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Abstract

In this study we experimentally assess whether the bulk composition of the Kiruna-type iron-fluorine Vergenoeg deposit,
South Africa (17 wt.% SiO, and 55 wt.% FeO,,) could correspond to an immiscible Fe-rich melt paired with its host rhyolite.
Synthetic powder of the host rhyolite was mixed with mafic end-members (ore rocks) in variable proportions. Experimental
conditions were 1-2 kbar and 1010 °C, with a range of H,O and F contents in the starting compositions. Pairs of distinct
immiscible liquids occur in experiments saturated with fluorite, under relatively dry conditions, and at oxygen fugacity con-
ditions corresponding to FMQ—1.4 to FMQ+1.8 (FMQ = fayalite-magnetite-quartz solid buffer). The Si-rich immiscible lig-
uids contain 60.9-73.0 wt.% SiO», 9.1-12.5 wt.% FeOyq, 2.4-4.2 wt.% F, and are enriched in Na,O, K,O and Al,O3. The
paired Fe-rich immiscible melts have 41.0-49.5 wt.% SiO,, 20.6-36.1 wt.% FeO,,, and 4.5-6.0 wt.% F, and are enriched in
MgO, CaO and TiO,. Immiscibility does not develop in experiments performed under water-rich (aH,O > 0.2; a = activity)
and/or oxidized (>*FMQ+1.8) conditions. In all experiments, solid phases are magnetite, +fayalite, fluorite and tridymite. Our
results indicate that the rocks from the Vergenoeg pipe crystallized in a magma chamber hosting two immiscible silicate melts.
Crystallization of the pipe from the Fe-rich melt explains its extreme enrichment in Ca, F and Fe compared to the host rhy-
olitic rocks. However, its low bulk silica content compared to experimental Fe-rich melts indicates that the pipe formed by
remobilization of a mafic crystal mush dominated by magnetite and fayalite. Segregation of evolved residual liquids as well
as the conjugate immiscible Si-rich melt produced the host rhyolite. The huge amount of fluorine in Vergenoeg ores (~12 wt.%
F) can hardly be explained by simple crystallization of fluorite from the Fe-rich silicate melt (up to 6 wt.% F at fluorite sat-
uration). Instead, we confirm a previous hypothesis that the fluorite enrichment is, in part, due to the migration of hydrother-
mal fluids.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Kiruna-type iron oxide (fapatite) deposits occur in a
number of locations across the world. They range in age
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2010). Controversy persists regarding the genesis of these
enigmatic deposits that are dominated by sulfide-poor min-
eral assemblages (magnetite/hematite, +-fluorapatite, +-fay-
alite, +fluorite) and range in size from large bodies
(thousands of meters in scale) containing billions of tons
of iron ore, to small veins and veinlets (Hildebrand, 1986;
Williams et al., 2005). The Kiruna-type deposits have been
interpreted to have an exhalative-synsedimentary origin
(Parak, 1975), or to have formed by epigenetic-
hydrothermal processes (Gleason et al., 2000; Dare et al.,
2014a). ‘Kiruna-type’ deposits are often considered as an
end-member of the hydrothermal Iron Oxide-Copper—
Gold ‘IOCG’ group (Hitzman et al., 1992; Hitzman,
2000). Magmatic processes are also commonly invoked to
explain the formation of Kiruna-type deposits due to mag-
matic oxygen and iron isotope ratios (Jonsson et al., 2013;
Bilenker et al., 2016). Processes typically proposed include
formation and stagnation of a volatile-bearing Fe-rich
immiscible melt (e.g. Naslund et al., 2002; Chen et al.,
2010; Tornos et al., 2016; Velasco et al., 2016) followed
by fractional crystallization, and formation of magnetite-
rich cumulate rocks (Knipping et al., 2015a). Melt inclu-
sions in plagioclase phenocrysts from andesite hosts of Chi-
lean deposits are dominated by silica-rich melts with
droplets of immiscible iron-rich melt. These confirm the
likely role of silicate liquid immiscibility in the formation
of Kiruna-type deposits (Tornos et al., 2016). The mag-
matic stage in the formation of Kiruna-type deposits is
firmly suggested by the presence of volcanic textures and
structures such as magmatic flows, vesicular structures
and volcanic bombs (Naslund et al., 2002; Nystrom et al.,
2008; Knipping et al., 2015a). The extent to which
hydrothermal fluids played a role in remobilizing iron in
Kiruna deposits is however more debated. Accurate con-
straints on this issue are complicated by the comparatively
small effect of post-mineralization metasomatism on the Fe
isotope signature compared to its effect on the O isotope
signature (Childress et al., 2016). However, it is known that
metasomatism strongly affects critical elements, promotes
the exsolution of REE-phosphates within apatite grains
and can alter the F/Cl ratio of apatite (Harlov et al.,
2016; Jonsson et al., 2016). Fluids may also affect the redis-
tribution of some elements such as F, S and P (e.g. Harlov
et al., 2002; Knipping et al., 2015a,b).

The Vergenoeg deposit (~1.95 Ga; Crocker, 1985) in
South Africa is a Kiruna-type massive iron oxide deposit
(Borrok et al., 1998), characterized by a high content of flu-
orite. It is currently mined and accounts for 3.4% of the
total world production of fluorine (Graupner et al., 2015)
with a fluorite resource in excess of 174 million tons at
28.1 wt.% CaF, (Fourie, 2000). Three contrasting genetic
models have been proposed for Vergenoeg: (1) the separa-
tion of an immiscible Fe-rich liquid, i.e. Fe-rich mafic melt
from the conjugate granitic (rhyolitic) magma (Crocker,
1985); (2) combined magmatic and hydrothermal activity
leading to the extensive alteration of the primary fayalite-
fluorite-ilmenite assemblage (Borrok et al., 1998; Fourie,
2000), and (3) the development of a fluorine-rich end-
member of the iron oxide copper—gold (IOCG) group asso-
ciated with carbonatites, in particular the Phalaborwa car-

bonatite of similar age (ca. 2.05 Ga, Goff et al., 2004). The
origin of the Vergenoeg deposit is therefore highly contro-
versial, as is the origin of the large amounts of fluorite
observed in the deposit. Rb—Sr and Sm—Nd isotopic ratios
of fluorite crystals indicate that a significant proportion of
these crystals formed from magmas (Kinnaird et al., 2004;
Graupner et al., 2015) but fluid inclusion analyses also sug-
gest that some fluorite crystals formed from hydrothermal
fluids (Borrok et al., 1998).

With this study, we aim to better understand the mag-
matic stages in the formation of the Vergenoeg deposit,
and specifically test the hypothesis that silicate liquid
immiscibility formed a rhyolitic melt and a conjugate
iron-rich silicate melt. We experimentally assess whether
the bulk composition of the ore body and the host rhyolite
could represent a pair of immiscible melts in equilibrium.
We investigate the role of volatiles (fluorine and H,O) in
the development of immiscibility and saturation of fluorite
in immiscible melts. Based on our new experimental data,
we propose that the Vergenoeg pipe represents the cumu-
lates from an immiscible Fe-rich melt which was saturated
in fluorite. We also confirm that hydrothermal fluids con-
tributed to the high fluorine content of the Vergenoeg
deposit.

2. GEOLOGY OF THE VERGENOEG DEPOSIT

The Vergenoeg deposit is situated in the center of the
Bushveld Complex in South Africa. The Bushveld Complex
intruded sedimentary and volcanic rocks of the Transvaal
Sequence (Eriksson et al., 1995), within the Kaapvaal Cra-
ton. These host rocks belong to the Rooiberg Group rhyo-
lite (Hatton and Schweitzer, 1995; Buchanan et al., 2004).
The Rooiberg Group is divided into four formations com-
prising the lower Dullstroom and Damwal Formations and
the upper Kwaggasnek and Schrikkloof Formations
(Schweitzer et al., 1995; Mathez et al., 2013) with a total
thickness of 3-5 km (Twist and French, 1983; Schweitzer
et al., 1995). The Dullstroom Formation (61-78 wt.%
Si0,) includes interbedded basaltic, andesitic, dacitic and
rhyolitic flows and becomes richer in silica with increasing
stratigraphic height. The Damwal Formation is dominated
by dacite to low-silica rhyolite (~68 wt.% SiO,) while the
Kwaggasnek (~72 wt.% SiO,) and Schrikkloof (~74 wt.%
SiO,) Formations are rhyolites (Schweitzer and Hatton,
1995; Schweitzer et al., 1995; Buchanan et al.,, 1999;
2002). The Vergenoeg deposit consists of a vertical, discor-
dant, igneous pipe emplaced in rhyolites and pyroclastic
rocks (Schweitzer et al., 1995; Fig. 1). The pyroclastic suc-
cession is commonly referred to as the Vergenoeg Pyroclas-
tic Rock Suite (Crocker, 1985).

2.1. The Vergenoeg pipe

The Vergenoeg pipe has an oval shape at the surface
with a north—south extension of 900 m and an east-west
diameter of ~600 m (Fig. 1; Goff et al., 2004). The shape
of the pipe below the surface has been investigated using
geophysical methods (gravity surveys) as well as drill core
mapping. The body of the pipe appears to have a funnel
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Fig. 1. (a) Simplified geological map of the Bushveld Complex (modified after Barnes and Maier, 2002); Geological overview (b) and a cross-
section (c) of the Vergenoeg deposit (modified after Goff et al., 2004), showing the distribution of the lithological units and the position of the
drill cores. The samples used in this study are from the open pit and the drill core KI24. See Appendix for details.

shape (depth >650 m; Crocker, 1985). Similar pipe-like
morphologies have been described for several other
Kiruna-type and related deposits (e.g. the Pea Ridge
deposit in USA; Harlov et al., 2016).

The Vergenoeg pipe consists of three gradational hypo-
gene units of magnetite-fluorite, magnetite-fayalite and fay-
alite. The contacts between the pipe and the surrounding

rocks are highly variable in terms of mineralogy. Some
zones have sharp contacts with little alteration of the felsic
wall rocks, whereas other areas have strongly altered wall
rocks with Fe-rich sericite and epidote locally observed
(Goff et al., 2004). Both massive and disseminated fluorites
occur throughout the pipe, with decreasing abundance
towards greater depths.
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The upper part of the pipe is made up of gossan (ca.
50 m thick). It was formed by weathering of magnetite-
fluorite rocks through oxidation and hydration of mag-
netite, iron sulfides and siderite into hematite and goethite
(Borrok et al., 1998). Within the gossan, three types of
ore can be distinguished: (1) high-grade, massive, specu-
laritic hematite ore (60 wt.% Fe,Os3); (2) mixed fluorite-
hematite/goethite ore forming the bulk of the gossan; and
(3) high-grade fluorite ore (60 wt.% CaF,; Crocker, 1985)
in veins and brecciated plugs rich in fluorite, with associated
siderite and magnetite (Fig. 2). The presence of preserved
fluorite veins of metspar provides clear evidence for alter-
ation of the host rock to gossan. They are usually vertical
and locally merge to form plugs of fluorite-rich rock with
veins of siderite and magnetite (Crocker, 1985).

The magnetite-fluorite unit (~100 m thick) is the main
fluorite ore resource at Vergenoeg (Goff et al., 2004). The
fluorite content decreases from 32 vol.% at the top to

20 vol.% at the bottom (Fourie, 2000). Coarse-grained flu-
orite and magnetite crystals are set in a groundmass of mag-
netite, fluorite and siderite with accessory REE minerals
(Goffetal., 2004). At a depth of about 150 m, there is a gra-
dational change into the magnetite-fayalite unit that repre-
sents a transition zone between the magnetite-fluorite unit
and the deeper fayalite unit. Rocks of the magnetite-
fayalite unit are composed of fayalite, magnetite and inter-
stitial fluorite. The lowermost fayalite unit of the Vergenoeg
pipe is almost exclusively made up of unaltered, coarse-
grained, prismatic fayalite (>90 vol.%) with rare fluorite
and apatite.

2.2. The Vergenoeg Pyroclastic Rock Suite (VPS)
Pyroclastic rocks associated with the Vergenoeg pipe

discordantly overlie the uppermost flow-banded Rooiberg
Group rhyolites, i.e. Schrikkloof Formation (Crocker
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Fig. 2. Harker diagrams illustrating the compositional range of rocks from the Vergenoeg pipe (Appendix). MO is calculated by mixing 40 wt.
% SA1S with 40 wt.% SA31 and 20 wt.% SA2S5, and represents the estimated average bulk composition of the pipe. M1 and M2 are mixed
from 30 wt.% fayalite and 70 wt.% magnetite, and 60 wt.% fayalite and 40 wt.% magnetite, respectively.
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et al., 2001). Two units are distinguished within the pyro-
clastic rocks. The basement is formed by siliceous rocks
and welded agglomerate, laterally grading into a fine-
grained tuff with increasing distance from the pipe
(Crocker, 1985). The thickness of this unit reaches 60 m,
a local maximum. It is commonly referred to as the basal
felsite (Borrok et al., 1998) but can be genetically referred
to as an ignimbrite (Fig. 1; Fourie, 2000). Borrok et al.
(1998) suggested that the basal felsites might also represent
a certain facies of the Rooiberg Group rhyolites (Mathez
et al., 2013). The basal felsites are overlain by a 40 m thick
volcanic breccia (Fig. 1), consisting of partly rounded felsic
clasts in a fine-grained ferruginous-felsic matrix, interlay-
ered with a hematite tuff (Fourie, 2000). The upper part
of the succession is formed by 10 m of sedimentary rocks
consisting of pyroclastic detritus and alternating layers of
hematite and felsite (Crocker, 1985; Fourie, 2000).

3. EXPERIMENTAL AND ANALYTICAL
PROCEDURES

3.1. Initial hypothesis and methodology

The formation of the Vergenoeg deposit was previously
attributed to a silicate-liquid immiscibility process by
Crocker (1985). In this model, the basal felsites of the
VPS constitute the extrusive equivalent of an immiscible
Si-rich end-member whereas the Vergenoeg pipe is the con-
jugate Fe-rich end-member. The corollary of this hypothe-
sis is that the weighted sum of the silicic host rocks and the
iron ore body, possibly in combination with variable
amounts of volatiles (H,O, S, F and Cl), represents the
composition of the original parent ore-bearing magma
prior to immiscibility. To test the hypothesis of immiscibil-
ity we do not require the exact relative proportions of the
two end-members as the compositions of immiscible pairs
define a locus between which immiscibility develops. Any
composition that plots on the mixing trend between the
equilibrium immiscible pairs would unmix, with the propor-
tions of the two conjugate liquids determined by the lever
rule.

As stated above, the Vergenoeg pipe shows significant
mineralogical and geochemical variations with depth and
is also laterally heterogeneous (Fig. 1). In order to obtain
a representative (average) bulk composition of the pipe, it
is necessary to use a mixture of sample compositions from
various units of the pipe. We sampled fresh fluorite ore,
magnetite-fayalite and magnetite-fluorite rocks from KI
24 drill core, and gossan rocks in the open pit (Fig. 1 and
see details in Supplementary Table 1). After screening
under the microscope, fresh samples were selected, sawed
into slabs, and the central parts were used for whole-rock
analyses. Specimens were crushed in a steel mortar and
ground to powder in a steel mill. Loss on ignition was deter-
mined gravimetrically after heating the samples at 1030 °C
for 15min. Major element analyses (Supplementary
Table 1) were performed on fused glass discs using a scan-
ning wavelength dispersion X-ray fluorescence (XRF) spec-
trometer at BGR in Hannover. In-house standards and 130
certified reference materials were used for calibration and

assessment of accuracy. The analytical uncertainties are
typically less than 1% as estimated by repeated analyses
of international standards, which were not used in the
development of the calibration curves for the XRF.

Magnetite-fayalite and fayalite units constitute the dom-
inant facies of the Vergenoeg pipe (Fig. 1); fluorite contents
are variable but, on average, relatively high (Fig. 2). Aver-
age F content is 6.70 wt.% in the magnetite-fayalite unit
and 0.9 wt.% in the fayalite unit. Based on volume consid-
eration of the deposit, we assume that the Vergenoeg pipe
consists of 40% magnetite-fayalite unit, 40% fayalite unit
and 20% fluorite ores. Based on these values, we prepared
mafic end-members for the experiments using two
approaches (Fig. 2): (1) we mixed the natural samples
SA15 (magnetite-fayalite unit), SA31 (fayalite unit) and
SA25 (massive fluorite) in a ratio of 0.4:0.4:0.2 (composi-
tion MO; Table 1); (2) we prepared synthetic mafic compo-
sitions by mixing synthetic oxides according to the
compositions of mineral end-members: composition M1
(30 wt.% fayalite + 70 wt.% magnetite) and composition
M2 (60 wt.% fayalite + 40 wt.% magnetite) to which we
added variable amounts of fluorite (Table 2). The average
mineral compositions of fayalite and magnetite are from
Borrok et al. (1998).

Abundant studies have been conducted on the felsic
rocks in the Bushveld Complex (e.g. Hatton and
Schweitzer, 1995; Mathez et al., 2013). Using previous stud-
ies, we prepared two rhyolitic glasses representative of the
felsic end-members (Fig. 3): F1 is representative of the aver-
age composition of the rhyolite of the Schrikkloof Forma-
tion, whereas F2 is the average composition of the felsic
(i.e. rhyolitic) rocks from Dullstroom, Schrikkloof and
Kwaggasnek Formations. F1 has a higher concentration
of K,O whereas F2 has a higher FeO, concentration.

3.2. Preparation of starting materials

For the natural mafic end-member, powdered samples
of SA15, SA31 and SA25 were mixed together in ethanol.
For the synthetic mafic end-members we mixed high-
purity commercially purchased oxide powders (SiO,,
TiO,, Al,O3, Fe,O3, MnO and MgO). Synthetic and natu-
ral dry starting materials were homogenized in an agate
planetary ball mill for a minimum of 2 h.

For the felsic compositions we mixed high-purity oxides
and carbonates and homogenized the powders in an agate
planetary ball mill. The powder mixture was then melted
in a Pt crucible at 1600 °C (atmospheric oxygen fugacity;
fO,) for 3 h. The rhyolitic glass was then ground in a steel
mortar (to a grain size <2 mm) and re-melted in the furnace
(1600 °C, 3.5 h) in order to homogenize the material and to
promote complete degassing of CO,. After quenching, parts
of the glasses were separated, mounted in epoxy, polished
and analyzed by electron microprobe (F1 and F2 in the
Table 1).

The starting materials for experiments were produced by
mixing mafic end-members (M0, M1 and M2) and felsic
end-members (F1 and F2) in specific proportions (Table 2).
In some experiments, deionized water was added to the
starting material (see the column H,O in Table 2). In exper-
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Table 1
Compositions of end-members used for the preparation of starting compositions (wt.%).

S102 T107_ A1203 FeOml MnO MgO CaO Ca NaZO Kzo P205 F Total
MO 17.10 0.11 0.14 55.39 0.79 0.31 13.37 <0.01 0.01 0.00 12.79 100.06
Ml 10.18 11.15 0.18 77.32 0.89 0.27 99.94
M2 19.36 6.34 0.14 72.43 1.36 0.36 99.92
F1 75.98 0.2 11.53 2.98 0.06 0.54 0.25 2.42 6.00 99.96
F2 75.26 0.31 11.87 3.62 0.14 0.77 0.79 2.35 498 0.05 100.14

Ca is dominantly under the form of CaF, in M0 and is therefore not stated as CaO.

iments using synthetic mafic starting compositions (M1 and
M2), we also added fluorine (as CaF,) in varying amounts.

3.3. Experimental conditions and methods

According to Buchanan et al. (2004) the maximum
thickness of the Rooiberg Group within the Transvaal
Basin is approximately 6 km. A magma chamber situated
at the base of the Rooiberg Group would therefore attain
a maximum pressure of about 2 kbars. Kleemann and
Twist (1989) suggest that the nearby coeval granite was
emplaced at a high level and estimated a pressure of about
1 kbar during the crystallization of the upper part of the
granite intrusion based on a 3 km thick cover of Rooiberg
Group felsites. Consequently, a pressure of 1 kbar was cho-
sen for most experiments but several were run at 2 kbars.

The experiments were performed in internally heated
pressure vessels (IHPV), at the Institute of Mineralogy,
Leibniz Universitdit Hannover (Berndt et al., 2002). Exper-
imental conditions are summarized in Table 3. Pressure was
monitored continuously with an uncertainty of about 1 bar.
Temperature was measured with four S-type (Pt-PtgoRhg)
thermocouples to control the temperature gradient over a
length of ~30 mm inside the vessel. Temperature oscilla-
tions were below 3-5 °C depending on the vessel and the
experimental run. Rapid quench [150 °C/s; Berndt et al.
(2002)] was performed at the end of the runs. Experiments
were performed at the intrinsic fO, of the vessel or at con-
trolled fO,. For experiments at intrinsic fO, conditions, we
used an autoclave with Ar as the sole pressure medium. In
these experiments, fO, ranges from ~FMQ (fayalite-
magnetite-quartz redox equilibrium) in dry conditions to
FMQ+3.3 under fluid saturated conditions. Experiments
at controlled fO, were conducted using a vessel equipped
with a Hy-membrane which allows monitoring and adjust-
ment of the hydrogen pressure (fH,) and thus the fO, inside
the vessel. The evolution of H, pressure (fH,) in the vessel
was directly measured with the Shaw membrane technique
applied at Hannover (Berndt et al., 2002). Experiments
were run for 4-500 h (Table 3).

Starting materials were weighed and placed in Au cap-
sules (20 mm in length and 2.8 mm in internal diameter,
with a 0.2 mm wall thickness). One end of each capsule
was welded shut before the starting material was inserted.
Deionized water was added to some samples (Table 2).
Open capsule ends of dry samples were immediately welded
shut whereas water-bearing samples were frozen in liquid
nitrogen before they were welded shut. This method mini-
mizes the loss of water due to vaporization during welding.

Capsules were weighed after welding and then placed in a
dry furnace at 150 °C for 1-2 h before they were weighed
again, to check for any loss of material. Re-weighing of
the capsules after the experimental runs showed identical
weights for most capsules indicating that no volatiles were
lost during the experiments. Small chips of experimental
products (about 2 mm in diameter) of each sample were
prepared as polished thin sections or mounted in epoxy
for electron microprobe analyses.

3.4. Electron microprobe analyses

The analyses of the experimental products were per-
formed at the Leibniz Universtdt Hannover, and at BGR.
Both institutes use a Cameca SX100 electron microprobe
equipped with five WDS detectors. Operating conditions
were set at 15 kV with a 10 nA beam current. We used a
focused beam (1 pm) for minerals and a defocused beam
(5-20 pm) for glasses. The peak counting times for glasses
were 10 s for Si, Ti, Al, Fe, Mn, Mg and Ca, and 8§ s for
the alkalis. The elements Na, K, Si, Ca and Fe were ana-
lyzed first. Subsequent analyses of F were performed using
a second set of analytical conditions (60 nA), and the
counting time was 120 s on peak and 60 s for background.
More details on the method used for fluorine measurements
can be found in Zhang et al. (2016). For glasses and miner-
als, we used the following standards for Ko X-ray line cal-
ibration: albite for Na, orthoclase for K, wollastonite for Si
and Ca, TiO, for Ti, Fe,O; for Fe, MgO for Mg, Mn;0,
for Mn. Raw data were corrected using the PAP routine
(Zhang et al., 2016). The precision for oxide concentrations
was better than 1%. No significant alkali loss (within uncer-
tainty) was detected during measurements.

3.5. Water content in the glass and oxygen fugacity

The water content of the homogenous glass in sample
BOa (the only super-liquidus experiment) was determined
by Fourier transform infra-red (FTIR) spectroscopy using
the mid-infrared (MIR) range (i.e. wave numbers between
400 and 4000 cm™' corresponding to wavelengths of 25—
2.5 um). We obtained a value of 1.48 wt.% H,O. For other
samples the water contents were estimated from a combina-
tion of microprobe totals (by difference method), and added
water and melt proportions (mass balance calculation). The
typical error is 0.5 wt.% H,O. The water content of sample
BO0a (1.48 wt.%), as determined by IR, allowed us to evalu-
ate the accuracy of the ‘by-difference’ method (e.g., Devine
et al., 1995). The calculated value (i.e. 1.0 + 0.5 wt.% H,0)



Table 2

Compositions (wt.%) of starting materials, calculated from weight proportions of natural samples and synthetic glasses.

Run Proportions (wt.%) SiO, TiO, AlLO; FeOy MnO MgO CaO Na,0O K,O P,0Os F F,0_, H,O Total
Ala expl 60% F1 + 40% MO 51.99  0.17 7.28 24.00 0.31 0.47 7.47 1.53 3.46 5.02 2.90 99.6
AO0b exp2 51.88 0.17 7.25 24.13 0.31 0.47 7.50 1.52 3.44 5.03 291 99.6
Alc exp3 5221  0.17 7.27 24.97 0.32 0.47 6.61 1.53 3.45 443 2.56 99.6
ASa expl 57% F1 + 38% MO 49.29  0.16 6.90 22.73 0.30 0.44 7.11 1.45 3.27 4.77 2.76 5 94.4
AS5b exp2 4943  0.16 6.91 23.04 0.30 0.44 7.04 1.45 3.28 4.72 2.73 5 94.8
B0a exp2 75% F1 + 25% MO 60.29  0.18 8.98 16.48 0.20 0.51 5.01 1.89 4.28 3.30 1.91 99.7
BOb exp3 60.23  0.18 8.95 16.79 0.20 0.51 4.86 1.89 4.26 3.20 1.85 99.7
C0a exp3 35% F1 + 65% MO 37.30  0.15 395 44.97 0.60 0.42 6.23 0.82 1.85 4.26 2.46 99.2
D2a exp4 58.5% F2 + 39% M1 + 0.5% CaF, 4726 4.17 6.96 33.31 0.37 0.54 0.85 1.41 296 0.03 0.24 0.14 2 98.0
D4a exp4 57.6% F2 + 38.4 M1 + 0.5% CaF, 46.29  4.09 6.82 32.63 0.36 0.53 0.84 1.38 290  0.02 0.24 0.14 4 96.0
Do6a exp4 56.1% F2 + 37.4% M1 + 0.5% CaF, 4532 4.00 6.68 31.95 0.35 0.52 0.83 1.35 284  0.02 0.24 0.14 6 94.0
D2b, E2a exp4-5 58.5% F2 + 39% M2 + 0.5% CaF, 50.58  2.46 6.95 31.50 0.54 0.58 0.86 1.41 296 0.03 0.24 0.14 2 98.0
Eda exps 57.6% F2+38.4% M2+ 0.5% CaF, 49.54 241 6.80 30.86 0.53 0.56 0.85 1.38 290  0.02 0.24 0.14 4 96.0
D6b, E6a exp4-5 56.1% F2 + 37.4% M2+ 0.5% CaF, 4850 2.36 6.66 30.21 0.52 0.55 0.84 1.35 284  0.02 0.24 0.14 6 94.0
E2b exp6 57.6% F2 + 38.4% M2 + 2.5% CaF, 49.54 241 6.80 30.86 0.53 0.56 2.28 1.38 290 0.02 1.21 0.70 2 98.0
Edb exp6 56.1% F2 + 37.4% M2 + 2.5% CaF, 48.50 2.36 6.66 30.21 0.52 0.55 2.27 1.35 2.84  0.02 1.21 0.70 4 96.0
E6b exp6 54.9% F2 + 36.6% M2 + 2.5% CaF, 47.47 2.31 6.52 29.56 0.51 0.54 2.26 1.32 2.78  0.02 1.21 0.70 6 94.0
GO0a, HOa, 10a  exp7-8-9  75.2% F2 + 18.8% M2 + 6% CaF, 5942  1.33 8.89 17.17 0.30 0.64 4.92 1.81 3.81  0.03 2.92 1.69 100.0
GOb, HOb, I0b  exp7-8-9  70.4% F2 + 17.6% M2 + 12% CaF,  56.89 1.27 8.51 16.43 0.29 0.61 7.77 1.74 364 0.03 4.88 2.82 100.0
GO0c, HOc, I0c exp7-8-9  60.8% F2 + 15.2% M2 + 24% CaF, 48.04 1.07 7.18 13.88 0.24 0.51 17.73 147 3.08 0.03 11.71  6.77 100.0
J6a expl0 70.4% F2 + 17.6% M2 + 6% CaF, 5585 1.25 8.36 16.14 0.28 0.60 4.62 1.70 3.58  0.03 2.75 1.59 6 100.0
J6b expl0 65.6% F2+16.4% M2+ 12% CaF, 5348 1.19 8.00 15.44 0.27 0.57 7.30 1.64 342 0.03 4.58 2.65 6 100.0
Jéc expl0 56% F2 + 14% M2 + 24% CaF, 45.16  1.01 6.75 13.05 0.23 0.48 16.67 1.38 290 0.03 11.00  6.36 6 100.0

Normalized bulk sample compositions calculated from weighing (precision £ 0.1 mg) of the different natural samples and synthetic glass + H,O. Ca (were introduced as CaF,) was recalculated as
CaO; F was recalculated as F,O_; (for compositional balance).
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Fig. 3. Harker diagrams illustrating the compositional range of rocks of the Rooiberg Group, including the felsic rocks of Dullstroom,
Damwal, Schrikkloof and Kwaggasnek Formations (the data are compiled from Hatton and Schweitzer, 1995; Mathez et al., 2013; Buchanan
et al., 2002; Twist and French, 1983). F1 refers to the average composition of Schrikkloof Formation in Hatton and Schweitzer (1995). F2 is
the average composition of the rhyolitic rocks from Dullstroom, Schrikkloof and Kwaggasnek Formations.

is in relatively good agreement with the H,O concentration
measured by FTIR. The water contents of the experimental
glasses are presented in Table 4. The water activity (aH,0)
was calculated from the H,O content in the melt using the
model of Burnham (1994). This model works well up to
2 kbar (e.g. Berndt et al., 2005).

We used several methods to estimate the oxygen fugacity
in our experiments. Under H,O-saturated conditions and
intrinsic fO, conditions of the IHPV, the oxygen fugacity
was determined to be 3.3 log units above the oxygen fugac-
ity of the fayalite-magnetite-quartz (FMQ) solid oxygen
buffer (hereafter labeled FMQ+3.3). For water-bearing
experiments performed at the intrinsic fO, conditions,
which are not saturated in a fluid phase, we used calculated
aH,O values to estimate the oxygen fugacity of the runs fol-
lowing the method described by Botcharnikov et al. (2005).
For the G, H and I series, which were conducted at nomi-
nally dry conditions (no fluid added), we assumed an aH,O
of 0.05. This is because such experiments are not strictly
water-free for two reasons: (1) it is nearly impossible to
avoid adsorbed water on the surface of the glass grains,
and (2) hydrogen can be present in the pressure medium
(gas) and may diffuse through the noble metal capsules.
Thus in nominally dry experiments, a fluid phase was not
present, but the silicate melts contained small amounts of

water mainly present as OH groups (~0.3—1.0 wt.%
depending on pressure and extent of crystallization;
Almeev et al., 2012).

Other experiments were performed under controlled
reduced oxygen fugacity conditions. For these experiments,
H, was added to the Ar pressure medium and the autoclave
was equilibrated at a fO, of FMQ+1 for water-saturated
conditions. The dissociation of water is the main reaction
controlling redox equilibria inside the capsules. Using the
estimated aH,O values, the prevailing fO, was calculated
for each water-undersaturated experiment as log fOS5F
sule — Jog fOSPPAret 4 2]og (aH,0) (see also Botcharnikov
et al., 2005, 2008) where log fO3PP*™" is the oxygen fugacity
that is expected in the system at aH,O = 1.

Results of aH,O and fO, calculations are presented in
the Table 3. The error in fO, mainly depends on the uncer-
tainty of the melt water content and thus aH,O. In water-
saturated samples or in experiments approaching water-
saturated conditions, errors are expected to be very low,
because a change in melt water content does not result in
significant changes of aH,O and fO,. In contrast, in highly
water-undersaturated samples, a change in water content
(0.5 wt.%) implies distinct changes in aH,O and fO,. We
estimate that the overall error in the calculated fO, is about
~0.2 log units (Botcharnikov et al., 2005).



Table 3

Experimental conditions and phase assemblages.

Sample T[°C] P [kbar] Run duration (h) fO, fH, [bar] aH,O Phases Glass composition (wt.%)

Ala 1010 2 4 FMQ+1.4 0.11 Mt (15), Flu (5), Si-glass (76), Fe-glass (4) 65% SiO,, 11% FeO & 47% SiO,, 26% FeO
A0b 1010 2.08 4 FMQ-1.0 7.64 0.13 Flu (3),Glass (97) 54% Si0,, 24% FeO

Alc 1010 1 4 FMQ+1.7 0.16 Mt (18), Flu (5), Si-glass (66), Fe-glass (10) 66% SiO,, 12% FeO & 49% SiO,, 25% FeO
ASa 1010 2 4 FMQ+3.3 0.98 Mt (19), Flu (4), Glass (77) 67% SiO,, 6.8% FeO

ASb 1010 2.08 4 FMQ+1.0 7.64 0.96 Mt (10), Flu (0.3), Glass (90) 55% SiO,, 17% FeO

B0a 1010 2.08 4 FMQ-0.4 7.64 0.21 Glass (100) 61% SiO,, 16% FeO

BOb 1010 1 4 FMQ+0.8 0.06 Mt (9), Flu (6), Si-glass (79), Fe-glass (5) 67% SiO,, 10% FeO & 46% SiO,, 22% FeO
COa 1010 1 4 FMQ+1.8 0.18 Mt (38), Flu (5), Tri (5), Si-glass (32), Fe-glass (22) 73% SiO,, 9% FeO & 45% SiO,, 33% FeO
D2a 1010 2 24 FMQ+3.1 0.82 Mt (38), Tri (13), Ap (0), Glass (49) 69% SiO,, 3.3% FeO

D4a 1010 2 24 FMQ+3.3 1 Mt (33), Glass (67) 70% SiO,, 3.2% FeO

D6a 1010 2 24 FMQ+3.3 1 Mt (34), Glass (66) 70% SiO,, 3.1 % FeO

D2b 1010 1 24 FMQ+3.2 0.78 Mt (32), Glass (68) 70% SiO,, 3.5% FeO

D6b 1010 1 24 FMQ+3.3 1 Mt (36), Glass (64) 73% SiO,, 3.4% FeO

E2a 1010 1 24 FMQ+3.2 0.78 Mt (32), Glass (68) with nano-emulsion 68% Si0,, 7.5% FeO

Eda 1010 1 24 FMQ+3.3 1 Mt (33), Glass (67) with nano-emulsion 69% Si0,, 7.3% FeO

E6a 1010 1 24 FMQ+3.3 1 Mt (32), Glass (68) with nano-emulsion 67% Si0,, 8.1% FeO

E2b 1010 1 24 FMQ+3.2 0.85 Mt (35), Glass (65) 70% SiO,, 3.6% FeO

E4b 1010 1 24 FMQ+3.3 1 Mt (34), Glass (66) 69% SiO,, 4.5% FeO

E6b 1010 1 24 FMQ+3.3 1 Mt (36), Glass (64) 71% SiO,, 3.9% FeO

G0a 1010 1 24 FMQ-0.6 3.48 0.05 Mt (27), Fa (15), Tri (0), Glass (60) 72% SiO,, 6.7% FeO

GOb 1010 1 24 FMQ-0.6 3.48 0.05 Mt (12), Fa (12), Flu (4), Si-glass (66), Fe-glass (6) 68% Si0,, 10% FeO & 41% SiO,, 36% FeO
GOc 1010 1 24 FMQ-0.6 3.48 0.05 Mt (5), Flu (18), Tri (0), Si-glass (71), Fe-glass (6) 64% SiO,, 11% FeO & 41% SiO,, 30% FeO
HOa 1010 1 500 FMQ-14 6.01 0.05 Mt (2.5), Glass (97.5) with nano-emulsion 59% Si0,, 14% FeO

HOb 1010 1 500 FMQ-14 6.01 0.05 Mt (3.5), Flu (2.5), Glass (94) with nano-emulsion 59% SiO,, 13% FeO

HOc 1010 1 500 FMQ-14 6.01 0.05 Mt (2), Flu (16), Si-glass (60), Fe-glass (22) 61% SiO,, 12% FeO & 49% SiO,, 20% FeO
10a 1010 1 168 FMQ+1.0 2.30 0.05 Mt (18), Tri (10), Ol (0), Glass (72) with nano-emulsion  75% SiO,, 2.8% FeO

10b 1010 1 168 FMQ+1.0 2.30 0.05 Mt (13), Flu (3), Tri (0), Si-glass (81), Fe-glass (4) 67% Si0,, 6.9% FeO & 51% SiO,, 15% FeO
10c 1010 1 168 FMQ+1.0 2.30 0.05 Mt (7), Flu (18), Tri (0), Si-glass (60), Fe-glass (16) 68% Si0,, 7.3% FeO & 46% SiO,, 22% FeO
J6a 1010 1 120 FMQ+1.0 4.30 1 Mt (10), Flu (0.5), Fa (0.5), Glass (89) 63% SiO,, 9.4% FeO

J6b 1010 1 120 FMQ+1.0 4.30 1 Mt (10), Flu (5), Fa (2), Glass (83) 63% SiO,, 9.8% FeO

Jéc 1010 1 120 FMQ+1.0 4.30 1 Mt (10), Flu (18), Fa (2), Glass (70) 63% SiO,, 6.6% FeO

Phase proportions were calculated by mass balance as well as optical estimations. “0” means trace amount. Total iron as FeO. Details on the calculation of oxygen fugacity and water activity can
be found in the text. For G, H and I series, we assumed a water activity of 0.05. When the forsterite (Fo) content is >10%, it is defined as olivine. Abbreviations: Ap — apatite, Mt — magnetite, Fa —

fayalite, Flu — fluorite, Tri — tridymite, Ol — olivine.
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: Expt GOb

Si-rich glass

Emulsion of Si-rich
and Fe-rich glasses

—oum Expt HOb

Fig. 4. Back-scattered electron (BSE; a and ¢) and QEMSCAN (b, d—f) images of experiments showing silicate liquid immiscibility. (a) Sample
AQc shows a typical irregularly-shaped (coalesced) patch of Fe-rich glass within Si-rich glass as well as numerous small globules of Fe-rich and
Si-rich glass. Large, euhedral grains of magnetite and spherical fluorite also occur. (b) Sample I0c: Magnetite and/or spherical fluorite are
preferentially enclosed by the immiscible Fe-rich liquid. (c) Sample COa: large amounts of Fe- and Si-rich glasses as well as smaller Fe-rich
glass globules. Fluorite and magnetite, euhedral grains of tridymite (dark grey) represent the solid phases. (d) Sample HOc: irregularly-shaped
(coalesced) patch of Fe-rich glass (or emulsion) within Si-rich glass. Large, euhedral grains of spherical fluorite occur. (¢) Sample GOb and (f)
Sample HOb: Emulsion of Si-rich and Fe-rich glasses occurring in the Si-rich homogenous glass. Abbreviations: Mt = magnetite,

Flu = fluorite, Tri = tridymite.
4. EXPERIMENTAL RESULTS
4.1. Phase equilibria and immiscibility textures
Table 3 summarizes the conditions and phase assem-

blages of experimental runs. Figs. 4 and 5 show representa-
tive BSE images of the experimental run products acquired

on the electron microprobe and QEMSCAN FEI Quanta
650F at RWTH Aachen. Crystalline phases observed in
experiments are fluorite, magnetite, fayalite (or olivine
when the forsterite content is higher than 10%), a silica
phase (tridymite), and occasionally trace amounts of
apatite. Experiments can be classified into three groups:
experiments showing distinct liquid immiscibility between



T. Hou et al./ Geochimica et Cosmochimica Acta 203 (2017) 303-322 313

Fig. 5. Representative BSE (¢) and QEMSCAN (a, b and d) images of experiments without liquid immiscibility. (a) Sample GOa: Si-rich glass
hosting rounded shaped magnetite and fayalite. Note that some of the fayalite crystals contain rounded shaped magnetite. Sample ASa: a
homogeneous Fe-rich glass hosts grains of magnetite and fluorite. (b) Sample J6a: a homogeneous Si-rich glass hosting grains of magnetite
and fayalite. (c) Sample ASa: magnetite and fluorite in a groundmass of homogeneous Si-rich glass. (d) Sample 10a: Si-rich glass hosting

rounded shaped magnetite and olivine.

two silicate liquids, experiments containing a nano-
emulsion of immiscible liquids and experiments with a sin-
gle homogeneous silicate glass.

In the first type of experimental products, pairs of dis-
tinct immiscible liquids occur in nine samples, AOa, AOc,
BOb, C0a, GOb, GOc, HOc, 10b and I0c. Sharp two-liquid
interfaces are usually observed (Fig. 4a—d). Immiscible lig-
uids form small globules, or branching, skeletal structures
within each other that may coalesce and form larger aggre-
gates. The Fe-rich immiscible liquid in some of these sam-
ples also host nano-scale emulsion of Si-rich liquid
(Fig. 4d). No compositional difference between small and
large droplets is observed, supporting complete equilibra-
tion of the two liquids. The Fe-rich liquid has very small
wetting angles with magnetite and fluorite. Magnetite and
fluorite crystals preferentially occur in the Fe-rich immisci-
ble melts (Fig. 4b) but they are also found in the Si-rich
glasses. Tridymite crystals are also hosted by both immisci-
ble melts. Fluorite crystals are present in all the samples
showing distinct liquid immiscibility.

In the second type of experimental products, the immis-
cible conjugates form ‘emulsion’ structures on the scale of
<100-500 nm (Fig. 4e—f). This feature is interpreted as a
result of a low efficiency of melt-melt separation, possibly
caused by close proximity to the apex of the miscibility
gap in the multicomponent composition space, just below

the binodal (Charlier and Grove, 2012). In some of these
experiments, the globule size is too small to measure the
composition of the paired immiscible liquids by electron
microprobe.

In the third type of experimental products, the samples
do not show liquid immiscibility. They are characterized
by the ubiquitous presence of magnetite + fluorite 4 tridy-
mite + fayalite (or olivine) & apatite (Fig. 5). Both euhedral
and rounded subhedral magnetite and fluorite crystals, and
tiny apatites are observed. In sample GOa and 10a, fayalite
and olivine occur as euhedral crystals co-existing with
rounded subhedral magnetite (Figs. 5a,b and d). The glass
compositions are presented below, but it is worth noting
that samples with rhyolitic glass have considerable amounts
of magnetite (18-38 wt.%; Table 3), whereas those with a
relatively Fe-rich (intermediate) melt have less than 30 wt.
% crystals, including magnetite and fluorite.

4.2. Liquid compositions

The compositions of experimental liquids are shown in
Fig. 6 where they are compared to immiscible melts in
experimental ferrobasaltic systems (Charlier and Grove,
2012). In the first type of experimental products where we
observe distinct immiscible pairs, the Si-rich liquids
(62.75-73.00 wt.% SiO,, 6.90-12.48 wt.% FeOy, and
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2.35-4.24 wt.% F) are enriched in Na,O, K,O and AL,O3
(Table 4). The Fe-rich immiscible melts (40.95-51.40 wt.%
Si0,, 14.81-36.09 wt.% FeO.y and 4.50-6.45 wt.% F), are
enriched in MgO, CaO and TiO,. The partitioning
coefficient of F between the Fe- and Si-rich immiscible
conjugates is between 1.42 and 2.23 (Fig. 6d), similar to
the values observed in the simplified systems Fe,SiO4—
Fe;04-KAISi,06-Si0, + F + plagioclase (Lester et al.,
2013). Compared to the immiscible pairs produced in dry
conditions at 1 bar (Charlier and Grove, 2012), our samples
show lower SiO, contents in the Fe-rich melt and lower
AlL,O3 in the Si-rich melt (Fig. 6a—c). The distinct Si-rich
immiscible melts produced in our study show similar
Si0,, CaO and alkali contents compared to the dacites
and low-silica rhyolites of the Dullstroom and Damwal
Formations. However, they are more primitive than the
rhyolite of the Schrikkloof Formation which hosts the
Vergenoeg pipe (Fig. 7). The immiscible Si-rich liquids have
higher FeO contents and lower Al,O; contents than any
rhyolite from the Rooiberg Group.

The second type of experiments with nano-scale emul-
sion of immiscible melts is represented by samples HOa,
HOb, E2a, E4a and E6a. In these, the glass compositions
that we measured are thought to represent the bulk compo-
sition of the nano-emulsions (Table 4).

In the last type of experiments that do not show liquid
immiscibility, we can also discriminate two groups. The first
one (A5a, D series, E2b, E4b, E6b, and G0a and 10a) has
rhyolitic liquids (67-74 wt.% SiO,; 2.8-6.8 wt.% FeOyy)
with relatively low fluorine (1.14-3.01 wt.% F). High SiO,
contents are due to the significant crystallization of mag-
netite and fayalite (Fig. 6). The second one (AOb, A5b,
BOa and J series) has intermediate melt compositions (54—
63 wt.% SiOy; 6.6-24 wt.% FeOy,,), and contain moderate
amounts of fluorine (2.99-4.10 wt.% F; Fig. 6).

4.3. Olivine (Fayalite) and magnetite compositions

The compositions of olivine and magnetite in the exper-
imental products are presented in the Supplementary data.
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Fig. 7. Selected major element composition of experimental immiscible pair of glasses. The felsic volcanic rocks of the Rooiberg Group
including Dullstroom, Damwal, Schrikkloof and Kwaggasnek Formations upwards are also shown for comparison.

Olivine crystals in three samples (GOa, GOb and 10a) have
been analyzed. The composition of the olivine in samples
GOa and GOb (SiO,: 29.51-30.42 wt.%; FeOy: 62.61—
64.84 wt.%; Fo number: 7.4-8.2) is classified as fayalite
and is similar to the natural samples (Borrok et al., 1998).
Whereas sample 10a has olivine with a fayalite content of
only 38%. The ratio of FeO to MgO in the olivine crystals
as a function of the ratio of FeO to MgO in the liquid phase
is shown for our experimental runs in Fig. 8a. We can see
that the Kdgg ¢ for the limited number of fayalite crys-
tals plots above the line of Kd = 0.3, and that the Kd values
for the immiscible Fe-rich liquids are comparable to those
for the Si-rich conjugates. The Kd value for olivine in sam-
ple I0a is close to 0.3. These observations could be
explained by the F-rich characteristics of our experiments,
as illustrated in Fig. 8b in which the Kd values are plotted
as a function of F (wt.%). With increasing fluorine in the
liquids, the Kd value dramatically increases for fayalite,
suggesting that fluorine in the liquids complexes primarily
with MgO, thus decreasing MgO activity, and shifting the
Fe/Mg ratio of crystallizing minerals to higher values. We
note that our calculated Kd values (0.49 for GOa, 0.58

and 0.55 for Fe and Si-rich liquids of GOb, respectively)
are consistent with those observed in experiments of F-
rich Martian basalts (Filiberto et al., 2012).

Magnetite compositions range between MtgogUspg oo
and Mty 41 Uspgso (Mt =magnetite; USp = ulvospinel).
The variation of calculated ulvospinel end-member con-
tents in magnetite is plotted against the TiO, content in
equilibrium melts in Fig. 8¢c. The negative correlation
between fO, and the calculated ulvospinel content in mag-
netite is consistent with fO, being the key factor in control-
ling the composition of magnetite (Fig. 8d; Buddington and
Lindsley, 1964; Toplis and Carroll, 1995).

5. DISCUSSION
5.1. The onset of silicate liquid immiscibility

5.1.1. The role of fluorine

In dry multicomponent magmatic systems, an extreme
iron enrichment (>18-19 wt.% FeO) has usually been con-
sidered as necessary for the onset of unmixing (Dixon and
Rutherford, 1979; Philpotts and Doyle, 1983). Although
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the FeO activity probably needs to be high, the experiments
of Charlier and Grove (2012) demonstrated that extreme
iron enrichment is not necessary to reach the two-liquid
field. Liquid immiscibility could also develop during the
silica-enrichment that follows Fe-Ti oxide saturation in
the melt. This is consistent with our experiments showing
that many runs with liquid immiscibility also contain abun-
dant magnetite.

In the case of Vergenoeg-related compositions, distinct
liquid immiscibility occur only in samples in which fluorite
is observed as a stable phase, which indicates that fluorine is
one of the key factors that could facilitate immiscibility.
This is illustrated by the plot of the bulk fluorine contents
in experiments versus the fluorine contents of experimental
liquids (Fig. 9a), which shows that only fluorine-rich exper-
iments (>3.4 wt.% bulk F) developed distinct immiscibility.
We interpret this as resulting from fluorine complexing with
MgO (Filiberto et al., 2012) in the melt, therefore increasing
the activity of FeO, which is a favorable condition for the
development of liquid immiscibility (Philpotts and Doyle,
1983). Potentially fluorine may also change the shape of
the binodal by the reaction of fluorine with Si—-O-Si bonds
to form Si-F and Al-F bonds (Manning, 1981), which leads
to a depolymerization of the melt structure (Dingwell, 1985;

Giordano et al., 2004) and therefore a decrease of the
liquidus temperature.

Although fluorite-saturation seems to promote the
development of silicate liquid immiscibility, a high fluorine
content by itself is insufficient to trigger the unmixing. As
shown in Fig. 9a, some samples with >2 wt.% fluorine
(e.g., J series) did not develop immiscibility. In contrast,
Lester et al. (2013) report experiments with lower fluorine
contents (<2 wt.%) which also have immiscible Fe-rich
and Si-rich liquids.

5.1.2. The role of oxygen fugacity

Oxygen fugacity (fO,) has a significant influence on the
development of immiscibility (Naslund, 1983). In our
experiments, immiscible liquids occur in experiments per-
formed at relatively reducing conditions from FMQ-1.4
to FMQ++1.8 (Fig. 9b). Naslund (1983) has shown that a
high Fe,O3/FeO ratio (high fO,) widens the two-liquid field
under super-liquidus conditions and increases the upper
temperature limit of immiscibility in the system KAISi;Og—
FeO-Fe,03-Si0,. This would, in theory, enhance the
development of immiscibility. However, most of our exper-
iments run under highly oxidizing environments (>FMQ
+3) crystallized considerable amounts of magnetite, which
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led to a strong iron depletion in the residual melt (Fig. 9b)
and hampered the development of immiscibility. We con-
clude that the enlargement of the immiscibility field caused
by high fO,, as observed by Naslund (1983) in a super-
liquidus systems, is strongly counteracted by the stabiliza-
tion of magnetite and resultant iron depletion that occurs
in natural systems. It is worth noting that some F-rich sam-

ples, run under relatively reducing conditions, do not show
immiscible textures. This implies that immiscibility is not
only controlled by the bulk F content and fO, but that
other compositional features must play a dominant role
in liquid unmixing.

5.1.3. The effect of water

Fig. 9¢ shows that distinct silicate liquid immiscibility
only developed in the samples with low H,O contents, i.e.
aH,0 < 0.2, suggesting that water suppresses the develop-
ment of silicate liquid immiscibility. This has been con-
firmed by the comparison between I and J series, which
have the same bulk composition (Table 2) and which were
conducted at the same fO, (FMQ+1). The water-saturated
J6b and J6c samples show no liquid immiscibility whereas
their counterparts, 10b and I0c, contain two liquids. How-
ever, the role of water in the development of immiscibility
is relatively subtle. We believe that H,O may shift the crit-
ical temperature of the binodal below the liquid line of des-
cent. Lester et al. (2013) have shown that H,O enlarges the
solvus in silicate melts and therefore decreases the temper-
ature of the solvus apex. The effect of water on the liquidus
temperature of the magma may be important leading to a
liquid line of descent that never hits the binodal surface.

5.2. Model for the origin of the Vergenoeg deposit

Based on the experimental results and discussions pre-
sented above, we observe that (1) moderate iron content
in the starting composition; (2) high fluorine content, i.e.
saturation of fluorite in the liquid; (3) moderate tempera-
tures (1010 °C) and fO, (FMQ—1.4 to FMQ+1.8) and (4)
low water content (aH,O < 0.2), are the right conditions
for the development of liquid immiscibility.

Based on our experimental results, we propose a model
for the petrogenesis of the Vergenoeg deposit. Essentially,
the model constitutes a revised and extended version of
the model proposed by Crocker (1985). In the case of
Vergenoeg, it is envisaged that immiscibility occurred sim-
ply as a result of temperature decrease, compositional evo-
lution and enrichment of F in the residual melt. This
process possibly resulted in the formation of a stratified
magma chamber with the denser Fe-rich melt forming the
lower zone of the magma chamber, whereas the overlying
Si-rich melt was located in the upper parts (Fig. 10).

Compared to the average composition of the ores (MO0),
the iron-rich immiscible liquid obtained experimentally
contains higher SiO, and lower FeO,, (Tables 1 and 4).
This indicates that the bulk composition of the ore (pipe)
may not simply represent a crystallized immiscible Fe-rich
melt. As observed in our experiments showing liquid immis-
cibility, fluorite, together with magnetite and fayalite, are
the stable liquidus phases. Thus, we suggest that the pipe
may be a cumulate (or crystal mush) coexisting with small
proportions of the unmixed Fe-rich melt. The mush, con-
sisting of magnetite, fayalite and interstitial Fe-rich melt,
has significantly higher bulk Fe and lower Al,O; contents
compared to the immiscible Fe-rich melt, within the range
of the Vergenoeg pipe bulk composition. If the magnetite
crystals within this magma were not distributed uniformly,
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Fig. 10. A schematic model for the formation of the Vergenoeg Fe-F deposit. (i) Fluorine becomes enriched in the magma; (ii) development
of silicate liquid immiscibility in the magma chamber; (iii) formation of crystal mush, crystallization of fayalite + magnetite which are
concentrated in the iron-rich melt; (iv) eruption of Si-rich melt and emplacement of Fe-rich crystal much leading to the formation of
Vergenoeg pipe; (v) secondary fluorine enrichment in the pipe probably as a result of post-magmatic hydrothermal fluids. Note that the
proportion of Fe-rich and Si-rich liquid may not reflect the real proportion.

this might also explain the formation of different lithologi-
cal units within the pipe. In our experiments, fayalite was
only produced under fO, close to FMQ, suggesting that
such conditions prevailed during the crystallization of the
Vergenoeg intrusion.

Volatile pressure build-up resulted in the emplacement
of the crystal mush and formation of the Vergenoeg pipe
(Crocker, 1985). This model is in contrast to Borrok et al.
(1998), who suggested that the Ti-poor magnetite observed
at Vergenoeg mainly formed as an alteration product of pri-
mary fayalite. In our experiments, fayalite and magnetite
crystals coexist, implying that most fayalite and magnetite
can be considered as the primary magmatic phases. More-
over, such Ti-poor magmatic magnetites have also been
documented recently in natural samples related to Kiruna
ores (Dare et al., 2014b; Knipping et al., 2015a).

As stated above, if the pipe was formed by solidification
of an Fe-rich crystal mush, the bulk fluorine contents of the
pipe should not exceed that of the Fe-rich melt, unless con-
siderable amounts of fluorite-bearing cumulates formed
and expelled a F-poor residual liquid. However, the esti-
mated fluorine content of the pipe, ~12 wt.% F (Table 1),
is about two times greater than that in the Fe-rich melt at
fluorite saturation (~6 wt.% F; Table 4). This requires at
least half of the immiscible Fe-rich melt volume to be
expelled after fayalite + magnetite + fluorite crystallized.
We therefore believe that the huge amount of fluorine
(~12wt.% F in the ores with a magnetite/fluorite ratio of
~5:1) observed in the deposit cannot originate solely from
the crystallization of fluorite from the Fe-rich silicate melt.
This is supported by fluorite crystals in the pipe which have
three types of inclusions: (1) subspherical, composite melt
inclusions containing apatite, fayalite and magnetite, which
indicate a magmatic origin; (2) two assemblages of primary
fluid inclusions and, (3) six assemblages of secondary fluid
inclusions (Borrok et al., 1998). The presence of fluid inclu-

sions possibly relates to late stage ‘“fluorine-overprinting”
during the evolution of the system. The structurally con-
trolled mineralization took place shortly after pipe
emplacement, with the pipe acting as a preferential channel
for fluids. Fluorite precipitation was induced by mixing
with a second fluid or meteoric waters, or changes in pH.
The hydrothermal overprint is also supported by the pres-
ence of ferroactinolite (Fe# > 0.9) in the Vergenoeg deposit
(Borrok et al., 1998), as experiments show that such fer-
roactinolite is not stable at magmatic temperatures (Lledo
and Jenkins, 2008). Thus we suggest that the “excess fluo-
rine” is the result of a final stage of evolution of the mag-
matic (to late-stage magmatic-hydrothermal) system that
formed the pipe-filling originally. The isotopic signature
of fluorite in the Vergenoeg deposit also supports the sug-
gestion of late magmatic fluids transporting fluorine
(Kinnaird et al., 2004).

5.3. Implications for Kiruna-type deposits

The phase relations obtained in this experimental study
have general implications for the genesis of magnetite
deposits of the Kiruna type.

(1) Our experiments indicate that silicate liquid immisci-
bility plays a role in the formation of Kiruna-type
deposits as emphasized in several studies (e.g.,
Nystrom and Henriquez, 1994; Travisany et al.,
1995; Naslund et al., 2002; Henriquez et al., 2003;
Chen et al., 2010), in contrast to the magmatic-
hydrothermal models (Rhodes and Oreskes, 1995,
1999; Haynes et al., 1995; Barton and Johnson,
1996, 2004; Rhodes and Oreskes, 1999; Haynes,
2000; Sillitoe and Burrows, 2002). However, the
nearly pure “oxide melt” often assumed in these mag-
matic models cannot be confirmed by our data.
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Table 4
Microprobe analyses (wt.%) of major oxides in experimental glasses.
Sample SiO, TiO, ALO; FeOtot MnO MgO CaO Na,O K, 0 F,0, P,0s H,O F Total Mg# n'
AOa Si-glass 6524 0.06 8.63 11.45 037 049 437 186 441 1.70 1.00 294 100 715 12
AOQa Fe-glass 46.82 0.13 553 25.57 096 1.64 12.55 1.18 1.57 3.26 0.80 5.64 1009 1035 12
AO0b glass 5392 020 7.42 24.1 035 046 583 1.75 358 2.14 1.00  3.70 1009 332 10
AOQc Si-glass  65.84 0.10 8.79 12.45 034 052 429 1091 4.16 145 .00 2.51 1009 699 6
AOc Fe-glass 4948 0.10 6.04 25.46 0.82 133 10.64 1.57 1.82  2.60 080 4.50 101.7 859 5
ASa glass 67.23 0.10 8.75 6.77 027 048 437 1.63 436 1.74 450 3.01 100.7 1132 12
AS5b glass 55.08 0.10 7.6 17.32 034 048 6.09 1.67 3.62 232 410 4.01 98.7 475 10
B0a glass 60.69 0.19 8.68 16.15 034 0.56 475 2.02 437 173 1.48° 299 1008 587 9
BOb Si-glass  67.44 0.10 9.70 9.71 034 0.53 426 2.17 456 146 0.60 2.53 100.7 895 5
BOb Fe-glass 46.35 0.26 6.08 22.06 0.71  2.18 14.01 146 1.6 3.26 0.50 5.64 99.1 1510 6
C0a Si-glass  73.00 0.10 8.08 9.13 034 015 19 1.83 477 1.36 .10 235 101.5 287 6
COa Fe-glass 44.53 0.10 4.34 32.51 1.36  1.04 954 1.15 1.38 2.8l 090 486 101.2 544 5
D2a glass 69.38 0.40 9.58 3.26 029 043 141 2.01 434 0.71 0.10 410 123 96.01 19.19 11
D4a glass 70.29 0.48 9.31 3.27 022 034 129 195 429 0.66 0.09 542 1.14 98.16 1577 10
D6a glass 69.77 0.56 9.43 3.11 022 032 138 1.82 431 0.66 0.12 542 114 97.11 15.63 8
D2b glass 72.50 0.71  9.49 3.57 0.16 034 227 212 430 1.03 0.05 294 1.78 9949 14.63 10
D6b glass 7283 0.56 891 3.28 021 031 140 1.74 406 0.69 0.07 542 1.19 9948 1454 10
E2a glass 67.83 0.34 8.61 7.24 039 056 129 195 396 0.36 039 294 0.62 9530 1222 16
E4a glass 68.89 0.25 8.56 7.08 036 054 072 199 403 0.07 0.51 542 0.12 9842 12.07 16
E6a glass 66.94 034 849 7.85 043 056 143 185 386 0.47 0.37 542 0.81 98.01 11.38 15
E2b glass 70.41 0.89 8.99 3.52 0.16 036 1.14 1091 447 0.86 0.13 294 149 9578 1555 15
E4b glass 68.68 095 8.8l 4.34 025 044 254 193 4.02 1.04 0.08 542 1.80 98.50 1543 15
E6b glass 7132 0.78 9.07 3.78 0.19 037 136 206 448 098 0.11 542 1.70 99.92 1498 17
GO0a glass 72.11 036 1091 6.67 0.18 0.17 0.76 1.32 393 140 021 nd. 242 9829 439 8
GOb Si-glass  67.86 0.83  9.51 9.96 035 0.28 4.08 143 4.06 222 0.57 nd. 384 9926 486 9
GOb Fe-glass 4095 147 5.12 36.09 .20 1.07 15.56 0.76 1.59 3.27 0.64 nd. 566 100.88 494 8
GOc Si-glass  63.99 091 9.35 11.03 024 044 459 131 352 245 0.07 nd. 424 9720 6.70 5
GOc Fe-glass 41.40 238 5.66 30.03 0.64 098 10.77 0.77 094 348 0.53 nd. 6.02 10031 555 5
HoOa glass 59.14 091 834 13.87 033  0.61 470 1.73 3.63 237 021 nd. 410 98.01 734 6
HOb glass 59.28 1.17 8.54 13.07 0.33 057 494 175 373 2.01 0.16 nd. 348 9555 728 10
HOc Si-glass  66.66 1.10 9.82 9.59 031 049 449 220 420 1.92 0.16 nd. 332 10095 842 10
HOc Fe-glass 48.59 2.13  7.01 20.10 0.59 133 11.73 1.34 1.85 3.73 049 nd. 645 98.89 10.64 10
10a 75.06 028 11.59 2.79 0.12 041 076 190 504 1.11 0.13 nd. 192 9920 2092 9
10b Si-glass 66.74 0.55 10.21 6.90 032 0.74 535 193 349  2.02 0.16 nd. 349 9841 16.18 9
10b Fe-glass 51.40 1.21 8.63 14.81 0.73 225 14.03 1.12 140 341 0.65 nd. 590 99.65 2147 20
10c Si-glass 67.94 046 1020 7.30 023 044 366 214 452 1.64 0.09 nd. 284 9981 9.79 8
10c Fe-glass 4594 130 7.04 21.61 0.77 195 13.56 1.18 1.31 349 096 nd. 6.04 99.11 1397 20
J6a 6287 0.87 9.27 9.39 028 0.62 496 198 380 2.11 0.18 542 3.65 9949 10.62 30
Job 62.60 090 9.20 9.75 028 0.63 515 146 355 217 0.18 542 375 101.31 1042 30
Jéc 6294 0.76  9.28 6.58 032 055 546 194 378 228 020 542 394 101.76 13.08 30

n.d. = not determined.

% Number of microprobe analyses.
® The water content was analyzed by FTIR, following the method described in Almeev et al. (2012). F was also recalculated to F,O_ for

compositional balance, F,O_; (1% F,O_; = 1.73% F).

)

Although high-grade iron-rich melts can be produced
experimentally in some simple systems (Weidner,
1982; Bogaerts and Schmidt, 2006; Lester et al.,
2013), it is not observed in multi-component systems
and the most Fe-rich liquid observed in this study
contains ~36 wt.% FeOy,. Accordingly, the massive
iron ores may rather represent cumulates that crystal-
lized from a Fe-rich immiscible melt.

Enrichment of fluorine in residual melts is a favor-
able condition for liquid immiscibility. This is consis-
tent with the experiments of Lester et al. (2013),
which showed that additions of fluorine at 2 kbars
increases the T-X (chemical composition) range of
the miscibility gap in the system K,O-FeO-Fe,O3—

Al,O3-Si0,. In addition, the reduction in melt vis-
cosity produced by the presence of fluorine, especially
if the systems are water-poor (Baker and
Vaillancourt, 1995; Bartels et al., 2013), favors the
efficient separation of conjugate liquids by density,
an important component of the immiscible petroge-
netic model for the Kiruna ore deposit type. More-
over, most Kiruna-type deposits are enriched both
in fluorine and phosphorous. Many experiments have
shown that phosphorous promotes liquid immiscibil-
ity (Watson, 1976; Ryerson and Hess, 1978; Visser
and Koster van Groos, 1979; Bogaerts and
Schmidt, 2006; Charlier and Grove, 2012), by: (1)
enhancing iron enrichment during differentiation
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because it destabilizes magnetite; (2) depressing the
liquidus temperature, and expanding the two-liquid
field. As stated above, fluorine can increase the activ-
ity of FeO in the melt and depress the liquidus tem-
perature. Thus a F-P-rich system is a favorable
magmatic environment for the development of liquid
immiscibility.

(3) The presence of water is not favorable for the devel-
opment of silicate liquid immiscibility because it
strongly increases oxygen fugacity, which promotes
magnetite crystallization. Water thus is a limiting fac-
tor for a significant Fe enrichment during differentia-
tion and inhibits the development of immiscibility.

6. CONCLUSIONS

Experimental results indicate that the Vergenoeg pipe
may have formed from a stratified magma chamber host-
ing two immiscible silicate melts. Immiscibility in the shal-
low magma chamber was potentially induced by high
fluorine concentrations in the magma, relatively water-
poor conditions and low oxygen fugacity. Fractional crys-
tallization of magnetite, fayalite and possibly fluorite led
to the formation of a crystal mush in the lower part of
the magma chamber. The extremely high fluorite content
of the Vergenoeg pipe is, in part, attributed to hydrother-
mal fluids, with the pipe acting as a preferential channel
for fluid migration.
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