Lengai volcano (only known active 

carbonatite volcano). Like this volcano carbonatites have generally been associated with continental rifts 

(Simdahl and Paradis, 2018). Carbonatites form from upper mantle melting and are thought to form 

either from fractional crystallization or liquid immiscibility (Yaxley et al., 2022). Due to differentiation 

during formation carbonatites are known for their enrichment in REEs and niobium (Wang et al., 2020). 

Less than one percent of prospected exploration sites are viable for mining, however, 9% of all known 

carbonatite intrusions are or have been historically mined for critical minerals (Mitchell, 2005). Not only 

are carbonatites more frequently viable for mining more than 90% of REEs are mined from carbonatite 

mines, the two largest being Mountain Pass, CA and Bayan Obo, China.  

 

 

1.c. 

Magnet Cove 

The Magnet Cove Igneous Complex (MCIC) is a series of small igneous intrusions near Hot Springs, 

Arkansas. The MCIC has an exposed surface area of approximately 12 km2 and the carbonatite intrusion 

is about 2% of the total surface area (Amaral, 2024).  

Figure 2: World carbonatite distribution as presented (Wooley and Kjarsgaard, 2008), with magnet cove 

location indicated 
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Located within the Ouachita Mountains in central Arkansas, the MCIC is comprised of five major rock 

types (figure 3). These rock types are jacupirangite, nepheline syenite, trachyte/phonolite, ijolite, and 

carbonatite.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Jacupirangite is primarily greater then 50% titanium rich pyroxene.  

• Nepheline syenite is a foid bearing potassium feldspar rich plutonic rock. 

• Trachyte/phonolite is similar composition to the syenite but is a volcanic rock. 

• Ijolite is primarily comprised of augite and nepheline.  

• Carbonatite is greater than 50% carbonate 

OBJECTIVES OF RESEARCH AND BROADER IMPLICATIONS  

With the need for REEs and other critical minerals growing more data is needed how they are 

distributed in the rocks they are found in relatively high concentrations. Most of the research in this 

field is focused on how the deposits with exceptionally high concentrations are formed, however, in the 

preliminary work for this site we found that the concentrations are an order of magnitude lower than 

Figure 3: a breakdown of the location of each rock type in the Magnet Cove Igneous Complex 

(Amaral, 2024) with sample collection locations marked 
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these super enriched regions. But it is also important that we know why these systems fail to become 

economic. 

• Null hypothesis: REE concentrations and distribution will be similar to productive carbonatite 

locations 

• Alternative: REE concentrations will be lower and distribution in minerals will be different than 

productive carbonatite locations 

The alternative hypothesis has a couple of different interpretations as to why this might have occurred. 

The first interpretation is that the original source of the rock was depleted in REEs. This can be seen in 

the whole rock data when comparing to other carbonatite sites. Where the carbonatite rocks and the 

silicate rocks will have similar comparative trends but be significantly lower in concentration. The other 

interpretation is that there are similar total amounts of total REEs but, they spread through both the 

carbonatite and silicate rocks. This would be due to incomplete fractionation and has been attributed to 

lower temperatures during formation (Anenburg et al., 2021). 

2. EXPERIMENT DESIGN  

2.a. Samples 

The rock samples for this project were collected by Mike Howard, a 30-year member of the Arkansas 

geological survey. As an expert on rocks of Magnet Cove he felt that these samples were representative 

of the area. From the five rock samples, thin sections were analyzed to determine the individual phases 

present. The location of collection of each samples collection is in table 1. 

 

 

2.b. Petrography 

Each of the five thin sections were analyzed under a petrographic microscope to determine each phase 

that was present. This was then compared to Erikson and Blade (1963) (breakdown in table 2)to confirm 

the phase was reported in previously performed chemistry. Each identified phase is used for future 

target of later EPMA analysis. The phases were identified using properties such as color, habit, opacity, 

and birefringence. Each of the thin sections had a suite of minerals.  

 

Table 1: Reported coordinates of collected samples for each rock type matched with the sample 

number 
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In the carbonatite six major phases 

were identified as being apatite, 

calcite, 2 separate opaque phases 

(later identified as an iron oxide 

phase and perovskite), garnet 

(identified as kimzeyite), and an 

olivine (identified as monticellite). In 

Jacupirangite six major phases were 

identified as diopside, biotite, 

titanite, perovskite, and apatite. In 

the ijolite six phases were identified 

as nepheline, diopside, biotite, 

apatite, calcite, and perovskite. In 

Erikson and Blade perovskite was 

not reported but there was a small 

crystal seen in the thin section. It 

will not contribute much to the 

budget due to the small contribution 

to the percentage of the rock. However, I wanted to include it as a comparison of phases between rocks. 

In the phonolite apatite, diopside, nepheline, and cancrinite were identified. In syenite apatite, 

nepheline, and leucite. In both samples there is a significant amount of ground mass and are 

significantly altered. The largest portion of these rocks were reported to be orthoclase; however, it was 

not seen in this rock sample. This is mostly likely in the mixed phase altered ground mass.  

2.c. Electron Probe Microanalysis (EPMA)  

The JEOL JXA 8900R Electron Probe Microanalyzer was used at the AIMLab at the University of 

Maryland.  The polished thin section was coated with 200-300 Å of carbon to eliminate the charging of 

the sample. A 1-50 µm beam was used (depending on mineral crystal size) with 10-120 second count 

times. The machine used a 15 kV accelerating current and 5-20 nA cup current. Raw counts were 

corrected using a ZAF algorithm.  

Analysis of each potential phase analysis was performed using energy dispersive spectroscopy (EDS). The 

microanalyzer analysis was done on each of the identified minerals. The major element composition of 

each phase was determined. This needs to be done to determine the minor elemental concentrations 

when using the LA-ICP-MS as internal standards.  

 

 

 

 

 

 

Table 2: breakdown of the reported mineralogy of each rock type (Erikson 

and Blade 1963). Numbers averaged from the different samples in the 

report 
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2.d. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)  

LA-ICP-MS analyses were performed to obtain minor 

and trace element concentrations in each mineral 

phase at ppm to ppb concentrations. Due to the data 

from this analysis being relative, the use of internal 

standards of a major element composition is needed to 

determine the minor element compositions. The three 

internal standards that were used were calcium, silica 

and iron (depending on each which element was 

dominant in each mineral that was analyzed). Apatite 

and calcite used  

Analyses of the carbonatite were performed at 

Carnegie Science, using a teledyne laser (figure 4) in 

conjunction with an i-CAPQ ICP-MS for this analysis. The 

elements that were analyzed for were the following: 7Li, 23Na, 
25Mg, 26Mg, 27Al, 29Si, 30Si, 31P, 43Ca, 45Sc, 47Ti, 49Ti, 51V, 55Mn, 57Fe, 59Co, 60Ni, 61Ni, 63Cu, 64Zn, 66Zn, 86Sr, 88Sr, 
89Y, 90Zr, 91Zr, 93Nb, 97Mo, 98Mo, 133Cs, 137Ba, 138Ba, 139La, 140Ce, 141Pr, 142Nd, 144Nd, 146Nd, 147Sm, 151Eu, 
152Sm, 153Eu, 154Sm, 155Gd, 157Gd, 159Tb, 161Dy, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 182W, 232Th, 

and 238U. The analysis of the other 4 rock types were analyzed using the Thermofinnigan element 2 at 

the University of Maryland. 

There is significant overlap reading in some of the REE isotopes. To minimize this issue one isotope was 

selected for analysis for each element. The isotopes used for REE interpretation are: 139La, 140Ce, 141Pr, 
146Nd, 154Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, and 175Lu 

The data were reduced using the certified sample NIST610 and BHVO-2G as standards. All the 

measurements of each element were averaged and then divided by the accepted concentrations. This 

generates a count to concentration conversion factor. Then each concentration is divided by this 

conversion factor. Then the internal standard for each phase is applied.  

3. LIMITATIONS 

This approach to analysis is best for comparison of concentrations between different minerals in a rock 

and concentration of the same mineral in different rocks. This allows for a useful comparison between 

different rock types using their similarities to normalize the data. However, there are significant 

limitations with this approach. It is less useful in the whole rock comparison. There are faster and more 

accurate ways in determining the whole rock composition than the method that is used here. These 

methods will not show correlation between concentrations and minerals present but has fewer pitfalls 

in the whole rock analysis. This issue is most seen in the syenite and the phonolite samples. In Erikson 

and Blade (1963) these rocks are approximately a third orthoclase, but when petrology was conducted 

there wasn’t any orthoclase that was seen. As was previously stated this is likely in the matrix in a mixed 

phase. Since this analysis is comparing like minerals mixed and altered phases were avoided. This is 

intentional because determining the exact mineral composition of these mixes would be extremely 

Figure 4: Teledyne Laser used at Carnegie Lab 
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difficult and likely not result in any direct comparison. In the future it would probably be a combination 

of a more destructive analysis that allows for the mixed phases to be incorporated in the final whole 

rock analysis and the one that was done here. This would also minimize the risk of skewed results in 

specific crystals of the analyzed minerals being outliers and skewing the results. To compare to other 

sites this is the primary mode of analysis for determining the content of ore rock. To compare to these 

other analyses estimating to whole rock will be necessary.  

4. RESULTS 

4.a Carbonatite 

Apatite takes up more than half of the REE budget. Though it takes up a considerable amount more of 

the LREEs than the HREE. The budget has 79% La and generally trends downwards as the REE become 

heavier with 66% Lu. Perovskite despite only being approximately a percent of the rocks total makeup 

has 17-18% of the LREE budget of the rock but this percent drops off the heavier the element is with 

only about 2% of the total Lu in the rock. Kimzeyite starts with less than a percent of the REE budget of 

La but the Budget generally trends upward the heavier the element and has a total of 24% Lu. 

Monticellite follows the same trends as the kimzeyite and has about 5% of the Lu of the rock. Neither 

calcite or the iron oxide phase have a significant percentage of the REE budget for any element.  

4.b Jacupirangite 

The largest portion of the REE budget is stored in 

the perovskite. The concentration of the REE in 

the perovskite is about an order of magnitude 

higher than what is seen in either the apatite or 

the titanite. Approximately 50% of the LREE 

budget and 30% of the HREE is in the perovskite 

though it is only 3% of the total rock. Apatite is 

30% of the LREEs and 20% of the HREEs. While the 

diopside only has 5% of the LREEs it is 45% of the 

rocks HREE budget. This is due to the rock being 

majority diopside. As seen in the carbonatite, 

magnetite and carbonates do not have high 

concentrations of trace elements and analyses 

were not included in this or later rock types. 

4.c Syenite 

In no analyzed phase is there a significant concentration of REEs seen. Though there are a few issues 

with some of the data. The most glaring as stated before is the missing orthoclase mineral that is most 

likely in altered mixed phase. Much of the budget of the REEs of this rock are in the apatite, however, 

even this is between 100-200 normalized values. This is an entire order of magnitude lower than any 

other apatite seen in the entire complex. 

Figure 5: Breakdown of the chondrite normalized 

(McDonough and Sun 1995) for each mineral 

analyzed the in jacupirangite sample 
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4.d Phonolite 

The phonolite Data like the syenite data has 

some issues. However, the data obtained is still 

useful for comparison. But of the analyzed 

minerals apatite is the most concentrated in the 

Apatite with the Diopside being the dominant 

host of the HREEs. While the cancrinite follows 

the same pattern of concentration (though 

slightly increased) it is significantly less 

abundant in the rock than the dioside. 

4.e Ijolite 

The concentrations of the REEs in the minerals of 

this rock are similar to that of the other silicate 

rocks from this complex. However, the low percentage of apatite and high percentage of diopside 

means that the majority of the HREE budget is stored in the diopside. If assumed that the perovskite is 

1% of the rock when it was not reported in the rock (though it is in the sample we have) then it has 

between 60 and 30% of LREEs. The biotite that is a 14% percentage of this rock has no significant portion 

of the REE budget. 

 

5. Discussion 

5.a Mineral Comparisons 

The largest advantage of analyzing these rocks by mineral is that there is an easy comparison between 

the different rock types. This also potentially allows for future comparison to different alkaline systems. 

This can be important for identifying what rocks have higher concentrations of REE than others. The 

primary minerals that is already used in this way are bastnaesite and monazite, the primary ore minerals 

for carbonatites. While there has been bastnaesite reported at the magnet cove complex, there was no 

evidence of it in these samples or in the Erikson and Blade mineralogical survey. However, in these 

samples there are both apatite and perovskite that seem the most appropriate for this comparison. 

 

 

 

 

 

 

 

Figure 6: Breakdown of the chondrite normalized 

(McDonough and Sun 1995) for each mineral 

analyzed the from phonolite sample 

Figure 7a and 7b:a (on left) Compares the REE concentration of the apatite in each rock sample, 7b (right) 

Compares concentration of perovskite across the different samples it is present 



11 
 

With apatite appearing in all the rock types, it seems ideal for comparative analysis which was done in 

Ohly (2011). There is a great deal of similarity in the REE concentration between the rock types with the 

syenite and the ijolite deviating the most. The carbonatite apatite has a higher concentration of both 

LREEs and HREEs (figure 7a), while both the jacupirangite and the phonolite are about equal in 

concentrations. This could be an indication that there is a significantly higher concentration of REE seen 

in the rock.  

The other mineral of interest that was analyzed was perovskite. In the carbonatite mineral approached 

the concentration of some ores (Benson and Watts 2024). However, in these rocks it did not incorporate 

a majority of the REE budget due to low abundance. If perovskites similar to these are seen in other 

rocks but with higher abundance those rocks could be an economic deposit.  

5.b Whole rock comparisons 

When comparing the whole rock concentrations of each of the rock types there is a very clear trend that 

emerges. The carbonatite has the highest LREE concentrations by about an order of magnitude over the 

silicate rocks. The HREE concentrations drop to about that of the silicates (fig. 8). When comparing that 

to the concentrations that are seen at Mountain Pass, Ca (fig. 9) there is similar trend. However, the 

concentrations for the Magnet Cove rocks are 100x lower than what is seen at Mountain Pass. This 

would mean that the source for these rocks was likely depleted in REEs before formation. 

 

6.  

 

 

 

 

CONCLUSION 

Magnet cove when compared to Mountain Pass mine is depleted in REEs. The ore material from 

Mountain Pass has two order of magnitudes higher concentrations than that of the highest 

concentrations seen at Magnet Cove. The original source of Magnet Cove likely had low concentrations 

of REEs. This would seem to indicate that the first interpretation of the alternative hypothesis is the 

reason why Magnet Cove’s carbonatite does not see high concentrations. While Magnet Cove is not a 

viable economic source of REEs it is valuable to know why some fail to form high concentration deposits.  

 

 

Figure 8 and 9: 8 (on left) Compares the REE concentration whole rock REE concentration at magnet cove with 

syenite being left off due to being below the start of the graph, 9 (right) Compares concentration of whole rock REE 

composition at mountain pass (Benson and Watts 2024) 
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Appendix 1 

 

 

  

Spot 1 is apatite and spot 2 and 3 are 

montecellite 

Opaque iron oxide surrounded by 

apatite 

Iron oxide surrounded by calcite 
Perovskite surrounded by calcite 
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Perovskite surrounded by apatite Kimzeyite surrounded by apatite 

Apatite on left, calcite on right Montecellite 
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Appendix 2 

EDS 1: Perovskite 

EDS 2: Kimzeyite 

EDS 3: Calcite 
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EDS 4: Montacellite 

EDS 5: Apatite 

 

EDS 6: Fluoroapatite 
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EDS7: Perovskite 

EDS 8: Kimzeyite 

 

EDS 9: Growth on slide 
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EDS 10: Growth on slide 

EDS 11: Magnetite/hematite 

 

EDS 12: 
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Appendix 3 

  

   Trachyte-Phonolite      Pseudoleucite  syenite    Biotite Ijolite 

 

Jacupirangite    Carbonatite 
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Eds Data for MCIC 1-4 

 

Appendix 4 

All concentration data collected from LA-ICP-MS 
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