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CARBONATITIC VERSUS HYDROTHERMAL ORIGIN FOR
FLUORAPATITE REE-Th DEPOSITS: EXPERIMENTAL STUDY OF REE
TRANSPORT AND CRUSTAL “ANTISKARN” METASOMATISM

MICHAEL ANENBURG#* ' and JOHN A. MAVROGENES**$

ABSTRACT. Nolans-type ore deposits contain REE and Th mineralization hosted in
fluorapatite veins. These veins intrude granulite facies rocks and are surrounded by a
diopside selvage. Nolans-type deposits are thought to form by REE, F and P-rich
hydrothermal fluids derived from alkali or carbonatitic intrusions. However, REE are
not effectively transported in F and P-rich systems. REE ore deposits are commonly
hydrothermally overprinted, possibly obscuring the 1gneous nature of the primary
mineralization. We conducted a series of piston cylinder “sandwich” experiments,
testing the hydrothermal fluid hypothesis, and a newly suggested process of carbona-
tite metasomatism. Our results confirm theoretical predictions that REE are hydrother-
mally immobile in these systems and the experimental phase assemblage is not
compatible with the natural rocks. Our results show that fluorapatite can only host
several weight percent levels of REE at temperatures higher than ~600 °C. Below that
temperature, a miscibility gap exists between REE-poor fluorapatite and REE-rich
silicates such as britholite or cerite. In contrast, experiments reacting P and REE-rich
carbonatite with silicate rock above 700 °C closely resemble natural rocks from
Nolans-type deposits. Selvage mineralogy is sensitive to the MgO content of the
carbonatite. A diopside selvage formed at carbonatite MgO /(CaO+MgO) ~ 0.2 while
wollastonite and forsterite formed at lower and higher ratios, respectively. Phosphate
solubility in carbonatites decreases with decreasing MgO contents. As diopside formed,
REE-rich fluorapatite preferentially crystallized from the selvage inwards. Thus, car-
bonatites are effective at simultaneously mobilizing REE, F and P to the site of
deposition. Nolans-type deposits are the cumulate residue of this reaction, with the
carbonatite liquid migrating elsewhere. At temperatures below 700 °C the carbonatite—
silicate reaction additionally formed monticellite, cuspidine and magnesioferrite,
resembling a skarn assemblage. Whereas skarns form by infiltration of silicate magmas
or related fluids to carbonate rocks, our experiments are the opposite: intrusion of
carbonatite into silicate rock. These mid-crustal skarn-like rocks may host elevated ore
elements of carbonatitic affinity, such as F, P, Y, REE, Th, Ba, Sr, and Nb. We propose
the term “antiskarn” to describe such systems, and suggest they trace the migration of
carbonatite liquids through the crust. Hydrothermal reworking, retrogression, or
metamorphism of antiskarns may obscure the carbonatitic genesis of the rocks. These
metasomatic zones are the crustal equivalent of wehrlites that form by peridotite—
carbonatite reaction at mantle depths.

Key words: Carbonatite, metasomatism, decarbonation, rare earth element, skarn,
fluorapatite

GLOSSARY OF SYMBOLS

List of mineral and other abbreviations used in the figures and tables of this work.
We followed the recommendations of Whitney and Evans (2010) where possible.

ab: albite

act: actinolite

aln: allanite

bc: barytocalcite

bm: barian-mica
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bt: biotite

bth: britholite

cal: calcite

chn: chondrodite

cln: clintonite

cls: celsian

csp: cuspidine

cte: cerite

di: diopside

ep: epidote

fap: fluorapatite

fl: fluorite

fo: forsterite

hd: hedenbergite

hl: halite

HREE: the lanthanides Eu to Lu
hya: hyalophane

kfs: K-feldspar

LREE: the lanthanides La to Sm
mfr: magnesioferrite

mnz: monazite

mo: MgOHF

mtc: monticellite

nrb: norbergite

pl: plagioclase

poc: Pr-oxychloride

pof: Pr-(hydro)oxyfluoride
prc: Pr-carbonate

REE: the lanthanides La to Lu
s: undifferentiated silicates
spl: spinel

thr: thorite

ves: vesuvianite

wo: wollastonite

INTRODUCTION

The rare earth elements are a group of metals increasingly used in modern
technological applications (Hoatson and others, 2011; Atwood, 2012; Chakhmoura-
dian and Zaitsev, 2012; Linnen and others, 2014; Wall, 2014). Historically, production
came from a small set of deposits, and research and exploration for new deposit types
has been limited (Chakhmouradian and Zaitsev, 2012; Verplanck and others, 2016)
The classification of REE as “critical metals” (Chakhmouradian and Zaitsev, 2012;
Vidal and others, 2013; Nassar and others, 2015) and the need to secure new sources
for these elements has spawned numerous exploration and research projects (Wall,
2014; Weng and others, 2015). New types of REE deposits are being discovered and
incomplete understanding of these new types may cause confusion regarding their
mode of genesis, tectonic setting and classification, resulting in impaired exploration
targeting.

Arecently identified REE ore deposit type is the Nolans-type, named after the type
locality at Nolans Bore, Northern Territory, Australia (Schoneveld and others, 2015;
Huston and others, 2016). This deposit type is characterized by centimeter to meter
wide veins or dikes dominated by fluorapatite, hosting up to 5 percent by weight of
REE contents via the charge balanced substitution
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Ca?* + P7* = REE™ + Si** (1)

known as the “britholite” component in apatite (Pan and Fleet, 2002). Other notable
examples of the Nolans-type deposits are Hoidas Lake, Saskatchewan, Canada (Hog-
arth, 1957; Pandur and others, 2014; Pandur and others, 2016) and Kasipatnam,
Andhra Pradesh, India (Narasayya and Sriramadas, 1974; Choudhuri and Banerji,
1976; Rao, 1976; Panda and others, 2015). Deposit type hosts LREE with significant Th
contents. The relative proportion of Nd and Pr is high, unlike other LREE deposits
dominated by La and Ce, strengthening the economic attractiveness of this type. The
fluorapatite veins are hosted in high metamorphic grade terranes of amphibolite or
granulite facies with spatially associated felsic plutonic activity. The contact between
the veins and host rocks consists of diopside selvages, centimeter to meters thick, with
hyalophane-bearing zones (for example, Hogarth, 1957; Narasayya and Sriramadas,
1974; Choudhuri and Banerji, 1976; Rao, 1976).

The REE-rich fluorapatite is almost completely altered to REE-poor apatite and a
plethora of secondary REE silicates, phosphates and carbonates (Panda and others,
2015; Schoneveld and others, 2015; Anenburg and others, 2018). Secondary silicates
commonly host considerable Th in addition to the REE. Allanite occurs between the
fluorapatite veins and diopside selvages, and as patches or veins cross-cutting the
fluorapatite zones. The diopside selvages are commonly altered to a secondary
assemblage of amphibole, epidote and grandite garnet (Schoneveld and others, 2015;
Huston and others, 2016).

The formation of Nolans-type deposits is not currently well understood. Nolans
Bore has been classified as hydrothermal, alkali, carbonatitic, metasomatic and combi-
nations thereof (Orris and Grauch, 2002; Hoatson and others, 2011; Weng and others,
2013; Jaireth and others, 2014; Linnen and others, 2014; Wall, 2014; Schoneveld and
others, 2015; Weng and others, 2015; Huston and others, 2016), or simply as an
“unknown” type (Simandl, 2014). The most detailed study to date (Huston and others,
2016) suggested that Nolans Bore formed by P-bearing hydrothermal fluids derived
from alkali magmas. Similarly, Hoidas Lake has been classified into a non-genetic
“monarzite *apatite vein” group (Simandl, 2014). Narasayya and Sriramadas (1974)
initially suggested a carbonatitic origin for Kasipatnam, but that idea was later
challenged (Choudhuri and Banerji, 1976; Rao, 1976).

Nolans-type deposits are dominated by P, which is known to be an ineffective
ligand for the transport of REE in aqueous fluids (Pourtier and others, 2010; Louvel
and others, 2015; Zhou and others, 2016), and the solubility of apatite is rather low
except in highly saline brines (Antignano and Manning, 2008). Sodium can facilitate
the uptake of REE by fluorapatite via the following reaction:

2Ca’" = Na* + REE®", (2)

but Na is found only in trace amounts in Nolans-type apatite (Pandur and others,
2016), contrary to the ubiquity of this substitution vector in alkali rocks (Larsen, 1979).
The total absence of sodic or potassic alteration (fenitization), so conspicuously
common around alkali intrusions (silicate and carbonatite alike) and their hydrother-
mal offshoots (Pirajno, 2013), leads one to question the role of alkali magmas or fluids
in the formation of Nolans-type deposits. Both Nolans Bore and Hoidas Lake have
been suggested to form by distal carbonatite-derived hydrothermal fluids (Huston and
others, 2016; Pandur and others, 2016). However, similar systems elsewhere are rich in
the HREE such as the Bear Lodge complex (Andersen and others, 2016), Lofdal
(Bodeving and others, 2017), Malawi (Broom-Fendley and others, 2016; Broom-
Fendley and others, 2017), whereas Nolans Bore and Hoidas Lake are nearly devoid of
HREE. The apatite—diopside association is known from phoscorites, but phoscorites
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also contain abundant magnetite, which is absent from Nolans-type deposits (Krasnova
and others, 2004). Phoscorites are also part of larger scale alkaline—carbonatite
intrusive complexes, unlike the isolated Nolans-type deposits. Finally, apatite from
phoscorites contains low REE contents compared to Nolans-type apatite (Krasnova and
others, 2004; Zaitsev and others, 2014).

REE TRANSPORT IN HYDROTHERMAL FLUIDS

REE were not traditionally considered hydrothermally mobile, but recent studies
indicate aqueous fluid transportis possible, given proper complexing ligands (Williams-
Jones and others, 2012; Migdisov and Williams-Jones, 2014; Migdisov and others,
2016). Indeed, REE were hitherto mined from magmatic sources such as carbonatites
and pegmatites, or derivative sedimentary placer deposits (Linnen and others, 2014).
However, hydrothermal origins are increasingly implicated for many ore deposits (Gieré,
1996). Hydrothermal REE deposit formation is often the working hypothesis for recent
discoveries, not least because the distinction between hydrothermal and magmatic is not
straightforward and hydrothermal overprinting is common in carbonatite-magmatic sys-
tems (Wall and Mariano, 1996; Weng and others, 2015).

An understanding of REE-bearing hydrothermal systems is still lacking. Although
there has been progress in recent years, experimental studies have yet to cover all
relevant P-7-Xj ;4 conditions that prevail in these systems (Migdisov and others, 2016).
Therefore, erroneous conclusions may be drawn, as deposits not easily interpreted as
magmatic are considered hydrothermal by default. Even in the case where hydrother-
mal processes played an important role, their role may be overestimated because REE
may only have been “. .. mobilised on the scale of metres and perhaps tens of
metres . ..” (Williams-Jones and others, 2012). This is common in many carbonatites
and alkali intrusions, where magmatic processes were responsible for the initial
concentration of the REE, and hydrothermal activity merely upgraded the deposit to
economic grades (Wall and Mariano, 1996; Andrade and others, 1999; Walters and
others, 2013; Wall, 2014; Feng and others, 2016; Trofanenko and others, 2016;
Prokopyev and others, 2017). Hydrothermal activity in Nolans Bore redistributed the
REE among various minerals on the centimeter scale (Schoneveld and others, 2015;
Anenburg and others, 2018).

In this study, we experimentally evaluate the hydrothermal formation model by
testing whether LREE are mobile in hydrothermal fluids saturated with fluorapatite,
and whether decreasing pressure and temperature can deposit REE-rich fluorapatite
(down to 400 °C, for examle, Huston and others, 2016). We then test an alternative
model in which Nolans Bore formed by reacting P, REE and Mg-rich carbonatite with
silicate wall rocks, producing REE-fluorapatite as cumulate residue of carbonatite melt.
Following the study of Biggar (1969), the magmatic experiments cover a temperature
range of 650 to 900 °C. We then generalize our results to identify a process forming
skarn-like assemblages due to the carbonatite-melt-silicate-rock reaction, which we
term “antiskarn”.

EXPERIMENTAL STRATEGY, MATERIALS AND METHODS

Field relations show that Nolans-type deposits form by reaction between a mineral-
izing fluid or melt with silicate wall rock (fig. 1, Pandur and others, 2014; Schoneveld
and others, 2015; Huston and others, 2016; Pandur and others, 2016). Therefore, two
sets of experiments were conducted: one hydrothermal and a second, magmatic. A
homogenous equilibrium assemblage was not sought in our experiments. Instead,
layers of starting materials were placed in experimental capsules in order to observe
reactions between the materials, in what are often referred to as “sandwich” experi-
ments (see for example, Wallace and Green, 1988; Dasgupta and Hirschmann, 2007;
Pistone and others, 2016; Gervasoni and others, 2017). Nolans-type deposits are LREE
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diopside pegmatite granulite fluorapatite  hyalophane calcite
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Fig 1. A schematic sketch of the likely form of primary mineralization in Nolans-type ore deposits. The
scale of the vein width or its individual components can vary from a few centimeters to several meters.

deposits, therefore we used a single REE in each experiment: either Pr or Nd.
Praseodymium has the advantage of imparting a characteristic green color to minerals,
allowing a quick and easy visual estimate of Pr transport in the capsule.

Hydrothermal Experiments

Hydrothermal experiments were run in a piston-cylinder apparatus using stan-
dard Teflon—talc—graphite-MgO assemblies in 19 mm pressure vessels (fig. 2). Tem-
perature and pressure were controlled and monitored by a Eurotherm controller and
in-house software. Although experiments in talc assemblies usually require pressure
correction owing to high friction, we did not apply any pressure correction because (1)
run durations were on the order of several days, allowing friction to dissipate, (2) the
automated pressure control immediately compensated for any pressure loss due to
friction dissipation, (3) the large Ag capsule (see below) expands with temperature,
exerting pressure independently of the piston, and (4) pressures were often varied
during the experimental runs and were arbitrarily chosen as a first approximation,
therefore the improved accuracy given by friction correction was not deemed neces-
sary.
The capsule materials used were cold-seal type Ag capsules as described by Hack
and Mavrogenes (2006) (fig. 2). These capsules provide several advantages: (1) no hot
welding is required, thus the volatile content of the starting materials (HoO and COy)

mullite | — 1 type B thermocouple
experimental charge T MegO
R .
graphite heater —— silver capsule
graphite dilsc — talc

Fig. 2. Assembly design used in piston cylinder experiments running cold-seal Ag capsules. The capsule
interior is 4 mm wide and ~10 mm long.
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TABLE 1

Synthetic compositions used for the piston cylinder runs. Units are weight percent

Granl Gran2 Gran3 NBC3 NBC4 NBC5 NBC6 NBC7 NBCS

Si0, 68.91 68.5 66.64
AlL,O; 1599 1638 15.97

F6203 6.21

FeO 7.37 8.53

CaO 3.15 4.38 549 3465 42.61 48.04 5027 4124 4694
SrO 1.34 1.31

MgO 1836 11.65 7.34 396 1039 11.34
Na,O 2.36 2.95

K,O 3.38 3.38

Pr¢Oy,; 3.00 3.50 5.50 3.50
Nd, O3 2.50 3.00

ThO, 0.50 1.00 1.00

H,O0 4.48 4.79 4.92 4.79 4.04 9.29
CO, 29.79 28.74 28.01 27.02 2998 21.22
CaF, 3.23 3.07 2.09 2.06 1.80 2.01
P,0; 7.00 6.14 6.11 6.05 4.74 5.70

is precisely known, (2) the large internal capsule volume allows simulation of a more
complex hydrothermal system, and (3) the thick capsule walls minimize the internal
thermal gradient.

Several silicate mix compositions were prepared by mixing dried oxides (SiO,
TiO,, Al,Og, and Fe,Og4) and carbonates (CaCOj;, Na,CO3 and K,COg) in an agate
mortar and pestle with acetone and then firing at 1000 °C to a dehydrated and
decarbonated sintered material that was then ground to powder (table 1). This powder
is composed of quartz, feldspars, hematite and other aluminosilicates and closely
represents an oxidized and anhydrous variant of the most common granulites hosting
the Nolans Bore veins. The silicate-granulite (“Granl”) mix compositions were placed
in each capsule along with MgO or MgCOs, “fluorapatite” (stoichiometric mix of
Cas(PO,), and CaF,), PrgO,, or Nd,Og, ThO,, CaCO4 and SrCOg as detailed in figure
3A. Oxygen fugacity (fO,) was buffered by adding Re metal powder to each capsule. As
the starting materials are oxidized, some of the Re was oxidized during each run to
ReO,, buffering f O, to the Re-ReO, buffer. This buffer was chosen because Nolans
Bore contains sulfates, which require fO, > Ni-NiO, and iron is present as both Fe**
and Fe®" in allanite, suggesting f O, < Fe,0;—Fe;0,. The Re-ReO, buffer is conve-
niently located between these two buffers and is inert with respect to the capsule and
starting materials. Two kinds of fluids were used in the runs. An acidic fluid consisting
of 1 M HCI and 20 weight percent NaCl, and a basic fluid prepared by neutralizing and
saturating the acidic fluid with CaCOg. Details of all hydrothermal experiments are
given in table 2 and figure 3.

Temperature control was accurate to within 2 °C, except several transient excur-
sions lasting several seconds in which the accuracy was within 10 to 15 °C. Pressure was
accurate to within ~0.05 kbar. After each experiment, the capsule was pierced with a 1
mm drill, to see if fluid bubbled from the capsule indicating fluid had remained for the
duration of the run. The open capsule was rinsed with deionized water, filled with
epoxy, and cut in half. Both halves were then mounted in epoxy and prepared as
described below.
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Fig. 3. (A) Starting materials for hydrothermal runs. (B) Graphical representation of pressure—
temperature paths for each hydrothermal run.

Magmatic Experiments

Magmatic experiments were run in a similar fashion as the hydrothermal runs
described above, with several differences. Some experiments were run in noble metal
tubes, crimped and arc-welded. Capsules were filled with two layers: carbonatite on the
bottom followed by silicate on top. Oxygen fugacity in the oxidized “Granl” composi-
tion runs was buffered by placing Re metal in the bottom of the capsule. Runs
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TABLE 2

Run conditions and summary of resulting phases for each hydrothermal experiment

Run T (°C) P (kbar) Fluid |Phases
D2145 | 60 hr at 60 hr at 4 Acidic |actinolite, allanite, biotite, britholite, fluorapatite,
650 monazite, talc
D2172 | 24hrat | 48hrat5, | Acidic [|actinolite, allanite, biotite, britholite, clinopyroxene,
700, 144 hr({120 hrto 2.5 fluorapatite, fluorite, norbergite
to 400
D2182 | 24 hrat [48 hrat5, 72| Basic |[allanite, biotite, britholite, calcite, cerite, fluorapatite,
650, 96 hr hr to 3 norbergite
to 500
C5214 | 48 hrat [48hrat5, 80| Basic |actinolite, allanite, biotite, britholite, cerite,
660, 80 hr hrto 4 clinopyroxene, fluorapatite, monazite
to 500
D2216 | 24 hrat [24 hrat4,96| Basic [allanite, biotite, calcite, cerite, fluorapatite, monazite,
500, 96 hr |hr to 3, 20 hr] Pr-carbonate, talc
to 400, 20 at3
hr at 400
D2249 | 96 hrat |96 hrat 5, 48| Acidic |allanite, britholite/cerite, calcite, chondrodite,
700, 48 hr hr to 4 clinopyroxene, fenghuangite, fluorapatite, fluorite,
to 600 huttonite, monazite, thorianite
D2329 | 160 hrat | 160 hrat5 | Acidic |actinolite, allanite, biotite, britholite/cerite,
650 clinopyroxene, huttonite, Mg-hydroxyfluoride,
fluorapatite, fluorite, norbergite, Pr-oxychloride, Pr-
(hydro)oxyfluoride, thorianite

Phases in italics occur only in trace amounts.

employing the reduced “Gran2” and “Gran3” compositions were not buffered. These
compositions contain Fe*" added in the form of fayalite, synthesized by reducing a
mixture of silica and hematite in a 1 atm furnace. Carbonatite starting mixes contained
varying Mg contents in order to constrain carbonatite composition that would result in
diopside, and to explore the expected phase assemblage outside of this range. All
experiments were run at constant pressure and temperature, and quenched at the end.
The magmatic experiment did not suffer from the transient temperature spikes
experienced during the hydrothermal runs, thus temperature was known to within
2 °C throughout each run. Details of magmatic experiments are given in table 3.

ANALYTICAL METHODS

Experimental charges were embedded in epoxy and polished with diamond paste
to V4 um grit. Samples were then studied using a Hitachi S-4300 SE/N field emission
scanning electron microscope (FE-SEM). Chemical analyses were performed using an
Oxford Instruments INCA X-MAX energy dispersive spectroscopy (EDS) system,
employing an 80 mm? silicon drift detector (SDD) and calibrated using various
synthetic and natural reference materials. Beam conditions were 15 kV accelerating
voltage and 0.6 nA beam current measured on a Faraday cup. As each experiment
contained only a single REE (either Pr or Nd), there were no interferences in the EDS
spectra and the method is considered sufficient (see for example, Reed and Ware,
1975; Ware, 1991; Robinson and others, 1998). Most analyses should be considered as
semi-quantitative, due to the small size of the resulting phases—commonly smaller
than 5 pwm across. Therefore, the data are of poor quality and are not reported here,
apart from specific chemical compositions relevant to the discussion.
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TABLE 3

Run conditions for each magmatic experiment

Run T (°C) P (kbar) Duration Capsule Carbonatite (mg) Silicate (mg)
(hours)
D2161 900 6 68 AuPd NBC3 Granl
D2178 900 6 68 Ag NBC4 Granl
D2194 800 6 86 Ag NBC4 (73.7) Granl (98.6)
D2222 800 6 87 Ag NBCS5 (89.0) Granl (66.6)
D2250 800 6 42 Ag NBC6 (106.9) Granl (67.7)
D2277 800 6 48 Ag NBC6 (~50) Granl (~110)
D2294 750 6 30 Ag NBC6 (60.5) * Gran2 (132.5)
C5290 800 6 70 Ag NBC7 (71.6) Gran2 (145.6)
C5296 700 6 96 Ag NBC7 (93.0) Gran2 (92.1)
D2319 650 6 96 Ag NBC7 (84.9) Gran2 (95.9)
D2332 650 6 65 AgPd NBCS (19.2) Gran3 (10.4)
D2346 800 6 68 AgPd NBCS (43.0) Gran3 (40.6)
D2594 750 6 72 AgPd  47% NBCS5 +48% NBC7 + 5% Gran3 (26.9)
BaCO; (42.0)
C5571 730 6 69 AgPd  48% NBC5 +47% NBC7 + 5% Gran3 (29.3)
Na,CO; (32.7)
* Also 9.4 mg of H,O.

T Also 15.4 mg of AgC,0,.

RESULTS

In this work, the terms “diopside” and “hedenbergite” are loosely applied to any
clinopyroxene richer in Mg or Fe, respectively. We use “britholite” to refer to
end-member britholite or close compositions, “REE-fluorapatite” to refer to fluorapa-
tite with appreciable Pr or Nd contents (> ~1 wt%, but far from end-member
britholite), and “fluorapatite” to refer to REE-poor fluorapatite, in which Pr or Nd
contents are at or below detection by EDS (= ~0.5 wt%).

Hydrothermal Experiments

In all runs, the silicate starting material recrystallized to an assemblage of quartz,
amphibole, epidote, feldspars, magnetite, and other minerals too small to analyze.
Occasional halite and sylvite cubes were found on the polished surface of the samples,
which most likely formed by opening trapped fluid cavities during polishing and
subsequent evaporation during carbon coating. The results described below only
address the interfaces between layers. Although Pr used in the starting materials was
oxidized (PrsO;;, a mixed oxide: 4Pr** O,-Pr’*,0,), it completely reduced to pri*
during the runs, as evident by the bright green color of the resulting Pr-bearing phases
(in contrast to dark brown to black Pr**-bearing phases) and by the lack of any Pr in
the Th**-bearing phases: huttonite and thorianite. A summary of resulting phases in
each run is given in table 4.

Run D2145.—The interface between silicate and MgO consists of actinolite on the
silicate side, and biotite on the MgO side. Small allanite prisms (up to 20 wm wide) and
actinolite needles (up to 50 pm long) occur in the biotite matrix. The PrgO,; layer
recrystallized to monazite crystals up to 10 wm wide, with talc filling the space between
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TABLE 4

Description of resulting phases in the hydrothermal runs and their characteristics

Phase Approximate formula Comments

Actinolite (Ca),(Mg,Fe)sSis0»(0OH), May contain up to 1% Na,O and K, O, and
up to 5% A1203.

Allanite (Pr,Ca),(Al,Fe);(SiO4);(OH) *f Occurs as elongated prisms, occasionally

several crystals splay from a single point.
Commonly zoned.

Biotite K(Mg,Fe);AlSi;0o(OH,F), Commonly F-rich. Occurs as anhedral
masses that transform into well-formed
sheeted crystals in open cavities.

Britholite (Pr, Ca)s([Si,P]04);(F,OH,CI) *1 Occur as individual sub-hexagonal crystals,
commonly zoned, or as overgrowths around
fluorapatite. May be non-stoichiometric,
having more Pr and less Ca than end-
member britholite:
Pr;Ca,(Si04);(F,0H,CI). See comment for
cerite for additional details.

Calcite CaCOst May contain minor Mg. Mostly occurs as
euhedral crystals.
Cerite (Pr, Ca)o(Mg,Fe)(SiO4)3(HSi04)4(OH,F,Cl); [Forms sub-cubic prisms when well formed.

In some cases, cerite is P-bearing and Fe-
and Ca-poor, making it compositionally
very similar to Ca-poor and Pr-rich
britholite. Our resulting phases were not
available for X-ray diffraction analysis, and
identification by Raman is not possible as
the two reference spectra for cerite and
britholite from the RRUFF database
(Downs, 2006)-IDs R060708 and R0O70412,
respectively—are almost identical. Therefore,
distinction between the two is possible only
when the composition is unequivocal or the
crystal habit is unambiguous. These
difficulties are also known from natural
cerite, britholite and “unnamed mineral E”
found in Bastnis, Sweden (Holtstam and
Andersson, 2007).

Chondrodite (Mg,Fe)s(Si04),(F,0H), A humite-group mineral. Occurs as anhedral
porous masses.

Clinopyroxene  |Ca(Mg,Fe)Si,Og T Occurs as anhedral masses, octagonal
prisms or elongated needle-like crystals.
Occasionally zoned. Contains up to 1%
Na,O and 5% Al,O5. Some Fe is present as
Fe’", evident by low analytical totals. The
most likely substitution mechanism is Fe** +
Si* =Fe* + Al

crystals. The contact between the PrgO;; and fluorapatite layers is mostly sharp, with
monazite crystals in direct contact with fluorapatite grains just several pm wide.
Locally, allanite crystals grew from the monazite layer into the fluorapatite layer,
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TABLE 4
(continued)
Phase Approximate formula Comments

Fenghuangite (Th, Ca, Sr, Pr)s([Si,P]04)3(F,OH) A Th-rich analogue of britholite. May or
may not contain Pr. Forms coarse anhedral
crystals.

Fluorapatite Cas(PO4);(F,OH,Cl) Occurs as fine pm-scale anhedral crystals.
May contain small amounts of Si and Na,
even when no Pr is detected.

Fluorite CaF, Occurs as coarse subhedral crystals.

Huttonite ThSiO4 Occurs as anhedral overgrowths around
thorianite. May contain up to 1.5% CaO.

Mg- Mg(OH)F Occurs as coarse subhedral crystals.

hydroxyfluoride

Monazite PrPO, Occurs as porous anhedral crystals. May
contain 1% to 3% of CaO and SiO,.

Norbergite Mg(Si04)3(F,0H), Humite-group mineral. Occurs as irregular
crystals or overgrowths around biotite.

Pr- Pr-O-F-(H?) Contains excess O and F over Pr, and

(hydro)oxyfluoride together with low totals suggesting presence
of H'. However, compositions are not
consistent and we were unable to derive a
formula. Occurs as subhedral crystals,
commonly with inclusions of a similar
phase with different ratios of Pr, O and F.

Pr-carbonate Pr2(CO3);5 Ocecurs as a porous aggregate of small
tabular crystals. Composition inferred based
on low totals that match Pr,(CO3)s.

Pr-oxychloride PrOCl Occurs as elongated prims with two
excellent cleavage planes at right angles.

Talc Mg3Sis00(OH,F), Contains up to 1% F. Occurs as irregular
sheets, possibly a polishing artifact.

Thorianite ThO, Occurs in the cores of other Th-bearing
minerals, anhedral. May contain up to 3%
SiO, and 0.5% CaO.

* Allanite and britholite in run D2172 consist of Nd instead of Pr.
T Has SrO substituting for CaO in run D2249.

enclosing pre-existing fluorapatites in a poikilitic manner. Uncommon aggregates of
REE-fluorapatite needles 5 to 10 wm long occur at the monazite—fluorapatite interface,
and some fluorapatite grains—immediately adjacent to monazite—have thin (< 1
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Fig. 4. Back-scattered images of hydrothermal runs. (A) Run D2172, (B) Run D2182, (C) Run C5214,
(D) Run D2216, (E) Run D2249, (F) Run D2329. Scale bars are divided to 1/10 sections of the annotated
length.

pm) britholite overgrowths. The overwhelming majority of fluorapatite in the experi-
mental charge is unremarkable and contains no Pr.

Run D2172.—The interface between silicate and MgO consists of a 20 pm wide
layer of clinopyroxene followed by a wide zone of norbergite. The Nd,Og layer
recrystallized to hexagonal prisms of britholite up to 30 wm across, set in a matrix of
biotite. Spectacular elongated allanite crystals (often longer than 100 pm) commonly
nucleate on top of the Nd layer and grew towards the silicate layer, trapping inclusions
of britholite, fluorite, actinolite, rare clinopyroxene, and fluorapatite that occur in the
Nd,Og4—CaFo-silicate transition zone (fig. 4A). The fluorapatite layer is unremarkable
and contains no Nd-enriched zones.
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A. C5214 B. D2249 C. D2329

Fig. 5. Reflected light photomicrographs of polished sections of runs (A) C5214, (B) D2249 and (C)
D2329. Width of each section is about 4 mm.

Run D2182.—The mineral sequence from the silicate to the MgCOg and the CakF,
layers is clinopyroxene, small tabular allanite crystals embedded in massive biotite,
euhedral calcite, and anhedral norbergite. The PrsO,, layer recrystallized to euhedral
cerite up to 50 pm wide. At the PrgO,,—fluorapatite interface, cerite grains are much
finer (< 10 pwm), with some of the smallest grains surrounded by britholite over-
growths, both of which are mostly trapped as inclusions in coarse allanite (> 50 wm)
nucleated on cerite and grown into the fluorapatite layer (fig. 4B). The fluorapatite is
fine grained and contains no Pr, even when next to cerite-britholite or when included
in allanite.

Run C5214 (fig. 5A).—The silicate-MgCOy interface consists of clinopyroxene
followed by actinolite hosted in biotite matrix. All carbonate dissolved during the run,
resulting in a large cavity filled with loosely dispersed biotite crystals. Fluorapatite
remained unchanged while the interlayered Pr;O,, layers recrystallized to subhedral
cerite, with occasional britholite overgrowths near the fluorapatite layers. Monazite at
interfaces with allanite (up to 100 pm long) grown from the interface towards
fluorapatite, trapping both monazite and fluorapatite as inclusions (fig. 4C). The
CaCOg in the top of the capsule was completely dissolved during the run, and large
(~200 pm) elongated crystals of clinopyroxene grew in the resulting cavity. No other
carbonate phases were observed elsewhere in the capsule, suggesting complete dissolu-
tion into the fluid.

Run D2216.—Both MgCOg layers recrystallized to massive biotite, irregular talc,
and euhedral calcite. Figure 4D shows a PrgO,, layer recrystallized to porous blocky
cerite (several 10s of wm wide) with zones of Pr-carbonate aggregates. The interface
between PrgO;; and fluorapatite consists of fine-grained cerite on the PrsO;, side and
monarzite on the fluorapatite side. Both phases host abundant fluorapatite inclusions.
Allanite splays (up to 50 wm long) occasionally occur next to monazite, trapping
abundant fluorapatite as inclusions. No fluorapatite in this run contains detectable Pr.
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Fig. 6. A sketch combining and summarizing several features observed in hydrothermal runs. Note
yellow fluorapatite, signifying incorporation of REE as fluorapatite-britholite solid solution.

Run D2249 (fig. 5B).—Fluorapatite throughout the capsule contains at least 3.5
percent SrO. Most fluorapatite grains are homogenous but others are zoned with the
rims containing > 10 percent SrO. Most of the CaF, dissolved, leaving a cavity with
several remnant fluorite crystals up to 20 wm wide. Rare Sr-bearing calcite occurs with
fluorite, which is surprising since the fluid in this run was acidic. The silicate-MgO
interface consists of Sr-free clinopyroxene and chondrodite. The SrCOj layer dissolved
completely, leaving a large cavity in which euhedral crystals of Sr-bearing (1-2% SrO),
Fe-rich clinopyroxene crystals formed. The ThO, layer recrystallized to huttonite with
embayed thorianite cores. Fenghuangite appears at the contact of this layer and the
fluorapatite layer. Some rare Pr is observed in fenghuangite. The PryO;; recrystallized
to elongated hexagonal britholite up to 50 wm long. While most crystals are close to
end-member britholite, many of them have rims with a higher Ca/Pr ratio (that is,
containing some REE-fluorapatite component). The PryO,,—fluorapatite interface is
poorly defined. Figure 4E shows fluorapatite crystals adjacent to the original PrsOy,
layer partially recrystallized to REE-fluorapatite, commonly with euhedral Prrich
(approaching britholite) overgrowths, forming some of the largest fluorapatite crystals
seen in our experiments (15-20 wm). The grain size and Pr-content of the crystals
decreases with distance from the PrsO,, layer, until no Pr is detectable in fluorapatite
200 to 250 pm away (yellow “pr-fap” in fig. 5B). Rare allanite crystals occur in this zone.

Run D2329 (fig. 5C).—Fluorapatite in this run contains no detectable Pr, regard-
less of location in the capsule. The MgO layer recrystallized to large (100 pm) crystals
of Mg-hydroxyfluoride, surrounded by norbergite, biotite, and clinopyroxene, respec-
tively. Occasional actinolite crystals nucleated on the biotite layer and grew outward.
The CaF, layer consists of fluorite and euhedral clinopyroxene, commonly up to 50
pm long. Clinopyroxene is also abundant at the CaFy-silicate interface and its
abundance decreases through the silicate layer. Fine-grained britholite occurs in the
silicate-PrzO4; interface, with abundant allanite-cored epidote in the silicate side of
the interface, and cerite in the PryO,, side. The interior of the PrsO,, layer is
composed of large euhedral crystals of Pr-(hydro) oxyfluoride and Pr-oxychloride 50 to
100 pm long (fig. 4F). The PrsO,,-ThO, interface mirrors that of PrsO, ;—silicate, and
consists of coarse cerite and fine-grained britholite. The ThO, layer consists of 10 to 20
pm large subhedral huttonite with thorianite cores.

The main REE recrystallization features observed in these runs are shown in figure
6. The REE oxide recrystallized to phosphates (monazite and P-bearing britholite)
when in direct contact with a P-bearing layer—fluorapatite in our case. Phosphorus is
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rarely found outside of this zone. Given an acidic fluid, high temperatures (650-700
°C), and time (several days at least), REE migrates to the fluorapatite layer in a
contact-metasomatic reaction. Allanite grows out from the REE-oxide layer, regardless
of what it is growing into. This suggests high mobility of Ca, Al, Fe and Si. Most of the
REE layer will recrystallize to cerite or P-free britholite, with the heart of the layer
recrystallizing to REE fluorides or chlorides, suggesting these compounds are extremely
insoluble and grew metastably even though Ca and Si (the main components of cerite
or britholite) are present in the fluid.

Magmatic Experiments

All magmatic experiments except for run D2178 had carbonate and silicate layers
on the bottom and top of the capsule, respectively. In general, the silicate starting mix
melted or recrystallized to an assemblage of glass (in high 7 runs), quartz (in low T
runs), plagioclase, clinopyroxene, and magnetite. Fayalite, occasionally mantled by
magnetite or hedenbergite, was observed in Fe*"-bearing runs. The carbonatite layers
show features consistent with melting, but as carbonate liquids do not quench to glass
it is not straightforward interpreting the resultant textures. Chemical equilibrium was
not attained. Many crystals are zoned or vary compositionally with capsule position. For
example, clinopyroxenes are Mg-rich (diopside) in contact with Mg-bearing carbona-
tite and Fe-rich (hedenbergite) in the Fe-bearing silicate layer. In contrast to the
abundance of REE phases in the hydrothermal runs (cerite, britholite, monazite,
allanite, et cetera), magmatic runs of = 700 °C contain only fluorapatite with varying
amounts of REE, and REE-bearing vesuvianite. End-member britholite does not occur
in these runs. Fluorapatite REE contents vary between runs and within a single run,
and REE contents will be described qualitatively as REE-poor or REE-rich.

Run D2161.—This experiment resulted in three parts: bottom, middle and upper.
The bottom is composed of calcite crystals (up to 40 um wide) with interstitial
fine-grained fluorapatite (bottom of fig. 7A). Fluorapatite contains no Nd in the
bottom of the capsule, but gradually becomes Nd-bearing towards the contact with
the middle part, evident by the gradient of back-scattered electron brightness. The
middle partis composed of a calcite layer with sub-spherical calcite blebs that appear to
rise into the silicate layer (middle of fig. 7B). The top part is composed of silicate glass,
quartz, plagioclase, hedenbergite, magnetite and a fine-grained phase suspected to be
amphibole. The contact between the calcite blebs and the silicates is dominated by
diopside with a thin rim of hedenbergite on the silicate side (fig. 7B). The calcite blebs
contain abundant zoned fluorapatite with Nd-rich rims, and occasional forsterite. At
the contact with diopside, fluorapatite is completely Nd-rich, with occasional clintonite
occurring next to it. The calcite blebs also contain vugs (fig. 7A).

Run D2178.—In this run, the carbonate layer was placed on top of the silicate
layer. The resulting texture is similar to Run D2161, in reverse. That is, the silicate is on
the bottom, and the coarse-grained calcite with interstitial fluorapatite is on the top.
The reaction zone consists of diopside on the silicate side, occasionally with hedenber-
gitic cores (particularly next to the silicate layer), and Nd-rich fluorapatite, rounded
calcite, spinel and occasional clintonite plates on the carbonatite side (fig. 7C). The
fine-grained interstitial fluorapatite does not show variable Nd contents across the
capsule, in contrast to run D2161.

Run D2194.—This run is similar to run D2161. The bottom consists of calcite and
fine-grained interstitial fluorapatite with increasing Nd contents upwards. The silicate

on the top consists of glass, magnetite and silicates. The contact zone consists of a thick
layer of calcite, Nd-rich fluorapatite and chondrodite (bottom of fig. 7D). The top of
this layer protrudes into the silicate above it. The contact consists of hedenbergite on
the silicate side and diopside on the carbonatite side (top left of fig. 7D). Spinel,
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Fig. 7. Back-scattered images of magmatic runs. White patches are capsule material trapped in cavities
during polishing. Occasional dendritic white streaks are potassium perrhenate (KReO,) crystallized on top
of the polished surface by low-temperature reaction of Re-oxides with K present in the run. (A, B) Run
D2161, (C) Run D2178, (D) Run D2194, (E) Run D2222, (F) Run D2250, (G) Run D2277, (H) Run D2294,
(I) Run C5296, (J) Run D2319, (K) Run D2332, (L, M) D2346, (N, O) D2594, (P) C5571. Rectangle in (A)
and (N) outlines the approximate positions of figures 7A and 70, respectively. Scale bars are divided to 1/10
sections of the annotated length.

coarser Nd-rich fluorapatite and clintonite occur between the clinopyroxenes and the
carbonatite (center of fig. 7D).

Run D2222.—As above, the bottom consists of calcite and fine-grained fluorapa-
tite with increasing Pr contents upwards. The contact zone consists of blebs protruding
into the silicate with calcite, Pr-rich fluorapatite and chondrodite (bottom of fig. 7E).
The interface between the blebs and the silicate consists of clintonite, diopside,
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Fig. 7. (continued).

hedenbergite and vesuvianite (middle to top of fig. 7E). The vesuvianite is commonly
zoned, with Pr-rich zones closer to the carbonatite.

Run D2250 (fig. 8A).—The bottom of this capsule is similar to previous runs except
that calcite cores are Srfree and rims are Sr-bearing, and fluorapatite contains Th.
However, the contact zone is fundamentally different to previous runs (fig. 7F). The
bulk of the blebs are composed of calcite with dispersed chondrodite, and the
carbonatite-silicate interface composed of clintonite, vesuvianite, cuspidine and mi-
nor diopside. Large wollastonite crystals grew from the interface into the silicate.

Run D2277.—This run is similar to run D2250, with the main difference being the
presence of small amounts of fluorapatite at the base of the carbonatite blebs (fig. 7G).

Run D2294.—The bottom contains the usual calcite and fine grained fluorapatite.
The contact zone consists of sub-vertical arrays of Pr-rich fluorapatite in a matrix of
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Fig. 7. (continued).

calcite and chondrodite (fig. 7H). The carbonatite-silicate interface is composed of
diopside and hedenbergite (on the carbonatite and silicate sides, respectively), vesuvi-
anite and a fine-grained Ca—Mg—Al-Si phase, most likely clintonite (top of fig. 7H).
There are abundant gas cavities throughout the contact zone.

Run C5290 (fig. 8B).—The textures obtained in this run are essentially identical to
run D2294, apart from vesuvianite, that is not present here, and higher Pr contents of
fluorapatite.

Run C5296 (fig. 8C).—Again, calcite and fine grained fluorapatite at the capsule
bottom, with monazite, thorianite and MgOHF. Praseodymium contents of fluorapa-
tite increase upwards towards the contact zone. The contact zone consists of calcite
blebs with vertical arrays of fluorapatite—britholite, similar to runs D2294 and C5290.
The calcite blebs contain minor MgOHF, magnesioferrite and spinel (fig. 7I). The
carbonatite-silicate interface consists of a thin layer of diopside (< 10 wm), with
plagioclase growing from the interface towards the silicate (top of fig. 7I).

Run D2319.—The bottom contains a mixture of fine-grained calcite, monazite,
fluorapatite, thorianite and cerite. The modal cerite/monazite ratio increases up-
wards. Fluorapatite does not contain REE detectable by EDS. The reaction zone is thin
(50-70 wm) and contains calcite, thorianite, cerite, diopside, plagioclase, norbergite
and epidote occasionally zoned to allanite (fig. 7]).

Run D2332 (fig. 8D).—Unlike the previous runs which have three distinct zones
(bottom carbonatite, contact carbonatite and silicate), this run has several zones (see
fig. 7K). The bottom zone contains calcite, magnesite, fluorapatite and monazite. The
lower green zone consists of calcite and Prrich fluorapatite. The yellow zone consists
of calcite, clintonite, monticellite, cuspidine, magnesioferrite, fluorite and rare Pr-rich
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Fig. 8. Reflected light photomicrographs of polished sections of runs (A) D2250, (B) C5290, (C) C5296
and (D) D2332. Width of each section is about 4 mm. Rectangle in (D) outlines approximate position of
figure 7K.

fluorapatite. Fluorite and cuspidine dominate towards the top of this zone. The upper
green zone consists of potassic ferrorichterite. No clinopyroxenes were observed in this
run.

Run D2346.—The bottom zone consists of calcite with abundant fluorapatite
needles, becoming Pr-rich upwards with occasional Pr-poor cores. This zone also
contains large forsterite crystals up to 200 wm long and zoned spinel-magnesioferrite
crystals, some of which are included in forsterite (fig. 7L). The contact zone contains
cavity-bearing blebs that appear to have risen up through the sides of the capsule
around the silicate (fig. 7M). These blebs are composed of calcite, diopside and Pr-rich
fluorapatite. The carbonatite—silicate interface consists of diopside on the carbonatite
side and hedenbergite on the silicate side.

Run D2594.—The overall texture is similar to run D2294. The blebs in the top of
the contact zone contain barytocalcite, calcite, platy aggregates of barian F-biotite,
Prrich fluorapatite needles, celsian, and rare grandite (fig. 7N). The carbonatite—
silicate interface consists of diopside—hedenbergite as above, and hyalophane zoned to
Ba-free Kfeldspar (fig. 70). No phases containing Ba as a major or minor element
occur in the bottom, below the reaction zone.

Run C5571.—The blebs consist of calcite, chondrodite, Pr-rich fluorapatite (occa-
sionally zoned to britholite), and irregular holes suggesting sodium carbonates that
were lost during sample preparation. The carbonatite-silicate interface is a fine
intergrowth of abundant Prrich fluorapatite, F-biotite, diopside, and rare albite (fig.
7P). The interface is rimmed by hedenbergite on the silicate side. Na,O contents of
diopside are 0.5 to 1.5 percent.

DISCUSSION OF EXPERIMENTS

Ruling Out Hydrothermal Origin

Our hydrothermal experiments demonstrate that REE and Th are exceptionally
immobile in the chemical system hypothesized for the hydrothermal Nolans Bore
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model. As the host rocks for the Nolans Bore deposit do not contain significant
amounts of REE, P or F (the essential components for the britholite-fluorapatite
series), these elements had to be transported together. Britholite was observed in all
runs except D2216, the lowest temperature run (500 °C), suggesting britholite is a
high-temperature phase and a hypothetical fluorapatite—britholite solvus occurs around
600 °C. This suggests a higher temperature of formation than estimated by Huston and
others (2016) for Nolans Bore (400-450 °C) and by Pandur and others (2014) for
Hoidas Lake (< 350 °C), based on fluid inclusion analyses. This provides evidence that
the fluid inclusions in these deposits record the later hydrothermal alteration stage
(see for example, Schoneveld and others, 2015; Anenburg and others, 2018). Al-
though britholite is stable at higher temperatures, it must be demonstrated that REE,
Th, P and F are mobile. Unfortunately, this is not the case and it appears that the REE
and Th are the least mobile elements in our runs. A common feature is that Pr;O,,
Nd,Og and ThO, react with the components in immediately adjacent layers (figs. 4B
and 4C). This stands in stark contrast to the mobility of other elements in the
experiment (Ca, Sr, Si, Al, Mg, Fe, F, Cl, K and Na). Phases containing these elements
as major components formed near where they were placed in the capsule (for
example, humites at the Mg—F interface, or biotite and amphibole at the MgO layer).
These elements also occur in phases elsewhere in the capsule where they were not
immediately available. For example, cerite contains Mg and Fe, allanite contains Si,
and F, Cl, Al, and Sr occur in phases throughout the capsule. In contrast and
importantly, monazite occurs only at the Pr—P interface. End-member britholite occurs
within the PryO,, layer and becomes P-bearing (that is, containing some fluorapatite
component) only when it is in direct contact with pre-existing fluorapatite (fig. 4E).
Allanite mostly nucleates on the REE layers and grows outward. Perhaps most surpris-
ingly, run D2329 contains Pr-oxychloride and Pr-(hydro)oxyfluoride at the PryO,,—
ThO, interface (fig. 4F), where it had neither adjacent Si nor P to react with,
suggesting that PrsO,, formed insoluble Pr-oxyhalides with the same ligands thought
to make it mobile.

The observed REE phase assemblage is most likely metastable. Monazite can react
with SiO, and CaF, to form britholite, or Pr-oxychloride and fluoride can react with
monazite and SiO, to form britholite as well. Pr-free fluorapatite, P-free britholite and
intermediate compositions should not co-exist at constant pressure—temperature—fluid-
composition conditions. This is similar to the results obtained by Krenn and others
(2012) at similar temperatures (= 650 °C) showing that REE-bearing apatite is stable,
whereas other phases (monazite and end-member fluorapatite) are not. Indeed, two
runs (D2145 and D2249) showed a reaction in which fluorapatite is progressively
enriched in the britholite component towards the PrgO,, layer. These reaction zones
only occurred at the Pr—P interface. The reaction zone in run D2145 was only several
micrometers wide, while in run D2249 it was wider (fig. 4E), but this run was held at
700 °C for 4 days. Both were run with acidic fluid at high temperature (> 650 °C). All
other runs, including high temperature runs with basic fluid did not produce Pr-rich
overgrowths on fluorapatite. Run D2329, with acidic fluid, was held for almost a week
at 650 °C, but PrgO,; was placed in contact with silicate, not phosphate. In this case, no
reaction zone is seen, suggesting that the enrichment of Pr in fluorapatite is a contact
dissolution-precipitation reaction assisted by acidic fluids. It may be argued that
fluorapatite is unreactive and reaction kinetics are sluggish, but the presence of
Sr-bearing fluorapatite in run D2249 requires addition of Sr from an external source.
This indicates fluorapatite reacted with elements in the fluid. It was expected that
lowering pressure and temperature during the runs would cause the formation of
Pr-rich overgrowths around fluorapatite, but none were observed in any of the
runs. Several experimental studies examined the effect of varied fluid compositions
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on apatite, monazite, allanite, and related phases (Harlov and others, 2002; Harlov
and Forster, 2003; Harlov and others, 2003; Harlov and others, 2005; Harlov and
others, 2007; Hetherington and others, 2010; Budzyn and others, 2011; Harlov and
others, 2011; Mair and others, 2017). These studies reacted large natural crystals
with fluids of varying compositions, a method useful to investigate reactions with
preexisting crystals. However, it is commonly unclear whether a phase was unstable
and partially dissolved due to incomplete reaction, or was stable and partially
dissolved as an adjustment to new equilibrium conditions. Regardless of these
complications, most studies show that reactions in these systems are extremely
sluggish and new phases nucleate on previously existing phases in a dissolution-
precipitation process. In most cases, REE-rich phases such as monazite will nucleate
on apatite, suggesting that the britholite substitution in apatite is not preferred at
hydrothermal conditions. Significant mobilization of the REE to form REE-rich
apatite was observed only with peralkaline fluids employing NaySioOy (Budzyn and
others, 2011; Krenn and others, 2012).

REE solubility is enhanced in low pH fluids (Migdisov and Williams-Jones, 2014;
Migdisov and others, 2016), and neutralization of this acidic fluid was suggested by
Huston and others (2016) as the depositional mechanism at Nolans Bore. However,
neutralization of acidic fluids by reaction with wall rock would cause formation of
hydrous phases such as biotite and amphibole, as seen in our experiments. However,
no such phases are observed in Nolans Bore and the reaction zone consists of an
anhydrous assemblage dominated by clinopyroxene.

Our experimental results agree with the recent results of Migdisov and Williams-
Jones (2014) and Migdisov and others (2016) showing that F and P act to deposit REE
rather than transport them. The presence of Cl in the fluid does not matter as the
solubility is determined by the least soluble components (fluorides and phosphates).
The low solubility of REE phosphates was also experimentally demonstrated by Zhou
and others (2016). The observation of calcite and CO, inclusions in apatite raises the
possibility that CO3~ might be the complexing ligand for REE transport, but its
effectiveness has yet to be demonstrated. Taken together with the presence of F but
absence of REE fluorocarbonates, transport by carbonate-bearing hydrous fluids
process seems unlikely. Furthermore, Ayers and Watson (1991) showed that CO, in
aqueous fluids reduces the solubility of fluorapatite, thereby immobilizing REE,
making transport by carbonic species less likely.

Following the above the arguments, we conclude that Nolans Bore could not have
formed by hydrothermal transport of REE in aqueous or aqueous-dominated fluids.
The combination of REE, P, and F is insoluble and it is not possible to transport them
together from any source to the deposition site under geologically plausible conditions
relevant to Nolans-type deposits. It is only possible by the action of extremely acidic or
peralkaline fluids, both of which would react significantly with the Nolans Bore wall
rocks to form features that are not observed, such as hydrous alteration zones or
fenites, respectively.

Experimental Evidence for Magmatic-Carbonatitic Origin

Any textural interpretation of the magmatic experiments reported here must be
made with caution, as carbonate melts do not quench to glass. There are several
features common to most runs. First, in the lower parts of each capsule, rounded
calcite is surrounded by fine-grained fluorapatite (for example fig. 7G). While resem-
bling two immiscible liquids, this is most probably unlikely (also see discussion of
carbonatite quench textures by Martin and others, 2013). For these to be the result of
immiscibility, one of the phases must be pure liquid calcium carbonate that melts at
temperatures well above our run conditions (> 1300 °C, Biggar, 1969). The second
liquid would be close to fluorapatite composition, with a strong chemical gradient of
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increasing REE contents upwards. This too would have a melting point higher than
achieved in our runs as indicated by single phase studies (> 1600 °C, Bhatnagar, 1969)
and ternary calcite—apatite-H,O mixtures which consist of calcite, apatite, melt and
vapor at our experimental conditions (Biggar, 1969). Additionally, liquid carbonates
and phosphates quench to intergrown dendritic and skeletal crystals, none of which
are observed here. Instead of liquid immiscibility, we interpret the calcite +fluorapatite
zone in the bottom of our capsule as crystal settling from the carbonatitic liquid. As our
starting compositions did not correspond to pure liquids at experimental pressure and
temperature, calcite and fluorapatite were both on the cotectic (see Biggar, 1969).
Initially, the fluorapatite could not accommodate REE, but as the experiment pro-
gressed, two processes occurred. Firstly, loss of H,O from the liquid carbonatite to the
melting silicate led to crystallization of the carbonatite along the fluorapatite—calcite
cotectic. Secondly, carbonatite melt assimilated SiO, from the silicate layer, which
facilitated REE uptake by newly-crystallized fluorapatite via britholite-type substitution
(see for example, Hammouda and others, 2010). Crystal settling of fluorapatite is
particularly evident in run D2346, where crystals accumulated on top of large forsterite
crystals (fig. 7L). Rounded calcite crystals in contact with carbonatite melts were
observed in previous studies as well (Cooper and others, 1975; Weidendorfer and
others, 2017). Wyllie and others (1962) and Biggar (1966) reported that apatite in
equilibrium with liquid is usually equant whereas quench apatite is usually needle-like.
Fluorapatite in our experiments is commonly elongated and rarely equant, indicative
of quenching. However, we interpret the elongated crystal habit to result from
chemical quenching rather than temperature drop, as suggested by Pistone and others
(2016) for other experiments where two compositions with contrasting HyO contents
reacted.

The second common feature is the existence of calcite-rich blebs protruding
upwards into the silicate layer (figs. 7A, 7F, and 7M). These blebs are readily
interpreted as diapirs: liquid carbonatite that rose into denser silicate magma (fig. 8A).
Quench textures are absent from these blebs because of H,O loss and subsequent
crystallization of the liquid. There are two main areas in the blebs: the silicate—
carbonatite reaction selvages and the carbonate interiors. The composition of the
reaction selvage is mostly controlled by the CaO/MgO ratio of the carbonatite. All runs
conducted at = 700 °C contain minerals that correlate with this ratio (fig. 9),
regardless of the carbonatite/silicate ratio of the starting mix or temperature. The
selvage contains wollastonite, vesuvianite, diopside and forsterite in order of increasing
MgO contents of the carbonatite. All runs contain an aluminous phase (either
clintonite or spinel), most likely because of the Al,Og-rich composition of the silicate
starting mix. Surprisingly, allanite is only observed in the low-temperature run (650 °C,
D2319), even though it is known to be stable to higher temperatures (Hermann,
2002). Allanite is ubiquitous in all Nolans-type deposits, and it may seem to be part of
the primary magmatic mineral assemblage. However, our failure to synthesize allanite
at magmatic temperatures taken together with the abundance of allanite in our
hydrothermal runs suggests it to be a later hydrothermal overprint.

The resulting textures show striking similarities to Nolans-type deposits. The
selvages in these rocks are essentially monomineralic diopside, a feature easily repro-
duced in our experiments, which constrains the MgO/(CaO + MgO) ratio of the
carbonatite to about 0.2 (fig. 9). It is not clear whether an aluminous phase existed in
the natural selvages as they are universally altered, but it is possible that allanite—
commonly occurring at the diopside—fluorapatite interface of the natural rocks—
replaced any aluminous phases that may have formed during the carbonatite-silicate
reaction.
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Fig. 9. Diagram showing the mineral phases that occur in the carbonatite—silicate interface as a function
of the Mg contents of the carbonatite. The CaO value used in the calculation excludes Ca added in the form
of CaF,. No Fe is assumed present for diopside and forsterite. The Mg and Ca contents of vesuvianite vary in
our experiments, so a representative value of 0.3 was used.

Our runs contain volumetrically significant calcite in the blebs whereas igneous
calcite is rare in Nolans-type deposits. This is likely because our experiments are closed
systems, where the liquid carbonatite cannot exit the capsule. Calcite sequesters Ca
and CO3 ™, whereas forsterite or humite-group minerals sequester Mg, F and H,O, with
a contribution of SiO, assimilated from the silicate (as suggested for the Barra do
Itapirapua carbonatite by Andrade and others, 1999). In a natural open system, the
carbonatite flows through and reacts with the silicate wall rock according to the
reaction:

CaMg(CO;), + 2510, = CaMgSi,O4 + 2CO,. (3)

in carbonatite in wall rock in selvage volatile gas

Magnesium solubility in carbonatites increases with pressure (Dasgupta and
Hirschmann, 2007; Hammouda and Keshav, 2015). Apart from the conventional
decarbonation process illustrated by equation (3) and widely known from skarns and
marbles, this process could be further promoted by rising carbonatitic liquids undergo-
ing decompression. Carbonatites in general are effective in dissolving P,O; (Biggar,
1969; Wallace and Green, 1988; Baker and Wyllie, 1992; Ryabchikov and others, 1993;
Klemme and Dalpé, 2003; Gorbachev and others, 2017). Calcic carbonatites can
dissolve less fluorapatite than magnesian carbonatites (Hammouda and others, 2010),
such that decreasing Mg contents decrease fluorapatite solubility promoting equation
(3) wherever a continuous stream of carbonatite liquid occurs. The carbonatite also
assimilates silica from the wall rock, allowing REE to enter the fluorapatite lattice via
the britholite substitution. Rare monomineralic igneous calcite patches observed in
Nolans-type deposits are probably not melt pockets: Lee and others (2000) show that
even Mg-rich carbonatitic liquid precipitate calcite instead of dolomite. Therefore, the
observed calcite in Nolans Bore crystallized along the carbonatite cotectic. The
residual Mg-bearing carbonatitic liquid flowed away from the fluorapatite mineraliza-
tion zone, to form a crystalline carbonatite elsewhere. Linnen and others (2014) write
that carbonatites rich in P and F will crystallize abundant apatite, sequestering the REE
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early. Fractionated carbonatites will then have little REE left (Buhn and others, 2001;
Xu and others, 2010; Zaitsev and others, 2014; Xu and others, 2015). Nolans-type
deposits can be seen as the extreme case of that process, trapping REE in the cumulate
fluorapatite and depleting the residual carbonatite of any economic contents of REE.
Fractionation of apatite (together with calcite and clinopyroxene) is invoked in a
recent model for Na-carbonatite genesis (Weidendorfer and others, 2017).

The BaCOg-bearing experiment (D2594) demonstrated the efficiency in which
carbonatites mobilize Ba. The initial carbonatite mix contained 20 times more CaCOg
than BaCOg on a molar basis, and additional Ca in the phosphate, fluoride, and
hydroxide components. Yet, at the conclusion of the run, the cumulate assemblage at
the bottom of the capsule contained no Ba-bearing phases, concentrating it into the
residual liquid immediately below the contact zone. The liquid lost abundant Ba by
reaction with the silicate, evident by the presence of celsian, hyalophane and Ba-micas.
Nonetheless, the residual liquid crystallized to barytocalcite, suggesting the final
CaCOg/BaCOg ratio in the melt was close to unity (consistent with the large solubility
of Ba in carbonatites reported by Jones and Wyllie, 1983). In natural systems uncon-
strained by our closed capsule, the Ba contents of the carbonatite will likely be buffered
by continuous reaction with silicate rocks to form hyalophane and will never reach
such extreme concentrations. Furthermore, carbonatites also contain sulfur that will
exsolve along with Ba in aqueous fluids following solidification, depositing insoluble
barite rather than barytocalcite. Nonetheless, the abundance of Ba-rich silicates that
exclusively formed at the reaction zone was unexpected.

An additional run was conducted with 5 percent Na,COj in the carbonatite to test
the effect of alkalis on the silicate—carbonatite reaction (C5571). The Na remained
largely dissolved in the carbonatite and did not react extensively with the silicate. The
clinopyroxenes remained Na-poor (that is, negligible aegirine component), and only
limited formation of albite was observed. The silicate glass contained only ~1.5
percent Na,O adjacent to the reaction zone, suggesting it contributed very little to
flux-melting the silicate as it partitions heavily into the carbonatite liquid. Run C5571
was conducted at a relatively low temperature (730 °C) and we suspect that at higher
temperatures the albite would not be stable, thus eliminating any modal evidence for
the presence of Na in the carbonatite. Essentially, Na remains in the carbonatite and
does not participate in the metasomatic reaction until it reaches shallower levels (see
discussion about fenitization below).

Rao (1976) and Choudhuri and Banerji (1976) both considered the possibility
that the veins at Kasipatnam are carbonatites, but settled on either hydrothermal skarn
or pegmatite, respectively. Both noted the lack of abundant carbonates as one of the
reasons to reject a carbonatitic origin. Our model does not require abundant
carbonates as the deposit represents cumulate fluorapatites and the carbonatite
liquid was transported elsewhere. The Kasipatnam veins are hosted in Fe-rich
charnockites and clinopyroxene that occurs in these rocks are Fe-rich. However,
the clinopyroxenes in the selvages grade to diopside the closer they are to the
fluorapatite (Choudhuri and Banerji, 1976), in agreement with our model of
introduced Mg-rich carbonatite and with strikingly similar textures observed in
figures 7B-7E, 7H, and 7M. Rao (1976) also notes elevated Sr and Ba contents in
the diopside relative to the Fe-rich clinopyroxenes, which we suggest is further
evidence for equilibration with carbonatitic melt.

CARBONATITE METASOMATISM
Formation of diopside by reaction with carbonatite melt is known to occur in the
mantle. It was observed in mantle xenoliths of wehrlite and shown experimentally to

form by the same mechanism of equation (3) (Wallace and Green, 1988; Dalton and
Wood, 1993; Hammouda and Keshav, 2015; Gervasoni and others, 2017). These
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wehrlites are enriched in REE relative to their surrounding mantle rocks and com-
monly contain apatite (Green and Wallace, 1988; Yaxley and others, 1991; Hauri and
others, 1993; Rudnick and others, 1993; Yaxley and others, 1998; Neumann and others,
2002; Su and others, 2010; Woodard and others, 2014). The wehrlitization process is
commonly used to explain how magnesian carbonatites (and carbonatites in general)
rise from mantle depths to escape the “carbonate ledge”, which causes reaction of the
carbonatite liquid with mantle rocks to release of CO, (Dalton and Presnall, 1998;
Hammouda and Keshav, 2015).

The fate of the carbonatites as they escape mantle depths has not been fully
explored. An experimental study by Hammouda and others (2014) recreated decom-
pression of a partially molten enstatite—dolomite mixture at high temperatures,
avoiding the “carbonate ledge”. The mixture melts to forsterite, diopside and carbon-
atitic liquid (essentially forming a wehrlite), and as pressure decreases to lower crustal
depth equivalents, the liquid back-reacts with diopside to form forsterite, increasing
the Ca proportion of the carbonatite. The study of Hammouda and others (2014) is
isochemical, limiting its applicability to natural systems: crustal rocks are not wehrlites,
but rather felsic granitoids. Formation of forsterite cannot happen in these rocks
because the activity of SiO, is too high. In contrast, our experiments show that a
process similar to wehrlitization also occurs when a magnesian carbonatite reacts with
typical crustal rocks: formation of diopside. In terms of phase relations, this reaction
zone might not be different from skarns. Whereas some skarns form when silicate
magma or derived fluids intrude a carbonate rock (see for example, Carter and
Dasgupta, 2016), our experiments show the reaction of carbonatite magma with
silicate rock: an “antiskarn”. The mineral assemblage of our “antiskarns” (diopside,
calcite, vesuvianite, wollastonite, also cuspidine, monticellite and magnesioferrite in
run D2332) highly resembles the assemblage of hydrothermal skarns, raising the
possibility that some skarns or mineralogically similar rocks may in fact be paleo-
conduits of carbonatite magma as it traversed the crust. For example, the Nolans-type
deposit at Kasipatnam, which Rao (1976) suggested to be a skarn is more likely an
“antiskarn”.

COMPARISON WITH FENITES AND ENDOSKARNS

There are two other well-known processes that involve carbonate metasomatism of
silicate rocks: fenitization and formation of endoskarns.

Fenitization is a well-recognized process in which aqueous alkali fluids exsolving
from a carbonatite metasomatize the wall rocks, altering them to an assemblage of
alkali feldspars, aegirine, and alkali amphiboles such as arfvedsonite and riebeckite
(Pirajno, 2013; Elliott and others, 2018). Fenites, which commonly host REE and Nb
mineralization, form when carbonatites are emplaced in the upper crust at depths of
10 km up to near-surface environments. Fluid temperatures range from 400 to 700 °C,
which corresponds to temperatures at which carbonatite melts solidify and decom-
press, releasing a separate fluid phase into which alkalis and some ore elements
partition. This is commonly accompanied by hydrofracturing and brecciation (Elliott
and others, 2018). Depending on the hydraulic properties of the wall rocks, fenitiza-
tion can occur several hundreds of meters away from the carbonatite intrusion.
Antiskarns, in contrast, are the result of the direct reaction between carbonatite liquid
and silicate wall rocks, and the skarn-like assemblage is only centimeters to several
meters wide. They form while alkalis and H,O are still dissolved in the carbonatite, and
they are not required for antiskarnification as the process primarily exchanges Ca, Mg,
Al, Si, and Fe, rather than Na and K. Antiskarns form at higher temperatures (> 700
°C) and pressures (> 5 kbar or ~15 km deep) than fenites. There is no brecciation,
and the minerals formed at the reaction zone are calcic diopsides instead of alkali—
ferric aegirines. Grandite garnets and calcic amphiboles, not alkali amphiboles, form
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during later hydrothermal alteration. The alkali feldspar that primarily forms at the
reaction zone is hyalophane, which forms by addition of Ba to pre-existing alkali
feldspars in the wall rock. Minor albite may form if the temperature is low enough.
Finally, the mineralization is confined to the interior of the vein and the reaction zone
itself is barren (although later remobilization can transport REE to the diopside zones,
for example, Schoneveld and others, 2015; Pandur and others, 2016).

The term “skarn” by itself has no genetic meaning and merely describes metaso-
matic rocks comprising a calc-silicate mineral assemblage, commonly containing
significant Mg, Fe, and Al (Einaudi and Burt, 1982; Misra, 2000). Nevertheless, skarns
are commonly discussed in the context of aqueous hydrothermal fluids exsolved from
crystallizing intermediate to felsic plutons (Meinert, 1993; Misra, 2000; Pirajno, 2013).
Endoskarns, in particular, are metasomatic domains that form inside the intruding
plutons themselves, commonly in the contact with carbonate rocks (Einaudi and Burt,
1982; Misra, 2000). Our “antiskarn” remains faithful to the non-genetic term “skarn”,
as it contains the same mineral assemblage. However, the genetic term “endoskarn”
implies the presence of a silicate intrusion and an aqueous fluid — neither of which are
present in antiskarns. Alternatively, endoskarns may form by direct assimilation of
carbonates by the silicate magmas at high temperatures (Di Rocco and others, 2012;
Carter and Dasgupta, 2016). Like fenitic fluids, the skarn-forming metasomatic aque-
ous fluid exsolves due to decompression and crystallization of a pluton at shallow
depths (< 5 kbar, Meinert, 1993), whereas the metasomatism of antiskarns results
from direct reaction of a carbonatite with silicate wall rocks at mid-crustal depths (> 5
kbar). This process resembles carbonatite metasomatism in the mantle more than
formation of skarns in and around silicate intrusions in the upper crust. The presence
of HyO is not required for antiskarn formation, although it helps flux the carbonatite
to a liquid. Mineralization in most skarns consists of chalcophile elements: Cu, Mo, Zn,
Pb, Ag, Au, et cetera, in association with sulfides. Non-sulfide Fe, W, and Sn mineraliza-
tion also occurs in some skarns (Einaudi and Burt, 1982; Misra, 2000; Pirajno, 2013).
This mineralization style is different than that of antiskarns, which consist of carbonatite-
mobile elements such as REE, Th, Ba, Sr, F, P, and possibly Nb and Zr (although not
tested in our study). Although some carbonatites contain sulfide or sulfate, sulfur is not
essential for the mineralization.

A schematic diagram (fig. 10) clarifies the difference between fenites, conven-
tional hydrothermal skarns, and antiskarns.

CONCLUSIONS AND IMPLICATIONS

Large-scale transport of LREE by aqueous fluids in a phosphate—fluoride-rich
system is ineffective and unlikely to form Nolans-type mineral systems. The composi-
tion and distribution of REE-phases observed in the hydrothermal experiments
followed initial layer placement inside the capsule. REE migration within the capsules
was negligible compared to all other elements in the experiments. REE-phases were
commonly metastable and unreactive, demonstrating their low solubility. In contrast,
magmatic experiments employing carbonatite as a REE carrier closely reproduced key
features of the Nolans-type deposits. Firstly, fluorapatite contains a significant britho-
lite component and formed without immiscibility. The carbonatite-silicate reaction
produced selvages that mimick the diopsidic selvages observed in nature [given a ratio
of MgO/(CaO + MgO) =~ 0.2 in the carbonatite], with fluorapatites most abundant
near the selvage.

Primary features of REE mineralization occurrences are commonly obscured by
hydrothermal alteration, resulting in a pseudo-hydrothermal appearance. This altera-
tion may lead workers to mistakenly conclude that REE were mobilized from source to
the deposition site by aqueous fluids. The source may be the mantle or a hidden
igneous intrusion. We show that the mode of REE transport must be carefully
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Fig. 10. A schematic sketch outlining the geological setting of hydrothermal endoskarns, fenites, and
antiskarns.

considered, as REE are potentially insoluble in fluids containing the elements with
which they precipitated at Nolans Bore. “Exotic” melts should be the principal
mechanism considered: a carbonatite-derived residual cumulate in the case of Nolans-
type deposits. Carbonatite liquids have low viscosity and strong wetting capabilities
(McKenzie, 1985; Hunter and McKenzie, 1989; Hammouda and Laporte, 2000; Kono
and others, 2014)—resembling aqueous fluids rather than silicate magmas—forming
hydrothermal-like textures in otherwise magmatic systems. Furthermore, the solubility
of HyO in carbonatites is known to be high, so a vapor phase only exsolves at a very late
stage of carbonatite evolution (for example, Wyllie and others, 1996), at shallower
levels than we suggest for Nolans-type deposit formation. Thus, the process of
hydrothermal fluid exsolution from an unexposed magmatic source (as suggested by
Huston and others, 2016, and Pandur and others, 2016) does not apply here because
such a source does not exist, and Nolans-type veins represent an early (as opposed to
late) stage in carbonatite evolution.

This fluid-like behavior of carbonatite melts and their reactivity with crustal rocks
to form skarn-like assemblages in our experiments suggests this process may be
overlooked in nature. Recognizing this process in natural rocks can shed light on mass
transfer of carbonatite-mobile elements such as P, REE, Th, and Ba as in the case of
Nolans-type deposits. More studies are required to understand this process of “antiskar-
nification”, including experimental studies and re-evaluation of high-temperature
skarn assemblages where the silicate fluid source is not immediately obvious.
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