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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



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

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)

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?



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.

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

l.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 km?and the carbonatite intrusion
is about 2% of the total surface area (Amaral, 2024).



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.

Figure 3: a breakdown of the location of each rock type in the Magnet Cove Igneous Complex
(Amaral, 2024) with sample collection locations marked

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

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

e Trachyte/phonolite is similar composition to the syenite but is a volcanic rock.
e ljolite is primarily comprised of augite and nepheline.

e 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



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.

Rock Type Sample [|Location

Trachyte-Phonolite MCIC-1 |34.45376, -92.85434
Garnet pseudoleucite nepheline syenite [MCIC-2 |34.45530, -92.88400
Biotite ljolite MCIC-3 |34.45248, -92.86485
Jacupirangite MCIC-4 |34.46941, -92.84909
Carbonatite MCIC-5a |34.45753, -92.87541

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

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.



In the carbonatite six major phases

Syenite |Jacupirangitelljolite Phonolite |Carbonatite|
Orthoclase 30 0 0 37 o| Wwere identified as being apatite,
Nephaline 40 0 27 21 o| calcite, 2 separate opaque phases
Diopside 17 78 40 21 o| (later identified as an iron oxide
Garnet 5 1 4 0 2.5/ phase and perovskite), garnet
Apatite 4 5 3 1 0| (identified as kimzeyite), and an
Biotite 0 1 14 0 25| olivine (identified as monticellite). In
Magnetite 0 4 0 0 Jacupirangite six major phases were
Pyrite/pyrrhotite 1 4 6 6 0| identified as diopside, biotite,
Calcite . 0 4 6 0 66| titanite, perovskite, and apatite. In
Pgrquk|te 0 3 0 0 U the jjolite six phases were identified
Otivine 0 0 0 0 2:5 as nepheline, diopside, biotite,
Hornblende 0 0 0 5 0 . . .
Cancirite 0 0 5 5 apatlte, calcite, and perov§k|te. In
total 97 100 100 97 9 Erikson and Blade perovskite was
not reported but there was a small

Table 2: breakdown of the reported mineralogy of each rock type (Erikson crystal seen in the thin section. It

and Blade 1963). Numbers averaged from the different samples in the will not contribute much to the

report

budget due to the small contribution
to the percentage of the rock. However, | 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 A of carbon to eliminate the charging of
the sample. A 1-50 um 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.



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 Figure 4: Teledyne Laser used at Carnegie Lab
conjunction with an i-CAPQ ICP-MS for this analysis. The

elements that were analyzed for were the following: “Li, *Na,

ZSIVIg, ZGMg, 2771 295j 305j 31p 43Ca 5S¢, 47T, 49Ti, 51V, S5Mn, 57Fe, 5°Co, Ni, 6INi, 53Cu, 64Zn, %6Zn, 8°Sr, 88Sr,
89y %07p 917r 3N, Mo, %Mo, 133Cs, 1¥7Ba, 18Ba, 1*°La, 1*°Ce, “!Pr, 12Nd, 14“Nd, 146Nd, 47Sm, 1SEu,
1525m, 153EU, 154Sm’ 1SSGd, 157Gd, 159Tb, 161Dy, 163Dy, 165H0, 166Er, 169Tm, 172Yb, 175LU, 178Hf, lnga, 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: 3°La, 14°Ce, 14!Pr,
146Nd, 154Sm, 153EU, 157Gd, 159Tb, 163Dy, 165H0, 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



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

Figure 5: Breakdown of the chondrite normalized majority diopside. As seen in the carbonatite,
(McDonough and Sun 1995) for each mineral magnetite and carbonates do not have high
analyzed the in jacupirangite sample 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.



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.

Figure 6: Breakdown of the chondrite normalized
(McDonough and Sun 1995) for each mineral

The concentrations of the REEs in the minerals of analyzed the from phonolite sample

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.

4.e ljolite

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 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
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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.

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)

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.
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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

Semi Quantitative Result

ve Time : 68.448 sec Aperture # =2
Acc. VYolt : 15.8 KY Probe Current : 5.223E-88 A
Stage Point : X=37.121 Y=44.816 2=11.261
Acq. Date : Tue Apr 8 11:22:35 2825

Element Mode Compound  ROI(KeY) K-ratio(¥) +/- Net /Background

Ca K Normal Ca0 3.56- 4. 41.3572 0.8867 117440 /
Normal Tioz2 4.38- 5. 29.6888 0.8834 64518 /
Normal FeQ 6.23- 7.16 5.4311 0.8063 6181 /
Normal Nb205 2.06- 2.38 7.2713  0.8046 18045 /

Number of Oxygen 4  Chi_square .2009  Normal .F

Element Mass¥ Cation ZAF 4 A F
Ca0 41.002 8.4181 ©.9352 8.9296 1.8237 0.9827
Tioz2 6.3062 1.1674 1.8974 1.@652 ©.9987
Fe0 0.8829 1.0417 1.0176 1.0236 1.0000
Nb205 0.8378 1.2283 1.2496 0.9857 0.9972

Total 100.000 16.437@

EDS 1: Perovskite

Semi Quantitative Result

e

Element Hode Compound  ROI(KeV) K-ratio(%) +/- Net /Background
Normal Ca0 3.56- 4 283449 .8863 121848 3
Normal 3.8704
Normal 12.2185

5. 12732
23- 7.
Normal - 2. 22.7485
1.
1.

21036
95068
23094
42493

Q

[}

0.

0.
Normal 6048 @
.6553 @

Number of Oxygen _ .2068  Normal .F .794@

Element Massk Cation F
Ca0 31.198 .7891 . - - .9973
Tig2 5.996 0.9851 o o o .9968
Fe0 12.647 2.1228 o o .0000
Zr02  31.771 3.1096 . - 9991
A1203 5.217 1.2341 . - - 9953
Sio2 13.172 6438

Total 100.000 16.7245

EDS 2: Kimzeyite

Semi Quantitative Result

Group : RossClark
Sample : MCIC-5A ID# : 2
Comment : Photo 1@ Spot 2
Condition : Full Scale : 1@KeY(18eY/ch,1lkch)
Live Time : 46.440 sec Aperture # : 2
Acc. Volt 15.0 KV Probe Current : 5.223E-08 A
Stage Point =37.121 Y=44.0816 2=11.261
fcq. Date : Tue Apr 8 11:22:35 2025

Element Hode Compound  ROI(KeY) K-ratio(%) +/- Net/Background
Normal Cco2 0.28- 8.37 5.6251 0.0008 5319 /
Normal Ca0 3.56- 4.11 56.8219 ©.0063 109487 /

Number of Oxygen = 24 Chi_square = 282.9156 HNormal .F = 8.8631

Element Mass# Cation ZAF 4 A F
C02 33.184 6.7036 1.8655 1.0131 1.8415 8.9999
Ca0 66.816 18.5928 0.9738 0.9808 0.9928 1.@eee

Total 100.0888 17.2964

EDS 3: Calcite



Semi Quantitative Result
Stage Point : X=37.121 Y=dd.016 2-11.261
Acq. Date : Tue Apr 8 11:22:35 2025

Element Hode Compound  ROI(KeY) K-ratio(#) +/- Net /Background

Normal Ca0 3.56- 4.11 36.1451 ©0.8879 168956 /
Normal Hg0 1.16- 1.38 13.4387 0.0883 59952 /
Normal $i02 1.67- 1.86 19.6679 @.8835 136545 /
Normal Fe0 6.23- 7.16 4.9061 0.0077 9191 /
Normal Hn0 5.75- 6.62 1.3624 0.0847 2810 /

Number of Oxygen = 24 Chi_square .8862  Normal .F = @.7433

Element Mass¥ Cation 2AF 4 A F
Cal 38.148 6.6061 .0146 0. .0261 8.99392
Mg0 .821 4.0532 .0156 @. .0247 ©8.9985

§i02 .532 6.2292 .2320 0. .2594 ©8.9994
_111 B8.6910 0895 1. .8015 1.0000
.39 8 8677 . .0183 1.0008

-6ea 17.

EDS 4: Montacellite

Semi Quantitative Result

Comment : Photo 4 Spot 4
Condition : Full Scale : 10KeV(1@eV/ch,1Kch)
Live Time : 64.050@ sec Aperture # -2
Acc. Yolt : 15.8 KV Probe Current : 5.223E-88 A
Stage Point : X=37.121 Y=44 816 Z=11.261
Acq. Date : Tue Apr 81 2:35 2025

Element Mode Compound  ROICKeY) K-ratio(¥#) +/- Net /Background

Normal Cal 3.56- 4.11 56.8917 0.8873 149864 /
Normal P205 1.91- 2.16 21.1586 ©@.8095 70772 /
Normal $i02 1.67- 1.86 0.9764 0.0009 3854 /

Number of Oxygen = 24 Chi_square = 269.697 Normal _F

Element Hass¥ Cation ZAF 4 A F
Ca0 68.554 18.518@ ©.9933 ©6.9791 1.8211 1.0080
P205 37.614 5.1585 1.8854 ©.9998 1.0859 ©.9998
$in2 1.832 @.2968 1.1367 ©8.969@ 1.1822 ©.9923

Total 180.000 15.9654

EDS 5: Apatite

Semi Quantitative Result

t - X=37.121 Y=44.016 2-11.261
Acq. Date  : Tue Apr 8 11:22:35 2025

Element Mode Compound  ROI(KeY) K-ratio(%) +/- Net /Background
Ca K Normal Cal 3.56- 4. 55.9335 .01 309610 /

P K Normal P205 1.91- 2. 21.3164 - 148514 /
ik Normal Sio2 1.67- 1.86 8.956@ - 786@ /
F K Normal o 8. 0.3442

s K Normal Bo 0.6041 ©.8065

S

Number of Oxygen 395.2083 Normal .F

Element Mass#% Cation 2 A F
Cad 59.256 18.2686 - .9796 1.8218 1.0880
P205 37.158 5.0869 - .82 1.8856 .9996

$i02 o 8. 5 5 1.1823 0.9923
F o 8. 5 5 1.9816 1.eeel
503 8 0.9880 ©0.9967

008 16.

EDS 6: Fluoroapatite

16



Semi Quantitative Result

Live Time : 61.898 sec fperture # 12

Acc. Volt : 15.8 KV Probe Current : 5.223E-088 A
Stage Poin X=37.121 Y=44.016 2=11.261

Acq. Date : Tue Apr 8 11:22:35 2825

Element Mode Compound  ROI(KeY K-ratio(%) +/- Net /Background
Ca K Normal Ca0 - 1 38.29 8.0062 98335 / 2
Ti K Normal Tio2 4.38- 5. 28.6319 ©.0831 56267 /
Fe K Normal Fel 6.23- 7. 4.7152  0.0859 4853 /
Nb L Normal Nb205 7.4866 0.0843 16881 /

Number of Oxygen = 24 Chi_square .7626  Normal .F
Element Mass# Cation A F
Ca0 48.021 8.18@3 1.0254 ©.9826
Ti02 44.450 6.3771 1.0647 0.9988
Fed 5.040 0.8041 . 1.0238 1.8000
Nb205 10.489 ©.9046 o 0.9854 0.9973

Total 100.600 16.2660

EDS7: Perovskite

Semi Quantitative Result

e

Element Hode Compound  ROICKeY) K-ratio(#) +/- Net /Background
Normal Ca0 .56- 4.11  21.9438 .0e47 55375
Normal Tioz2 .38- 5.83 2.7211 .ea12 5255
Normal Fe0 .23- 7.16 8.1017 .0069 8194
Normal 2ro2 J93- 2.28  20.9365 0061 51366
Normal A1203 .38- 1 .4675 0008 12843
Normal 8io2 67- 1 5.8897 0015 22075

Number of Oxygen = 24 Chi_square = 38.4866 HNormal .F = 8.9624
Element Mass# Cation 2AF 2 A F

Cal 29.445 6.2731 .9965 ©.9166 1.0896 8.9978

Tio2 5.112 B8.7644 -1783 1.0814 1.0858 8.9974

Fe0 10.151 1.6880 .0120 1.0089 1.0111 1.0080

Zr02 35.363 3.4288 .2994 1.2368 1.8514 8.9992
Al203 5.968 1.3845 .3168 ©.9312 1.4215 8.9948

8i02 14.028 2.7878 .1562 8.9093 1.2832

Total 100.888 16.3267

EDS 8: Kimzeyite

Semi Quantitative Result
2.93 ©.2816 ©.0017

3.67 0.3643 0.0038
411  1.7732 0.0038
5.3 1.5464 0.0028

_square 215.6335 Normal .

Element Mass¥ Atomic# ZAF 4 A
78.717 83.8619 2.3644 1.8823 2.3590
.856 9.5727 1.7356 8.9738 1.78l6
.791 @.4856 1.1568 1.e105 1.1439
317 0.1841 0.8475 8.9758 0.8696
572 8.2992 1.1416 B.9844 1.1612
.654 9.3284 1.0430 ©.9630 1.8862
.504  9.2294 0.9373 ©8.9945 0.9464
2189 2.7365 ©.9283 1.1777 0.7882
627 0.2494 0.9%909 1.8165 0.9730
9.3018 1.0224 1.2047 0.8592
1
1

.837

608 108.

EDS 9: Growth on slide



ative Result

Normal 5 2.93 0.2842 0.0018 5738 /
Normal - 3.67 0.3614 0.08040 4732 /
Normal - 4.11 1.7864 ©0.8048 27226 /
Normal 8.8021 18281 /

Number of Oxygen . Normal .F

Element Mass¥ Cation F
C02 86.805 10.9409 o o o .9999
.496 0.8889 o o o .0003

.221 0.8304 - . . .9993

439 @ 9996

.525 © .9991

.453 @ .0006

.954 0. o o o 0014
233 8 .9987
378 @ 9948
.003 © .9972
.493 @ .0000

.68 12.

EDS 10: Growth on slide

Semi Quantitative Result

ve nps cun e v ==
Acc. Vo 8 Probe Current : 5.223E-08 A
Stage Point 7.121 Y=44.016 2=11.261

Acq. Date : Tue Apr 8 11:22:35 2025

Element Mode Compound  ROI(KeY) K-ratio(%) +/- Net/Background
Hy Normal Hg0 1.16- 1. 2.0540 0.0038 9363 /
Al Normal Al203 1.38- 1. 8.6538 ©.8007 6441 /
Fe Normal Fel 6.23- 7. 84.3034 0.0256 161388 /
Hn Normal Hn0 o 6. 3.3103 0.0068 6976 /
Ti Normal Tio2 5. 0.8742 0.0014 3196 /

Number of Oxygen 124 .3811 Normal .F = ©.8585

Element Mass¥ Cation 2 A F
4.411 1.7788 - 8956 1.6846 1.0880

A1203 1.849 0.5869 - -9832 1.93e4 1.0000
Fe0 89.852 20.8569 - .9696 0.9864 .B00e
MnQ 3.428 0.7820 o .9360 0.9981 1.0000
Tio2 1.259 @.2558 0481 1.8137 9466

Total 108.808 23.4516

EDS 11: Magnetite/hematite

Semi Quantitative Result

Group : RossClark
Sample : MCIC-5A 1ID# : 12
Comment : Photo 12 No Spot (HMgSi)
Condition : Full Scale 18KeV¥(1@e¥/ch,1Kch)
Live Time 88.950 sec Aperture # -2
Acc. Volt : 15.08 Ky Probe Current : 5.223E-08 A
Stage Point 37.121 Y=44.016 Z=11.261
Acq. Date Tue Apr 8 11:22:35 2825

Element Hode Compound ROI(KeY) K-ratio(%) +/- Net/Background
Normal Mg0 1.16- 1.38 13.9188 ©.0875 439826 / 167
Normal $ig2 1.67- 1.86 20.9133 ©.8032 114635 / 553

Number of Oxygen = 24 Chi_square = 320.9166 HNormal .F = 1.3129

Element Mass#% Cation 2AF 2 A F
Mgd 27.206 5.2284 ©.8979 1.0192 ©.8838 0.9968
$i02 72.794 9.3858 1.2393 1.8856 1.2324 1.0880

Total 100.000 14.6142

EDS 12:
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Appendix 3

Trachyte-Phonolite

Jacupirangite

Pseudoleucite syenite

Carbonatite

Biotite ljolite

19



Eds Data for MCIC 1-4

k]

El

1
12
12
14
L
0
1%
14
20
21
22
23
24
25
L3
27
28
23
20
il
32
32
a4
35
36
k)
38
e
40
4
42
43
L3
45
46
47
42
43
50
a1
52

Appendix 4

All concentration data collected from LA-ICP-MS

EDS  Sample Photo Label
1 MCIC-1 Photo1 EDS A1
2 MCIC-1 Phaoto 2 EOS-2
2 MCIC-1 Photo 2 EDS-2
4 MCIC-1 Photo 2 EDS-4
8 MCIC-1 Photo 2 EDS-5

EDS-2

EDS-3

EDS-11

EDS-12
EDS-12
EDZ-14
EDS-1E
EDS-17
EDS-12
EDS-13
EDS-20
EDS-21
EDZ-22
EDS-23
EDS-24
EDS-25
EDZ-2&
EDS-27
EDS-23
EDS-23
EDS-30
EDS-3
EDS-32
EDES-33
EDS-34
EDS-35
EDS-36
EDZ-37
EDS-33
EDS-33
EDS-40
EDS-H
EDS-42
EDS-43
EDS-44
EDS-45
EDS-46
EDS-47
EDZ-42
EDS-43
EDS-50
EDS-51
EDS-62

E317
BN
AT

4376
|

4+

4067
4553
4433
2644

416
4.7
J2E3
BEEL
3329

G363
4349

28701
3699
4516

2862
40.04
4334

B34
5517

E4.25

E2ET
5703

E13
4357

363
54.01

17.65

15.57

389

513

362
283
BlE
3913
328
375
7.4
3906

323
868

2125
23433
1355
208
3
2raz
087

14.01

4.3

3453
283
i
217

i k: 1
598

0.823
1486
532

103
3063
B3
2593

172

1623
ok |

502 Ti0Z Al20F FeD

245
4317
2421
25.96

2776

TE3
048

204

545

23586

2194

1055
LA
4008

17.84
1081

1144

a1

100

00

29

.24

B9

TAR

i |

E.44

2213

2446

10.02

1473
EE]

989

38
866

2373
634
5463

166
B33
5304
T0.4

1741
344
B5.28
[ 3]

17.69
araor

ITAT
55.54
5458

438
2645

b e

2515
4209
IR
a7
2573

09
5296

9303
E4.26

MnO MgO Cal MNa2O K20

38E
LT

24

3

1221

10,06

1353

1384

0.za

02
E13

Ta7
X}
.26
4532
4412
e
45.68
1337
4446
45.14
12.24
13.26
1915
47.04
3676

P205 SrD

CO2 Nb2DS5 503 Fe s

0r4
128

444 B5E3
3681
2953
T2
5.94
4238 BTEZ

TOTAL
100.05
00
99.939
100
100
100.01
00
99.93
99.93
599.93
99.997
100
99.93
00
100
99.93
00
100
100.01
100
100.01
100
100
00
00
100.03
100
00
100
100
100
599.93
100
99.93
00
99.93
94.93
6341
00
100
100
100
00
100,02
100
00
00
100.02

20



00 EOOD
1E0 A%
LED L]
oos Lt
95k i
880 oo
500 BOOD
500 ZzZ0n
9 aca
100 £000
oooo - Woo
oo 0000
¥EQ 43
cEn A%
FIF BER
85k i
£6 )
16 9600
et an
Lnn 0000
LEL L
ctl 0z
£ED ¥l
£210 GEOD
2l =)
£bl 0z
EED L1
£E10 L1
8zr GER
akk 29
a ¥ED
000 0000
oo 0000
£l ]
oo o000
ownn 0000
0z 4510
0z 3]
=1 150
3£ 43
£ED L1
£LF 8lF
SEF LBF

MBEZ  MLletz

MZBL

BLllal

JHail

2001
£20
Ze0
1GF
i
BL010

Len i

BBF

qAzil

oo
20
0en
g
ZZr
a0
51
Fay
L
00
Zr0n
L¥00

it

w1l

4309

¥00°0
€810
480
i
0cr
ko
iT
14

OHSaL

aio
9F
ar
S5t
azr
SZ
L

ZL
il
190
550
250
ar
0§
ELF
fora 4
S0
s
502
000

filela )

¥z00
5%
E¥
Gk
¥ER
9z

13

L

¥8
291
8510
£F 0
¥LEY
BESY
it
e

0%

gl

£00°0
£L0
()
By
For
ZF0
Fl
£l

i3
ZE0°0
oo
800
G20
620
ity
G2y
62

3

020
0080
GGy
£l

qLesl

PO

(==

500
£5
ES
=l
EFF
gt
[k
8t
B2l
BL0
1810
060
E5
ES
fetord
grr
arL
il

WSFL

Loa
Bl
oz
5t
YEF
¥l
gl
AN
ar
2E0
EZ0
EED
8z
Iz
EZF
EER
19
¥4
it}
Looa
0l
8l
LFo
a0
el
£r
oz
Lz
0zF
95F
s
00a'n
o000
LE
Loa
8000

08t

M3Es

woa
FS
EG
197
G
8t
EE
GE

s

WISZElL

i/
¥
£r
0000
[
a8
F000
80010

3G

i)
95
85
9
L
13
iE
rE
2el
kL0
8.0
220

29

000
2000
an
¥000
Gz00
9L
2]
348
03
L3
Gaw
Zar

WISLEL

£BE
0Ek
864
000°a
Loo'o-
(=]
¥e0n
zaLn
B3E
FES
ark
¥e

¥e
£FF
LGF

PRIkl

£5F

PFFL

Zesl
000a
€000

FER
LG

PRl

Al

220FL

21



1

0s00

BSLLL

EIREL

B0

EF0
52

coon
Loog-

SFED
0con
e
ol
0501
LEL
LEL
S.F
a.F

=E8EL

sy
¥ooo
220

oo
ELOC-

CLED
q0a
952
2
104
18
Bl
99k
LiF

BELEL

=0EEL

ocoa
EE
L'E

Ok4EE

oo

S0

0000

L5010

iR

%]

a

£BF
B3
S0

¥
a0

o000
oo

9MER

LE00

Rl

zl

2561
a3y
i
1

L1

£l

o]
8800
2200
SE00-

15iF
L00F
040
LED
EOSLEZ
06
£5l
a5l
fara 4
EBSi

1206

1]

Ll
ELE
=8

0z
LEF
8Lk
OEF
0000
0000
SEE
Lo
EEOD
(UEE
ESZ
Lik
0z

0z
picsi
L&k

ABS

1588

alke

aleS

4558

Y799

Fiel

0545
ElEE

OFE'S
1e00
€98
£l
0t
6

FE
B5F
G5k

]

620

88E0-
ooo'a

iT
Al
EED
oFo
9t
00
&0l

Ao
gl
¥o0°a
Go0°a

Lo
oo
]
LL
G2
oL
GOl
L1
8zF

Lpala:]

2000~
£B0°0

ann
(L]

al
¥z

B0
BSF
L8%

k]

540

S0L
£05

EED
50
FEO
=

1]
L80
LR D

L

59
ELF
0

ala
oo

5920
Zl
520
20
£20
BOL
00

Far
=
L2000
SF00

zion
oooo
L
0z
FOL

FFE
95%

MO

Sioo

og
L5%
8zy
FED

L5310

zz
LEST
2000
SEE
¥a

1

EE

LE
¥
oy

°J65

2445

98zl
SLEL

95EFLL

oZeLL
cbl
15
Sazl
aegl
LEF
£9F

Y55

cal
Lz
882
96F
SaF
=8
580
g1
SE9
oo

S00°0-

1£0°0

SOLE

EEDD

LE

¥
o k]
182
05z

CFF

AL

2192

botei

S50

¥E

LE

ELLT

¥e
£l

az9el
FFLEL

ELF
paay

sy

855z
L0641
£588L
SEY
BF¥
0e

]

¥
eal
8000
68
SaLo-
45281
ELBAL
0i¥
FLS
1800E
85ale
FEOLE
49530
fotatut= o
ESL0FE
a
B0E 0
BFOSE
CSrERE
61581
12981
(e
SFF
i22

23

faas]
ZEE

Ly
gesy
2]
oo
0cg
FEaeL
€838l
GER
FER

iy

GO0

4ZET

oo

=558

vl

g
rL'a
]
L8

L2a

Lo
Lo

Lo0n
Looo

L2
(=
g
L2a
l2'a

o

e

dlE

000 oo
Fita Firi
£z £z
SE SE
¥E Fit
0z00 900
¥l ¥l
S a
2880 8030
LE0D 8300
8800 EIOD
LE0D 58010
£z ¥Z
¥z ¥z
Fit ct
£E SE
¥ EE
¥ L¥
¥ EE
0o00o o000
R0 00
EEOD-  £R0D
F00 S00°0-
5000 0500
54 S¥
520 rE00
£ £
£z ¥Z
0 0
2t £
1¥0 8E0
L0000 0000
000 2000
980 £50
000 Lo0n
0ooo o000
patl ¥l
al g1
540 2280
¥z *Z
£z *Z
FE £
Zt £
IS0E 1562

ik
ooe

1742

151
Slzet
LO9RE

ELEZ
055EYL
feratoras
£l
S840
Sl
00k
SEE

Blaz

ESl
okl
SrazY
05k
cky
Oclee
£50BEL
FOLLEL
EEY
54
¥5E

£olg
3415
Sil
ez e
cZOlEL
kel
501
FOBFE
FLEER
al¥
¥

Blnsz

a0

ENEE

22

8112219 17 010Ud Fh

2994 BE
Ly w0ds 8e
1L oy LE
6E0ds ag
£ 0ds Gf
2£0d5 4
Fooyd £F
OAHT ZE
OhHE LE

LSIN 0E

LSIN B2
¢ 1ods gz
¥E0ds 7
2l woud 92
Zowds 6z
1£ 1003 ¥2
£l oo4d £2
6z s 7z
8z 10ds 17
12wds 0z
0L %1o4d Bl

gl 1ods
g 10ds
#l coyd g

OAHA ¥
L15IN £
15IN 2



