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1. Abstract

Apatite from carbonatite and alkaline rocks from the Magnet Cove Igneous Complex in
Arkansas was analyzed for major and trace element composition. Particular elements of interest
were REE and halogens, which were used for geochemical modeling of the evolution of the
igneous system. Major and minor elemental concentrations in apatite were compared to
determine the presence and nature of potential substitutions in crystallographic sites. Halogen
concentrations were used, along with both calculated and assumed temperatures and pressures, to
determine changes in HF and HCI fugacities over the time of crystallization of the magma.
Additionally, apatite was analyzed for REE concentrations. These data were used to estimate the
degree of fractionation between rock types that occurred over the crystallization history of the
complex. Concentrations of major and minor elements (including halogens) in apatite were
determined by electron probe microanalysis, and trace element concentrations were measured
using laser ablation-inductively coupled plasma mass spectrometry. Results were interpreted in
the context of information on bulk rock chemistry and relative ages provided by Erickson and
Blade (1963). Modeled fugacity ratios determined from halogen concentrations in apatite
indicated a systematic decrease in both HF and HCI fugacity as the rocks decreased in age, while
REE concentrations indicated that trace element partitioning was strongly controlled by phases in
the individual rock types in the Magnet Cove Igneous Complex. These results suggest that
geochemical evolution in the complex was influenced by both continuous (fractional
crystallization) and episodic (multiple episodes of magmatism from the same parental magma)
processes.

2. Introduction

Carbonatites are igneous rocks that are composed of >50% carbonate minerals. They are,
therefore, unlike all other igneous rocks, which consist almost entirely of silicate minerals. They
are relatively uncommon, with ~330 known occurrences. Carbonatites are typically associated
with silica-undersaturated rocks, and mainly occur as small intrusions surrounded by ring dikes
of silica-deficient rocks (Wooley, 1989).

It has been established that, due to these associations and other geochemical, spatial, and
tectonic signatures, carbonatites are likely the result of high levels of magmatic differentiation.
The mechanisms of differentiation that have been proposed include fractional crystallization,
liquid immiscibility, or partial mantle melting (e.g. Dalou et al., 2009, Gaillard et al., 2008). All
of these processes are supported by various lines of geological evidence, but the mechanism of
formation of carbonatites has not been fully defined.

Analysis of minerals common to carbonatites and associated rocks is one method that
may shed some light onto how igneous systems evolve into a carbonatitic composition. If the
composition of one mineral present in all rock types in a carbonatite-silicate igneous complex
changes throughout the rock types, it may be possible to infer the nature of magmatic evolution
from these compositional variations.

Two such ways of doing so are the use of mineral volatile concentrations to model
changes in fugacities of volatiles in a magma, and examination of trace elemental composition of



a mineral to determine mechanisms of fractionation that may be occurring. Volatiles (halogens
and water, in particular) can exert significant control on the solidus of a magma, and, in systems
with extremely low solidus temperatures like those seen in carbonatites, they may play a major
role in magmatic evolution. By allowing a system to remain liquid over a longer than normal
period (or greater temperature range), high concentrations of volatiles in a magma can affect
processes of differentiation, and allow them to proceed for a longer time than would usually
occur, leading to the extremely differentiated compositions seen in carbonatites. Alternately,
REE can be used to determine sequence of crystallization: changes in relative and absolute
concentrations, along with “kinked” shapes in chondrite-normalized REE plots, can indicate
timing of crystallization, and which crystallizing phases in the rock took in the REE (Walker et
al., 1986).

Apatite is common in the silicate and carbonatite rocks of the Magnet Cove Igneous
Complex (MCIC). It occurs as either a trace or primary phase, ranging in modal abundance from
~1% to 24% through the various rock types. Because of its ubiquity and composition (the
compositional properties of apatite that allow its use in this study are detailed in Section 4), and
its resistance to subsolidus change, it is an ideal mineral to use as a proxy for multiple elemental
systems that can elucidate the manner of geochemical evolution that occurred as the magma that
formed the MCIC differentiated and cooled.

Carbonatites are likely products of extreme magmatic differentiation. Past studies have
shown that these rocks tend to be highly enriched in trace and incompatible elements (for
instance, REE) and volatiles (particularly, halogens). Assuming that the MCIC is representative
of a magma that evolved into a carbonatite, with various rock types representing periods in its
cooling history (Erickson and Blade, 1963), there will be systematic changes in both halogens
and REE throughout the rock types.

2.1 Hypothesis

The magmatic differentiation typical of carbonatite systems will be manifested by an
increase in REE concentration and REE fractionation as the MCIC rocks decrease in age (and
tend more towards a carbonatitic composition), as well as changes in HF and HCI fugacities
between rock types. Based on the high levels of F enrichment seen in carbonatites (up to 15
weight percent (Jago and Gittins, 1991)), and its generally incompatible behavior in magmatic
systems, modeled fugacities will show an increase in HF fugacity as the rocks decrease in age,
with a corresponding decrease in HCI fugacity, also indicating increasing differentiation with
decreasing age in the MCIC rock types.

3. Carbonatites
3.1 Geologic settings and structural features

Carbonatites tend to occur in continental rift settings. They occur almost exclusively as
intrusive complexes, though there are rare carbonatite volcanoes. Carbonatite complexes are
generally a series of ring-shaped silicate intrusions surrounding a carbonatite core (Wooley,
1989). Complexes are small, generally no more than a few km in diameter. There is only one
active carbonatite volcano, Oldoinyo Lengai, which is located in Tanzania. It erupts alkalic
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carbonate lavas at very low temperatures, at times approaching a mere 200° C (Keller et al.,
2010).

Though there are carbonatite occurrences worldwide, there are several regions were
complexes occur in clusters, which generally represent extinct (or, in the case of African
carbonatites, active) rift systems. Notable occurrences are in Brazil, Scandinavia, Africa, and
parts of the United States (including the Arkansas alkaline belt, the location of the MCIC).
(Wooley, 1989)

Carbonatite magmatism is episodic, and has increased in frequency over time, though the
reasons for these patterns are not well understood (Wooley, 1989).

3.2 Mineralogy of carbonatites

Carbonatites are defined as having at least 50% carbonate minerals, but they generally
have much higher percentages (sometimes close to 100%). Characteristic accessory minerals
include oxides (magnetite, rutile), micas (phlogopite), olivine (monticellite), halides (halite,
sylvite, fluorite (which is especially important as a F-bearing phase)), and phosphates (monazite,
apatite). In addition to monazite, pyrochlore is another common REE-rich phase sometimes
present in carbonatites. Apatite is a characteristic accessory mineral in carbonatites, and can be
present as a major phase (several tens of percent).

Carbonatites are generally composed of calcium, magnesium and/or iron carbonates, with
a progression from calcium-rich to iron-rich carbonates, generally following the sequence
CaCO3~> (Ca,Mg)(CO3),~> (Ca,Fe)(CO3),> FeCOg3 (i.e. more evolved magmas will tend to
have more iron carbonates) (Wooley and Kempe, 1989). When specific carbonate minerals (Ca,
Mg or Fe rich) are dominant, rocks are called calciocarbonatites, magnesiocarbonatites, and

Figure 1. Calciocarbonatite from the Oka complex in Canada. Major minerals visible are calcite and biotite.
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ferrocarbonatites, respectively. Carbonatite lavas, as in the case at Oldoinyo Lengai, contain
sodium and potassium carbonates, chiefly nyerereite (Na,Ca(COs),) and gregoryite
((Naz,K,,Ca)COg3). These alkalic lavas are classified as natrocarbonatites, and may represent the
most primitive form of carbonatite magma (Wooley and Kempe, 1989). It is possible that more
natrocarbonatites have erupted in the past, but the highly reactive nature of the minerals in these
lavas causes them to weather extremely rapidly once exposed to atmospheric water, which alters
the erupted carbonate material into hydrated alkaline carbonate minerals such as trona and
nahcolite, as well as calcium-alkali carbonates such as pirssonite and shortite, and even pure
calcite (Zaitsev and Keller, 2006). The presence of these alteration products may disguise the
former existence of these alkali carbonate lavas by obliterating the anhydrous sodium and
potassium carbonates seen in natrocarbonatites, obscuring the original composition and origin of
the rock.

3.3 Incompatible elements

As carbonatites are thought to be products of highly differentiated magmas, they tend to
be enriched in incompatible elements. By the time a carbonatite crystallizes, nearly all of the
common (i.e. those in silicate systems) rock-forming minerals and elements have partitioned into
crystalline phases. The remaining melt is then highly enriched in incompatible elements that
normally exist at trace levels (for instance, REE may be at several weight percent in carbonatite
vs. ppm to ppb levels in a typical silicate rock). Fluorine is perhaps the most important
incompatible element in this study, and it is abundant (up to 15 weight %) in many carbonatites
(Wooley and Kempe, 1989; Jago and Gittins, 1991). Other incompatible elements that are
characteristically enriched in carbonatites are elements from the LILE (Rb, Cs, Ba) and HFSE
(Nb, lanthanides, actinides) groups.

3.4 Rare earth elements

Carbonatites are highly enriched in REE, and generally have the highest LREE:HREE
ratios as well as overall REE content of any igneous rock (Wooley and Kempe, 1989). REE can
exist in carbonatites in high enough concentrations to be of economic importance, and they have
been mined for REE ores in some locations (e.g. Mountain Pass, California).

Minerals rich in REE in carbonatites include apatite, monazite, and pyrochlore. Both
monazite and pyrochlore are REE minerals (REE are an essential structural constituent of the
mineral): monazite is a REE phosphate, and pyrochlore is a REE hydroxide-fluoride.

3.5 Volatiles in carbonatites

Volatiles in igneous systems consist of fluid phases and light elements (halogens, water,
CO,, B, etc.) that are either dissolved in a melt, or exist as a separate, immiscible vapor or liquid
phase in a system. One of the most significant properties of volatiles in magmatic systems is
their ability to significantly alter the solidus of a melt system. Since carbonatites can be highly
enriched in volatiles, this has significant implications for the genesis of rocks of carbonatitic
composition.

Carbonatite melts tend to have very high levels of halogens (fluorine and chlorine) and
very low levels of water (in some cases under 1%). Lavas at Oldoinyo Lengai have been found
to contain up to 15 weight percent fluorine and chlorine (Jago and Gittins, 1991). In intrusive
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carbonatites, volatiles tend to partition into several minerals. Fluorite is a common fluorine-
bearing phase, as are apatite and phlogopite. Phlogopite and, in particular, apatite, are both
important in determining the halogen budget of a magma because they exist as a solution of three
of the most abundant volatiles in igneous systems: F, Cl and OH (H,0). Because of its common
occurrence in many types of igneous rocks and its frequently high abundance in carbonatites,
apatite can be an important tool in determining the changing volatile concentrations in a melt
over its cooling history.

The halogens primarily exist in magmatic systems as HF and HCI, and thus fugacities
calculated for this project were modeled by using elemental halogen content of apatite to
determine HCI and HF fugacities. H,O in carbonatites is primarily partitioned into hydrous
minerals such as micas (usually phlogopite) and apatite, with a lesser amount going into less
abundant minerals such as pyrochlore. The solid solution behavior of apatite may be somewhat
mirrored by that of certain micas, but, due to the effect of Fe/Mg avoidance ratios, halogen
partitioning into micas tends to be more complex, and less reflective of absolute halogen
concentrations in carbonatite magmas without more complete corrections for composition of
micas (Piccoli, personal communication, 2011).

3.6 Petrogenesis of carbonatites

Most proposed mechanisms of carbonatite formation invoke some form of unusually high
levels of differentiation. Parental melts may be derived from very deep partial melting of the
mantle (Dalou et al., 2009, Gaillard et al., 2008). Carbonatites are commonly associated with
silica-undersaturated rocks (Wooley, 1989). Intrusive complexes tend to be concentric rings of
rocks that become progressively poorer in silica inwards, with the cores of the complexes being
the carbonatites themselves, which is the opposite sequence seen in most zoned complexes,
which become more enriched in silica inwards. This spatial relationship and chemical gradation
points to a magmatic evolution of some sort that alters the crystallization products of the magma
over time. What is unknown is exactly what causes this evolution, and what allows it to go to
such an extent that it results in rocks nearly free of silica and almost entirely carbonate. There
are three favored mechanisms by which carbonatites are thought to form: fractional
crystallization, liquid immiscibility, and direct mantle melting. Additionally, assimilation has
been proposed in the past, but has since been ruled out by isotopic differences between
carbonatites and potentially assimilated rocks. However, this highlights the fact that carbonatite
melt systems tend to alter surrounding rocks (producing a type of metasomatism called
fenitization) rather than be altered by connate or meteoric water, which is further evidence that
carbonatite melts are rich in fluid phases/volatiles, as is manifested by the abundance of
fenitization that is seen with carbonatite intrusive bodies (e.g. Andersen and Austrheim, 1991).

Fractional crystallization is an igneous differentiation process in which elements are
systematically removed from a melt at varying rates by crystallizing minerals as a magma body
cools. As common rock-forming elements and minerals crystallize from a melt, the remaining
melt composition will become enriched in incompatible and trace elements. The high
concentrations of such elements in carbonatites may suggest that fractional crystallization is
responsible for the formation of these rocks.

Liquid immiscibility may be a mechanism which facilitates the formation of carbonatites
as well. In this scenario, a magma will separate into multiple fluid phases that cannot mix
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together (in the case of carbonatites, this would likely be due to the formation of an immiscible
carbonate fluid phase rich in halogens and incompatible elements). Buhn et al. (2002) proposed
in that fluid inclusions in quartz in the Okorusu fluorite deposit (and nearby carbonatite) in
Namibia might provide evidence of an immiscible liquid phase present at the time of formation
of the carbonatite.

The mechanism of magmatic assimilation of country rock and/or inclusions is generally
no longer in favor, as it has been shown that little assimilation of carbonate rocks occurs in
parental melts of carbonatites. However, though carbonatites may cause metasomatism around
intrusions (fenitization), they are generally not altered by any inclusion of surrounding rocks.
This may be due to the low temperature of carbonatite melts: xenoliths and wall rocks may not
melt at temperatures where carbonatite magmas exist.

Comparison of Sr isotopic ratios (2'Sr/%®Sr) in carbonatites and other materials
(sedimentary carbonates, strontianites) has been particularly helpful in eliminating assimilation
as a mechanism contributing to the formation of carbonatites. ®Sr/*®Sr ratios in carbonatites
(ranging from 0.7060-0.7065) are consistently lower than those of limestones, limestone
xenoliths within carbonatites, and strontianites (~0.7090-0.7140) (Powell et al., 1962, Hamilton
and Deans, 1963).

4. Apatite

Apatite is a hydrous calcium phosphate that can contain halogens in its crystal structure,
with the formula Cas(PO.)s(F,ClI,OH). The crystal structure of apatite allows extensive
substitutions, so a more general formula for apatite group minerals may also be used:
As(X04)3Zn. It has three endmember compositions based on the solid solution of halogens and
water in its structure (hereafter referred to as volatiles): apatite-(CaF), apatite-(CaCl), and
apatite-(CaOH). Apatite is typically found as an accessory mineral in igneous rocks, and in
biological settings. Igneous apatite generally tends toward the apatite-(CaF) end member
(Piccoli and Candela, 2002), whereas apatite found in biologic settings (e.g. teeth and bones) is
typically apatite-(CaOH). Apatite-(CaCl) is uncommon in most rock types. A fourth type of
apatite, carbonate apatite, occurs when some of the phosphate groups and volatiles are replaced
with carbonate anions. This type of apatite has been seen in carbonatites. Carbonate apatite is
significant in terms of volatile contents because it may lead to measurements of volatiles in
excess of the maximum molar concentration possible as determined by the mineral formula, as
halogens may enter the crystal site for the phosphate group to maintain a charge balance with the
carbonate anion.

4.1 Coupled substitutions

Apatite can take in a variety of elements into its crystal sites, through both regular (i.e.
similar ionic radius, same charge) and coupled (multiple ions substitute to maintain an overall
charge balance) substitutions. For the purposes of this study, coupled substitutions involving
REE were of particular significance (the two most frequent mechanisms are REE®* + Si** -> Ca®*
+ P°*, and REE** + Na'* -> 2Ca?"), but the vast range of compositions of apatite that exist attest
to the ability of the mineral’s structure to accommodate a diverse mix of elements. Many



mineral structures allow for regular substitutions; this is demonstrated by the existence of solid
solution behaviors seen in so many common minerals. Coupled substitutions are less common
among minerals, but are frequently seen in apatite.

4.2 Compositional implications

The solid solution behavior of apatite makes it a valuable proxy for volatile
concentrations in an igneous system at the time of crystallization. Determining the relative
volatile concentrations in apatite may be used to model fugacities of volatile elements in melts.
Determining volatile concentrations in igneous systems is useful because of the significant
control volatiles can exert on the solidus of an igneous system.

REE concentrations are another proxy for geochemical evolution: magmatic systems can
experience systematic enrichment or depletion in REE (all REE, or between the heavy and light
rare earths) as phases crystallize out. Compositional changes that are consistent through apatite
in various rock types may indicate compositional changes in the igneous intrusion that formed
the MCIC at different points in its cooling history. Fractionation of REE, as well as depletion or
enrichment of specific elements, is useful in determining the order in which minerals
crystallized, the abundance of each mineral type, and, ultimately, how the igneous body changed
as it cooled to form the various rock types seen in the MCIC.

5. The Magnet Cove Igneous Complex
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The Magnet Cove Igneous Complex is a series of ring-shaped intrusions located in Hot
Spring County, Arkansas, in the Arkansas Alkaline Belt. It is ~2 km in diameter, and is
Cretaceous in age (~94 Ma) (Erickson and Blade, 1963). The intrusions are emplaced in country
rock consisting of metamorphosed chert (novaculite), and consist of trachyte-phonolite, garnet
pseudoleucite nepheline syenite, biotite ijolite (hereafter referred to as phonolite, syenite, and
ijolite, respectively), jacupirangite, and carbonatite (Erickson and Blade, 1963). Listed below is
a the generalized mineralogy of the rock types sampled for this study (a detailed description of
rock types and their mineralogy is located in Appendix 2).

a) Trachyte-phonolite (MCIC-1): a rock composed primarily of alkali feldspar and
nepheline.

b) Garnet pseudoleucite nepheline syenite (MCIC-2): a silica-undersaturated rock
composed primarily of nepheline and alkali feldspars. It may have other
feldspathoids as well. This sample contains pseudomorphs of euhedral leucite
phenocrysts, which have been replaced with nepheline and feldspar.

c) Biotite ijolite (MCIC-3): a rock composed mainly of nepheline and an alkali-bearing
pyroxene (generally in the aegirine-augite series). This sample also has abundant
biotite.

d) Jacupirangite (MCIC-4): an ultramafic rock composed almost entirely of Ti-bearing
augite and magnetite, with small amounts of nepheline.

e) Carbonatite (MCIC-5): an igneous rock composed of euhedral calcite with apatite,
magnetite and diopside as the primary accessory minerals.

The outer rocks of the complex roughly correspond with being the oldest (earliest
portions of the intrusion), and the inner rocks as the youngest (Erickson and Blade, 1963). Thus,
the concentric zones of the complex can be assumed to be decreasing in age as one moves
towards the core of the complex. The core is composed of a calciocarbonatite that makes up
~1.2% of the exposed rock in the complex (Erickson and Blade, 1963).

Figure 3. Hand samples of the major
silicate and carbonate rocks from the
MCIC (upper left to right: trachyte-
phonolite, jacupirangite, garnet
pseudoleucite nepheline syenite.
Lower left to right: biotite ijolite,
carbonatite).




The MCIC has been the subject of several past studies due in part to the rare rock types,
and to the economic deposits located throughout the intrusions. It has been mined for calcite and
magnetite, and is rich in Ti-bearing minerals. It conforms to the characteristic geometry and
igneous associations of carbonatite complexes (Wooley, 1989) and is thus a useful source of
sampling for geochemical analysis of carbonatites and associated rocks.

6. Models and calculations
6.1 Temperature modeling

For the portion of this study dealing with volatile fugacities, a multi-step calculation
process was required to determine HF and HCI fugacities in various MCIC compositional stages
(represented by the various rock types sampled from the MCIC). First, modeling of the
temperature of crystallization was necessary for fugacity calculations. Temperature modeling
was initially accomplished by calculation of apatite saturation temperatures (AST). AST values
were determined using the models of Piccoli and Candela (1994), Watson (1979), and
Hammouda et al. (2010), depending on the bulk rock composition. The Piccoli and Candela
model was used for silicate rocks with 45-70% SiO, (peraluminous to slightly peralkaline), the
Watson model was used for peralkaline silicate rocks, and the Hammouda model was used for
carbonatites. This was somewhat problematic, as the silicate rocks of the MCIC are highly
peralkaline, and in some cases contain well under 45 weight % SiO,, rendering both the Piccoli
and Candela and Watson models less accurate. This ended up yielding ASTs in the range of
900-1200° C, which were excessively high considering the nature of the igneous system (see
discussion of geothermometry later in this section). Because of this, fugacities for silicate rocks
calculated assuming the high ASTs were several orders of magnitude lower than those calculated
with alternate methods (described later in this section). AST values calculated using the
Hammouda model also were problematic, again yielding fugacity values that were several orders
of magnitude lower than those calculated with alternate temperature derivations (i.e. constant
temperature modeling).

Fugacity ratios of fue/fhoo and fyci/fuao for all rock types calculated with AST models
tended to range from ~1x10™° to ~1x10™*%, which is a much lower range than previously reported
values derived from similar calculations, which were on the order of ~1x10"-1x10® (Andersen

Piccoli and Candela, 1994 (silicate rocks, C=wt %)
26400 x CSiO, — 4800
T(K) =

12.4 X CSi0, — In(CP,05) — 3.97

Watson, 1979 (peralkaline rocks, D=Ky of P,Os)
1.02 x 10*

Hammouda et al., 2010 (carbonatites)

T(K) =

1000

ln(onsmelt) _ 0 0018 X Caomeltz—0.2368(:aome[t+6.6004
0.0034 x CaO0,,,;, — 4.9036

Figure 4. Equations used to calculate AST. 11



and Austrheim, 1991).

An alternate approach is to assume the temperature to be constant throughout all rock
types. A temperature of 700° C was used (determined from information provided by Howard
and Eby, personal communication, 2010), which yielded more reasonable fugacity ranges (from
~1x10° to ~1x1078, assuming the Andersen and Austrheim range of values to be applicable).
This assumed temperature is corroborated by past oxygen isotope geothermometry on various
minerals from several carbonatite complexes, including the MCIC, which yielded temperatures
of 700-760 C for the MCIC (Haynes et al., 2003).

6.2 Pressure conditions

Pressure assumptions were also needed for fugacity calculations. Pressure was assumed
to be 700 bars, based on calculation of original emplacement depth through exhumation rates
(Howard, personal communication, 2010, and Eby, personal communication, 2010).

6.3 Fugacity modeling

HF and HCI fugacities were calculated using equations derived by Piccoli and Candela
(1994). The variables required for the calculations were temperature, pressure, and mole fraction
ratios of apatite end members (apatite-(CaF)=FAp, apatite-(CaCl)=CAp, apatite-(CaOH)=HAp).
Temperatures and pressures were determined using the methods and sources described above.

Calculated fugacities of HF and HCI showed a systematic decrease from the outer, older
rocks of the MCIC to the youngest, innermost rocks (carbonatite). The initial hypothesis for the
project stated that a systematic decrease in HCI fugacity would be accompanied by an increase in
HF fugacity. However, calculated fugacities both decreased as the rocks decreased in age
(toward the core), with HF fugacities decreasing at a more rapid rate than HCI. These patterns
were seen when a constant-temperature model was considered (variations in temperatures and
the merits of assumed temperature ranges used in models are discussed in the previous section),
wherein the AST of the complex was assumed to be constant throughout all rock types at 700° C.

Ap

aq
fuc Xcap 1
aq - Ap 25358 0.0303x(P—1)
fryo Xyap — 10004661+=F »
Ap
aq
HF _ XFAP 1
aq  — _Ap +.5301.1_0.0036x(P—1)
H,0 XHAp 10018219+==7——+ T

Figure 5. Fugacity ratio model equations (from Piccoli and Candela, 1994).

7. Results: MCIC apatite geochemistry

Composition of apatite from the MCIC rocks varies significantly between each rock type,
however, there are certain compositional properties that are consistent throughout the samples.
Apatite from all rock types tended to be high in Sr, Si, and S, and very low in Cl, generally near

12



or below the detection limit (~0.001 mole percent). All are enriched in LREE, though the degree
of enrichment varies through the rock types (discussed below).

MCIC-1 1o MCIC-2 lo MCIC-3 1o MCIC-4 1o MCIC-3A |1o MCIC-5B |1o
F 2.871 0.686 3.442 0.354 1.517 0.111 2.148 0.152 1.079 0.13 1.02 0.11
cl 0.011 0.005 0.005 0.004 0.013 0.005 0.023 0.009 0.01 0.01 0.01 0.00
Na20 0.059 0.053 0.127 0.069 0.025 0.042 0.033 0.036 0.083 0.13 0.06 0.03
FeOD 0.498 0.43 0.109 0.14 0.035 0.041 0.202 0.454 0.036 0.04 0.03 0.03
P205 40.211 0.781 40.959 0.859 40.459 0.883 359.907 1.016 37.71 147 37.86 0.80
503 0.302 0.251 0.016 0.012 0.262 0.046 0.666 0.581 0.99 0.21 1.10 0.15
Sr0 0.208 0.205 3.111 0.833 0.635 0.244 0.68 0.061 0.289 0.03 0.30 0.03
MnO 0.055 0.04 0.101 0.051 0.026 0.028 0.032 0.031 0.014 0.02 0.01 0.03
5i02 0.447 0.778 0.064 0.202 0.261 0.133 0.622 0.626 0.82 0.76 1.41 0.29
CaO 53.893 1.543 53.329 1.423 54.912 0.872 54.221 1.055 54.633 0.68 53.33 0.89

Figure 6. Table of average major element concentrations in apatite from all MCIC samples

7.1 Trace elements

The focus of the trace element analysis was to determine REE content in apatite in orfer
to evaluate differentiation. REE have been used as a proxy for geochemical evolution of
magmas (Walker et al., 1986). Enrichment in REE is characteristic of carbonatites, including
those of the MCIC (Wooley, 1989). Systematic changes in REE concentrations in apatite from
various rock types of the MCIC may correspond with particular modes of geochemical evolution.
A progressive enrichment in REE from the oldest to youngest rocks may indicate a fractional
crystallization origin, while differing concentrations that correspond with location (though, with
the MCIC, trends in composition tend to follow the same path in both locational and temporal
contexts) may indicate multiple episodes of magmatism from a parental source, rather than a

100000
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o
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10 === Carbonatite
1
la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 7. Chondrite-normalized REE showing abnormal kinks within LREE for apatite in all MCIC rock types.
(values=averages of all apatite analyses in each rock type)
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single cooling body.

REE concentrations were evaluated in apatite from 4 of the 5 MCIC rocks (phonolite,
ijolite, jacupirangite, and carbonatite). The syenite sample was extensively altered, and, though
it was possible to analyze grains using EPMA, the grains were too small for reliable ICP-MS
analysis. Bulk chemical composition of the phonolite is similar to that of the syenite (Erickson
and Blade, 1963), and so the syenite apatite compositions can be reasonably assumed to be
similar to those in the phonolite, thus effectively representing all compositions within the MCIC
sample types.

MCIC-1 51974 6620.5 58595 7.8505
MCIC-4 14027 2299.6 16327 6.0998
MCIC-3 1727.6 1010.9 2738.5 1.7090
MCIC-5avg 10238 544.80 10782 18.792

Figure 8. Average REE concentrations for apatite in MCIC rocks (ppm). Rocks listed in order of decreasing age.

Trace and REE concentrations were analyzed using LA-ICP-MS, and yielded total REE
concentrations (sum of all REE from La-Lu) ranging from ~500 ppm to multiple weight percent.
Erickson and Blade (1963) reported whole-rock La concentrations in all MCIC rocks ranging
from ~0.000n-0.n (n=1-9), so it can be plausibly assumed that total REE within the rock types
were likely within the same measured order of magnitude concentration as those reported for
whole-rock concentrations. There were a few exceptions, notably the whole-rock La
concentration of the ijolite; however, analyses of REE-bearing mineral separates from this rock
type yielded concentrations of >10% La in most cases. As modal abundances of these high-La
minerals in the ijolite were >20% (Erickson and Blade, 1963), it is reasonable to assume that
there is an appreciable concentration of REE within the whole rock. Assuming these
concentrations, REE in apatite (total concentration as well as LREE/HREE fractionation) can be
realistically assumed to be a function of other REE-bearing phases within the rock type.

7.1.1 REE in apatite in specific rock types and influence of mineralogy on
concentrations

Trachyte-phonolite: REE-bearing phases in this rock include garnet, titanite, and apatite,
with apatite and titanite being the two most abundant minerals in the phonolite (~1 modal %
each). Apatite analyzed from the phonolite had the highest REE concentrations (LREE, HREE
and total REE) of any of the rock types. Erickson and Blade (1963) considered the phonolite to
be one of the oldest of the MCIC rock types, and by their logic (assuming geometry of the
complex is correlated with relative age), the phonolite was the oldest rock type analyzed for REE
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as part of this study. Thus, it may be possible that these high REE concentrations are reflections
of an initially REE-rich magma that has undergone little fractionation due to
cooling/crystallization.

Jacupirangite: The jacupirangite contains a large number of REE-bearing phases, the
most abundant being apatite, garnet, perovskite and titanite, indicating that REE fractionation
may not have occurred on a significant level if the magma had undergone cooling and fractional
crystallization (or if another episode of magmatism feeding from the same original magma
source had occurred). REE concentrations in apatite were still lower than those in the phonolite
(total REE ppm was lower by a factor of ~5). REE-bearing phases make up >10% of the
jacupirangite, however, which suggests that whole-rock REE concentrations may be similar to,
or even greater than, those of the phonolite.

Biotite ijolite: REE concentrations in apatite within the ijolite were significantly lower
than those of the jacupirangite, by a factor of ~8 within LREE, HREE and total REE. This is
likely due to very high abundance of garnet in the ijolite (~20 modal %), which likely led to the
majority of REE partitioning into garnet. Apatite and perovskite are also present, however, both
of these minerals exist at a modal abundance of ~2% each. Thus, REE may still be high in the
total rock, but much lower in the apatite due to the presence of abundant garnet.

Carbonatite: The main REE-bearing phase in the carbonatite is apatite, with lesser
amounts of perovskite. REE concentrations in apatite as measured by LA-ICP-MS show a sharp
increase in comparison to the older rock, the ijolite (as considered by Erickson and Blade, 1963).
This may be due to the lack of significant amounts of other phases that take in REE. The
LREE/HREE ratio was the highest of all the rock types, which is a chemical signature common
to carbonatites (Wooley, 1989).

Considering this, it appears that whole-rock REE concentrations are high throughout all
MCIC rock types, but there is nonetheless some decrease overall from the oldest to youngest
rocks. The overall high concentrations throughout all rock types indicate that the original source
magma for all MCIC rocks was high in REE, and, in spite of the variations in phase abundances
within the rock types, it is likely that the differing REE concentrations (and LREE/HREE ratios)
may indicate some type of progressive differentiation as well.

7.2 Volatiles

Volatile contents of apatite were determined using EPMA. F and Cl were measured
directly, and OH content was calculated using stoichiometric relationships. Fluorine content of
apatite decreased, and OH increased, from the outer to inner units of the MCIC (as the rocks
decreased in age). Apatite was assumed to be the main F-bearing phase, minimizing the need to
consider other minerals when considering F partitioning within the MCIC rock types. This was
confirmed by EPMA analysis of biotite contained within the ijolite sample (since micas, as the
main hydrous phase in the MCIC rocks other than apatite, could potentially take in halogens in
solution with H,O). Biotite analyzed showed F and CI levels at or below detection limits. CI
levels were close to the detection limit in apatite, as well, indicating that the system likely
contained low levels of Cl overall. The F content in apatite varied from 3.44 to 1.02 wt%, with a
systematic decrease in F content as the rocks decreased in age.
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7.2.1 Fugacities

Fugacity ratios for HF and HCI (average values shown below) were based on F and Cl
concentrations in apatite composition (determined by EPMA analysis for F and Cl concentrations
in apatite, and using stoichiometry (for the OH concentration), assuming a filled halogen site).
The fugacities calculated ranged over ~2 orders of magnitude, and showed a systematic decrease
in both HF and HCI fugacity as the rocks decreased in age (marginal rocks to core rocks).
fur/fuoo ratios started at the same order of magnitude as the fyci/fizo ratios, but decreased more
rapidly from the oldest to youngest rocks of the MCIC. fue/fio and fuci/fuzo values both
averaged around 1x10~ for the syenite and phonolite. In the jacupirangite, fici/fioo was ~1x107,
and fue/fioo Was ~1x10°. There was an additional order of magnitude decrease in both fugacity
ratios in the ijolite and carbonatite, with an order of magnitude difference between fur/fi20
(1x107) and fuci/fizo (1x10°°). Overall, this represented an overall drop of 1 order of magnitude
in the fuc/fu2o ratios from the oldest to youngest rocks, and an overall drop of 2 orders of
magnitude in fue/foo as the rocks decreased in age. Though this second drop disagrees with the
hypothesis (decreasing fuci/fuzo Will be accompanied by increasing fue/f20), both of these trends
in fugacities may represent an overall systematic change in volatile concentrations in the magma
over time, as the rocks of the MCIC formed.

fua/frao fur/frao

MCIC-2 (Syenite) 2.6E-05 1.6E-05
MCIC-1 (Phonolite) 3.3E-05 1.6E-05
MCIC-4 (Jacupirangite) 1.4E-05 1.6E-06
MCIC-3 (ljolite) 5.7E-06 8.1E-07
MCIC-5A (Carbonatite) 2.9E-06 5.0E-07
MCIC-5B (Carbonatite) 3.2E-06 4.5E-07

Figure 9. Average fugacity ratios for MCIC rocks.
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8. Methods
8.1 Petrography

Six thin sections were made from the five sampled rock types (two sections were made
for the carbonatite, due to heterogeneous distribution of minerals within the sample), and were
examined using a petrographic microscope to identify phases and determine petrographic
relationships.

Initial phase identification
was performed to confirm mineral
presences listed by Erickson and
Blade (1963). Phase identification
also served to locate appropriate
crystals for subsequent EPMA
analysis. Maps of all sections were
created, and later modified to
include information and new
identifications  gathered  from
EPMA work.

Particular care was taken to
identify variations in apatite crystal
habit, presence of inclusions (or
the existence of apatite as an :
mCIUSIOn)’ and proximity to other Figure 10. Thin section of jacupirangite showing varying morphologies of

hydrogs minerals (due to the apatite (elongate, equant hexagonal), indicating multiple populations of apatite
potential for halogen exchange).  within the same rock type.

Nearly all of the rock types
possessed multiple populations of apatite, which were distinguished by bimodal (or, in some
cases, more) distribution of typical habits and associations.

8.2 Electron probe microanalysis

Apatite was analyzed for major and minor element composition using a JXA-8900
SuperProbe. Backscatter electron imaging was used to identify phase relationships, followed by
energy dispersive spectroscopy and wavelength dispersive spectroscopy to identify phases by
chemical composition and measure elemental concentrations, respectively. The following
analytical conditions were employed: an accelerating voltage of 15 kV, beam diameter of 10-20
um, and a cup current of 10 nA. Betweenl10 and15 apatite crystals were analyzed per sample,
and other phases (biotite and kimzeyite) were also analyzed in select samples. Apatite was
chosen based on petrographic observations of apatite habits and phase relationships. Standards
used are listed in Appendix 11.
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8.3 Laser ablation-inductively coupled plasma mass spectrometry

Apatite from five thin sections (phonolite, ijolite, jacupirangite, and two carbonatite
sections) was analyzed for trace element composition using laser ablation-inductively coupled
plasma mass spectrometry (LA-ICP-MS). Between 5 and 12 grains were analyzed using a single
collector Element 2 ICP-MS. Analytical conditions were: a laser beam width of between 55 and
6 um (spot size or line width) and laser pulse frequency of 7 Hz. Elements analyzed on the LA-
ICP-MS were Sc, Ti, V, As, Se, Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er,
Tm, YD, Lu, Hf, Ta, Pb, Th, and U. Measurements were normalized to Ca. Standards used are
listed in Appendix 11.

Figure 11. BSE sample images: Upper left: carbonatite with apatite in calcite, upper right: enlarged image of
the same carbonatite containing apatite in calcite with magnetite and apatite inclusions, lower left: apatite within
diopside and unknown Ca-Al silicate with perovskite reaction rim, lower right: elongate apatite within diopside
with magnetite and ilmenite at lower right portion of apatite crystal.
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9. Limitations and assumptions

A variety of issues could have potentially presented complications for the successful
completion of this project. As part of this work, | assumed that diffusion of the volatiles within
apatite, and between volatile-bearing phases, did not change since the crystallization of these
phases, and that the volatile concentrations are indicative of those upon crystallization of the
phase. It has been reported in the literature (Stormer et al., 1993) that there is difficulty in
making accurate measurements of volatile concentrations in apatite, and that measured
concentrations are, in part, a function of crystallographic orientation (anisotropy) of the apatite.
Several of the more salient issues will be dealt with below.

9.1 Halogen diffusion

Detailed petrography of the samples in thin section allowed determination of phase
relationships. In many rocks, minerals contain crystalline inclusions, melt inclusions, and fluid
inclusions. The first type of inclusion may potentially be problematic if it is apatite within
another mineral that shares certain chemical characteristics. If apatite is included in another
mineral that also takes in volatiles, there may be a diffusion relationship between the two that has
altered the original F/CI/OH ratio that existed at the time the apatite formed. For the MCIC
rocks, the primary culprit in this issue is phlogopite, another phase common in carbonatites that
can take in fluorine, chlorine and water. If diffusion has occurred between the apatite and host
phlogopite crystal, then the halogen measurements in that apatite are not reliable indicators of the
conditions in the magma at the time the apatite crystallized.

To address this problem, apatite inclusions within minerals that cannot have diffusion
relationships (i.e. minerals that do not contain volatiles) were be analyzed for halogen content,
and these measurements were compared with those of minerals like phlogopite.

9.2 Crystal anisotropy effect on EPMA measurements

EPMA analysis was the primary mode of measurement of volatiles in apatite. In some
cases, the particular orientation of apatite plays a role in the apparent chlorine and fluorine
concentration (Stormer et al., 1993). If apatite in a thin section is oriented such that its c-axis is
perpendicular to the section, the electron beam from the analyzer may cause anisotropic diffusion
of F from the beam on the crystal. This effect is a function of time the beam interacts with the
sample. Steps were taken to reduce these effects, including: analyzing the volatiles first in the
analytical protocol; using a low cup current (10 nA), and using a wide beam (10-20 pum).

9.3 Accuracy, precision, and error analysis

To address accuracy and precision for analyses from the EPMA, standard X-ray counting
statistics were employed to evaluate the uncertainty due to counting statistics. Replicate
measurements were made on select samples (where possible) to determine the precision of the
analyses. Secondary standards (e.g. synthetic apatite) were measured as unknowns to assess the
accuracy. In all cases, standard error propagation techniques were employed.

Accuracy and precision for LA-ICP-MS analysis were accounted for similarly to the
methods used for EPMA analysis. Some crystals were subjected to multiple analyses to
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determine precision of analysis, and standards were used to assess accuracy. A list of standards
used for EPMA and LA-ICP-MS analysis is provided in Appendix 11.

10. Discussion and conclusions

Geochemical data from apatite from the MCIC yielded information about changes in
halogen fugacity and fractionation of REE through the cooling history and differentiation of the
magma that ultimately formed the MCIC. Overall, fugacities (represented by fyr/fuoo and
fuci/fu2o) for both HF and HCI decreased from the older to younger rocks of the MCIC,
representing a gradual decrease in HF and HCI concentrations over the time the MCIC formed.
The fue/fuoo decreased at a more rapid rate than the fuci/fuoo values. This is in disagreement
with the original hypothesis, which stated that fyr/fi2o0 Would increase, while fyci/fu2o would
decrease.

The trace element concentrations in apatite varied significantly between rock types.
LREE, HREE and total REE concentrations were initially very high in the oldest rock (totaling
several weight percent), and decreased as the relative ages of the rocks decreased, up until the
youngest rock type, the carbonatite. The transition between the silicate and carbonate rocks was
characterized by a sudden jump in REE concentrations in apatite. Apatite and whole-rock REE
concentrations were compared to determine if the values seen were due to mineral fractionation
(fractional crystallization, i.e. changing magma composition over time), changes in mineral
partitioning (constant source magma over time, with or without multiple separate episodes of
magmatism), or both.

However, when considering whole-rock REE along with phases present in rock types, it
is important to note that REE levels appear to be fairly high throughout all the rock types, with a
similar concentration of total REE partitioned into various minerals, depending on the rock type.
This may indicate a high-REE magma with concentrations that persisted throughout the cooling
of the magma, and were reflected in whole-rock information combined with modal abundances
of all REE-bearing phases in the MCIC rocks.

REE concentrations in apatite appear to be mainly a function of its abundance in
comparison with other REE-bearing minerals in each rock type. All rocks in the MCIC have a
fairly high level of REE, at least in the hundreds of ppm (Erickson and Blade, 1963). However,
phases that can contain REE vary significantly between rock types. The primary phases in the
MCIC that contain REE are apatite, perovskite, titanite, and garnet (the MCIC is the type locality
of kimzeyite, a Ti-rich garnet that can take in unusually high levels of REE). Modal abundances
of these minerals vary significantly between the rock types. All rocks contain appreciable
apatite, as well as fairly abundant perovskite (between ~1 and 24 modal percent and < 1 modal
percent, respectively). Garnet abundance varies significantly, with silicate rock types containing
up to 20% garnet. Of note is the fact that in the carbonatite, the only phase present at significant
levels that contains REE is apatite. Unlike the silicate rocks, REE in the carbonatite are forced to
partition nearly exclusively into apatite, which is the likely cause of the sudden increase in REE
concentrations in apatite in the carbonatite. This overall pattern of decrease (as well as the
sudden increase in the carbonatite, possibly) suggests that there may be some type of fractional
crystallization that occurred, that gradually depleted the magma of REE. The initial
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concentrations of REE in apatite in the phonolite, the oldest rock, were high even in comparison
with those in the carbonatite. This, coupled with the fact that apatite is essentially the only REE-
bearing phase in the carbonatite, suggests that initial REE levels in the earliest stages of
crystallization of the MCIC were higher (>50,000 ppm in the apatite alone), and decreased due to
fractionation until the whole-rock concentration was much lower (as may be reflected by the
REE concentrations in the carbonatite apatite, which are ~10,000 ppm).

Overall, it is likely that the formation of the MCIC was complex, and involved more than
one mechanism of differentiation. Information gathered from apatite distributed throughout the
MCIC suggests both fractional crystallization and a constant-source magma that may have
periodically recharged the shallow intrusion chamber that makes up the bulk of the MCIC rocks.
Fugacities and REE concentrations in apatite indicate that some long-term fractionation of a
single magma occurred, while comparison of whole-rock REE concentrations, abundance of
REE-bearing phases including apatite, and REE within apatite from each rock type indicates that
a single, parental magma may have recharged a shallower magma chamber and crystallized out
at various times. However, the fact that major elements do vary significantly in whole-rock data
from the MCIC rock types, it is unlikely that this process was particularly dominant. The MCIC
likely formed from differentiation of magma in a shallow intrusion that was periodically
recharged with minor amounts of a parental magma from a deeper source.
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Appendix 1

List of figures

Figure 1. Image of calciocarbonatite from the Oka complex, Quebec.
Figure 2. Geologic map of the Magnet Cove Igneous Complex, Arkansas.

Figure 3. Hand samples of major silicate and carbonatite rocks from the Magnet Cove Igneous
Complex.

Figure 4. Equations used to calculate apatite saturation temperatures in rocks of various
composition (Piccoli and Candela, 1994, Watson, 1979, Hammouda et al., 2010).

Figure 5. Equations used to model halogen and water fugacity ratios based on halogen and
water content of apatite (Piccoli and Candela, 1994).

Figure 6. Average major element concentrations in apatite from Magnet Cove Igneous Complex
samples.

Figure 7. Chondrite-normalized average REE concentrations in apatite from Magnet Cove
Igneous Complex samples.

Figure 8. Average REE concentrations in apatite from Magnet Cove Igneous Complex samples.
Figure 9. Average fugacity ratios for Magnet Cove Igneous Complex rocks.
Figure 10. Thin section image of jacupirangite showing multiple apatite populations.

Figure 11. Selected BSE images of minerals analyzed using EPMA.
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Appendix 2
Magnet Cove Igneous Complex sample mineralogy (detailed)
Phases identified through use of EPMA are in bold.

Trachyte-phonolite: Feldspar (sodic orthoclase, albite/andesine), nepheline, analcime, sodalite,
pyroxene (diopside-hegenbergite, aegirine-diopside), biotite, garnet, hornblende, titanite,
magnetite-ilmenite, pyrite, pyrrhotite, apatite, fluorite

Garnet pseudoleucite nepheline syenite: Pseudoleucite (myrmeketic orthoclase and nepheline),
feldspar (sodic orthoclase), Ti-garnet, pyroxene (diopside-hedenbergite, aegirine-augite), apatite,
nepheline

Carbonatite: Calcite, Nb-perovskite, kimzeyite (Zr-garnet), apatite (residual and primary),
magnetite

Jacupirangite: >50% pyroxene, magnetite-ilmenite, apatite, biotite, titanite, garnet, perovskite
Biotite ijolite: Nepheline, pyroxene (diopside), Ti-garnet, apatite, biotite, magnetite

All data is from USGS Professional Paper 425 (Erickson and Blade, 1963)
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Appendix 3

Simplified geologic map of the Magnet Cove Igneous Complex with sample locations (after
Ausburn, 2006)

0 250 500 1,000 1,500 2,000
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1) Trachyte-phonolite (sample location coordinates: 34.45376, -92.85434)

2) Garnet pseudoleucite nepheline syenite (sample location coordinates: 34.45530, -
92.88400)

3) Biotite ijolite (sample location coordinates: 34.45248, -92.86485)

4) Jacupirangite (sample location coordinates: 34.46941, -92.84909)
5) Carbonatite (sample location coordinates: 34.45753, -92.87541)
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Appendix 4

MCIC Sample Bulk Chemistry (Data from Erickson and Blade, 1963)
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3.3655
3.3504
3.2827
34641
3.2636
29985
3.4058
34071
31922
3.2691
31517
3.0270
31924
31939
28831
29082
29118
3.0602
29838
3.0147
3.0000
3.0559
3.1827
34676
29585
37431

0.0111
0.0102
0.0019
0.0078
0.0126
0.0147
0.0205
0.0123
o
0.0135
0.0127
0.0182
0.0176
0.0139
0.0095
0.0099
0.0104
0.0159
0.0156
0.0108
0.0009
0.0055
0.0123
0.0092
0.0047
0.0075

Appendix 5

Elemental concentrations in MCIC apatite (All values listed as weight %)

MCIC-1 (Trachyte-phonolite)

0.0097
0.0310
0.1187
0.0560
0.0319
0.0308
0.0375
0.0754
0.0601
0.0923
01209
0.1803
0.0110
01774
0.0z242
0.0078
01143
0.1565
0.0575
0.0297
0.0000
01151
0.1213
0.0240
0.0468
0.0568

1.2072
0.5775
0.7264
0.3420
0.2508
0.3758
0.4259
1.4502
07171
1.0102
049773
0.7384
1.8370
0.3023
0.3783
0.6635
0.4158
0.3478
0.1902
0.1652
0.4620
0.3545
0.5361
0.6346
0.3052
0.4202

400234
40.2771
39.8331
387836
38.3385
41.0379
40.5337
39.5317
35.45593
39.3146
39.6265
37.6408
396815
40.3456
409025
40.8918
41.1053
41.2827
40.1881
40.2880
40.6589
40.4450
40.7071
40,0226
40.3702
40.1894

07752
0.4766
03141
0.2094
0.1149
0.1441
0.0898
0.7801
0.0103
0.4109
0.6184
0.3703
12778
0.23590
0.1621
0.3519
0.1950
0.1706
0.1868
0.1049
0.2319
0.1796
0.2887
0.1967
0.1154
0.1824

0.1973
0.2152
0.0726
0.0549
0.1485
0.1725
0.1459
0.0870
0.0367
0.1257
0.0687
0.0238
0.0535
0.0565
0.0772
0.0996
0.1110
0.1292
0.1308
0.1090
0.0917
0.1354
0.1949
0.1253
0.1374
0.1457

0.4894
0.5458
0.6471
06225
0.1337
0.0928
0.3901
0.2251
0.5542
04715
0.7048
45792
0.5059
0.3167
0.0118

0.0696
0.2928
0.1859
0.2890
0.2745
0.2550
0.4513
0.1864
0.2857

CaO
542812
54.4559
532162
540259
56.5269
57.0312
56.9186
555489
545213
53.6560
52.8831
50.2300
52.4256
53,6955
54.4503
55.2033
547921
53.201%
51.1073
51.8274
52.6202
51.9003
53.5622
52.8099
532192
54.0632

0.1597
0.2659
0.6529
0.8027
01331
0.1504

0.4143
0.7051
0.5652
0.9002
04519
0.8143
05239
0.1603
0.3468
0.2643
0.3155
0.4027
0.3058
0.5932
07676
0.4102
0.5581
0.5592
0.4619
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Ce203
03115
0.3448
10571
15268
0.2098
0.0944
0.2703
06793
12778
10573
13359
12237
1.2630
1.0367
0.3396
0.7597
0.6046
0.7889
07077
0.8335
09517
06718
0.5127
06117
0.4597
1.0443

Pr203
0.0326
0.0160
0.1692

0.1937

0.1289
0.3779
0.2257
0.3709
0.0160
0.08838
0.0812
0.1949
0.3406
0.0000
0.1439
0.2313
0.1995
0.0955
0.0559

0.0153

Nd203
0.2183
0.2627
0.4339
04736
0.2627
0.2029
0.1536
0.2021
0.4636
0.2468
05135
0.2580
0.4408
0.4076
0.1247
0.0895
0.1871
0.2404
0.2056
0.3325
0.3369
0.2538
0.1359
0.3708
0.1613
0.1902

Sm203 Total

0.0893

0.1174
0.0647

0.0854

0.1345
0.1057
0.0443
0.2569

0.0999
0.055%9
01238

997472
99.6558
952553
959365
98.1935
101.3400
101.1422
101.2426
100.0808
99.1627
100.0179
97 4791
100.3543
9514232
98.6371
100.5829
99.5375
99.0052
955564
96.2256
98.1061
96.9311
98.6475
979833
97.4004
994751

Comment

MCIC-1 Phonelite Grain #2 core
MCIC-1 Phonelite Grain #2 core
MCIC-1 Phonolite Grain #2 rim
MCIC-1 Phonolite Grain #2 rim
MCIC-1 Phonolite Grain #4 core
MCIC-1 Phonelite Grain #4 core
MCIC-1 Phonelite Grain #4 rim
MCIC-1 Phonolite Grain #4 rim
MCIC-1 Phonolite Grain #5 small

Line 1 MCIC-1 Phonolite Grain #6 Trav
Line 2 MCIC-1 Phonolite Grain #6 Trav
Line 3 MCIC-1 Phonolite Grain #6 Trav
Line 4 MCIC-1 Phonolite Grain #6 Trav
Line 5 MCIC-1 Phonolite Grain #6 Trav
MCIC-1 Phonolite Grain #8 Core
MCIC-1 Phonolite Grain #8 Core
MCIC-1 Phonelite Grain #8 Rim
MCIC-1 Phonelite Grain #8 Rim
MCIC-1 Phonolite Grain #9 Core
MCIC-1 Phonolite Grain #9 Core
MCIC-1 Phonolite Grain #9 rim
MCIC-1 Phonolite Grain #3 rim
MCIC-1 Phonelite Grain #10 Core
MCIC-1 Phonolite Grain #10 Core
MCIC-1 Phonolite Grain #10 rim
MCIC-1 Phonolite Grain #10 rim



MCIC-2 (Garnet pseudoleucite nepheline syenite)

FeO P205 503 i F: La203 Ce203 Pr203 Nd20: Comment
31468 0.0006 0.0836 01143 41,0077 00083 36602 00567 51.8036 o 0.2855 0.1270 0 0 98.9704 MCIC-2 Syenite Grain #1
34227 00035 0.0086 0.0415 409631 00109 21194 0.1400 532738 0.3602 0.6504 0.0399 0.2115 o 95.8036 MCIC-2 Syenite Grain #2
33218 0.0037 0.1694 0 407763 00425 38718 01082 514195 0.3858 0.6692 0.2241 0.0589 0.1163 997681 MCIC-2 Syenite Grain #3
33072 0.0140 01727 00746 389950 00254 37926 0.1686 514524 0.1055 0.5498 o 0 0 97.2621 MCIC-2 Syenite Grain #4
3.8811 0.0040 0.0847 0 416350 0.0110 22186 0.1052 548759 o 0.4553 o] 0.1474 0.1367 101.7198 MCIC-2 Syenite Grain #5
29614 0.0023 01441 00249 412017 00283 35283 0.1588 o 541619 03073 0.5559 o 0.0442 0.0885 1019601 MCIC-2 Syenite Grain #6
3.2440 0.0047 0.0832 0.0992 401091 00106 27447 0 0.6397 536820 10238 1.2814 0.0081 0.1028 0 101.6663 MCIC-2 Syenite Grain #7
3.3084 0.0045 0.0865 0.0249 419305 00032 16915 0.0859 0 55.7378 0.0B82 0.0673 o 01181 o 101.7531 MCIC-2 Syenite Grain #8
37015 0.0088 0.2143 02809 414123 00049 37503 00710 0 538488 0.1750 0.2004 0.1279 0.0050 0.2364 102.4775 MCIC-2 Syenite Grain #9
41220 0.0039 0.2241 04294 415631 00146 37343 01182 0 5323536 0.3499 0.6935 o 0.0450 0.1201 1029191 MCIC-2 Syenite Grain #10
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MCIC-3 (Biotite ijolite, part 1)

cl Na20 FeO P205 : La203 Ce203 Pr203 Nd203 5m203 Total Comment

1.4931 00135 o o 409495 0.2669 05902 o 0.3075 55.3643 o o 0.0159 o 0.1169 98.4862 MCIC-3 Aptl core
1.4555 0.0141 o 0 408582 02384 06002 00394 02955 549016 0 0.0610 0.1860 0.0200 00568 981107 MCIC-3 Aptl core
1.3798 0.0067 0.0412 0 406341 02371 06438 00247 02164 539293 02854 01907 o 0.0099 00938 971105 MCIC-3 Aptl Rim adj pyx
1.5849 00121 00067 o 404018 02181 06668 00704 0.2458 534366 0 o o o o 95.9743 MCIC-3 Aptl Rim adj pyx
1.6624 00131 00200 00672 406923 02447 06003 0 0.2464 53.8493 1] 0 o 0.0649 0 96.7577 MCIC-3 Aptl Rim adj CaAlsi
1.5705 0.0147 00267 00587 407482 02599 0595 00481 02994 549143 00443 00746 0.0891 0.0349 o 981149 MCIC-3 Aptl Rim adj CaAlsi
1.5321 00154 00105 00084 406306 02872 0559 0.0245 0.2368 54.2503 o o 0.2430 0.0397 0.1098 97.3089 MCIC-3 Apt2 Core
1.5243 00131 00306 o 410073 0.2569 05548 0.0326 0.3276 537313 0.3024 o o 01441 o 97.2802 MCIC-3 Apt2 Core

1.546 0.0156 o 0 410515 02395 0.5901 0 0.2353 541524 0 0 o 0 0.1953  97.3713 MCIC-3 Apt2 Rim adj pyx
1.4876 00171 00334 00837 407086 02537 05634 00215 02248 538982 00176 0.1695 0.0728 0.1043 0 97.026 MCIC-3 Apt2 Rim adj pyx
1.6474 00111 o 00670 405612 0.2259 05421 o 0.3211 543794 0.0176 0.1354 o 0.164 o 973762 MCIC-3 Apt2 Rim adj CaAlSi
1.6133 00111 o o 4078 02288 05316 0 0.3729 543851 0 0.0948 0.0403 0.0247 00773 97.4782 MCIC-3 Apt2 Rim adj CaAlsi
1.5672 D.0126 o 00502 401696 02763 06576 00510 03847 550325 0.2932 0 0.0486 0.1043 0 97 9858 MCIC-3 Apt3 Core
1.5084 0.0186 o 0.0084 40.113 0.2507 0.6466 0.0351 0.3155 556027 0 0.0745 o 0.0149 o 97.9492 MCIC-3 Apt3 Core

1.611 0016 00331 00168 405952 02665 05103 0 0.2594 55115 0.1424 02167 o 0 00488 981553 MCIC-3 Apt3 Rim
1.6051 0.0099 o 0 405739 03245 05378 00394 03314 558738 0.0624 0 0.0811 0.0746 00202 988562 MCIC-3 Apt3 Rim
1.7265 00133 00029 00754 404098 02424 06242 0 0.3662 559732 0 o o 0 00202 987243 MCIC-3 Aptd Core

1.639 0.0086 o 00419 404821 0.2753 05521 00344 02769 560863 0.1776 o o 0.0447 0.0366 98.9735 MCIC-3 Apt4 Core
1.6317 00144 00191 01088 40604 02861 05319 00351 03587 562757 02224 0 o 0 0 99.3979 MCIC-3 Aptd Rim
1.5899 0.0161 o o 406338 02814 05492 00221 03953 563447 0.0091 o 0.0889 o 01383 993959 MCIC-3 Aptd Rim
1.8022 00005 00362 o 41.473 01582 24773 o o 55.3067 0.0533 0.0812 o o o 100.6296 MCIC-3 Apt5S Core
1.6329 D.0145 o 00336 406864 02623 0589 00358 03202 570562 0.1512 0 0.1056 0.0648 0.1424 100404 MCIC-3 AptS Core
1.5974 00231 00153 00336 406853 02743 05618 0 0.3794 567429 0 0 0.2193 0 00937 999483 MCIC-3 AptS Rim
1.6267 00124 00277 o 406589 0.248 07787 0.0327 0.2457 5B.3237 0 0.0339 0.0327 0.02599 0.1305 99,4939 MCIC-3 Apt5 Rim
1.5544 0017 00253 00084 407456 02425 06692 00383 04116 562218 02052 01022 o 0 00448 996287 MCIC-3 Apt6 (in Perovskite) Core
1.5506 00171 0024 00505 407555 02185 05942 00402 03448 56786 0 0.1706 0.1305 0 00204 100046 MCIC-3 Apt6 (in Perovskite) Core
1.6954 00174 00452 00421 403771 01948 06512 o 0332 554146 0.1609 0 0.2281 0 00081 984492  MCIC-3 Apt6 (in Perovskite) Rim
1.6391 00142 00125 00337 403154 02208 06352 o 0.3015 55.2838 o 0.1158 0.0572 0.03 0.0939 98.0598 MCIC-3 Apt6 (in Perovskite) Rim
1.3577 0.0305 o 0 305544 01766 13885 0 i} 373129 01779 00542 0.0083 0 0.1020 705845 MCIC-3 Apt7 Core
1.4932 00119 0.0832 0 410891 01864 06554 00414 02298 524564 03037 00339 0.0571 0.03 00654 960856 MCIC-3 Apt7 Core
1.5047 00089 00315 00589 415418 0.1714 10276 o 0.0918 53.8973 0.0091 0.0887 0.0571 o 0.0245 97.8778 MCIC-3 Apt7 Rim
1.4204 00209 0.0239 o 409974 01772 06628 00594 02333 541758 0.0628 0 0.0977 0 0 97.3288 MCIC-3 Apt7 Rim
1.6637 00064 00587 01011 408216 01842 10685 0 0.0337 S46683 0.1968 00613 0.1793 0 o] 98.3418 MCIC-3 Apt8 Rim —>» Core —> Rim
1.6256 0.0073 0.023 00421 410159 0.2397 14093 o 0.1018 540717 0.2141 0.1359 o 0.2095 0.0286 98.4385 MCIC-3 Apt8 Rim —> Core —> Rim
1.5567 0D.0053 0.0518 0 405318 0267 07412 0 0.3225 546612 00627  0.0409 0.2198 0.1100 o] 97.9143 MCIC-3 Apt8 Rim —» Core —> Rim
1.4083 0012 00153 00084 409473 02388 06224 00006 03626 553744 0 0 o 0 0.0736 98.468 MCIC-3 Apt8 Rim > Core —> Rim
1.5023 00163 00374 00590 405982 02674 04129 00800 02773 553957 0 0.2864 0.0650 0 00164 983582 MCIC-3 Apt8 Rim —> Core —> Rim
1.3617 00139 00316 o 40708 02303 06371 00093 0.2552 5438471 0.1073 0.1158 0.1305 o o 97.8715 MCIC-3 Apt8 Rim —> Core —> Rim
1.3825 001 0.0095 0 409407 02405 0.5651 0 0.2933 553387 0 0.0818 o 0.0150 o] 98.2928 MCIC-3 Apt8 Rim —> Core —> Rim
1.4165 0.0094 o 00657 408851 02587 05313 00172 03464 552856 0.1151 o 0.2016 0.0246 o] 98.5597 MCIC-3 Apt8 Rim > Core —> Rim
1.2976 00091 00293 o 406323 03149 05187 o 0.4269 548546 0.0355 0.1950 o 0.0296 o 97.7951 MCIC-3 AptS Core
1.2776 00076 00340 00166 404638 03388 05284 00293 04249 549519 0.1146 0 o 0.1624 0 97.811 MCIC-3 Apt9 Core

1.317 0.0159 o 01077 410114 03026 06206 00103 03074 542305 0 0 0.2162 0.0787 00562 977164 MCIC-3 Apt9 Rim

1.226 0.0153 0.0038 00414 416217 02905 0.5898 00201 0.3472 541452 0.1491 o 0.0960 o 0.0441 98.1294 MCIC-3 AptS Rim
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MCIC-3 Biotite ijolite, part 2)

cl Na20 FeO y La203 Ce203 Pr: ; y Comment

1.452 0.0099 0.0282 0.0248 409575 0.234 06875 0.0273 02462 546741 ] 0.1136 ] o 97.9446 Line 1 MCIC 3 Apt 10 core-->rim--»core
1.3958 0.0194 0.0084 0 40.8684 02544 06566 0.0061 0.2715 55.1732 0 0.0936 0 0 o 98.1553 Line 2 MCIC 3 Apt 10 core—->rim--»core
1.4002 00177 00357 o 40.5006 0.2929 05693 o 0.2534 54.53988 o o o o o 97.4751 Line 3 MCIC 3 Apt 10 core—->rim—>core
1.4555 0.0092 0.0366 0.1240 409352 02394 0.3914 0 0.3155 54819 00963 00534 ] 0 0.0561  97.9167 Line & MCIC 3 Apt 10 core--»rim--»core
1.3825 0.0121 0.0037 0.0909 405543 02678 06246 00680 03263 54513 ] 0.0602 0 0 0.1282  97.4469 Line 5 MCIC 3 Apt 10 core-->rim--»core
1.2544 00109 00019 0.0165 404367 0.2995 05750 0.0102 0.3162 54.7039 o o o 0.005 0.1124 97.2699 Line 6 MCIC 3 Apt 10 core—->rim—>core
1.3601 0.0099 0.0216 0 40.6245 02825 06133 0.0400 0.3494 54.4901 0 0.0534 0.0321 ] o 97.3021 Line 7 MCIC 3 Apt 10 core—-»rim-—-»core
1.3899 0.0194 0.0169 0.0165 409969 02997 05633 0.0121 02886 54.3685 0 ] ] 0 0.1203  97.5026 Line 8 MCIC 3 Apt 10 core-->rim--»core
1.4065 0.0201 0.0376 0 410548 02849 05879 00860 0.2998 544503 01485 0.0801 0.1354 0.1565 0.176 98.3278 Line 9 MCIC 3 Apt 10 core—->rim--»core
1.3973 00182 00141 0.0508 412232 0.253 05787 o 0.2984 542937 o 0.0469 0.079%9 0.0978 o 97.8057 Line 10 MCIC 3 Apt 10 core—>rim—>core
1.5293 00166 0.0113 0.0413 40556 02461 06121 00661 02963 54.1114 ] 0.1202 0.0479 0 ] 97.007 MCIC-3 Aptll Core
1.5754 0.0143 0.0187 0 409222 02815 05781 0 0.2872 54746 0.0352 ] 0 0 ] 97.7922 MCIC-3 Aptll Core
1.5472 00158 00366 0.2064 407162 0.2819 0.518 0.0194 0.3207 54.4207 o o o 0.0391 o 97.467 MCIC-3 Aptll Rim
1.5718 0.0220 ] 0.0991 40.8805 0.2378 0.5142 0 0.2344 546121 0.0089 ] ] 0.0932 0 97.6073 MCIC-3 Aptll Rim
1.3294 0.0192 0.0206 0.0413 407605 0.3462 05433 0.1164 03044 53.2189 ] 0 0 0 0.0481  96.1844 MCIC-3 Apt12 Core
1.3463 0.0107 0.0468 0.0165 40717 03182 05515 00218 03171 53.3022 0 0.1533 0 0.0244 0.0799  96.3364 MCIC-3 Apt12 Core
1.3698 00237 00337 0.0990 405354 0.3542 05605 0.0987 0.3939 53.8765 o 01201 0.04738 o o 96.9313 MCIC-3 Aptl2 Rim
1.4267 0.0175 ] 0 409071 03296 05729 00121 03491 53.0538 00436 0.1604 ] 0.0050 0.0120 96.2852 MCIC-3 Apt12 Rim
1.5425 0.0070 ] 0.0334 39.4437 02759 05501 0.0092 03321 556338 0 ] 0.1371 0.1389 ] 97.4527 MCIC-3 Apt13 Core
1.6176 00100 0.0506 0.0084 39.7905 0.2286 06868 o 0.1845 55.8054 0.1507 0.1149 o 0.0744 0.0163 98.0554 MCIC-3 Aptl3 Core
1.4859 0.0138 0.1038 ] 40,5223 03056 05885 0.0839 05937 550007 03544 00742 ] 0.0496 0.0485 98.5964 MCIC-3 Aptl3 Rim
1.4874 0.0077 0.0323 0 410448 02615 06842 00067 04943 549843 01593  0.2429 ] 0 0.0405  98.8179 MCIC-3 Aptl3 Rim
1.5339 0.0152 0.0248 ] 37.033 02027 065183 0.0643 0.1664 550493 00090 0.2161 ] 0.0199 ] 94.3037 MCIC-3 Apt14 Core
1.5282 00114 00019 0.0667 37.2886 0.2694 05496 o 0.2755 549222 0.0266 0.0810 o o 0.0566 94.4317 MCIC-3 Aptl4 Core
1.5473 0.0148 0.0247 0.1584 37.6268 0.2832 0.5502 0 0.2585 54.6467 ] 0.0271 0 0.0644 ] 94.5474 MCIC-3 Aptld Rim
1.5355 0.0178 0.0124 0.0333 37.8944 02456 06779 00275 02884 546561 02388 0.1619 0 0.0543 0.089 95.2825 MCIC-3 Apt14 Rim
1.4916 00159 00057 0.0166 40.8598 0.2162 06141 0.0697 0.2603 55.9312 0.2030 o o o 0.1534 99.206 MCIC-3 AptlS Core
1.5543 0.0183 0.0637 ] 40.0345 02418 05813 0.0452 02875 546067 02559 0.0808 0.1366 0.0741 0 97.3224 MCIC-3 Apt15 Core
1.7609 0.0053 0.0780 0.0749 402847 04413 04411 0 05394 558877 02385 0.0473 0.2173 0 ] 99.2738 MCIC-3 AptlS Rim
1.4963 0.0105 0.0265 0.0583 416664 01718 08136 0.0434 00822 55897 0 0.0538 0.0724 0.0050 0 99.7649 MCIC-3 Aptl5 Rim

1.684 0.0157 0.3483 0.0361 383074 03045 06472 0.0057 o 56.0515 01515 0.0350 0.1457 o 0.0803 97.1003 MCIC-3 ljo Grain#l Apt with Rxn rim c
1.5737 0.0139 0.0511 0.0209 387825 02025 06471 0.0576 ] 55.5237 0 ] 0.2562 0.0453 0 96.5089 MCIC-3 |jo Grain#l Apt with Rxn rim ¢
1.5726 0.0070 ] 0.0539 39.0532 02777 05762 0 0 55.8236 0.3196 0.1398 0 0.2164 0.1177  97.4941 MCIC-3 Ijo Grain#l Apt with Rxn rim r
1.6389 00102 00569 o 38.5468 0.2287 07005 00728 o 55.1732 o 0.1819 o 0.0655 o 95983 MCIC-3 ljo Grain#1 Apt with Rxn rim r
1.4755 0.0079 0.0284 ] 40.4926 03100 05406 0.0176 0 55.4204 0.1242 0.0491 0.2221 0 ] 98.0653 MCIC-3 ljo Grain#2 Apt Part Rxn rim ¢
1.4859 0.0126 ] 0.0659 40.6504 0.3088 0.5216 0.0214 0 549686 0.1422 0.2170 0.0426 0.0552 ] 97.8638 MCIC-3 Ijo Grain#2 Apt Part Rxn rim ¢
1.5576 0.0026 ] 0.0299 406539 0.3141 05378 0.0454 0 54,6214 0.0357 ] 0.2651 0.0553 0 97.4635 MCIC-3 ljo Grain#2 Apt Part Rxn rim +ri
1.5361 0.0140 o 0.0809 407895 0.3066 05592 00276 o 545734 o 0.0768 0.15338 o 0.04561 97.5201 MCIC-3 ljo Grain#2 Apt Part Rxn rim +ri
1.5791 0.0171 ] 0 40.6936 0.2620 05439 0.0238 0 54.3949 0.1241 0.0701 0.2138 0.0806 0] 97.8343 MCIC-3 |jo Grain#2 Apt Part Rxn rim -ri
1.5149 0.0092 0 0.0389 403222 0.3076 0.5496 0.0941 0 549151 0.1423 0.0911 0 0.0353 0 97.3804 MCIC-3 Ijo Grain#2 Apt Part Rxn rim -ri
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MCIC-4 (Jacupirangite)

Nd203 5m203 Total Comment

1.8340 0.0504 0.0725 0.0329% 38.8524 0.8440 0.6778 0.0641 0.6587 52.8176 0.2184 0.2728 0.0081 0.1661 0 95.7863 MCIC-4 Apt5 Core

2.1513 0.0364 0.0122 0.0576 39.5653 0.9343 0.6938 0.0514 0.6486 54.6067 o 0 0 0.0586 0.1678  98.0701 MCIC-4 Apt5 Core

2.0970 0.0300 0 0 40.4232  0.5230 0.754% 0.0175 0.4067 54.3072 0.1573 0.0132 0 0 0 97.8404 MCIC-4 Apt5 Rim

21664 0.0221 0.0094 01151 41.5741 0.2044 0.7624 0.0061 0.0353 54.4261 0.1481 0.1157 0.0319 0.0489 0.0878  98.8407 MCIC-4 Apt3 Rim

22270 0.0234 0.0319 0.1152 39.8685 0.6039 0.7437 0 0.7898 55.0743 1] 0.1797 0.0716 0.0146 0 98.8007 MCIC-4 Apté Core

2.0624 0.0122 0 0.0576 40.1969 0.5990 0.7131 0.0410 0.7025 54.9902 0.0435 0.1266 0.0320 0.1171 0 98.8236 MCIC-4 Apt6 Core

2.2687 0.0155 0.0198 0 40.0029 0.5972 0.746% 0.0700 0.83414 54.8193 0.1397 0.3260 0 0.1121 0 99.0014 MCIC-4 Apt6 Rim

21022 0.0148  0.017 0.0986 39471 0.6097 0.7115 1] 0.7619 33.3777 0.0873 0.4452 0 0.3410 0.0676  99.2172 MCIC-4 Aptb Rim

1.8063 0.0281 0.0565 1.0678 35.4963 1.4092 0.49%0 0.0434 3.7910 50.1292 1] 0.1063 0 0.2286 0.0758  93.9677 MCIC-4 Apt7

2.0788 0.0252 0.0161 0.0166 41.0046 0.2388 0.6956 0.0267 0.2113 53.1882 0.2898 0.3686 0 o 0.0482  97.3276 MCIC-4 Apt7

1.998 0.0367 0.0305> 0.0916 40.2525 0.4636 0.6508 0.0073 0.4250 53.7391 0.2029 0.3232 0 0.1431 0.0969  97.6117 MCIC-4 Apt7

2.0391 0.0214 0.0534 0.1082 40.6284 0.2782 0.7408 0.0745 0.2527 353.6667 0.0704 0.5318 0.0482 0.0592 0.0685  97.7897 MCIC-4 Apt7

21112 0.0221 0.0418 0.0832 39.7453 0.5598 0.6738 0.0574 0.5989 53.9268 1] 0.2019 0.0564 0.1184 0.1211  97.4282 MCIC-4 Apt8 Core

2.1565 0.0180 0.0295 0 39.7930 0.6327 0.6960 0.0605 0.6362 53.6396 0.2911 0.0674 0 0.1776 0.0768  97.3628 MCIC-4 Apt8 Core

2.2769 0.0192 0.0600 0.0499 40.2397 0.7213 0.6651 0.0616 04704 53.4618 0.2817 0.3225 0 0.0789 0 97.7461 MCIC-4 Apt8 Rim

2.2164 0.0185 0.0023 0,097 39,9964 0.7106 0.6413 0.0025 0.3523 53.4662 0.3526 0.1411 0 0.1774 0 97.4408 MCIC-4 Apts Rim

2.5466 0.0230 0.0248 0.1747 38.9696 0.3350 0.7049 0 0.3051 54.6792 0.1414 0.1386 0 ] 0.1654  97.1808 MCIC-4 Apt9 Core

24056 0.0421 0.0437 0.0997 40.6496 0.3645 0.7415 0.1 0.2839 55.1823 0.0354 0.1142 0 0.1086 0.0605  99.2093 MCIC-4 Apt9 Core

2.3923 0.0118 0.0086 0.1828 40.7102 0.3742 0.7646 0.0341 04790 54.5264 0.1760 0.2688 0 0.1233 0.0434  99.0906 MCIC-4 Apt3 Rim

24468 0.0102 0.0105 0.1412 41,0077 0.2822 07689 0.0208 0.2919 54.8691 0.1435 0.2091 0.1926 0.1182 0 99.5863 MCIC-4 Apt3 Rim

2.0602 0.0200 0.0152 0.0831 40.3551 0.3736 0.6443 0.0286 0.6190 54.319 0.3346 0.4837 0 0.0689 0 98.5384 MCIC-4 Aptl0 Acic Rnd

2.0172 0.0151 0.0325 0.2903 39.2349 1.0279 0.6673 0.0226 1.1712 53.4616 0.2375 0.6171 0.1602 0.1919 0 98.3947 MCIC-4 Aptl0 Acic Rnd

2.0371 0.01%6 0.0096 0.2162 39.3566 0.8806 0.6365 0.1270 1.1671 53.8582 0.5110 0.4703 0 0.2069 0 98.6347 MCIC-4 Aptl0 Acic Rnd

2.0778 0.0250 0.0601 0.2435 38.8859 0.7647 0.6409 0.0305 1.3021 53.0907 0.1232 0.4909 0 0.1381 0.0767  97.0736 MCIC-4 Aptl0 Acic Rnd

2.1443 0.0251 0.0067 0.0333 39.2859 0.6700 0.6362 0.0587 0.9618 53.9301 0.1499 0.5586 0.1206 0.0246 0.0727 97.77 MCIC-4 Aptll Rnd Adj Sph
2.1567 0.0223 0.0124 0.0500 40.4800 0.2977 0.6965 0.0018 0.4507 54.0817 0.1766 0.4448 0 0.0691 0.0121 98.03%4 MCIC-4 Aptll Rnd Ad] Sph
21916 0.0266 0.0504 0 40.2048 0.4662 0.63837 0.0220 0.5226 53.9846 0.1857 0 0 0.0941 0.0444 97.503 MCIC-4 Aptll Rnd Adj Sph

21333 0.0231 0.0507 0.1168 40,3927 0.4347 0.6513 1] 0.6247 54.4085 1] 0.4317 0.0967 0.261 0.0728  98.9447 MCIC-4 Aptll Rnd Ad] Sph
2.2346 0.0258 0.0422 0.0835 39.9675 0.5222 0.5949 0.0411 0.7210 55.0528 0.2391 0.4254 0 0.1435 0.0323  99.1793 MCIC-4 Aptl2 Rnd Ad] Perovskite
2.2492 0.0387 0.0830 0.6257 39.7197 1.1325 0.6538 0.0471 0.9132 54.6021 0.3711 0.3437 0 0.4350 0.0769 100.3359 MCIC-4 Aptl2 Rnd Ad] Perovskite
21755 0.0174 0.0308 0.0501 40.34%9 0.5216 0.5753 0 0.6826 54.3111 0.2656 0.4331 0.2019 0.3319 0 99.087 MCIC-4 Aptl2 Rnd Adj Perovskite
21043 0.0153 0.021> 2.6659 38.7463 3.6841 0.6375 0.0073 0.6507 524402 0.0702 0.5104 0.0883 0.2266 0.0242 1010036 MCIC-4 Aptl2 Rnd Ad] Perovskite
2.1898 0.0105 0.0010 0.0501 40.1249 0.5233 0.5790 0 0.6967 54.7986 0.5310 0.2904 0.0968 0.1380 0.0202 99.176 MCIC-4 Aptl2 Rnd Ad]j Perovskite
2.2481 0.0278 0.0918 0.0332 384644 1.2027 0.6400 0 0 55.1438  0.1969 0.183 0.0088 0.0252 0.0127  97.3255 MCIC-4 Jac Grain#l Aptin Neph ¢
1.8401 0.0295 0.8317 0.0211 33.6482 0.5479 0.3310 0 0 47.3461 0.2231 0 0.258 0 0.0845  B4.7798 MCIC-4 Jac Grain#l Aptin Nephc
2.2623 0.0227 0 0.0933 40.3384 0.7837 0.6729 0.0012 1] 55.2364 0.3301 0.3933 0.2832 1] 0 99.46 MCIC-4 Jac Grain#1 Apt in Neph r
0.5156 2.6706 7.8027 1.1505 11.8630 0.134 o 0 0 20,0129 0.0173 0 0 0.0249 0 43.3717 MCIC-4 Jac Grain#l Apt in Neph r
2.01%4 0.0119 0 0.1234 40.6568 0.1848 0.7622 0.0630 0 55.7759  0.1247 0.2026 0.0685 0.0858 0.017 99.2441 MCIC-4 Jac Grain#2 Elongate Apatite
1.9923 0.0137 0.1943 0.0662 40.7650 0.1921 0.7421 0.0435 0 55.1625 0.0712 0.2951 0 0.0555 0 98.7516 MCIC-4 Jac Grain#2 Elongate Apatite
1.9387 0.0142 0 0.1383 40.6960 0.2937 0.7370 1] 1] 55.8611 0.2139 0.2389 0.2059 0.1312 0 99.6495 MCIC-4 Jac Grain#2 Elongate Apatite
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1.0435
1.0261
11014
11758
1.1389
12242
1.1850
1.2135
1.1330
11918
11932
12324
1.0912
11531
10784
11250
11795
1.1600
1.0954
11716
1.0025
0.9649
0.8983
0.8764
11729
1.2398
1.2205
12714
0.9629
0.9543
0.9089
0.9362
11154
12214
1.0899
0.9909
12357
1.1088
1.0965
1.2042
1.1896
12344
1.0853
11857
1.0495

0.0087
0.0103
0.0066
0.0129
0.0021
0.0084
0.0094
0.0051
0.0083
0.0150
0.0135
0.0064
0.0143
0.0022
0.0061
0.0096
0.0053
0.0133
0.0135
0.0125
0.0035
0.0032
0.0023
0.0084
0.0086
0.0045
0.0119
0.0094
0.008
0.0054
0.0092
0.0139
0.0044
0.0077
0.0055
0.0239
0.0141
0.0083
0.0053
0.0149
0.006
0.006
0.0093
0.0127
0.0077

MCIC-5A (Carbonatite, part 1)

0.059
0.1200
0.1063
0.0047
0.0234
0.0563
0.1039
0.1350
0.0781
0.0600
0.0141
0.1124
0.1178
0.0665
0.1346
0.0606
0.0589
0.1265
0.0766
0.0918
0.0399
0.0427
0.0670
0.0795
0.0647
0.0541
0.0628
0.0248
0.0398
0.0522
0.0521
0.0198
0.0455
0.0132
0.0742

0.1384

0.0582

0.0575
o
0.1558
0.1395

0.0164
0.0164
0.0246
0.0818
0.0654

0.0572
0.0898
0.0489

0.0579

0.0249
0.0083

0.0083
0.0248
0.149
0.0248

0.0580
0.0331

0.0662

0.0745

0.0331

0.0303

0.0394

0.0091

0.0061

0.0664
0.0815

38.8016
36.0936
36.6845
38.5410
38.9583
38.0526
37.0542
36.9333
37.1828
39.0808
355454
38.0754
36.9133
38.3391
37.1085
37.3881
38.6896
37.5429
38.7881
38.2052
382284
395278
37.8648
38.8242
39.2968
359.4995
38.5903
392411
39.6670
38.8535
39.3936
392784
3B8.7686
40.4925
38.9999
38.3945
37.1044
359252
359921
36.5605
36.6522
36.5698
372142
3B8.2206
37.8433

0.8373
11727
1.1647
0.997
1.0851
1201
1.0904
1.0876
1.1100
0.956
0.7746
1.0519
11428
1.0265
1.0889
1.1063
09225
1.0135
0.9067
0.9954
0.7561
0.6406
1.1353
0.909
0.7199
0.7406
0.7415
0.6445
0.6694
0.7801
0.8028
0.6986
1.0485
0.5707
0.8239
0.9049
1.0119
1.0692
1.0203
0.9883
1.047
1.0698
1.1462
10171
1.0855

0.2994
0.277
0.2796
0.2981
0.3212
0.3207
0.2761
0.2432
0.3036
0.3339
0.31
0.2416
0.2655
0.2903
0.2804
0.2457
0.2674
0.2569
0.2924
0.3093
0.3131
0.3436
0.3277
0.3239
0.3016
0.2952
0.2686
0.2851
0.3225
0.3079
0.2832
0.3395
0.2872
0.3351
0.3012
0.2593
0.2387
0.2475
0.2695
0.2668
0.3295
0.3361
0.3022
0.3117
0.3047

049782
2.0096
1.8461
1.2681
1.2330
1.5666
2.0307
2.0295
2.0604
13183
09873
17691
2114
14246
15445
19361
1.20%0
1.6605
1.3322
16179
11489
09871
16129
11735
1.1462
0.9637
1.1344
1.0617
0.9416
1.2189
1.0567
0.8507
1.5078
078
1.2639

0O 0000000

53.3656
53.7766
541126
54 9887
545893
547938
55.2609
55.2256
555459
55.6467
55.0465
553173
55.0789
551136
548539
545952
54 9856
54 9887
55.2256
55.2843
543095
545222
544365
54 4656
546773
552775
55.1892
55.3828
55.7343
555158
55.1626
548944
552514
55.1694
5454495
54.6909
545635
55.204

54763

544529
549834
544696
540872
545262
542262

0.2611
0.2522
0.4869
0.2351
0.3736
0.3997
0.1997
0.0172
0.2343
0.399
0.4165
0.3548
0.2946
0.5536
0.4155
0.2686
0.1472
0.3732
0.1472
0.2543
0.4450
04311
0.7984
0.3602
0.4125
0.2544
0.4649
0.4827
0.1670
0.5443
0.2017
0.1932
0.2804
0.2279
0.7449
0.0717
0.3237
0.1889
0.6387
0.8347
0.2423
0.5016
0.2421
0.5811
0.7059

04313
04113
0.3052
0.3585
0.4769
0.5234
0.3846
0.6561
0.5825
0.4365
0.5293
0.3633
0.5614
0.4551
0.4028
0.2643
0.6944
0.3243
0.5224
0.4485
0.3424
0.3823
0.6021
0.5028
0.7967
0.6759
0.5954
0.5150
0.3949
0.3214
0.7699
0.281
04414
0.3746
0.4009
0.5384
0.2763
0.4392
0.3968
05164
0.5656
0.7062
0.5650
0.5074
0.5630

0.0081
0.0081

0.0795
0.1187

0.1107

0.2452
0.3082

0.1027
0.0554
0.1575
0.1893
0.0791

0.1422
0.1265

0.0722
0.1284
0.2317

0.0158

0.2557
0.2558

0.0960
0.1439
0.0959

0.1469
0.1127
0.0950

0.1555
0.2679

0.0259
0.2754
0.2669

0.073
0.1118
0.1263

0.0341
0.0291
0.0583
0.2624
0.2328

0.0873
0.2905

0.0531
0.0096
0.1502
0.0969
01213
0.0777
0.1275
0.1477
0.0788
0.2354

0.0834
0.1422
0.1669
0.1030
0.2895
0.1523
0.0442
0.1325
0.2109

0.2401
0.0865

0.1987
0.0254
01321
0.1474
01118
0071
0.1977
0.1367

0.0518
0.0041
o
0.1034
o
0.1232
0.1986
0.0636

0.2339

0.1228

0.1305
0.0356
0.0316
0.0159

0.2022

0.0242
0.0282
0.0643
0.0282
0.0161

0.0682
0.0763
0.012

0.0921
o
o
o
o
0.0171
o
0.1145
o
0.0839
0.0084

95.8348
94 59035
959109
97.7044
979275
97.8005
97.4780
97.3846
98.7198
9595404
984124
98.5775
97.2889
98.3287
97.0927
96.8031
97.8165
97.2320
98.3946
98.0802
897.4145
97.7233
97.9367
97.1808
98.2281
98.6651
98.0789
98.7713
99.0631
98.3612
98.5017
97.4892
98.6888
98.7511
98.5682
95.7069
945275
94.0192
93.8773
946635
949377
946018
949316
96.4946
95.873

Comment

MCIC-5A Grain #1 Apt in Kimz

MCIC-5A Grain #1 Apt in Kimz

MCIC-5A Grain #1 Apt in Kimz

MCIC-5A Grain #2 Apt in Kimz

MCIC-5A Grain #2 Apt in Kimz

MCIC-5A Grain #2 Apt in Kimz

MCIC-5A Grain #3 Apt in Kimz

MCIC-5A Grain #3 Apt in Kimz

MCIC-5A Grain #3 Apt in Kimz

MCIC-5A Grain #4 Apt in Kimz/Boundary
MCIC-5A Grain #4 Apt in Kimz/Boundary
MCIC-5A Grain #4 Apt in Kimz/Boundary
MCIC-5A Grain #4 Apt in Kimz/Boundary
MCIC-5A Grain #4 Apt in Kimz/Boundary
MCIC-5A Grain #4 Apt in Kimz/Boundary
MCIC-5A Grain #4 Apt in Kimz/Boundary
MCIC-5A Grain #5 Core

MCIC-5A Grain #5 Core

MCIC-5A Grain #5 Rim

MCIC-5A Grain #5 Rim

MCIC-5A Grain #6 Core

MCIC-5A Grain #6 Core

MCIC-5A Grain #6 Rim

MCIC-5A Grain #6 Rim

MCIC-5A Grain #7 Core

MCIC-5A Grain #7 Core

MCIC-5A Grain #7 Rim

MCIC-5A Grain #7 Rim

MCIC-5A Grain #8 Acic Rnd

MCIC-5A Grain #8 Acic Rnd

MCIC-5A Grain #8 Acic Rnd

MCIC-5A Grain #8 Acic Rnd

MCIC-5A Grain #9 Rnd

MCIC-5A Grain #3 Rnd

MCIC-5A Grain #3 Rnd

Line 1 MCIC-5 Carb Grain 1 Trav (22.3um
Line 2 MCIC-5 Carb Grain 1 Trav (22.3um
Line 3 MCIC-5 Carb Grain 1 Trav (22.3um
Line 4 MCIC-5 Carb Grain 1 Trav (22.3um
Line 5 MCIC-5 Carb Grain 1 Trav (22.3um
Line 6 MCIC-5 Carb Grain 1 Trav {22.3um
Line 7 MCIC-5 Carb Grain 1 Trav (22.3um
Line 8 MCIC-5 Carb Grain 1 Trav {22.3um
Line 9 MCIC-5 Carb Grain 1 Trav (22.3um
Line 10 MCIC-5 Carb Grain 1 Trav (22.3u
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12822
12737
0.8421
0.851
0.8832
09076
0.7363
0.8932
1.0645
0.9467
1.0412
1.0463
09618
0.6928
05419
0.9039

0.0189
0.0028
0.0091
0.0124
0.0045
0.0132
0.0196
0.0224
0.0085
0.019
0.0078

0.0174
0.0182
0.0111
0.0135

MCIC-5A (Carbonatite, part 2)

Na20
o
o
o
0.5423

0.365
0.3961

0.1092

0.0577
04771

FeO

o]

o]

o]
0.0574
0.0182
0.0666
0.1179
0.0968

0.0876

0.0725
0.0302

0.0936

37.4409
376768
349531
344288
34.8802
37.1547
32.84
36.179
38.0506
38.6192
38.2637
37.8215
36.1721
292167
357740
36.3529

0.2609
0.3209
0.2497
0.2708
0.2167
0.2201
0.2558
0.272
0.299
0.325
0.3412
0.3287
0.2604
0.2120
0.2480
0.2671

0.0215

0.0083

0.0259
o

0.064
o

0O 0000000000000 00

544265
54.0017
539136
53.7482
53.4555
52.8328
53.9896
55177
53.59469
53.4378
53.0027
53.2584
54.6505
51.0362
544885
545473

0.3398
0.4833
0.4478
0.2594
0.5379
0.1167
0.4031
0.1076
0.2864
0.3401
0.2056
0.3311
0.4350
0.5290
0.0630
0.3667
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Ce203
0.5075
0.4443
0.4236
0.6911
0.5013
0.6147
0.7623
0.3814
05221
0.3811
0.4793
0.5357
0.3950
0.3107
0.4314
0.5288

Pr203
0.0945

0.0171
0.2326
0.1294

0.2156
0.2241
0.0088

0.0517

0.0604

0.3796

Nd203
0.2029
0.3043
0.2793
0.2383
0.1676
0.2082
0.0661
0.0710
0.2031
0.1422
0.0609
0.2281

o
0.0356
0.0305
0.1521

Sm2

0.0297
0.0339

0.0552
0.0763

0.0338

0.0170
0.0298
0.0502
0.0425
0.0254

95.1012
949906
921327
92.2676
91.775
92.8546
90.6857
94,6996
947346
946569
93.8482
93984
94,3033
835061
93.3416
947226

Comment

MCIC-5 Carb Grain#2 c

MCIC-5 Carb Grain#2 r

MCIC-5 Carb Grain#3 Acic End

MCIC-5 Carb Grain#3 Acic Mid

MCIC-5 Carb Grain#3 Acic Mid

MCIC-5 Carb Grain#3 Acic Mid

MCIC-5 Carb Grain#4 Apt incld w/i Kimz
MCIC-5 Carb Grain#4 Apt incld w/i Kimz
MCIC-5 Carb Grain#s Apt in Diop Mess ¢
MCIC-5 Carb Grain#5 Apt in Diop Mess ¢
MCIC-5 Carb Grain#5 Apt in Diop Mess r
MCIC-5 Carb Grain#5 Apt in Diop Mess r
MCIC-5 Carb Grain#6 Apt in Perov c
MCIC-5 Carb Grain#6 Apt in Perov c
MCIC-5 Carb Grain#6 Apt in Perov r
MCIC-5 Carb Grain#6 Apt in Perov r



MCIC-5B (Carbonatite)

cl Naz0 FeO : MnO 5i02 Cao La203 Ce203 Pr2o3 Nd203 5m203 Total Comment
0.8439 00130 0.0464 0 38.0889 1.1761 03112 0 13478 526896 0.3333 0.6558 0.0480 0.0442 0 95.2401 MCIC-5B Grain #1 Acic Core
0.8829 00071 00095 00910 386515 10627 03385 0 11512 528049 0.6664 0.4882 0.0959 0.1521 0 96.0286 MCIC-5B Grain #1 Acic Core
09121 00078 00332 00910 386080 10039 03256 0 12980 52.1328 0.3682 0.6149 0.0479 0.2109 00963  95.3648 MCIC-5B Grain #1 Acic Rim
0.8975 0.0087 0.0548 0 392748 09869 03468 01186 10569 522024 0.3952 0.4019 0 0.0295 0 95.3942 MCIC-5B Grain #1 Acic Rim
0.9253 0.0132 0.0982 0.0166 364262 11500 0.2818 00846 17194 528602 0.6064 0.6836 0 0.0540 0.0562 945922 MCIC-5B Grain #2 Core
0.9379 00115 0.0276 00249 37.811%9 09878 0.3393 0 1.0002 52.8361 0.2814 0.6173 0 0.2902 0 94,7687 MCIC-5B Grain #2 Core
10389 00019 00610 00166 37.6554 10432 02796 0 11975 52.0299 0.7389 0.3756 0.0722 0.0550 0 941329 MCIC-5B Grain #2 rim
10335 00092 00486 00332 371415 13406 03521 0 15802 524714 05533 0.6907 0.0721 0.1180 0.1248 95.1324 MCIC-5B Grain #2 rim
0.9093 0.0093 0 0.0748 386649 10982 03246 00018 10986 526901 03347 0.3428 0.0882 0 00162 952686 MCIC-5B Grain#3 Core
09283 0.0092 00735 0 38.0869 1.2029 0.2660 0 13654 525513 06163 0.4902 0.1685 0.1527 00442 955625 MCIC-5B Grain #3 Core
0.8565 0.0132 0.0572 0.0665 387649 10312 02930 00433 13087 523918 03870 0.5907 0.2407 0.1722 0 95.8534 MCIC-5B Grain #3 Rim
0.9072 00025 0.021% 00249 380726 10745 0.2957 0 13576 52.1969 0.5458 0.4162 0 0.2461 0 94,7794 MCIC-5B Grain #3 Rim
11738 00092 00540 00083 39.2020 07883 03359 0 0.8694 536186 0.0439 0.0069 0.2009 0.3452 0.0926  96.2527 MCIC-5B Grain #3 Rim
11761 00088 0.0946 0 372197 1.0749 02592 0 17291 546877 06433 0.5644 0 0.0937 00242 97.0786 MCIC-5B Grain (#4 )
11715 00095 00733 0 372968 1.0177 03163 0 16112 536916 03173 0.4839 0.0482 0.1871 0 957291 MCIC-5B Grain (#4 )
11439 00120 00769 0 37.4956 1.4030 0.2880 0 1707 54636 03175 0.2288 0 0.1775 00443  97.0462 MCIC-5B Grain (#4 )
0.9923 00117 0.0481 0.0412 379419 05409 02492 00496 14685 54.4220 04190 0.4062 0 0.21 0 96.7811 MCIC-5B Grain (#4 )
11348 00043 0.0710 0 36.9561 1.2857 0.2651 0 1.6448 54.0482 0.7545 0.6878 0.2135 0.1941 0.0198  96.8009 MCIC-5B Grain (45 )
11605 0.0122 00756 0 385982 09834 02773 0 12119 544136 0.1822 0.4696 0 0.0533 0.01589  96.9623 MCIC-5B Grain (45 )
10873 00124 00122 00244 384106 09243 03138 00060 13063 543190 05527 0.3752 0 0.3041 0 97.1878 MCIC-5B Grain (45 )
11088 0.0064 00513 0 376200 09471 03236 0 13787 543099 0.3454 05331 0 0.1737 0 96.3297 MCIC-5B Grain (45 )
10805 00138 00578 00163 37.0091 13364 03296 0 1643 540222 02674 0.0986 0.5655 0.1446 0 96.1269 MCIC-5B Grain (46 )
11205 0.0078 0.0475 0 37.5425 12565 0.2880 0 14764 538014 05691 0.2103 0 0.0868 0.0828 96.0161 MCIC-5B Grain (#6)
10789 00131 01040 00325 361648 12110 02675 00322 21838 53.9588 0.2329 0.4606 0 0.0674 0.1143 954646 MCIC-5B Grain (46 )
10996 00040 00834 00559 379043 10399 02791 00143 1623 535202 08609 0.1642 0.2670 0.2793 0 96.7322 MCIC-5B Grain (46 )
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Appendix 6

Plots of concentrations (mole %) of major elements in apatite in MCIC rock types
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Appendix 7

Plots of halogen composition of apatite from MCIC rock types

Mole fraction (CAp vs. HAp)
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Appendix 8 (LA-ICP-MS results)

Trachyte-phonolite)
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LA-ICP-MS Results (MCIC-3

W ZH) %l Wngp 019 1SIN - %56
W ZH) %Pl Wngy 019 1SIN - %9l
WO ZHY %Yl WNGG OAHE  %Ere
CWIrZEZ ZHL %yl WNGE OAHG  %esE
WA ZHY %P2 WNGZ Obdy £DIDN e
ZWI- ZH) %) WGz gdy £-DIDW e
ZWI- THY Y%L WGz gdy £DIDW %
TWI- ZHY Y%L wngg pdy £OIDN ke
TWIMLY'Z ZHY %b) WGz 9dy £-DI0W %t
ZWI- THY Y%L WNGZ Gdy £DIDW %
TWI- ZHY Y%L wnGg pdy £OI0W  %ee
Z-wop- ZH) %) wngz 7-ody £-OI0W %er
TWILLOT THL %L WNGZ 1edy £DIDW  %6E
W XHY %l wngg gdy COI0N e
wor- ZH) %) wngz Z-Ldy £OI0W %L
WO ZHY %L WGZ - Ldy COIDW %k
CWRrQLE ZHL %yl WNGG ONHY  %eest
CWIrgZ'Z ZHL %l WNGE OAHE ST
TWArGE'Z ZHL %P WNQy 019 1SIN - %06
€W ZH, %L WnQy 019 1SIN - %624

piak
SUSWIWOY  ulay

W2 ZH/ %)L Wngy 0L9 1SIN
WA ZH/ %YL WnQy 019 1SIN
WM ZHJ %2 wneg OAHY
TWIPZE'E ZHL %l WngG ONHG
W ZHY %p2 wingg oLdy €100
Zwap- ZHY %k wngz gdy €100
Zwap- ZHY %P2 wngz gdy €200
- ZHY %k wngg ydy €100
ZWILLY'Z ZHY % wingz 9dy €100
Zwap- ZHY %P2 wngz sdy €100
- ZHY %2 wngg pdy €100
ZWIr- ZHY %Pl wngz Z-£dy €100
TWIMLOT ZHL %L wingg L-gdy €100
WM XHY % wngg gdy 10N
ZWIr- ZH) %P, wngz Z-Ldy £ 2100
W3- ZHY %L wngg -Ldy €100
LWIPQL'E ZHL %l WnGG OAHY
TWIrGZ'Z ZHL %l WnGG OAHG
CWRrGFE ZH, %yl Wnoy 019 LSIN
W ZHJ %Yl Wwngy 0L9 1SIN

sjuswwo])

ror
P g
[
()
L'6E
iy
ror
¥ie
(3"
gy
§iE
622
(303
L'BE
ory
9%
[ 24
I'sg
i
L3 0

s09%

Head

%94
HEVT
%EST

HbE

%

%FE

%lb¥

%EE

%FE

%o¥

WEE

%lE

%l¥

%bST

WEEL

[TETY

ujay

a0'iSy  08'6FY
rLiSY  OFLSE
°wo £
o oc'k
06°k 080
14 0ro
ST 650
05’k [A 4]
9T’z 6’0
8c'l 8C0
217 650
G 0z'0
vl 9z
'k Lo
GEE £r'o
08’k 90
av'o L
Lo 'l

L6 20V
oLrsww
671
WL
890
180
£5°0
S¥o=
850
0
65>
150>
90L>
L0
a0
ocL
rie
€5l

aL’09r  0LB¥Y  E6LIY
rOYSY  OLESY  L9FLY

000
Lo

wdd
8¢ce

ror
e
oy
[
L'6E
Viv
vor
¥iz
(3%
giv
glE
(:3:14
(3=
L'6E
[
6'9F
e
'8t
£y
Vo

soas

Mead

000
€00

widd
[4%4
uL

1 T4
s
s

[i:3 4
066°CT
roL0Z
orZ'6l

£LTE

SL1L

9cee
rech

LriL

961

pliyad
0LEE
5
5
BOFIY
LS'5EY

Lo

010

wdd
1343
id

€00
£5¢

wdd
80¢
ad

LGS

(319
£9g
bELEE
18282
69°€VE
[4: X444
60'092
61681
8L'89¢
08’08k
0g'okZ
[A1): 144
gL'cze
AV6LT
So°LE
6LLC
6LGFY
Zrosy

Lo

o0

wdd
orlk
al

(300 41
19°89¢
680
o'k
000
6Z°0>
000
000
000
Lo
000
000
000
€00
000
o=
<60
98’0
9ETIE
£8°08¢

000
Lo

wdd
181
el

L9161
6L°L5¥
Ll
9l
SLOvY
(41
r6LE
SY66C
2o'0ee
ZTBYE
T4 TAY
(4T
07562
L0962
LIEZE
SO'BLE
8094
€ral
(1:3574
00 ke¥

Lo

S0

wdd
6EL
el

w8'0Z¥
95 TrIY
ey
GG
000
00'0
100
80°0
L0
8o
S0
00°0
000
€0
(441}
SL0
o
&y
8L
ey

Lo
Lo

wdd
8Ll
H

05 LY
69°9¢F
LELEL
wS9ZL
(1575
PR
09°ZL
LE6L
1299
80°YS
6065
99°¢9
L9
£6°ES
0z'9l
9004
90°8¢k
wEVEL
€90Ew
BGLIY

Ko

Wwe

wdd
L84
eg

B6' LY
Prgra g
80
9Z'0
[4:4
5L
9o’k
LA A
96°L
6Z°1
0Lk
08’k
(44}
09¢
0e
(YA}
o
9Z°0
£5°0EF
L8'8EY

Lo
€00

wdd
71
m
LL/LO/VO0

6GLEY
LW
9161
w55k
6E0
(44
8Z°0
€0
0z'0
0z'o
270
Lo
SL0=
620
pAN]
o
€961
6991
L0°9L¥
ereer

Lo
S0

wdd
€6
an

LHLOIP0

009
00°65¥
€61
98'L
8k
Fo'¥L
26'GL
60°SE
011
LIl
619k
#5'51
SLLL
[:x:1
£ovL
6671
9eC
68’1

ri'lov

€00
o

wdd
Ll

09°9¢cw
GLErY
0oL
6€9k
08k
(13
P}
LSk
LVET
[3:3:17
9z0e
Vel
[3:h 47
[4ig4]
1G1E
0L9k
191
(413

w00
98¢

wdd
06

LOZZY
65 LIV
reo
oc'o
80°¢
06T
(5: 74
69
£e'e
e
66°C
6T
vl
0ce
e
e
[An}
£6°0>
9ESLY

Lo
€00

wdd
691
wy

SLivy
S9ZSY
14
e
LTAN
16T
€ZE
1%
95¢
[A (4
£ve
S6E
8¥Z
;159
62C
ST
€C
e

Lo
951

wdd
68

LS'LLy  BY'LGE  GB'BEV BL0ZV
6Y0ZF CCLVF  SLVEV Z0BLY
e 160 s S6°0 06's
'z 860 L5 180 SZ'9

SE°LE €Lg 65°ZF £6'9 [3:3:1
S¥¥e 26’8 41y 4 0rg 80°8¢
£CzZe 156 S0 [41pa ¥6'IC
09°Zz oLrg 980 €79 65°1¢
9¥'Ge croL 69'L¥ 1 1§y

£a'sl 9L 6GEC (451 [A5rAs
0Lve SO0k sLer 599 05°kr
1oz F6°L [4: 1% 89'G 68°L2
889l 189 SEZE r0'S 9c Iz
(4 4:14 89°0L 0¥ LS 278 e¥'er
a6l 0e's 0Z'0F 59'0 61°GE
GO'6 L 6EL 09°9¢ 06'G SFre
8¢ 960 Vs 680 €99
e oWl 0Z's 880 £1e
16°9LF  69CEFF  FLLEV 98Ty
CO'GEY  0V'SS¥  SELEV L Ad

A] Lo €00 L0 400
FAN] 900 S0 roo 0Z'o

wdd wdd wdd wdd wdd
991 591 €9l 651 151
3 OH Aa aL ]

Q343174 LINIM NOLWLD3L3a -

VZZOS ZZ'BOL BAGLE  CTOVY 800
95°Z6F 8L60L LEVIE  LLEvF 100
G6E ore= 09> €1e 2:04
Z6E 856> S0E> BLE 99T
P R o 9 (71 Lo=
1865 LVESe £C 056 o=
G8YS 80vZ> 8L6L> 156 Lo
€525 0VEE>  LLOE> 258 o=
8486v WWEG> LT0Z> 196 o=
FELLS 1882 910 £ve Lro=
98GCS  L6G6> L9LL> 9£6 000>
CEely  1805> Z¥0l> GZ8 o=
9E60Y  69VE> 99T €9 L0o=
VESLY  SOL9=  ZTLL> (T4 Ho=
0'E6¥S  CVPE>  FO'GL> GL6 000>
¥8LLS 9LEI> 690Z> £ve o=
£6€ L9El>  8LE> SiE 65°¢C
Z6E 088> 18> it €9Z

BO°LE¥ 101 Le Ll 100
(A1 (313 BlE orr 400

Lo SKT 89°0 8070 000
9L orie 343 {115 ] 80°0

widd wdd wdd wdd Bl

88 Fri 173 IS 6t
15 ag sy A [{ell}

Q3Y3LT4 LINM NOWLD3AL3a -

L9'69% 09'/Gk BL'BEY s
65°95F OFtvy CTEEY s
Z Ve e 8L 2136094
Z B'G ve I 2126084
8E'8 17T 9ZT're aL 9126024
810l N T 68°L8 111 S106024
¥E'6 £0'LE L8'GL ¥l FLo6024
006 Z9'8L 1919 €1 £126024
GELL B6'ET pras] zi Z126024
rA A £1'9L 0Z'z9 Ll LL26024
866 £2°0C 2Z'9l oL 0126024
8L (1% 48 06°LS 60 6026024
€78 8C L ZVis 80 8026024
66°0L 6LV 60°GL 10 1026024
or's 60T Ve a0 9026084
ST6 90'8L t4%:7) S0 5026024
Z 59 6¥e 0 F0260°4
4 £a B'ST €0 £026084
96'85F GS6TT ZV6EY ms
¥ZE9F  SFLSE B ZEY Lms
€00 60°0 500 i 1ea
900 S0 1o apuoyd
wdd wdd wdd
5L il 14
n3 wg PN
(emn10h 93301g) £-2101
SLINS3YH SW-dDHNYT
950> vy orLL s
890> B FEY or'LkL ms
88 £LTL 4113 8l 8106084
90 ZFLE ¥iL I 1126024
S8 819> 055 a1 9126024
95°L> £0'G= 0'SS Sl G126084
Gl = 00'6% ¥l FLa6024
Sl Mrg= 55 €L £136024
890°L> W= G5 zi Z126024
L= 604> G5 Ll LL26024
GOL> 009> 55 0L 01236024
86'0= 0= G5 60 6026024
6GL> SLl= 0065 80 8026024
0Lk g 0055 10 1036034
Tl AN 3 00°'6% a0 9026024
9L’k ZLE= 0065 S0 5026024
G644 enze (7% 0 ¥0360°4
¥8'8 68'LE i €0 £026024
8L0> LO'6EY L ms
280> BLErY i ms
oo 8L'0 200
800 06'S 0E'L ajupuoy
LATEY wdd el
¥ 5% £t ssew 21do)os|
ZoiL a5 oed

(s31100 :33018) €-210N
S1INS3d SW-dIIFAv1

42



Jacupirangite)

LA-ICP-MS Results (MCIC-4

WM IH. %L Wn)y 019 1SIN %6
CURrEY'E THL %Y. Wnoy 019 1SIN %F6
WO IHL %L Wn)y OAHE %EE
Z-WIr- IHL %L W)y OAHE %t
ZWIr- ZHL %¥2 WNSZ LAY #2101 ke
ZWIr- ZHL %¥2 WNSZ 01dY #2101 %G
ZWIr- ZHL %2 WNSZ 2uayds #2101 %ET
Z-WIM- XHL %L WNGZ 6dY D101 %BE
Z-WIr- TH/ %/ wngz gdy 210 %FE
Z-WIr- TH/ %/ WGz 2dy #2100 %5E
Z-WIr- TH/ %/ wngz 9dy 210 Yeb¥
2-WIr- THY %t/ wngz Ay #2100 %GE
WO THL %P Wngg #dy #2101 %bt
TWIMYSZ THL %L wngz dy #2100 %6E
Z-WIM- THY %L Wngg Zdy 21D %EE
Z-WIM- THL %L WNSZ LAY #2101 %l
Z-WOr- IHL %L WOy OAHE HEE
WO IHL %L WOy OAHE HEE
TWrE¥'Z THL %L Wno¥ 019 1SIN k2
CTWIrZy'Z THL %/ Wnok 019 1SIN Tk
ET
SUBWIWOD)  UNGY

EWOr- THZ %2 Wnoy 019 1SIN

TWIMZYT THL %PL WNO¥ 019 1SIN
T-WAr- ZHE %L Wnoy OAHE

T-WAr- ZHL %2 Wwnoy OAHE

TWOM- THL %L WNSZ L LAY #2101
WO ZHL %P, WNSZ 01OV D12
ZWIr- IHJ %) WNGZ 8uayds 210N
ZWOr- XHY %2 WNGZ 60V ¥-JIDWN
WM THY %P2 WNGZ 8aY IO
ZWDM- ZHZ %Y WNGZ LAY ¥-DIDN
CWI[- THY %2 wingg 9dy DI
CWI[- THY %2 wingg SAv DI
TP THY %¥ 2 WNGZ yav 72101
TWIMKS'T THL %2 WNGZ €dv #2101
WM ZHZ %P2 WNGZ Zdv 720N
WM ZHL %L WNGZ LAY 720N
TWAr- ZHZ %2 Wnoy OAHE

Z°WIr- ZHZ %) Wnoy OAHE

T WIrGY'Z THZ % WNOF 019 1SIN

T WIMZY'Z THE %2 WNOF 019 1SIN

SJuAWWoy

[
s g
(20
TP
(31
56k
faad
L34
£'8g
L4
[4:14
B
£0g
(0

soas

sead

b6
b6
%EE
b
%t
%GE
%ET

%be
%GE
Wbt
%GE
ko
%6E
%L
%It
%EE
%ET
%2
%lTh

plaik

unay

6LYSE
15k
2:13
VL
6161
C6'0F
05'S
1591
We
95°LL
0z'9
9e
188
98V
Iy
(x4
(A x4

6L°98F

L rd

000
wo

wdd
8ge

Lk d
TEF
234
9T¥
V9t
L
Thr
374
£8e
9F
[4::4
L2
£0e
124

saas

Head

LSS

S5
108
1899
8LTLE
06T
[4: ¥4
2e9L
8rI'ce
POZL
2LES
¥5'9E
05°55
218L
0812
s
w9
L1eov
LO8cY

00
€00

wdd
454
uL

69°0cY
06'8TY
Pirs4
P T4
60'8ET
879'06C
9C0'805
60212
8 L0Z
G181
87691
99°kZE
86°LET
re'L9z
[ TACATA
8651
S€T
(374
Si'Gir
(38 4%4

€00

oro

widd
(345
id

Leocr
BLG0F
@l
(473
£¥'s
4]
€97
59'G
ey
A g
90y
€TG
g0k
rLOL
86°L
6.2
€TL
1671
BE'STY
0Z'86E

8070
€52

wdd
80¢
ad

recrr
8TTSY
€491
6691
419172
¥e'Czac
LL'CGBE
roscli
16'1961
00°9¥5L
LT6E91
87’5561
rierie
0Z'55Z2
09°9€5Z
rezsch
BE'08E
Zerall
BE°1L9F
BETWLE

o0

90

widd
ovL
22

¥EELE
9€°LLE
STr
06'r
900
o
LOvET
00
000
000
£0'0
Lo
€T0=
Lo
00o
o
oS
65F

Lo
o

wdd
313

BLISK
L0eor
Gl
PGl
FI60FL
GZ'BETE
66'F5G L
66768
91981
LE9ER
Wirok
LE'8601
96'C0CL
LZ°90Z1
076951
LWL
Wil
0z'9l
9€°19%F
v

oo

S0

wdd
6EL
el

LA
LTV
4373
(1]
600
Lo
TS
S0'k>
000
000
000
000
0L
200
000
600
0Lreg
Wz
FE'6LY
Gl

9070
Lo

wdd
8LL
H

G09LY
rieer
£5°055
¥5'6L5
[1: 373
1
£z'o
8601
GLGL
1oL
S8°E
69'F
05°LE
6¥'6
447
80°s
Z5'865
LI'G09
B Cirir
Ll

90
Wwe

wdd
£l

LV'SEr
9k
il
Wk
(444
£€¢
G800
ST
(1%
(1%
(441
b
€71
8Lk
4:41]
Vi
(3=3]

BE'ZHY

Lo
€00

wdd
S21
m
LHELIZ0

9Ly
SLTTr
8LZL
wO¥L
o
oc'n
UL
¥E0
o

[4)1]
S0

wdd
€6
an
LHELIZ0

0L Lsy
0597
€58
€6
rSLL
6V6L
L0°GE
95'6
Lad
6L
e
Wkl>
20€l
S0¢l
[4:44
gL
L6
rooL
18'69%F
Zhes

1]
10

wdd
(417
aa

SG5FF
STYEr
9628
9981
el
(413
¥'0.82
Vi
89
G6'FL
090k
98°0¢
059k
¥50z
Z6Cl
s ard )
€8
o008
E0'vil
LIGCy

800

98¢

wdd
06
iz

GELLY
2 X444
ok
ek
8L
80°¢
89
6Z°1L
i
8l
581
i ord
157¢C
ke
86T
1571
Sl
Wl

LEGLY

£0'0
€00

wdd
691
wy

oo'Lsty
(133
ShL
ST
(415
186
oz
[44

29k
g
304
(3:74
S92
411
¥zl
paYy
LI'GGY

60°0

95’1

wdd
68

80vEr MWLFY  90LEZY  LLB8EF  BLEZF  BRLOY  6ROVF S9LEZY
EAREA T ) S T R g A H A ) A T ] 96CEl
areL 5r LIV S6°€ 60°82 6 98¢ SLHE
99k 8¢ 134 06°¢ 8992 6 992 L
€FLL V'8 8¥'sy ZroL L1388 8TLE  WEZL £8°688
GL8T BLCL S¥LL 60°9L  IS6EL  LLES  95°00Z 60°66C1
rore 6987 6C89L  SEPL 00042 9TG0L  SEB6C YS6LIE
8liL 0g'L 0zT'LS G50L ¥6'06 1 A R 88'008
Wik 6Z'8 95°G¥ aroL 258 2eoe WAL 8L'¥GL
SFGL (30 ST oooL 69'G8 80'¥E  ¥.I'8ZL 0Z'892
V6L 86') Sy 9z's pih 73 e8'lZ 9wl G8'c59
98'8L ¥0'6 9Z°66 oF'LL ogvoL Zror  9UivL LL'EER
8861 96 0¥2S 9FEL  GE90L  S¥Or  LEGEL L7596
694 90l 60709 0geL  SSELL 85y 167991 LL0B0E
85°1T ¥I'6 LE'6S 6Z°¢lL 900l CoFE  TLSEL 117996
aFvL ¥9 9Ly 06°L 9’08 606  98'90L 6£°9.9
ireL 67 SEVE 'y [:TArAn ok ooe 6L
€CEL £9r 0Lrsg ay 6L0C oL 9987 6GLE
LUFPEF  0L'GSF  LBESP  16'CSE  L6'LZF  LE9iF 65K 96°SF
8L OLERr  BLELY  ZOLEF  ZRLLF  I8'SEY  SELVE 0951y
800 Lo 60°0 00 (741] Lo G510 G0
410 900 S0 Y00 o0Z'o 90°0 G510 Figi]
wdd wdd wdd wdd wdd wdd wdd wdd
991 G91 €91 651 151 (375 irl ol
13 OH kg aL (2] n3 ws PN

(emBueaidnoer) y-210I
QI¥ALTIE LINM NOLLOAL3A - SLINSIH SN-dIHNY

SEe6F  €CL0L  vLOLE  E6CEF 00 eLo> SOser okl
9'L0S  89°0LL  90'BLE  6VOSF 00 100> SKivy okl
G641 A0vs>  ZOGL>  FivL Lzl S£8T LLGSE 0ss
:1%:1% PA N T LiFL 09°ZL 8947 8LVl 0ss
aLss LEES> (3 1:74 LO0= 9¥l> 8ri> 0'ss
ZF09 85°LL>  OL'6l> 65C Lo al'l> GrI'6= 0’55
9511 Ay Lze=  99Z1L 6L'60  G8'CSL £raL 00°5S
8975 052>  9F'8l> £8c Lo'o= BL'L> ¥6'E= i
#9969 6F¥9> GL'GL> oac ] 58'L> 682> G5
6251 BEO¥F> BZFE> 6SE 00°0>= 687 L> 99 G5
YIS  WSh>  FZOL> 162 000> 6EL> 2kl S5
LIS 2€19>  90°6E> [4:15 ] 1§ 0z9= S5
0v08s 6895> 4% 85¢ Lo 851> FLyE 00°55
§TL6S  VTLT> SOTI> 18¢ 000> 691> (4WE] 00°5S
S'€909 ZFSE> 80LI> 455 00> (T3 66> 00°5S
L'0rSS Sl 9z 1re LO0> 0LZ> 6Fvl> 00°5S
(17413 Lreg>  LL'LE»  BFSE LZE ¥0'ZZ OGS S5
681 82°99> 8G'0Z>  9ZGL Z6'LL 15 A i 10 05§
LS 601 0Eg 16 100 o> 050Fk Ll
ogcel 60l G0E Prag 100 190> 0LL¥F ¥l
o 66F [4%4 vZo [} 650 200
9L 0¥Le 3:03 0EYs 800 06 g’k
wdd wdd widd wdd LATAY EAT wdd M
88 i1 L7 2] 6% g 14 i3 4
15 a5 sy LY oL ol 25 [o1:-6]

(embueaidnoer) y-210W
QI¥ALTIE LINM NOLLD3LIA - SLINSIH SOV

8l
FAs
9k
Sk
i
€l
43
133
oL
60
80
40
90
S0

€0

8l
ik
9k
1
i
4
43
L
ok
60
80
10
90
S0

€0

s

ops
8106034
2196034
919604
5106094
7106094
196084
z1a6084
1106084
0196084
6006024
8006024
109604
900604
5006094
7006094
£006094

s

1Ps

1w 1ea
aqupuoyy

ssew Jdojos|

s

oPis
8106094
2196094
9196024
5106084
¥LA6084
196084
zZ196084
1106034
0196024
6006024
8006024
2006094
9006024
5006094
#0a6084
£096084

zhs

1Ps

N peq
|Upuoy]y

SSBW 21d0)0s]

43



Carbonatite)

LA-ICP-MS Results (MCIC-5A

TWIr- IHZ %L WNOY 0L9LSIN - %IEk

WM THL %L WNOY OLOLSIN - %624
TWIrLLE THE %F.L WNSS ONHE %1SF
TWIrGYT THL %F.L WNSS ONHE %168
WM ZHZ %¥2 Wnsg 01dy YS-D10N %P
WM~ ZHL %2 WnsZ 6dy ¥S-DI0N %0%
C-WIM- ZHL %2 wngZ gdy vS-DI0N %LE
WM ZHL %L WNGZ 18D YS-DI0IN %95
CURMYEE THE %L WNGE puiny YS-D00N HET
CWIP- ZHY % wingz 2dy vg-DI0N %9%
WIS L' ZHL %2 wngg G Y5-I g4
T WM ZHY %2 Wng | #dy Y5210 %Ek
TWOMOZ'Z ZHL %l WNGZ £dY Y5-I %9t
WIS L'Z ZHE %) WNGZ £dY VG-I %EE
TWONQZ'Z THL %2 WNGZ ZdY VS-DIIN %FE
TWOrPE'Z ZHL %2 WNGZ LAY VSDIDN %88¢
TWIMPL'T THL %L WNGG OAHE %G8
ZWIr9G'g % THL Wn0 0LALSIN - %0L
TWIrZY'Z %l THL WN0 0LOLSIN - %01

pIA
SIUAWIWOD) uyay

WD~ ZHL %¥.L wingy 0L9LSIN
ZTWOr-ZHL % Wwngy 0L9LSIN
ZWOrLLZ THE %F L WNGG OAHE
CWOrGY'Z THL %L WNGG OAHE
WM ZH/ %P, WnGg 01dY YS-JIDWN
TWIr- ZHY %/ WNSZ 6dY V5 DIDN
TWOM- ZHY %/ WNGZ gdy V5-DIDN
WO IHZ %/ WNGE 123 YS-JI0N
EWIMYE'E THE % WINGZ LW YS-DI0W
ZWIr- THZ %/ WNSZ Jdv ¥5-DI0N
Z-WIrGL'Z IHZ %P/ WNSZ 5dv ¥5-JIDN
TWIr- IHZ %P/ WngL vdy ¥5-JI0N
Z-WIrOZ'Z THL %L WNSZ £dv ¥5-JI0N
T-WIrSL'Z THZ % WNSZ £dy ¥5-JI01
T-WIrQZ'T THL %L WNSZ Zdv Y5210
TWIMYET THL %L WNSZ LAY vS-2I0I
TWAMFET THL %L WNSS OAHE
WAr9S'E %F.L THL Wnow 0LILSIN
CWANZY'E %F.L IHL Wny 0L9LSIN

SUBWWOD UNAY

s
V¥
6¥5
V¥s
3]
¥es
nes
GET
¥6F
Fes
vir
e
s
31
a6k
151
a6k
(424

soas

Head

bEE
%6Zh
%SE
%6F
%EP

%I
%99
%RET
%9T
%IP
%EL

EEfEssE

piak

L6'ZST
LELOF
ar'o
6E0
res
06°8¢
1Z0e
000
S9°G6C
8LFS
(445 4
Flirad
£0ZTY
18769
£675
o
oo
crerr
oLaar

SO0
Lo

wdd
8cZ

¥ES
V¥
65
b¥e
LS
e
Lird}
6'2C
6
e
oLy
e
fal i)
4
6k
13 23
6k
TEE
g

s028
Head

98 LY

vl
L
850
950
8¥0
oo
[491)
o
950
piarsl
150
31}
al’l>
o'k
iZ'

BLYSE

Lo
oo

widd
434

fR2:T4
BTELY
3]
[
TE'ELL
L9¥°182
8To0ee
69L°C
9c'Z6 L
06'GEC
L'66Z
9£°G8T
A04ZE
L1DEE
EVEIvE
Lad
&%
9°0Lv
LO'BEY

91’0

oLo

widd
(341
id

reELY
ey
wi
wi
oL
Wl
065>
190
£9°0
997¢
¥l
e
16°0
L=
o 2
51
ki
ECBLY

¥0°0
C6Z

wdd
80Z
ad

[ANagd
660G
6'GE
e
CLI'3L6E
8C'GEEE
80vELT
Zi'8t
¥Z'G6ZL
£6°088¢C
AT IVVE
G6°20ZC
87098¢
LO'STEE
60'STEE
FO¥E
Lse
BY0S¥
LEFFY

1570

¥90

wdd
orlL
a2

FLFLE
L0°6LE
€60
€80
000
000
000
000
€891
000
000
000
Lo
000
000
S6°0
S0
12°9.¢
66'94€

000
Lo

wdd
L8l
Bl

SOVSY
G109
aL
aL
6E°0Z9E
LE°LV0E
L 0vSE
89'ev
LO'8CY
01'8ise
4 i 1
80°646Z
66'Z8EC
S0°40SE
09°06¥<
009k
9LSk
FLSSY
99657

950

S0

wdd
6CL
e

rZoLy
[TaTa
'y
£65r
rLo
o000
8L
a0
8G5CLLL
L0
ooo
000
260
000
000
e
(74 4
48°00%
[AR: T4

oo
Lo

wdd
8L1
H

Sricy
rLoZv
S0gzl
Z86LL
899
86'81
6002
9761
90
(344
Srara
06'¥81L
VP>
La's
156
LLOZL
rLEzL
[24:T4
AVEL¥

L0
We

widd
1E1

06°2Z%
L2
620
870
89°¢
e
SIe
100
[\ [ T4
v
20
[A%S
are
104
96°C
9z'0
170
fraliTay
L0

00
€00

wdd
SiL
n
LHEBLEZD

GLELY
[A:R:T4 4
9LGL
LI'GL
0z'o
287
9k
000
8CI61LL
¥6°0
[4:44
vz
9v'0
L
€0
8951
SESL
WSEv
BLCIY

¥0°0
SC0

wdd
€6
aN
LLI8LIC0

BT'BS¥
£Lvov
wT
Lz
eree
0522
Tl
oro
C86LL
997¢e
0162
T T4
66°0L
L0ee
PLGE
S0°T
68°)
6% LO¥
L5 LO¥

Lo
10

wdd
(417

LE0FF
ZE'ECY
LG9k
0ol
5]
(444
08z
L=
G0'0
25°91
6929
LG,
L8'6E
Z6°C9
oLy
5ok
ol
PE9Ly
FAray g

ao

98¢

wdd
06
iz

[A%:10 4
[y rad
€0
Lo
re's
LS
£re
600
¥50¢
gL'e
280G
80°L
609
LE'G
56°9
a9z'0
6Z°0
666 LY
Zo'0Z¥

oo
oo

widd
691
wy

LR aad
PAR
LT
e
989
ViS5
Siv

90€Z
919
909
165
859
SE9
769
¥z
¥

reo
951

widd
68

LTBLY
SLZEw
]
B6ET
S0°8¥
A1
99°FE
96°0>
9rLET
LEEY
290
gL'8t
L¥8r
LO8y
L9TS
¥Ze
62T
GZ'0Z¥
irew

[4%1]
pAN]

wdd
a9k
13

[A 40
69°005
L6E
€8¢
¥aLE
G862
8€ZE
9806
fardi13
F'B60C
VEZ6T
£0Zre
6'050E
£'8€0E
0'9Z0¢
€8¢€
8t
S6°96¥%
S8°L6¥

810

9L

widd
88
15

B86°0SY  [6'9ZV
Leivy  Z09ZF
S0°L LS
960 (20
6L°LE 187021
008l SCZ0L
9€vi 1058
80 5o
0¥'Z6 G6LGLY
(40 T4 86°9LL
€161 0LroLL
661 ¥8'66
G912 £8°021
(444 jaai123
G8°CT £C8C1
06'0 86°F
G6'0 90°5
66°GFF  O8'ZIV
£8°76F  al'och
roo 6L°0
90°0 SZ°0
wdd wdd
G9L €9l
oH fa
a3yaLm4d L
FLo0L SLELE
L8 99°72C
126> ol
o> L=

SZ'0LL> 79
80°G9> 0L
LE"66> 85
0L'8k> 86°CL>
£I'69> 69'0C>
ZZ'88> 9
£TC8> 69
¥z LLeg>
05°C6> 99
BET6> 8l
€208 99
> 6¥T=
95°9> SCEx
LkL 10
Lok 17
(34 eLro
{11 74 (207
wdd wdd
yr 7
a5 sy

S6°0

S80

rie
GL6L
L9l
850>
cLLL
et
1902
Gloz
96°CT
G6°LE
L9'vZ
180

60

BEOFY

S0°0
wo'o

wdd
651
ar

[lard g
L¥ 0t
1435
i
L6Z1
€821
LE01
861>
8l
agLl
oviiE
166
LEZL
[A%A]
riZk
B80E
10€
St
BEF

€90
0CvS

wdd
34

15°6L¥
£T0Zv
(237
585
0951
LLggl
LVL0k
ik
4 419
[4: 021
LrEEl
oLzl
(49 41
69'FGL
S0'8LL
LS
99°G
LL0ZY
606 LY

80
0z'o

widd
Fi )
P9

00
800
£5¢
['74
Lo0=
000>
Loo>
Lo'o>
oL
200>
Loro>
100>
Loo>
Loro>
Loo=

oT
100
100

oo
200

b
6t
zoiL

009
LTrs
8
60>
9rLEL
8815
L95
5005
519
9¢'8s
[4 41

GEZo¥

Lo

900

widd
1373
n3

(e1peuoqued) ys-DI0N
NOLLD3L3A - SLINSTH SW-dIIFNYT

69°0=
690>
85
L&Y
LoZ>
LE>
GET>
¥5'l>
A
B6¥'Z>
181>
689>
ST
P v g
16°Z>
GETL
reLl
(1 2
(XA

Lo
200

bt
Fig
ol

(e1neUcqIe)) VS-DI0N
Q3Y3ALTS LINM NOLLD3AL3A - SLINS3Y SN-dOFINVT

[k

(3]
95
SOLLL
09°6¥ L
96°0Z 1
Wi
LETOE
6081
svL9k
GE'6EL
(4411
65'291
18'G8L
96
0¥'s
BLGHY

o
1]

widd
vk
ws

BO0FY
5L
raoc
L0rLE
959>
85>
[4 424
25'9>
(434}
CL'6=
698>
08'LE>
E€6°LL>
99°0L>
15Fl>
800E
£7°0¢
60°8EY
LLFFY

[£41}

06'S

widd
k14
2§

(1144
[A x5 4
¥
SET
597901
LE'¥FE
£Fe9L
(A
6.L°C56
LELLOL
9C°LLE
¥GrLE
9F'GLLL
orgLoL
SLATLL
Va4
(444
EVICY
Py

o
v

wdd
arl
PH

oLl
oLl
¥l
¥l
0S5
0'sS
00°6S
GG
GG
GG
GG
00°65
00°5S
00°55
00°5S
13
Ll
Ll
LA

¥oo
gL

e
£
0ed

8l
1
91
Si
i
€l
(4]
kL
60
80
10
90
G0

€0

8l
Ll
9l
Si
i
cl
zl
b
60
80
10
90
S0

€0

s

o«ns
8les0ad
21e608d
gke602d
Shkes0ad
riesoad
€he602d
Zhe60ad
[
60e6024
8026094
20e6094
a0e6084
Goe60ed
roe60ed
£oe6024

s

P

nuwi3ea
QUpUOYD

ssew ndojos|

oIS

&pis
8126024
216084
9126024
5126024
yLes0ed
126094
126094
1126084
6026094
8026094
2026034
9086094
5026034
¥026024
£0e6034

zms

1-pis

Wi 1eq
[AupuoyDy

ssew 21dojos|

44



Carbonatite)

LA-ICP-MS Results (MCIC-5B
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Appendix 9

LA-ICP-MS Results: Chondrite-normalized apatite REE concentration plots

Average REE for apatite in all MCIC rocks
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Apatite REE in biotite ijolite
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Apatite REE in carbonatite A
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Appendix 10
MCIC apatite volatile composition, AST, and fugacity ratios

MCIC-1 (Trachyte-phonolite)

X(FAp) X(CAp) X(HAp) X(CAp/HAp) X(FAp/HAp) AST(Cel.) f(HCI/H20) f(HF/H20) AST(Kelvin) f(HCI/H20)  f(HF/H20)

0.8934 0.0016 0.1050 0.0155 8.5125 700 5.56E-05 4.92E-05 1048 2.34E-06 5.12E-08
0.8894 0.0015 0.1091 0.0137 8.1527 700 4.92E-05 4.71E-05 1048 2.07E-06 4.90E-08
0.8714 0.0003 0.1283 0.0022 6.7930 700 7.79E-06 3.93E-05 1048 3.28E-07 4.09E-08
0.9196 0.0011 0.0793 0.0145 11.6017 700 5.17E-05 6.71E-05 1048 2.18E-06 6.98E-08
0.8664 0.0019 0.1318 0.0140 6.5741 700 5.03E-05 3.80E-05 1048 2.12E-06 3.95E-08
0.7960 0.0022 0.2018 0.0107 3.9435 700 3.83E-05 2.28E-05 1048 1.61E-06 2.37E-08
0.9041 0.0030 0.0929 0.0324 9.7348 700 1.16E-04 5.63E-05 1048 4.89E-06 5.85E-08
0.9045 0.0018 0.0937 0.0193 9.6492 700 6.90E-05 5.58E-05 1048 2.91E-06 5.80E-08
0.8474 0 0.1526 0 5.5536 700 0 3.21E-05 1048 0 3.34E-08
0.8678 0.0020 0.1302 0.0152 6.6658 700 5.45E-05 3.85E-05 1048 2.30E-06 4.01E-08
0.8367 0.0019 0.1615 0.0116 5.1814 700 4.14E-05 2.99E-05 1048 1.74E-06 3.12E-08
0.8036 0.0027 0.1938 0.0138 4.1470 700 4.94E-05 2.40E-05 1048 2.08E-06 2.49E-08
0.8475 0.0026 0.1500 0.0172 5.6516 700 6.17E-05 3.27E-05 1048 2.60E-06 3.40E-08
0.8479 0.0020 0.1501 0.0136 5.6488 700 4.87E-05 3.26E-05 1048 2.05E-06 3.40E-08
0.7654 0.0014 0.2332 0.0060 3.2813 700 2.14E-05 1.90E-05 1048 9.02E-07 1.97E-08
0.7720 0.0015 0.2265 0.0064 3.4081 700 2.30E-05 1.97E-05 1048 9.68E-07 2.05E-08
0.7730 0.0015 0.2255 0.0068 3.4279 700 2.43E-05 1.98E-05 1048 1.02E-06 2.06E-08
0.8124 0.0023 0.1853 0.0126 4.3842 700 4.51E-05 2.53E-05 1048 1.90E-06 2.64E-08
0.7921 0.0023 0.2056 0.0111 3.8522 700 3.99E-05 2.23E-05 1048 1.68E-06 2.32E-08
0.8003 0.0016 0.1981 0.0080 4.0394 700 2.87E-05 2.33E-05 1048 1.21E-06 2.43E-08
0.7964 0.0001 0.2035 0.0006 3.9139 700 2.33E-06 2.26E-05 1048 9.79E-08 2.35E-08
0.8112 0.0008 0.1880 0.0043 4.3159 700 1.54E-05 2.49E-05 1048 6.48E-07 2.60E-08
0.8449 0.0018 0.1533 0.0118 5.5112 700 4.22E-05 3.19E-05 1048 1.78E-06 3.31E-08
0.9205 0.0014 0.0781 0.0173 11.782 700 6.19E-05 6.81E-05 1048 2.61E-06 7.09E-08
0.7854 0.0007 0.2139 0.0032 3.6711 700 1.16E-05 2.12E-05 1048 4.86E-07 2.21E-08
0.9937 0.0011 0.0052 0.2101 189.52 700 7.52E-04 1.10E-03 1048 3.17E-05 1.14E-06
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MCIC-2 (Garnet pseudoleucite nepheline syenite)

X(FAp) X(CAp) X(HAp) X(CAp/HAp) X(FAp/HAp)  AST(Cel.) f(HCI/H20)  f(HF/H20)  AST(Kelvin) f(HCI/H20) f(HF/H20)

0.8354 0.0001 0.1646 0.0005 5.0766 700 1.07E-06 8.59E-06 948 3.80E-08 6.24E-09
0.9086 0.0005 0.0909 0.0057 9.9973 700 1.13E-05 1.69E-05 948 4.01E-07 1.23E-08
0.8818 0.0005 0.1176 0.0046 7.4958 700 9.23E-06 1.27E-05 948 3.28E-07 9.21E-09
0.8779 0.0021 0.1200 0.0171 7.3159 700 3.43E-05 1.24E-05 948 1.22E-06 8.99E-09
0.7861 0.0003 0.2135 0.0016 3.6818 700 3.16E-06 6.23E-06 948 1.12E-07 4.53E-09
0.8612 0.0007 0.1381 0.0050 6.2337 700 9.99E-06 1.06E-05 948 3.55E-07 7.66E-09
0.8783 0.0007 0.1210 0.0059 7.2570 700 1.19E-05 1.23E-05 948 4.22E-07 8.92E-09
0.9826 0.0013 0.0161 0.0803 61.0491 700 1.61E-04 1.03E-04 948 5.70E-06 7.50E-08
1.0942 0.0006 -0.0948 -0.0060 -11.5411 700 -1.21E-05 -1.95E-05 948 -4.29E-07  -1.42E-08
1.0303 0.0006 -0.0309 -0.0190 -33.3677 700 -3.80E-05 -5.65E-05 948 -1.35E-06  -4.10E-08
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X(FAp)
0.3964
0.3864
0.3663
0.4207
0.4413
0.4169
0.4067
0.4046
0.4104
0.3949
0.4373
0.4283
0.4160
0.4004
0.4277
0.4261
0.4583
0.4351
0.4332
0.4221
0.4784
0.4335
0.4241
0.4318
0.4126
0.4116
0.4501
0.4351
0.3604
0.3964
0.3994
0.3771
0.4417
0.4315
0.4132
0.3739
0.3988

MCIC-3 (Biotite ijolite, part 1)

X(CAp)
0.0020
0.0021
0.0010
0.0018
0.0019
0.0022
0.0023
0.0019
0.0023
0.0025
0.0016
0.0016
0.0019
0.0027
0.0023
0.0015
0.0020
0.0013
0.0021
0.0024
0.0001
0.0021
0.0034
0.0018
0.0025
0.0025
0.0026
0.0021
0.0045
0.0017
0.0013
0.0031
0.0009
0.0011
0.0008
0.0018
0.0024

X(HAp)
0.6017
0.6115
0.6327
0.5775
0.5568
0.5809
0.5910
0.5934
0.5873
0.6026
0.5610
0.5701
0.5821
0.5968
0.5700
0.5725
0.5397
0.5636
0.5647
0.5756
0.5215
0.5644
0.5726
0.5663
0.5849
0.5859
0.5474
0.5628
0.6351
0.6019
0.5993
0.6199
0.5574
0.5674
0.5860
0.6244
0.5988

X(CAp/HAp)
0.0033
0.0034
0.0016
0.0031
0.0035
0.0037
0.0038
0.0032
0.0039
0.0042
0.0029
0.0029
0.0032
0.0046
0.0041
0.0025
0.0036
0.0022
0.0037
0.0041
0.0001
0.0038
0.0059
0.0032
0.0043
0.0043
0.0047
0.0037
0.0071
0.0029
0.0022
0.0050
0.0017
0.0019
0.0013
0.0028
0.0040

X(FAp/HAp)
0.6588
0.6318
0.5789
0.7286
0.7926
0.7177
0.6882
0.6819
0.6988
0.6553
0.7795
0.7512
0.7147
0.6709
0.7503
0.7443
0.8492
0.7719
0.7670
0.7333
0.9174
0.7680
0.7406
0.7625
0.7055
0.7026
0.8222
0.7731
0.5675
0.6586
0.6666
0.6083
0.7923
0.7606
0.7052
0.5988
0.6660

AST(Cel.)
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700

f(HCI/H20)
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5.51E-06
5.66E-06
2.60E-06
5.14E-06
5.78E-06
6.21E-06
6.40E-06
5.42E-06
6.52E-06
6.97E-06
4.86E-06
4.78E-06
5.31E-06
7.65E-06
6.89E-06
4.25E-06
6.05E-06
3.75E-06
6.26E-06
6.87E-06
2.35E-07
6.31E-06
9.90E-06
5.37E-06
7.13E-06
7.16E-06
7.80E-06
6.19E-06
1.18E-05
4.85E-06
3.65E-06
8.28E-06
2.82E-06
3.16E-06
2.22E-06
4.72E-06
6.68E-06

f(HF/H20)
7.65E-07
7.33E-07
6.72E-07
8.46E-07
9.20E-07
8.33E-07
7.99E-07
7.91E-07
8.11E-07
7.61E-07
9.05E-07
8.72E-07
8.30E-07
7.79E-07
8.71E-07
8.64E-07
9.86E-07
8.96E-07
8.90E-07
8.51E-07
1.06E-06
8.91E-07
8.60E-07
8.85E-07
8.19E-07
8.16E-07
9.54E-07
8.97E-07
6.59E-07
7.64E-07
7.74E-07
7.06E-07
9.20E-07
8.83E-07
8.19E-07
6.95E-07
7.73E-07

AST(Kelvin)
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921

f(HCI/H20)
1.86E-07
1.91E-07
8.78E-08
1.74E-07
1.95E-07
2.10E-07
2.16E-07
1.83E-07
2.20E-07
2.35E-07
1.64E-07
1.61E-07
1.79E-07
2.58E-07
2.33E-07
1.43E-07
2.04E-07
1.27€-07
2.11E-07
2.32E-07
7.95E-09
2.13E-07
3.35E-07
1.82E-07
2.41E-07
2.42E-07
2.64E-07
2.09E-07
3.98E-07
1.64E-07
1.23E-07
2.80E-07
9.52E-08
1.07E-07
7.50E-08
1.59E-07
2.26E-07

f(HF/H20)
5.00E-10
4.80E-10
4.40E-10
5.53E-10
6.02E-10
5.45E-10
5.23E-10
5.18E-10
5.31E-10
4.98E-10
5.92E-10
5.71E-10
5.43E-10
5.10E-10
5.70E-10
5.65E-10
6.45E-10
5.86E-10
5.83E-10
5.57E-10
6.97E-10
5.83E-10
5.62E-10
5.79E-10
5.36E-10
5.34E-10
6.24E-10
5.87E-10
4.31E-10
5.00E-10
5.06E-10
4.62E-10
6.02E-10
5.78E-10
5.36E-10
4.55E-10
5.06E-10



X(FAp)
0.3615
0.3670
0.3760
0.3445
0.3392
0.3496
0.3520
0.3855
0.3705
0.3717
0.3864
0.3670
0.3595
0.3611
0.3690
0.3734
0.3709
0.4060
0.4182
0.4107
0.4173
0.3529
0.3574
0.3636
0.3787
0.4095
0.4294
0.3945
0.3949
0.4072
0.4057
0.4108
0.4076
0.3960
0.4127
0.4675
0.3972

MCIC-3 (Biotite ijolite, part 2)

X(CAp)
0.0020
0.0015
0.0014
0.0013
0.0011
0.0023
0.0022
0.0015
0.0028
0.0026
0.0014
0.0018
0.0016
0.0015
0.0028
0.0030
0.0027
0.0024
0.0021
0.0023
0.0032
0.0028
0.0016
0.0035
0.0026
0.0010
0.0015
0.0020
0.0011
0.0022
0.0017
0.0022
0.0026
0.0023
0.0027
0.0008
0.0015

X(HAp)
0.6365
0.6315
0.6226
0.6542
0.6597
0.6480
0.6457
0.6131
0.6266
0.6257
0.6123
0.6312
0.6389
0.6375
0.6282
0.6237
0.6264
0.5916
0.5797
0.5870
0.5795
0.6443
0.6410
0.6329
0.6187
0.5895
0.5691
0.6035
0.6040
0.5906
0.5926
0.5871
0.5898
0.6017
0.5846
0.5318
0.6012

X(CAp/HAp)
0.0032
0.0023
0.0022
0.0020
0.0017
0.0036
0.0035
0.0024
0.0045
0.0042
0.0022
0.0028
0.0025
0.0023
0.0045
0.0047
0.0043
0.0041
0.0036
0.0040
0.0056
0.0044
0.0025
0.0055
0.0042
0.0017
0.0026
0.0034
0.0019
0.0038
0.0028
0.0037
0.0044
0.0039
0.0046
0.0015
0.0026

X(FAp/HAp)
0.5679
0.5811
0.6040
0.5265
0.5141
0.5395
0.5451
0.6287
0.5913
0.5941
0.6311
0.5814
0.5628
0.5664
0.5874
0.5987
0.5922
0.6862
0.7214
0.6998
0.7200
0.5478
0.5575
0.5746
0.6122
0.6946
0.7545
0.6536
0.6537
0.6895
0.6845
0.6997
0.6912
0.6581
0.7061
0.8791
0.6606

AST(Cel.)
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700

52

f(HCI/H20)
5.36E-06
3.89E-06
3.71E-06
3.41E-06
2.83E-06
6.02E-06
5.82E-06
3.96E-06
7.60E-06
6.94E-06
3.69E-06
4.71E-06
4.19E-06
3.81E-06
7.58E-06
7.91E-06
7.13E-06
6.89E-06
6.06E-06
6.61E-06
9.32E-06
7.32E-06
4.10E-06
9.19E-06
6.94E-06
2.91E-06
4.31E-06
5.61E-06
3.13E-06
6.32E-06
4.72E-06
6.19E-06
7.41E-06
6.49E-06
7.68E-06
2.45E-06
4.29E-06

f(HF/H20)
6.59E-07
6.75E-07
7.01E-07
6.11E-07
5.97E-07
6.26E-07
6.33E-07
7.30E-07
6.86E-07
6.90E-07
7.33E-07
6.75E-07
6.53E-07
6.57E-07
6.82E-07
6.95E-07
6.87E-07
7.97E-07
8.37E-07
8.12E-07
8.36E-07
6.36E-07
6.47E-07
6.67E-07
7.11E-07
8.06E-07
8.76E-07
7.59E-07
7.59E-07
8.00E-07
7.95E-07
8.12E-07
8.02E-07
7.64E-07
8.20E-07
1.02E-06
7.67E-07

AST(Kelvin)
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921
921

f(HCI/H20)
1.81E-07
1.31E-07
1.25E-07
1.15E-07
9.55E-08
2.03E-07
1.96E-07
1.34E-07
2.57E-07
2.35E-07
1.25E-07
1.59E-07
1.41E-07
1.29€-07
2.56E-07
2.67E-07
2.41E-07
2.33E-07
2.05E-07
2.23E-07
3.15E-07
2.47E-07
1.38E-07
3.11E-07
2.35E-07
9.85E-08
1.46E-07
1.90E-07
1.06E-07
2.13E-07
1.60E-07
2.09E-07
2.50E-07
2.19E-07
2.60E-07
8.26E-08
1.45E-07

f(HF/H20)
4.31E-10
4.41E-10
4.59E-10
4.00E-10
3.90E-10
4.10E-10
4.14E-10
4.77E-10
4.49E-10
4.51E-10
4.79E-10
4.42E-10
4.27E-10
4.30E-10
4.46E-10
4.55E-10
4.50E-10
5.21E-10
5.48E-10
5.31E-10
5.47E-10
4.16E-10
4.23E-10
4.36E-10
4.65E-10
5.28E-10
5.73E-10
4.96E-10
4.96E-10
5.24E-10
5.20E-10
5.31E-10
5.25E-10
5.00E-10
5.36E-10
6.68E-10
5.02E-10



X(FAp)
0.5463
0.5457
0.5364
0.5380
0.5441
0.5491
0.5436
0.5449
0.6302
0.6028
0.5487
0.6078
0.6086
0.5802
0.5998
0.7317
0.6874
0.5797
0.6652
0.4869
0.5711
0.5567
0.5751
0.5912
0.5478
0.6023
0.5581
0.4795
0.5518
0.5304
0.5466
0.5604
0.5725
0.6044
0.5884
0.6760
0.6386

MCIC-4 (Jacupirangite, part 1)

X(CAp)
0.0025
0.0021
0.0023
0.0026
0.0036
0.0020
0.0060
0.0031
0.0019
0.0011
0.0019
0.0031
0.0040
0.0021
0.0020
0.0027
0.0030
0.0034
0.0031
0.0074
0.0053
0.0044
0.0032
0.0034
0.0018
0.0023
0.0022
0.0041
0.0037
0.0054
0.0031
0.0032
0.0026
0.0028
0.0027
0.0034
0.0062

X(HAp)
0.4512
0.4522
0.4613
0.4594
0.4522
0.4488
0.4504
0.4520
0.3679
0.3960
0.4494
0.3891
0.3874
0.4176
0.3982
0.2656
0.3096
0.4169
0.3317
0.5057
0.4236
0.4389
0.4217
0.4054
0.4505
0.3955
0.4398
0.5164
0.4445
0.4642
0.4502
0.4363
0.4249
0.3927
0.4089
0.3206
0.3552

X(CAp/HAp)
0.0055
0.0046
0.0050
0.0057
0.0081
0.0045
0.0134
0.0068
0.0052
0.0029
0.0042
0.0079
0.0103
0.0051
0.0051
0.0102
0.0097
0.0081
0.0092
0.0146
0.0126
0.0100
0.0077
0.0085
0.0040
0.0058
0.0049
0.0080
0.0083
0.0116
0.0070
0.0074
0.0062
0.0072
0.0066
0.0105
0.0174

X(FAp/HAp)
1.2110
1.2067
1.1627
1.1711
1.2033
1.2234
1.2068
1.2057
1.7130
1.5222
1.2211
1.5622
1.5708
1.3893
1.5063
2.7554
2.2202
1.3904
2.0054
0.9627
1.3483
1.2683
1.3639
1.4584
1.2160
1.5229
1.2690
0.9286
1.2416
1.1426
1.2140
1.2845
1.3474
1.5390
1.4389
2.1087
1.7978

AST(Cel.)
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
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f(HCI/H20)
2.29E-05
1.92E-05
2.09E-05
2.36E-05
3.35E-05
1.89E-05
5.55E-05
2.82E-05
2.17E-05
1.19E-05
1.75E-05
3.29E-05
4.28E-05
2.13E-05
2.11E-05
4.25E-05
4.02E-05
3.38E-05
3.83E-05
6.08E-05
5.24E-05
4.17E-05
3.20E-05
3.52E-05
1.65E-05
2.39E-05
2.05E-05
3.32E-05
3.46E-05
4.82E-05
2.90E-05
3.09E-05
2.59E-05
2.98E-05
2.76E-05
4.38E-05
7.23E-05

f(HF/H20)
9.58E-06
9.54E-06
9.19E-06
9.26E-06
9.52E-06
9.67E-06
9.54E-06
9.53E-06
1.35E-05
1.20E-05
9.66E-06
1.24E-05
1.24E-05
1.10E-05
1.19E-05
2.18E-05
1.76E-05
1.10E-05
1.59E-05
7.61E-06
1.07E-05
1.00E-05
1.08E-05
1.15E-05
9.62E-06
1.20E-05
1.00E-05
7.34E-06
9.82E-06
9.04E-06
9.60E-06
1.02E-05
1.07E-05
1.22E-05
1.14E-05
1.67E-05
1.42E-05

AST(Kelvin)
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077
1077

f(HCI/H20)
1.01E-06
8.45E-07
9.22E-07
1.04E-06
1.48E-06
8.33E-07
2.45E-06
1.24E-06
9.58E-07
5.23E-07
7.72E-07
1.45E-06
1.89E-06
9.41E-07
9.32E-07
1.87E-06
1.77E-06
1.49E-06
1.69E-06
2.68E-06
2.31E-06
1.84E-06
1.41E-06
1.55E-06
7.29€-07
1.05E-06
9.05E-07
1.46E-06
1.53E-06
2.13E-06
1.28E-06
1.36E-06
1.14E-06
1.32E-06
1.22E-06
1.93E-06
3.19E-06

f(HF/H20)
1.10E-08
1.09E-08
1.05E-08
1.06E-08
1.09E-08
1.11E-08
1.09E-08
1.09E-08
1.55E-08
1.38E-08
1.11E-08
1.42E-08
1.42E-08
1.26E-08
1.37E-08
2.50E-08
2.01E-08
1.26E-08
1.82E-08
8.73E-09
1.22E-08
1.15E-08
1.24E-08
1.32E-08
1.10E-08
1.38E-08
1.15E-08
8.42E-09
1.13E-08
1.04E-08
1.10E-08
1.17E-08
1.22E-08
1.40E-08
1.31E-08
1.91E-08
1.63E-08



MCIC-4 (Jacupirangite, part 2)

X(FAp) X(CAp) X(HAp) X(CAp/HAp) X(FAp/HAp)  AST(Cel.)  f(HCI/H20) f(HF/H20) AST(Kelvin) f(HCI/H20) f(HF/H20)

0.6351 0.0017 0.3632 0.0048 1.7485 700 1.98E-05 1.38E-05 1077 8.74E-07 1.59E-08
0.6495 0.0015 0.3490 0.0043 1.8613 700 1.78E-05 1.47E-05 1077 7.86E-07 1.69E-08
0.5469 0.0029 0.4502 0.0065 1.2149 700 2.71E-05 9.61E-06 1077 1.20E-06 1.10E-08
0.5355 0.0022 0.4623 0.0048 1.1583 700 1.99E-05 9.16E-06 1077 8.79E-07 1.05E-08
0.5408 0.0029 0.4563 0.0063 1.1850 700 2.62E-05 9.37E-06 1077 1.16E-06 1.07E-08
0.5516 0.0037 0.4447 0.0083 1.2402 700 3.43E-05 9.81E-06 1077 1.51E-06 1.12E-08
0.5692 0.0037 0.4271 0.0086 1.3328 700 3.59E-05 1.05E-05 1077 1.58E-06 1.21E-08
0.5725 0.0033 0.4242 0.0077 1.3497 700 3.21E-05 1.07E-05 1077 1.41E-06 1.22E-08
0.5818 0.0039 0.4143 0.0094 1.4043 700 3.92E-05 1.11E-05 1077 1.73E-06 1.27E-08
0.5663 0.0034 0.4303 0.0079 1.3161 700 3.28E-05 1.04E-05 1077 1.44E-06 1.19E-08
0.5932 0.0038 0.4030 0.0094 1.4719 700 3.91E-05 1.16E-05 1077 1.72E-06 1.34E-08
0.5971 0.0057 0.3972 0.0143 1.5031 700 5.94E-05 1.19E-05 1077 2.62E-06 1.36E-08
0.5775 0.0026 0.4199 0.0061 1.3753 700 2.53E-05 1.09E-05 1077 1.11E-06 1.25E-08
0.5588 0.0022 0.4390 0.0051 1.2729 700 2.13E-05 1.01E-05 1077 9.38E-07 1.15E-08
0.5813 0.0015 0.4171 0.0037 1.3935 700 1.54E-05 1.10E-05 1077 6.77E-07 1.26E-08
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X(FAp)
0.2770
0.2724
0.2924
0.3121
0.3023
0.3250
0.3146
0.3221
0.3008
0.3164
0.3168
0.3272
0.2897
0.3061
0.2863
0.2997
0.3131
0.3079
0.2908
0.3110
0.2661
0.2561
0.2385
0.2327
0.3114
0.3291
0.3240
0.3375
0.2556
0.2533
0.2413
0.2485
0.2961
0.3242
0.2893

MCIC-5A (Carbonatite)

X(CAp)
0.0013
0.0015
0.0010
0.0019
0.0003
0.0012
0.0014
0.0007
0.0012
0.0022
0.0020
0.0009
0.0021
0.0003
0.0009
0.0014
0.0008
0.0020
0.0020
0.0018
0.0005
0.0005
0.0003
0.0012
0.0013
0.0007
0.0017
0.0014
0.0012
0.0008
0.0014
0.0020
0.0006
0.0011
0.0008

X(HAp)
0.7217
0.7261
0.7066
0.6860
0.6974
0.6738
0.6840
0.6771
0.6980
0.6814
0.6813
0.6719
0.7082
0.6936
0.7128
0.6989
0.6861
0.6901
0.7072
0.6871
0.7334
0.7434
0.7612
0.7661
0.6874
0.6702
0.6743
0.6611
0.7432
0.7459
0.7574
0.7494
0.7033
0.6746
0.7099

X(CAp/HAp)
0.0018
0.0021
0.0014
0.0028
0.0004
0.0018
0.0020
0.0011
0.0017
0.0032
0.0029
0.0014
0.0030
0.0005
0.0013
0.0020
0.0011
0.0028
0.0028
0.0027
0.0007
0.0006
0.0004
0.0016
0.0018
0.0010
0.0026
0.0021
0.0016
0.0011
0.0018
0.0027
0.0009
0.0017
0.0011

X(FAp/HAp)
0.3838
0.3751
0.4138
0.4550
0.4335
0.4823
0.4599
0.4758
0.4309
0.4643
0.4649
0.4869
0.4090
0.4413
0.4016
0.4288
0.4564
0.4462
0.4112
0.4526
0.3629
0.3446
0.3133
0.3037
0.4530
0.4911
0.4805
0.5105
0.3439
0.3396
0.3186
0.3316
0.4210
0.4806
0.4076

AST(Cel.)
700

700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
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f(HCI/H20)
7.36E-06
8.80E-09
5.80E-09
1.17E-08
1.87E-09
7.74E-09
8.53E-09
4.67E-09
7.38E-09
1.37E-08
1.23E-08
5.91E-09
1.25E-08
1.97E-09
5.31E-09
8.52E-09
4.79E-09
1.20E-08
1.18E-08
1.13E-08
2.96E-09
2.67E-09
1.87E-09
6.80E-09
7.76E-09
4.17E-09
1.10E-08
8.82E-09
6.68E-09
4.49E-09
7.54E-09
1.15E-08
3.88E-09
7.08E-09
4.81E-09

f(HF/H20)
3.04E-06
1.47E-12
1.62E-12
1.78E-12
1.69E-12
1.89E-12
1.80E-12
1.86E-12
1.68E-12
1.81E-12
1.82E-12
1.90E-12
1.60E-12
1.72E-12
1.57E-12
1.68E-12
1.78E-12
1.74E-12
1.61E-12
1.77E-12
1.42E-12
1.35E-12
1.22E-12
1.19E-12
1.77E-12
1.92E-12
1.88E-12
2.00E-12
1.34E-12
1.33E-12
1.25E-12
1.30E-12
1.65E-12
1.88E-12
1.59E-12

AST(Kelvin)
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472

f(HCI/H20)
3.24E-07
3.07E-11
2.02E-11
4.07E-11
6.52E-12
2.70E-11
2.97E-11
1.63E-11
2.57E-11
4.76E-11
4.296-11
2.06E-11
4.37E-11
6.86E-12
1.85E-11
2.97E-11
1.67E-11
4.17E-11
4.13E-11
3.94E-11
1.03E-11
9.31E-12
6.54E-12
2.37E-11
2.71E-11
1.45E-11
3.82E-11
3.08E-11
2.33E-11
1.57E-11
2.63E-11
4.01E-11
1.35E-11
2.47E-11
1.68E-11

f(HF/H20)
3.48E-09
8.01E-18
8.84E-18
9.72E-18
9.26E-18
1.03E-17
9.82E-18
1.02E-17
9.21E-18
9.92E-18
9.93E-18
1.04E-17
8.74E-18
9.43E-18
8.58E-18
9.16E-18
9.75E-18
9.53E-18
8.78E-18
9.67E-18
7.75E-18
7.36E-18
6.69E-18
6.49E-18
9.68E-18
1.05E-17
1.03E-17
1.09E-17
7.35E-18
7.26E-18
6.81E-18
7.08E-18
8.99E-18
1.03E-17
8.71E-18



X(FAp)
0.2240
0.2344
0.2421
0.2383
0.2456
0.2490
0.2758
0.2744
0.2414
0.2464
0.2274
0.2408
0.3116
0.3122
0.3110
0.3037
0.2634
0.3012
0.3081
0.2886
0.2943
0.2868
0.2975
0.2864
0.2919

MCIC-5B (Carbonatite)

X(CAp)
0.0019
0.0010
0.0011
0.0013
0.0019
0.0017
0.0003
0.0014
0.0014
0.0014
0.0019
0.0004
0.0014
0.0013
0.0014
0.0018
0.0017
0.0006
0.0018
0.0018
0.0009
0.0020
0.0011
0.0019
0.0006

X(HAp)
0.7741
0.7646
0.7567
0.7605
0.7524
0.7493
0.7239
0.7243
0.7572
0.7522
0.7707
0.7588
0.6870
0.6865
0.6876
0.6946
0.7349
0.6981
0.6901
0.7095
0.7047
0.7111
0.7014
0.7117
0.7075

X(CAp/HAp)
0.0025
0.0014
0.0015
0.0017
0.0026
0.0023
0.0004
0.0019
0.0018
0.0018
0.0025
0.0005
0.0020
0.0019
0.0020
0.0025
0.0023
0.0009
0.0026
0.0026
0.0013
0.0028
0.0016
0.0027
0.0008

X(FAp/HAp)
0.2894
0.3065
0.3200
0.3133
0.3265
0.3323
0.3810
0.3788
0.3188
0.3276
0.2950
0.3174
0.4535
0.4548
0.4523
0.4372
0.3585
0.4315
0.4464
0.4068
0.4177
0.4033
0.4241
0.4024
0.4126

AST(Cel.)

700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700

700
700
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f(HCI/H20)
1.04E-08
5.76E-09
6.40E-09
7.10E-09
1.09E-08
9.52E-09
1.63E-09
7.88E-09
7.62E-09
7.59E-09
1.06E-08
2.04E-09
8.31E-09
7.95E-09
8.57E-09
1.07E-08
9.88E-09
3.82E-09
1.10E-08
1.08E-08
5.63E-09
1.20E-08
6.90E-09
1.14E-08
3.51E-09

f(HF/H20)
1.13E-12
1.20E-12
1.25E-12
1.22E-12
1.28E-12
1.30E-12
1.49E-12
1.48E-12
1.25E-12
1.28E-12
1.15E-12
1.24E-12
1.77E-12
1.78E-12
1.77E-12
1.71E-12
1.40E-12
1.69E-12
1.74E-12
1.59E-12
1.63E-12
1.58E-12
1.66E-12
1.57E-12
1.61E-12

AST(Kelvin)
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472
472

f(HCI/H20)
3.63E-11
2.01E-11
2.23E-11
2.48E-11
3.80E-11
3.32E-11
5.68E-12
2.75E-11
2.66E-11
2.65E-11
3.71E-11
7.13E-12
2.90E-11
2.77E-11
2.99E-11
3.74E-11
3.44E-11
1.33E-11
3.82E-11
3.78E-11
1.96E-11
4.20E-11
2.41E-11
3.98E-11
1.22E-11

f(HF/H20)
6.18E-18
6.55E-18
6.84E-18
6.69E-18
6.97E-18
7.10E-18
8.14E-18
8.09E-18
6.81E-18
7.00E-18
6.30E-18
6.78E-18
9.69E-18
9.72E-18
9.66E-18
9.34E-18
7.66E-18
9.22E-18
9.54E-18
8.69E-18
8.92E-18
8.62E-18
9.06E-18
8.60E-18
8.81E-18



Appendix 11
Standards Used

EPMA Standards/Elements

Fluorine: Synthetic apatite-(CaF)
Chlorine and sulfur: Scapolite

Calcium and phosphorus: Natural apatite
Strontium: Strontianite or Durango apatite
Manganese: Rhodonite

Silicon, sodium, iron: Hornblende

REE: Synthetic single REE phosphates

LA-ICP-MS Standards/Elements
REE: NIST-610
All other elements: BHVO
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Appendix 12

Backscattered electron images of minerals analyzed using LA-ICP-MS
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Sanple

CF Level Areal
2040 20
1912
1785
1657

6.6
1530

8.7
1462

17.4
1275

24.1
1147

10.0
1020

3.0
832

2.8
765

6.0
637

5.8
510
R
382

0.1
255

0.1
127 i

8

%
fve 1116 20

3.0
0.4
r

Group : Piccolt
Sample = MCIC-Day2
HCIC-4 Apt 5-6

Prob Diam.Cum) ©
Dwe 1 1{ms) 40
Stage

X

Points 1024%1024
Size Cum) X:2_4438
¥:2.4438

CP IHS Beh COHPO

s ’ . 0
500 um e ' A, B value 0.0000, 0.0000

MCIC-4 Apatite 5 and 6

Area Analysis

2040
1912
1785
1657
1530
1402
1275
1147
1820

892

765

Group : Piccoli
Sample : HCIC-Day2
HCIC-4 Ape 7-8

4.5780-08A
Scan DN Hag 40
Prob Diam.{um) @
Duell(ms) 400.00
Stage Mo.25
k11,7016
51.8163
Z : 10.6405

Points 102
Size .4438
-4438

CP IHS 6ech COMPO
A

f, B value ©.0000, 0.0000

MCIC-4 Apatite 7 and 8

67



Exit

N CP Level fivea
2040 ol

1912

1785

1657

1530

1402

1275

1147

1020

892

765

637

510

382

255

127

]

Ave 1134

Atea Analysis _

%
=)
4
1

broup : Piccoli
Sample : HCIC-Day2
HCIC-4 Apt 9

Feb 5 09:55 2011

Prob € 4.577-08R
an N Hag 48

well(ms) 400.00
Stage No.26

% : 31.6823 mm

62.6248 mn

10. 5695 mn

Points 1024%1024
5 Cum) X

"
A, B value 0.0000, 0.0000

CP Level Area
2048
1912
1785
1657
1530
1402
1275
1147
1020
892
765

'3
L]
5

i
3
']

Group : Piccoli
| Sample : HCIC-Day2
HCIC-4 fipt 10-11(-sphene}

Feb 5 09:56 2011
Beam Scan

Rec. V. 15.0 kV
Frob C 4.578e-08A
Scan ON Hag 46
Prob Diam.(um) 8
Dwell(ms) 400.060

K 1 36.0240 wm
¥ : 54.6025 mn
Z : 19.6325 mn

Points 1024+1024
W size  Cum) R:2.4438
¥.2.4438

CP IHS Gch COHPO

fccum. 1

Hax 2040

Hin [

five 1029

A, B value ©.0000, ©.0000

MCIC-4 Apatite 10 and 11

68



CP Level fre
R
2040

Prob Dia
Dwe11¢n

CP IHS Gch  COMPO

R
A,

B value 0.0

CP Level fir
2040
1916
1792
1669

Ave

Group : Piccoli
HECIC-Day2
fi Apatite in CaMgSi

2011

15.0 KV
24e-08R
Hag 40
Prob Diam.

CP INS 6ch COMPD
i

MCIC-5A Apatite in pyroxene cluster

69



1147
1020

Group : ccoli
5ample : HCIC-Day2
HCIC-5A te with fp

Feb 2 21:12 2011

Beam Scan
v

CP IHS 6Beh COHPO
Accum. 1

Hax 2040

Hin i

five B06

CP Level Arsak
2040
13912

Hi y
HCIC-58 Apatite Clu

Prab Diam.(
Dwell{ms) 400
Stage No.10

Hin
five

n, 0.0000, 0.0000

MCIC-5B Apatite cluster

70



Appendix 13

Thin section scans

MCIC-1 (Trachyte-phonolite)
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MCIC-2 (Garnet pseudoleucite nepheline syenite)
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MCIC-3 (Biotite ijolite)
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MCIC-4 (Jacupirangite)
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MCIC-5A (Carbonatite)
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MCIC-5B (Carbonatite)
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Appendix 14

Sample thin section photos
PPL= plane polarized light
XPL= cross polarized light

FOV= field of view

MCIC-1 XPL, 5x, FOV=2.7 mm

MCIC-2 PPL, 5x, FOV=2.7 mm MCIC-2 XPL, 5x, FOV=2.7 mm
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MCIC-3 XPL, 5x, FOV=2.7 mm

MCIC-3 XPL, 5x, FOV=2.7 mm

MCIC-4 PPL, 5x, FOV=2.7 mm MCIC-4 PPL, 10x, FOV=1.4 mm
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MCIC-4 XPL, 5x, FOV=2.7 mm

MCIC-4 XPL, 10x, FOV=1.4 mm

MCIC-5A PPL, 5x, FOV=2.7 mm
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MCIC-4 XPL, 5x, FOV=2.7 mm

MCIC-5A PPL, 5x, FOV=2.7 mm



MCIC-5A PPL, 10x, FOV=1.4 mm MCIC-5A XPL, 5x, FOV=2.7 mm

MCIC-5A XPL, 5x, FOV=2.7 mm MCIC-5A XPL, 10x, FOV=1.4 mm

MCIC-5B PPL, 5x, FOV=2.7 mm MCIC-5B PPL, 5x, FOV=2.7 mm
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MCIC-5B XPL, 5x, FOV=2.7 mm MCIC-5B XPL, 5x, FOV=2.7 mm
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