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Abstract

The enrichment of manganese in peraluminous (S-type) granitic melts beginning with the
anatexis of metapelitic rock and ending with the crystallization of highly evolved pegmatites is
explained using experimentally derived mineral-melt partition coefficients and solubility data for
Mn-rich garnet. Mineral-melt partition coefficients for Fe, Mg, and Mn between garnet,
cordierite, tourmaline, and peraluminous, B-bearing hydrous granitic melt were measured
between 650°C and 850°C at 200 MPay,0. The compositions of garnet and tourmaline
synthesized in these experiments are similar to those found in nature. Garnets evolve from
SpssiAlmysPrp;s to Spssi Alm;sPrps with decreasing temperature. The Mn content of cordierite
increases with decreasing temperature. The composition of tourmaline does not vary with
temperature. Partition coefficients, Du*Y, and exchange coefficients, Kp*" = Dy“Y/Dy*" where
o is a mineral, L is liquid (melt), and M and N are different elements, are presented for mineral-
glass pairs. Partition coefficients for Mg, Fe, and Mn increase with decreasing temperature for
garnet, tourmaline, and cordierite. The precipitation of garnet alone results in a progressive
increase of MgO/FeO and a decrease of MnO/FeO in the melt. Crystallization of cordierite and
tourmaline results in a decrease of MgO/FeO and an increase of MnO/FeO in melt. Tourmaline
is most efficient at concentrating Mn in residual liquids. The trend toward increasing Mn/Fe in
natural garnets in granites and pegmatites is not controlled by garnet itself, but rather by the
crystallization of other mafic minerals in which Mg and Fe are more compatible than is Mn.

A Rayleigh fractionation model constitutes a test of the partition coefficients reported in
this manuscript. The starting composition for the model is that of a liquid (melt inclusions) from
an anatectic S-type source. Normative modes of cordierite and biotite are calculated from that
composition and are similar to modes of these minerals in natural occurrences. The model

consists of crystallization of a cordierite-biotite granite from 850°C to 650°C. The model

2
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predicts that ~95% crystallization of the starting composition is required to reach saturation in
spessartine-rich garnet at near-solidus temperatures. The model, therefore, is consistent with the
occurrence of spessartine as restricted to highly fractionated granite-pegmatite systems at the end

stages of magmatism.

Keywords

fractional crystallization, manganese, partition coefficients, tourmaline, garnet, cordierite
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Introduction

Garnet rich in spessartine (Sps) component, Mn3Al,Si301,, occurs principally in three
geologic environments. One is in coticules, which are products of metamorphism of Mn-rich
oxide nodules within aluminous marine sediment (Romer et al. 2011). A second setting is as
euhedral crystals within lithophysae formed in lava flows of F-rich rhyolites, and in their
analogous miarolitic granites (Christiansen et al. 1984). The third and far more common
occurrence is in association with highly-fractionated peraluminous granites and pegmatites, those
that are characterized as S-type (Chappell and White 2001). The study presented here applies

mostly to the third environment.

Melt generated by the anatexis of metasedimentary rocks, the source material of
peraluminous S-type granites, contains minor to trace concentrations of the mafic elements Fe,
Mg, and Mn (e.g., Acosta-Vigil et al. 2007). However, the end stages of crystallization of S-type
granitic magmas culminate in pegmatites that commonly contain spessartine-rich garnet and
several phosphates near their Mn end-member compositions. Cerny et al. (1985) showed that the
Fe/Mn ratio of garnet decreases and the Mn content of garnet increases with the progress of
crystallization from parental granites to the most evolved types of granitic pegmatites. Similarly,
Miller and Stoddard (1981) observed an increase in the Mn content of garnet from the least
fractionated biotite-granite to pegmatitic, garnet-muscovite granite. The evolutionary trend in
garnet (Miller and Stoddard 1981; Cerny et al. 1985) could be construed to signify that Fe is
more compatible in garnet than is Mn, such that the eventual crystallization of spessartine results
mostly from the depletion of Fe in melt through the crystallization of garnet. Experiments that
entailed the crystallization of garnet from silicic melt at the moderate pressure and temperature

(650°-750°C, 200 MPa) of the cordierite-aluminum silicate facies demonstrated that Mn is more
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compatible than Fe in garnet at these conditions (Icenhower 1995). Therefore, other mafic phases
(biotite, cordierite, and tourmaline) in which Mn is less compatible than Fe apparently control
the fractionation patterns for garnet in granitic igneous rocks (London et al. 2001). The

experimental study presented here serves as a test of that hypothesis.

Prior Experimentation

The exchange of Fe and Mg between biotite and garnet (Holdaway 2004, and references
therein) and between garnet and cordierite (Dwivedi et al. 1998, and references therein) have
been thoroughly investigated. Van Hinsberg and Schumacher (2009) attempted to calibrate the
distribution of Fe and Mg between tourmaline and biotite at hydrothermal conditions, but their
experimental results showed almost no correlation between Fe-Mg exchange and temperature.
Most prior studies entailed hydrothermal synthesis, and a melt was not present. Maner et al.
(2013) attempted to calibrate the exchange of Fe and Mn between garnet and tourmaline as a
potential geothermometer for peraluminous granitic pegmatites. Like van Hinsberg and
Schumacher (2009), Maner et al. (2013) documented a wide spread in the partition coefficients
and a poor correlation of element exchange with temperature. The distribution of mafic

components between tourmaline and other mafic minerals and melt are unknown.

The compatibility of Mn in garnet, tourmaline, and cordierite, and the partition
coefficients for Mn between these minerals and melt, are essentially unstudied through
experimentation. Although mineral-melt partition coefficients for Fe and Mg might be extracted
from a few experimental investigations in which mafic minerals large enough for analysis grew
from the melt, that is not true for Mn. Because of low Mn concentrations in typical starting
materials, the concentrations of Mn in most experimental products are at or below detection

levels by electron microprobe analysis.
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Goals of this research

Although progress has been made toward understanding the mechanisms that control the
compositions of garnet crystals in granitic igneous rocks, the partition coefficients for Mn among
garnet, tourmaline, cordierite, and hydrous peraluminous granitic melt have not been accurately
measured. These data are necessary for chemical modeling (e.g., via Rayleigh fractionation) of
the Mn contents of granitic liquids. Toward this end, the primary goals of this study are to
present mineral-melt partition coefficients for Mn, Fe, and Mg between hydrous peraluminous
granitic melt and garnet, tourmaline, and cordierite, such as to account for the occurrence of Sps-
rich garnet in the last stages of granite magmatism. Other experimental data (DMBt'me":
Icenhower and London 1995) are included as needed for Rayleigh modeling. The Rayleigh
model serves as a test of the validity of the experimental data for the accumulation of Mn from
anatexis to crystallization of cordierite- and biotite-bearing granites. Starting with an appropriate

liquid composition and mineral modes, the model should, and does, predict spessartine saturation

only after extended crystallization of the initial melt at near-minimum temperatures.
Methods
Experimental Design

Experiments were designed to crystallize garnet, cordierite, and tourmaline from nearly
crystal-free hydrous, boron-bearing, peraluminous granitic melt. Some experiments were heated
to 800°C or 850°C and quenched to check for crystallinity and chemical homogeneity of the
resultant liquid (quenched to glass) (Figure 1A). Experiments intended to produce crystalline

phases were either (1) quenched to room temperature from 800°C or 850°C then heated directly
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to the temperature of interest, (2) heated directly to a temperature between 650°C and 750°C, or
(3) dropped down from 800°C or 850°C in a single isobaric cooling step to a synthesis
temperature. The former experiments (1 and 2) are referred to as forward-direction experiments

and the latter (3) as reverse-direction experiments’.

Several experiments conducted at 650°C, 700°C, and 750°C had run durations between 0
and 30 days, forming a time-series for these temperatures. Zero-day experiments were quenched
immediately after reaching the synthesis temperature. The composition of glass produced in
these experiments was monitored for changes over time. Partition coefficients were determined
using the compositions of crystal rims and adjacent liquid (glass) from all experiments, both

forward and reverse thermal direction.
Bulk Compositions used in Experiments

The experimental study of Wolf and London (1997) provided the starting point for our
experiments. Wolf and London (1997) showed that the stability of tourmaline in granitic melt is
a function of the B content and the aluminum saturation index (ASI) of melt, calculated as molar
Al/(Na+K+2Ca), such that at 750°C, tourmaline will crystallize in granitic melts having an ASI
of at least 1.2 and B,O3 contents above 2 wt.% oxide. The ASI of each starting mixture used in
the present study was controlled by adding aluminous minerals or aluminum oxide/hydroxide
chemical reagents to starting material mixtures to achieve a value of at least 1.2. Boron was
added to all starting material mixtures as B,0O3 glass, made by dehydrating boric acid in a Pt dish
over a Bunsen burner. Two bulk compositions were used in this study. One bulk composition
(GT1.3) contained ~ 3 wt.% B,03 and the other (MnGT-BC-4.1) contained ~ 8 wt.% B,0Os. The
elevated boron content was intended to promote crystallization of tourmaline crystals large

enough for microanalysis.
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The minimum concentrations of mafic oxide components in glass (melt) necessary to
promote the growth of tourmaline were reported by Wolf and London (1997), and those values
served as a baseline for this study. The sources of Fe, Mn, and Mg in each starting material
mixture are as follows: mixture GT1.3 contained rhodonite (source of Mn), Mn-Fayalite (source
of Fe and Mn), and forsterite (source of Mg), and mixture MnGT-BC-4.1 contained almandine
(source of Fe and Mg) and spessartine (source of Mn) (see Supplementary Material B for details
of preparation of starting materials). All starting material mixtures contained more than 1 wt.%
MnO to facilitate the growth of Mn-rich garnet (Icenhower 1995). Enough water was added to
each capsule to ensure saturation of water in melt. No more than 15 wt.% water was added to any
experiment/capsule. The compositions of starting material minerals and the proportions of
minerals and chemical reagents in each bulk composition are provided in Tables S1 and S2,
respectively, in Supplementary Material A. The composition of each glass formed by melting

each starting material mixture is reported in Table 1.
Experimental Procedure

Each experiment began by adding deionized and ultra-filtered water (DIUF; Fisher
Scientific) to a gold capsule of 20 x 3 mm and a wall thickness of 0.2 mm, followed by 50 to 100
milligrams of a starting material mixture. Loaded capsules were wrapped with a sleeve of damp
paper, frozen using cryogenic spray to reduce volatilization of water during welding and sealed
by TIG (Tungsten-Inert Gas: argon) welding. The capsule was then weighed to check for loss of
water during welding, labeled with the appropriate experiment number, reweighed, placed in an
oven at ~120°C for at least 1 hour, and then reweighed again to check for leaks in the capsule
(detected as water loss by weight loss). Only capsules showing no leakage after sealing were

utilized.
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Experiments were conducted open to a 2-liter pressure buffer in NIMONIC® 105 or
UDIMET cold-seal pressure vessels with water (plus a trace of Immunol ™™ as a rust inhibitor) as
the pressure medium. The cool end of each vessel was tilted ~5° below horizontal to prevent the
convection of water within the vessel. Hastelloy-C filler-rods, which surround the thermocouple,
also reduced convection of water and heat. Temperature was monitored with an internal
Chromel-Alumel thermocouple, and pressure was monitored with a factory-calibrated Heise
bourdon tube gauge. Uncertainties in temperature and pressure are <10°C and <10 MPa,

respectively.

Isobaric quenching was performed by removing the vessel from the furnace and applying
a jet of compressed air. The average rate of cooling is approximately 200-300°C/min; vessels
were cooled to below 150°C before de-pressurization. Once the vessel was cool enough to
handle, capsules were removed, rinsed with water, dried, weighed to check for leaks produced in
the capsule during the experiment, punctured to check for free water or volatiles, and then

opened to examine the products. All experiments contained free water after quenching.
Fugacity of Oxygen in Experiments

The oxygen fugacity, f{O,), of the experimental system is buffered by a reaction between
the water pressure medium and the Ni-based vessel and filler rod alloys. The f{O,) of the
experimental apparatus is half a log unit below the Ni-NiO oxygen buffer (NNO) (Wolf et al.
1994) as determined from the solubility of cassiterite in reference to values cited by Taylor and
Wall (1992). At this f{O), the fraction of F ¢’*/Fe”" is less than 10%, based on the work of Moore
et al. (1995) and Baker and Rutherford (1996) for metaluminous granitic melts at NNO and

temperatures below 900°C. The fugacity of oxygen at the NNO oxygen buffer is below that of
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the Mn; 4 O/Mn,03 oxygen buffer (Huebner and Sato 1970); therefore, all Mn should carry a 2+

charge.
Preparation of Experimental Products for Analysis

Experimental products were initially examined by using a stereoscopic binocular zoom
microscope and oil- or epoxy-immersed grain mounts using a transmitted light petrographic
microscope. Products were prepared for qualitative and quantitative electron microprobe analysis
(EMPA) by placing products in 17 circular molds or 4™ brass holders and impregnated with
EpoThin™ epoxy (Buehler). Epoxy mounts were progressively ground down with lapping films
to a 3 um grit size, and then polished using diamond in water to a final grit size of < %4 um.
Polished experimental products were rinsed with alcohol, dried in a jet of air, and then placed in

a desiccator prior to application of a carbon coat.
Electron Beam Analytical Methodology

Most of the imaging and analyses were performed with a CAMECA SX50 electron
microprobe at the University of Oklahoma. This instrument was equipped with five wavelength-
dispersive spectrometers, a PGT Prism 2000 Energy-Dispersive X-ray Analyzer (EDXA) with
Moxtek polymer entry window, and PC-based SAMx '™ automation system for both analysis and
imaging. A small number of analyses were performed using a CAMECA SX100 microprobe
beginning in 2015. Qualitative phase identification was accomplished using backscattered
electron imaging coupled with EDXA using either a 15 or 20 kV accelerating voltage and 20 nA

beam current.

Quantitative analyses were performed by Wavelength-Dispersive Spectrometry (WDS).

Analytical conditions for tourmaline, garnet, and cordierite utilized a 15 kV accelerating voltage,
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20 nA beam current, and 2 um spot. Elements analyzed in tourmaline included B, F, Na, Mg, Al,
Si, Ca, Ti, Mn, and Fe. Garnet and cordierite crystals were analyzed for Fe, Mn, Na, Si, Cr, Ti,
Al, Mg, K, and Ca. Glass analyses used a two-condition routine to mitigate the migration of Na
during analysis (Morgan and London 1996; Morgan and London 2005). The first condition used
15 kV accelerating voltage, 2 nA beam current, and 20 pm spot for analysis of Na, K, Ca, Al,
and Si; the second condition used 15 kV accelerating voltage, 40 nA beam current, and 20 um
spot for analysis of Mg, Mn, Fe, Ti, F and B. Counting times for all elements resulted in
detection limits less than 0.05 wt.% oxide except for B and F, which had a detection limits of
0.24 wt.% oxide and 0.20 wt.% element, respectively. Data reduction employed the PAP method
(Pouchou and Pichoir 1985). The average composition of all synthetic minerals and glasses are

reported in Tables S3 through S6 in Supplementary Material A.
Mineral Formula Calculations

Chemical formulae for garnet and cordierite crystals were calculated from EMPA
chemical data based on 12 and 18 oxygen atoms, respectively (see Table 2 for end-member
compositions). The chemical formula of the garnet group is {X3}[Y2](Z3)O12 (Grew et al. 2013).
Site assignments follow the method of Grew et al. (2013), and only include elements analyzed in
this study. The chemical formula of the cordierite group is M,Al4Si50;s, where M can be

occupied by Fe, Mg, and Mn.

The chemical formula for minerals of the tourmaline supergroup is
XY3Z6(BO3)3(TsO15)(V)3(W) (Henry et al. 2011) (see Table 2 for pertinent end-member
compositions). Cations were calculated from EMPA data on a 29-oxygen atom basis. An
Excel™ spreadsheet developed by Morgan (2016) was used to calculate the percentages of end-

member tourmaline components from the EMPA data.
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Results
Description of Products: Textures and Compositions

Synthetic crystalline products include tourmaline, cordierite, garnet, quartz, alkali
feldspar, corundum/mullite and Mn-Fe-Ni-Cr-Al oxides. The compositions of oxide minerals, as
determined by EDS analysis, are dominantly Fe-Al-rich (hercynite), with minor to trace amounts
of Ni, Cr, and Mn. The source of Ni and Cr in the experiments is the reaction vessel itself
(NIMONIC® Ni-Cr alloy) (Puziewicz and Johannes 1988). Most oxide and all corundum/mullite
crystals are too small for accurate characterization by EPMA methods. At the pre-conditioning
step (800°C and 850°C), trace quantities of relict starting materials (garnet) persisted in
experiments that used bulk composition MnGT-BC-4.1. Cordierite crystallized and grains of
quartz (added as a starting material) had resorbed textures in pre-conditioned experiments using
bulk composition GT-1.3. Spinel and corundum/mullite crystallized in some experiments at the

pre-conditioning stage.

Glass (melt) was the dominant phase in all pre-conditioned experiments using bulk
composition MnGT-BC-4.1 (Figure 1A). Garnet and tourmaline crystallized in all experiments
between 750°C and 650°C using bulk composition MnGT-BC-4.1 (Figure 1B-D). Cordierite and
garnet crystallized in all experiments using bulk composition GT-1.3. Cordierite did not
crystallize in any experiment that utilized bulk composition MnGT-BC-4.1. Tourmaline
crystallized with garnet and cordierite in one experiment (GBT103) at 650°C using bulk
composition GT-1.3. Forward and reverse direction experiments that started at a temperature
above the liquidus produced the same crystalline assemblage. Quartz and alkali feldspar were
only identified in experiments that were heated directly to the temperature of interest and held at

that temperature for 720 hours (Table 3: MnGT-126, GBT-103, MnGT-125).
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Garnet. Garnet crystals are a solid solution of spessartine (Sps), almandine (Alm), and
pyrope (Prp) (Table 3). Garnet formed euhedral crystals that display abrupt core-rim chemical
zonation in all experiments (Figure 2). The cores of each garnet crystal are relict Mn-rich or Fe-
rich garnet starting material grains. Rim compositions of all garnets reflect growth at the
synthesis, low-temperature, stage of each experiment. The compositions of garnet generally
follow a temperature-dependent trend from Spss; Alma3Prpas to Spsgi Alm,sPrps with decreasing
temperature (Table 3, Figures 3A and 3B). A full Y-site, i.e. two Al cations, is supportive

evidence of a low fraction of Fe*" in melt.

Tourmaline. In experiments that utilized bulk composition MnGT-BC-4.1, tourmaline
formed euhedral, prismatic crystals in experiments between 750° and 700°C, in both forward and
reverse experiments (Figures 1B-D). Below 700°C, tourmaline crystallized as radial clusters
intergrown with quartz (Figure 1E-F) and as isolated skeletal (soda—straw) crystals irrespective
of thermal direction. Tourmaline only crystallized at 650°C in experiments that utilized bulk

composition GT1.3.

Tourmaline crystals are dominantly a solid solution of schorl, dravite, and foitite with
minor amounts of uvite (Table 3). The compositions of tourmaline do not change as a function of
temperature. The average MnO content of tourmaline is ranges from ~ 0.7 wt.% at 750°C to ~
1.5 wt% at 650°C. Tourmaline crystals synthesized at 700°C display weak hourglass sector-
zonation; the a and ¢ axial sectors are Al- and Ca-rich and Mg-poor relative to the ¢ axial sector

(Figure 2) (Maner et al. 2014).

Cordierite. Cordierite consistently formed euhedral crystals and displays abrupt core-rim
chemical zonation in all experiments below 800°C (Figure 1G and 1H). All cores have

compositions that reflect growth at the pre-conditioning, high-temperature, stage. The rim
13
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compositions of cordierite (Crd) crystals are Mg-rich (indialite, Ind) at high temperature and,
apart from a single experiment at 700°C (GBT-102), evolve toward higher Fe (sekaninaite, Sek)
and Mn compositions with decreasing temperature (Figure 3C). Five cordierite crystals from
experiment GBT-103 (650°C, 200 MPa, 456 hrs) were unintentionally analyzed using the
analytical method for tourmaline and were found to contain 2.59 wt.% B,0O3 (16SD: 0.22), with
analytical totals near 100% (i.e. little to no water content). Natural cordierite crystals contain
only trace amounts of B (Cerny et al. 1997). The results of the present study show that B-rich
cordierite could crystallize from a B-rich granitic melt. Lastly, a systematic relationship between

Na and any other compositional parameter of cordierite or temperature was not identified.

Cordierite crystals in this study contain a higher concentration of Mn compared to natural
cordierite crystals. The Mn content of cordierite in this study increases with decreasing
temperature from 11.37 mol % “Mn-cordierite” at 850°C to 30.18 mol % “Mn-cordierite” at
650°C (Figure 3C). Jobin-Bevans and Cerny (1998) noted that most natural cordierite crystals
contain less than ~ 10 mol % of the Mn end-member. Dasgupta et al. (1974) conducted
experiments in the system MnO-Al,03-Si0,-H,0 and found that “Mn-cordierite” is a stable
phase below 400°C and 100 MPa but breaks down to spessartine-aluminosilicate-quartz above
this pressure and temperature. Though a natural occurrence of cordierite and Mn-rich garnet has
not been reported, and the experimental study of Dasgupta et al. (1974) suggests such an
assemblage could not exist, the results in the present experimental study indicate that Mn-rich

cordierite can exist with Mn-rich garnet at a pressure of 200 MPa and between 650°C and 750°C.

Glass. Compositions of all glasses (melts) are reported in Supplementary Material A. The
composition of glass produced at 850°C is a close approximation of the bulk composition of the

system, because the glasses are nearly crystal free. The bulk compositions of each system (GT1.3
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and MnGT-BC-4.1) are reported in Table 1. The melt (glass) produced using bulk composition
GT1.3 has a higher normative quartz component compared to bulk composition MnGT-BC-4.1,
whose composition is near the thermal minimum of the water-saturated haplogranite system at
200 MPa. The sum of FeO, MnO, and MgO in glass decreases from 1.56 wt% to 0.62 wt% from
750°C to 650°C in experiments that produced both garnet and tourmaline (bulk composition
MnGT-BC-4.1). Changes in the concentrations of MnO, FeO, and MgO were monitored over
time through a series of experiments conducted at one temperature but with different durations
(Figures 4A-4C). Steady-state conditions, in which the compositions of melt do not change over
time, were achieved by 30 days; these conditions represent a close approach to equilibrium
between melt and crystals. The results shown in Figures 4D-4G represent the concentrations of
FeO, MnO and MgO in glass from experiments with durations of 30 days. As shown in Figures
4D-4F, the concentrations of MnO, FeO, and MgO increase exponentially with temperature. The
natural log of the concentrations of MnO, FeO, and MgO in melt are plotted against 1/7 (K) in
Figure 4G, e.g. a van’t Hoff-style diagram. The linear trends shown in Figure 4G are supportive
evidence of near-equilibrium conditions between crystals and melt. The normative corundum
component of glass increases linearly with temperature (Figure 5). The solubility data reported in
this study is similar to data reported in previous studies (e.g. Icenhower 1995; Icenhower and
London 1995; Wolf and London 1997; Acosta-Vigil et al. 2003), which is further supportive

evidence that the values reported in all of these studies represent near-equilibrium results.
Mineral-Melt Partition Coefficients and Exchange Coefficients

Partition coefficients, DM"/L, where o is a mineral and L is melt, were calculated as the
concentration in weight percent of an oxide in mineral divided by the weight percent oxide in
glass (Beattie et al. 1993; Janousek et al. 2015). Bulk partition coefficients, WDy, are defined
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as the partition coefficient, D, multiplied by the weight fraction of the mineral (Beattie et al.
1993). Values of WD,“* are used in the Rayleigh equation to model the compositional evolution
of melt, i.e. the liquid line of descent, during fractional crystallization. Partition coefficients for
MnO, FeO, and MgO between garnet- and cordierite-melt were measured in the temperature
interval 650°C to 850°C and between 650°C to 750°C for tourmaline-melt (Table 4). Data for
D™ (Jcenhower and London 1995), D™ ! (Icenhower 1995; Wolf and London 1997;
Evensen and London 2003), and D™™" (Wolf and London 1997; Van Hinsberg 2011) are
reported in the Supplementary Material A to complement and compare to the data measured in
this study. All values of Dy“" measured in the present study increase with decreasing

Tur-melt

temperature (Figures 6A-6F) and all partition coefficients are > 1, except for Dymo above

650°C. It is for these reasons that the total mafic component of anatectic granitic melts (saturated
in one or more of these mafic minerals) is < 2 wt% total oxides up to 800°C at fO, = NNO and <
~ 4 % of normative mafic mineral components (see Supplementary Material A), and those values

decrease with crystallization toward the thermal minimum, resulting in leucogranites and

pegmatites that are nearly free of mafic components, except for Mn.

Exchange coefficients, given the symbol Kpyy where M and N are different oxides
(Beattie et al. 1993), compare pairs of mineral/melt partition coefficients for the same mineral
(see footnote 1). Figures 7A and 7B show exchange coefficients MgO/FeO and MnO/FeO for
garnet, tourmaline, biotite, and cordierite. The D values used to construct Figures 7A and 7B
derive from experiments reported in this study and from the literature (Icenhower 1995;
Icenhower and London 1995; Evensen and London 2003). It is also important to note that the D
values were calculated from data for mineral-melt pairs from experiments conducted in the

temperature range of 650°C to 850°C and 200 MPa. In Figures 7A and 7B, the slope of the line
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regressed through the data represents the exchange coefficient, e.g. Kpymoreo. A slope greater
than one indicates that the element in the numerator will be depleted from melt faster than the
element in the denominator. For example, in Figure 7B, values of Dyno are greater than values of
Drco for garnet which means that crystallization of garnet will result in a decrease in the

MnO/FeO ratio of residual melt.

Although D values tend to increase with decreasing temperature (Figure 6), Kp values do
not appear to vary as a function of temperature (Figures 7A and 7B). Exchange coefficients for
Fe/Mg between olivine (Roeder and Emslie 1970, Ulmer 1989) and basaltic liquid and for Ca/Na
between plagioclase and basaltic liquid have been shown to be independent of temperature
(Berndt et al. 2005). Berndt et al. (2005) observed that the K value for Fe/Mg between olivine
and basaltic melt does change as a function of Fe/Mg ratio of the liquid phase. The Kp values
reported here for garnet, tourmaline, and cordierite might change over a wider range of
compositions. However, aside from the high concentration of B,O3 used in the experiments, the
liquid compositions used in this study are similar to whole-rock compositions for many S-type

granites.
Discussion
The evolution of MgO/FeO and MnO/FeO of melt during fractional crystallization

The MgO/FeO ratio of granites decreases (Frost et al. 2001, and references therein) and
MnO/FeO ratio increases (Cerny et al. 1985) during the fractional crystallization of
predominantly S-type granitic melts that are the sources of highly fractionated leucogranites
(e.g., Pedrobernardo, Spain: Bea et al. 1994) and rare-element pegmatites (e.g., Cerny et al.
1985) that contain spessartine. An increase in the MnO/FeO ratio during fractional crystallization

of granites must be controlled by the crystallization of minerals in which Mn is less compatible
17
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than Fe and Mg. Similarly, the MgO/FeO ratio decreases due to the greater compatibility of Mg

compared to Fe in mafic phases at high temperature.

The data plotted in Figures 7A and 7B show that crystallization of biotite and cordierite
depletes the melt in MgO relative to FeO most effectively, and that the crystallization of
tourmaline and biotite promotes an increase in the MnO content of melt relative to FeO. Values
of KpM"OF© decrease in the sequence from garnet to cordierite to biotite to tourmaline (Figure
7B). Thus, the crystallization of garnet only will produce a steady decrease in the MnO/FeO ratio
of melt and of garnet (e.g., Miiller et al. 2012). Among all mafic phases, the MnO/FeO ratio of

the melt increases most rapidly with the crystallization of tourmaline.
These trends are seen more clearly in solutions to the Rayleigh fractionation equation,
C=FP1x¢(,

where C is the concentration of an element as an oxide in melt (e.g. MnO or FeO), C, is the
initial concentration of an element as an oxide in melt, F is the fraction of liquid, and D is the
mineral-melt partition coefficient. To model a ratio, e.g. MnO/FeOQ, the Rayleigh equation is re-

arranged as

MnO Mno FeO MnO
= F(DMir;ieral—melt_1)_(DMineral—melt_1) X —°

FeO FeO,

The individual effects of biotite, garnet, cordierite, and tourmaline crystallization on the
MgO/FeO and MnO/FeO ratios of melt are shown in Figures 8 A and 8B, respectively. The
model depicted in Figures 8 A and 8B assumes crystallization of 95% quartz and feldspar and 5%
mafic mineral at a temperature of 650°C. Partition coefficients from experiments conducted at
650°C are used in the Rayleigh equation (Garnet, cordierite, and tourmaline: Exp GBT-103,

Table 4; Biotite: DM mei=5.4, D"“pime=24.7, DM =58.5, average of 5 experiments
18
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from Icenhower and London (1995)). The partition coefficients presented in this study have been
shown to increase with decreasing temperature. Therefore, the results of the Rayleigh model,
which assumes crystallization at 650°C, represents one condition. The use of partition
coefficients from higher temperature experiments would result in a smaller change in the
MnO/FeO ratio during fractional crystallization. The partition coefficients for quartz and feldspar
are set to zero. Bulk partition coefficients are calculated using experimentally measured partition
coefficients for garnet and tourmaline (experiment GBT-103, Table 4) and biotite (Icenhower
and London 1995) and a mode of 5 wt.% for each individual mafic mineral, similar to modes of
these minerals in natural occurrences. Initial ratios of MgO/FeO and MnO/FeO were calculated
from the average composition of melt inclusions hosted by garnet in a metapelitic rock (Acosta-

Vigil et al. 2007)

The vertical axis in Figure 8A and 8B represents values of C, the modeled MnO/FeO or
MgO/FeO value of melt, and the horizontal axis is F, the fraction of liquid (melt) remaining. An
increase in C reflects an increase in the MgO/FeO or MnO/FeO ratio of the residual melt, i.e. the
exchange coefficient is less than one. The curves representing MgO/FeO and MnO/FeO in
Figures 8A and 8B, respectively, show that crystallization of garnet will increase the MgO/FeO
ratio and decrease the MnO/FeO of melt, whereas crystallization of biotite, tourmaline, and

cordierite has the opposite effect on melt composition.

Note that the modes of feldspar and quartz, or other non-mafic minerals, will not change
the trends shown in Figures 8A and 8B due to much lower concentrations of Fe, Mn, and Mg in
these non-mafic minerals. Also note that co-crystallization of two mafic minerals (e.g. cordierite
and biotite) will produce a curve that lies in between the curves for the individual minerals. The
absolute value of C, the ratio of MnO/FeO or MgO/FeO, depends on the temperature of
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crystallization, because the partition coefficients are temperature dependent (Figure 6), the
modes of mafic minerals, and the initial ratio of the concentrations of MnO and FeO. As a
result, an increase in temperature will lead to a smaller change in the elemental ratios as
fractional crystallization proceeds. The modes of mafic minerals used in Figures 8A and 8B are
similar to natural occurrences and the initial ratios of elements (as oxides) were calculated from
the composition of melt inclusions hosted by garnet in a metapelitic rock The modeled ratios are
similar to measured ratios of glass shards from garnet-saturated, rhyolitic ignimbrites (Caffe et

al. 2012; Coira et al. 2018; Lucci et al. 2018).
Modeling the concentration of MnO during fractional crystallization

As a test of the D,*" data reported in this manuscript, we use the garnet solubility data
and D" values (Figures 4E and Table 4) in a Rayleigh model to evaluate the concentration of
MnO during the fractional crystallization of an S-type granitic melt. The model follows
principles described by Janousek et al. (2015). By design, the model pertains to the
crystallization of a cordierite-bearing S-type granitic melt of anatectic origin that has migrated to
pressures below ~ 400 MPa, such that almandine-pyrope solid solutions would likely not
crystallize (Clemens and Wall 1981; Pereira and Bea 1994; Stevens et al. 2007). These results
would apply to the cordierite-bearing granites of the Lachlan fold belt, Australia (White et al.
2001), similar granites in Western Europe (e.g., Strong and Hammer 1981; Bea et al. 1994;
Villaseca and Barbero 1994; Villaseca et al. 1998), and leucogranites in the Himalayas (Nepal)

(Visona and Lombardo 2002).

The model begins with the average composition of 63 analyses of vitreous melt
inclusions (MI) hosted by garnet in a quartz-absent, Grt-Bt-Sil metapelitic enclave within the El

Hoyazo dacites, SE Spain, (Acosta-Vigil et al. 2007). Acosta-Vigil et al. (2010) concluded that
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the MlIs in garnet were formed during the dehydration-melting of muscovite at a temperature of
~685°-750°C and pressure of 500-700 MPa. Though garnet is stable in the metapelitic enclave, at
lower pressure (< 400 MPa), cordierite (sekaninaite) will form at the expense of garnet
(almandine) (Mukhopadhyay and Holdaway 1994) in a peraluminous liquid. Therefore, at 200
MPa and 800°C, cordierite and biotite are stable mafic phases that could crystallize from the
liquid represented by the MI in garnet. For comparison, a cordierite-free, biotite-granite is also
modeled. Details regarding the calculation of mineral modes, bulk partition coefficients, WD,
and how bulk partition coefficients were varied as a function of temperature (T) and liquid
fraction (F) are presented in Tables S7 and S8 (Supplementary Material A) and in Supplementary
Material B. The partition coefficients for Mg, Fe, and Mn in quartz, plagioclase, and K-feldspar
are set to zero. Therefore, their proportions on the liquid line of descent are irrelevant. Only their
aggregate fraction matters to the evolution of melt composition with respect to mafic
components. Note that the concentrations of all elements are used to calculate mineral modes and

only the concentration of Mn is modelled using the Rayleigh equation.

The result of the Rayleigh model is depicted in Figure 9. In addition to the Rayleigh
curve shown in Figure 9, the saturation surface for garnet in B-bearing, hydrous granitic melt, is
also plotted, using the experimental data from this work in Figure 4E. The model representing
the crystallization of the cordierite-bearing granite shows that the MnO content of melt intersects
the saturation surface for garnet after ~95% fractional crystallization (F~=0.05; ~660°C, ~0.4
wt.% MnO). The dashed curve in Figure 9 represents the result of the Rayleigh model for the
crystallization of a cordierite-free biotite-granite. The dashed curve intersects the garnet
saturation surface after ~ 90% crystallization. The composition of garnet that crystallizes in the

models shown in Figure 9 (SpsssAlmg,Prpgo) was determined using the same garnet-melt
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partition coefficients used in the Rayleigh model (F=0.04, Dyno=38.1, Dreo=22.1, Dumgo=10.0).
The results of the models shown in Figures 8A, 8B, and 9 are strikingly similar to the
compositions of garnet and co-existing glass from Miocene-age, garnet-bearing rhyolitic

ignimbrites in South America (Caffe et al. 2012; Coira et al. 2018; Lucci et al. 2018).

The Dwmo for cordierite-melt is noteworthy because it is greater than the Do for biotite-
melt, which means that cordierite-bearing S-type granites will require a greater extent of
crystallization to reach saturation in Mn-rich garnet (Figure 9), or may not achieve that saturation
at all (e.g. Phillips et al. 1981; Pereira and Bea 1994; White et al. 2001). The paucity of garnet in
the cordierite-bearing S-type granites of western Europe likely results from low-pressure
fractional crystallization involving cordierite as the dominant ferromagnesian phase (e.g., Pefia
Negra complex, Avila batholith, Spain: Pereira and Bea 1994; Albuquerque pluton, Spain:

London et al. 1999; Land's End pluton, U.K.: Miiller et al. 2006).

Variations in melt composition and the choices of mafic minerals and their proportions
will of course change the results shown in Figure 9 (see a discussion in Supplementary Material
B). Nonetheless, the Rayleigh model presented here using the partition coefficients of this study
and partition coefficients reported in the literature produces a result with a hypothetical, but
realistic, S-type granitic liquid that is consistent with natural occurrences of spessartine. To that
extent, the agreement between the Rayleigh model and the natural occurrences leads to the
conclusion that the partition coefficients derived from this study are applicable to natural
settings. Moreover, partition coefficients for Mn between cordierite-melt (Evensen and London
2003), in which Mn is a trace to minor element, are similar to the values reported in this
manuscript.

Spessartine in granitic pegmatites
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Spessartine 1s a common accessory mineral in LCT-type pegmatites (Laurs and Knox
2001). Rayleigh fractional crystallization, wherein the entire bulk melt remains in chemical
equilibrium with the rims of growing crystals, is more applicable to the relatively large masses of
normal granite plutons than for granitic pegmatites, which are derived from the extended
fractional crystallization of such plutons. The condition of equilibrium between crystals and a
bulk melt whose composition changes continuously with crystallization does not apply to the
internal evolution of granitic pegmatites (Morgan and London 1999; London et al. 2012b). Our
partitioning data do show, however, that among the mafic minerals, the crystallization of
tourmaline alone is the most effective driver of the melt composition to the high MnO/FeO ratios
and MnO content that would foster the crystallization of spessartine. Tourmaline is a
characteristic mineral of the border and wall zones of pegmatites (Cameron et al. 1949), where it
tends to crystallize in abundance (e.g., Fig. 2 of Cerny et al. 2012). As a result, spessartine, or
Mn-phosphate equivalents (London and Burt 1982; London et al. 1999), are common phases in

the interior zones of tourmaline-rich pegmatites.
Implications

The experimentally derived mineral-melt partition coefficients, Dy*", and exchange
coefficients, Kpyyy, presented in this study confirm that the general fractionation trend of garnet,
in which the MnO/FeO ratio increases with increasing fractional crystallization (Cerny et al.
1985), is controlled not by garnet itself but by other minerals that accommodate Fe and Mg over
Mn. The data show that crystallization of garnet alone at the moderate pressures cited here will

result in a decrease in the concentration of MnO in melt.

Among the minerals examined in this study, tourmaline is shown to be the most efficient

at driving the concentration of MnO in melt to garnet saturation. Although Mn behaves
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compatibly in cordierite and biotite, Fe and Mg are so much more compatible that the MnO
content of melt increases when biotite or even cordierite dominates the mafic mineral

assemblage. However, granites that contain mostly cordierite may never reach garnet saturation.

This study elucidates part of the geochemical cycle of Mn in the continental crust: the
accommodation and enrichment of Mn in granitic liquids from deep sources of anatexis to
shallow levels of solidification and crystallization of spessartine-bearing granites and pegmatites.
These results bear directly on the formation of highly-prized, gem-quality spessartine, which is
mined from granitic pegmatites (Laurs and Knox 2001). The measured partition coefficients may

also be pertinent to other types of Mn ores (e.g., Roy 1997).

The model presented here indicates that extensive fractional crystallization (= 90%) of a
starting anatectic melt is necessary to bring granitic liquids to saturation in spessartine at near-
solidus conditions. Likewise, beryl (Be), tourmaline (B), spodumene (L1i), and pollucite (Cs)
achieve saturation in pegmatite-forming melts only after very extended fractional crystallization,
and mostly at subsolidus temperatures of crystallization (i.e., in highly undercooled melt:
London 2008). This study adds one more piece of evidence to the paradigm for rare-element
pegmatites: such bodies arise only from extended fractionated of large granitic bodies, and
cannot arise directly from small batches of anatectic melts (cf. Stewart 1978; Shearer et al. 1992;

Simmons et al. 1996).
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749 Figure captions

750  Fig. 1: Back-scattered electron images (BSEI) of experimental run products. Grt garnet, Tur

751  tourmaline, Crd cordierite, Qtz quartz, G/ glass. (A) Glass run product (Exp#: MnGT-80, 850°C).
752  (B) Euhedral garnet and tourmaline (Exp#: MnGT-49, ‘forward’ to 700°C). (C) Euhedral

753  tourmaline crystals (Exp#: MnGT-56, ‘reverse’ to 700°C. (D) Euhedral garnet and tourmaline
754  crystals dissolved out of glass using hydrofluoric acid (Exp#: MnGT-56). (E &F) Individual,

755  euhedral cordierite crystals and clusters of cordierite, tourmaline, and quartz (Exp#: GBT-103,
756 ‘forward’ to 650°C). (G) Cordierite (Exp#: GBT-90, 850°C). (H) Intergrowth of quartz and

757  cordierite (Exp#: GBT-102, ‘forward’ to 700°C).

758  Fig. 2: X-ray maps of Fe, Mn, Mg, Ca, and Al in garnet and tourmaline produced in experiment
759  MnGT49 (700°C, 264 hrs). Experiment MnGT49 was heated to 800°C, quenched, and then
760  heated directly 700°C. Note the sector zoning of Al, Ca, and Mg in tourmaline. The Mn-rich

761  cores of garnets are relict Mn-rich garnet starting material.

762  Fig. 3: (A) Composition of garnet, represented as the mole percentage of almandine (alm) and
763  pyrope (prp), produced in this study. The mole percent of spessartine can be calculated by

764  subtracting the % almandine and % pyrope from 100%. (B) Mole percentages of end-member
765  garnet species (spessartine, almandine, and pyrope) plotted against temperature. Note the linear
766  trend of decreasing Fe and Mg and increasing Mn with decreasing temperature. (C) The

767  composition of cordierite, as molar percentages of “Mn-cordierite” and indialite (Mg-Crd),

768  produced in experiments in this study. The mole percentage of sekaninaite (Fe-Crd) can be

769  calculated by subtracting the % “Mn-cordierite” and % indialite from 100%. Apart from the

770  single experiment conducted at 700°C, the Mn and Fe content increases with decreasing

36

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-6938

temperature. All symbols reflect the average composition of garnet or cordierite from each

experiment reported in this manuscript (not from literature).

Fig. 4: Solubility of FeO, MgO, and MnO at garnet and tourmaline saturation. (A), (B), and (C)
display a time series of experiments conducted between 0 and 720 hours at 750°C, 700°C, and
650°C, respectively. Circles, squares, and diamonds represent the concentrations of MnO, FeO,
and MgO, respectively, in glass. Data shown in panels (D), (E), and (F) represent the
concentrations of FeO, MnO, and MgO in glass, respectively, at garnet and tourmaline
saturation. Solid squares are data presented in this manuscript from long-duration (720 hrs)
experiments using bulk composition MnGT-BC-4.1 in which steady-state conditions have been
validated via a time-series of experiments. Open circles and solid circles are data from Wolf and
London (1997) for tourmaline growth and dissolution, respectively, from/into granitic melt.
Open squares are from Acosta-Vigil et al. (2003) for tourmaline dissolution in granitic melt. Data
from F-rich (~ 1wt.% F) experiments of Icenhower (1995) and from B- and F-free, hydrous (~ 5-
7% H,0) experiments of London et al. (2012) are shown for comparison (open diamonds). Error
bars represent 2o standard deviations. (G) Natural log of the concentrations of FeO (squares),
MnO (triangles), and MgO (diamonds) in hydrous, boron-bearing granitic melt plotted against
1/T (K). The data are from long-duration (720 hrs) experiments. The linear nature of the data,
and the high correlation coefficients (r* > 0.98) for each line, confirm that the compositions

presented in this study represent near-equilibrium conditions between crystal and melt.

Fig. 5: Normative corundum component of boron-bearing, peraluminous, hydrous granitic melts
(glasses) that produced garnet and cordierite crystals (solid squares: bulk composition GT1.3)
and tourmaline (solid triangle: bulk composition MnGT-BC-4.1). Data from Acosta-Vigil et al.

(2003) for dissolution of cordierite (open squares) and tourmaline (open triangles) into boron-
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free (for cordierite) and boron-bearing (for tourmaline), hydrous granitic melt. The italicized
equation and correlation coefficient belong to the dashed line. Errors for solid squares are 2o
standard deviations. Errors for open symbols are similar to the size of the symbol. Note the lower
normative corundum for cordierite dissolution into B-free granitic melt compared with the data

for B-bearing granitic melt.

Fig. 6: (A) Crd-melt partition coefficients, Dy, plotted against temperature. Individual points
represent average values from individual experiments. (B) Tur-melt partition coefficients, Dy,
plotted against temperature. Individual points represent average values of multiple experiments
conducted at a given temperature. (C) Grt-melt partition coefficients, Dy, plotted against
temperature. Individual points represent average values of multiple experiments conducted at a
given temperature. (D)-(F) The partition coefficients presented in this study form a line when
plotted in natural log D versus 1/7 (K) space, which is supportive evidence of near-equilibrium

conditions between crystals and melt.

Fig. 7: Mineral-melt exchange coefficients, Kp, calculated as the slope of a linear regression
through the Dreo and Dyigo data (A) and Do and Dreo data (B) for garnet-, tourmaline-,
cordierite-, and biotite-melt. Solid symbols represent all data for garnet (squares), tourmaline
(diamonds), and cordierite (circles) reported in the present manuscript. Open triangles, open
circles, circles with horizontal lines, and circles with diagonal lines represent data from
Icenhower and London (1995), Icenhower (1995), Evenson and London (2003), and Wolf and
London (1997), respectively. The dashed black line without an arrow represents a one-to-one
correlation of Dreo and Dyeo (A) and Dyno and Dreo (B). The slope of each linear regression
(solid black lines with arrows) represents an exchange coefficient for each mineral, Kpgo/reo-

The exchange coefficients do not appear to depend on temperature considering data from
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experiments conducted in the temperature range of 850°C to 650°C. Individual data points

represent average values calculated per individual experiment. Error bars show 26 standard

deviations, which were propagated through the calculation of partition coefficients.

Fig. 8: Rayleigh models for the evolution of the MgO/FeO (A) and MnO/FeO (B) ratios of
granitic melt resulting from fractional crystallization of garnet, biotite, tourmaline, and cordierite
individually at 650°C and 200 MPa. F=I represent 100% melt (liquid) and F=0 represents
complete crystallization. The vertical axis represents values of C(MgO/FeO or MnO/FeO).
Crystallization of garnet alone produces an increase in the MgO/FeO ratio and a decrease in the

MnO/FeO ratio. Higher pressures (> 400 MPa) may result in a different partitioning behavior.

Fig. 9: Rayleigh fractional crystallization model of an S-type granite liquid. The dashed line and
the lower solid black line represent the results of two different Rayleigh models. The upper solid
black line denotes the MnO saturation surface for garnet in B-bearing, hydrous granitic melt. The
first model (solid black line) entails crystallization of a cordierite-biotite granite. The second
model entails crystallization of a biotite granite (dashed line). Parameters for each Rayleigh
model are reported in Supplementary Material A. The models reveal that an anatectic S-type
granitic magma must undergo 90% (biotite granite) to 95% (cordierite-biotite granite)
crystallization before Mn-rich garnet will crystallize. Garnet-melt partition coefficients were
varied as a function of temperature to calculate the composition of garnet that would crystallize

from the modeled melt (Dyno=38.1, Dreo=22.1, Dygo=10.0 at F=0.05).
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Footnote

(located in text on pg. 7, line 134)
'Mineral-melt exchange coefficients are equivalent to Nernst distribution coefficients, which
represent the product of a homogeneous exchange reaction. In this case, the reaction is between
crystal and melt. Crystallization of minerals from melt represents the principal and only feasible
means of measuring the elemental partition coefficients. A reversal of this reaction requires
diffusion of the element(s) of interest out of a crystal into melt until both phases, crystal and
melt, have been equilibrated. Solid-state diffusion of mafic components through a crystalline
phase is impossibly slow on the time frames of experiments. Moreover, a crystal that is not in
equilibrium with melt will dissolve at a rate much greater than that of the solid-state diffusion of

ions through the crystal (e.g., Bea 1996).
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Table 1: EPMA of starting liquid (glass) compositions

System GT1.3 MnGT-BC-4.1
Exp# GBT86 MnGT80
T (°C) 850 850
t (hrs) 24 168

Weight Percent Oxides

Si0; 68.47 1.17) 62.73 (0.78)
B20s 3.09 (0.34) 8.13 (0.44)
Al203 11.18 (0.36) 11.68 (0.15)
FeO* 1.39 (0.09) 0.89 (0.04)
MnO 1.52 (0.11) 1.86 (0.07)
MgO 1.00 (0.07) 0.43 (0.01)
Cao 0.22 (0.05) 0.07 (0.03)
Na20 1.83 (0.08) 2.80 (0.11)
K20 3.01 (0.11) 3.32 (0.11)
Total 91.70 (0.58) 91.92 (0.62)
H20 8.30 (0.58) 8.08 (0.62)
N 25 50
ASI 1.683 (0.070) 1.403 (0.041)
K* 0.520 (0.014) 0.439 (0.013)
Mn* 52.531 (0.828) 53.138 (0.872)
Mg# 0.561 (0.009) 0.217 (0.003)

CIPW Normative Mineralogy

Qz 47.32 30.63
Or 20.05 19.62
Ab 17.44 23.69
An 121 0.35
Crn 5.11 3.35
Hy 8.88 6.16

Mineral symbols after Whitney and Evans (2010)
20SD in parentheses

ASI = aluminum saturation index (molar: Al/Na+K)
K#= molar K/K+Na

Mn* = molar Mn/(Mn+Fe)*100

Mg# = molar Mg/(Mg+Fe)
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Table 2: Chemical formulas of pertinent minerals

Species Abbreviation  Chemical Formula

Indialite Ind Mg,AlSisOqg

Sekaninaite Sek Fe,AlSi504g

Spessartine Sps Mn;AlLSi;0,

Almandine Alm Fe;Al,Si5043

Pyrope Prp Mg;Al,Si;04,

Schorl Srl NaFe3;Alg(BO3);Sis015(OH),4
Dravite Drv NaMg;Alg(BOs);Sic05(OH),
“Tsilaisite” Tsi NaMn;Alg(BO3)3SicO15(OH),
Olenite Ol NaAl;Alg(BO3)3Sis015(0);(OH)
Foitite Ftt' [ 1(Fe,AD)Alg(BO3)3SigO15(OH),
Magnesiofoitite Ftt? [ 1(Mg,AD)Al4(BO3)3SigO15(OH)4
Uvite Uv? CaMg3;(MgAls)(BO3);SisO5(OH),
Feruvite Uv? CaFe;(MgAls)(BO3);SigO15(OH),

'Foitite and Mg-foitite are combined into a single Foitite component in the text

2Uvite and Fe-uvite are combined into a single Uvite component in the text
Most mineral symbols after Whitney and Evans (2010)
[ ] - site vacancy
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Table 3: Conditions of experiments and summary of compositions of crystalline products

Garnet Tourmaline Cordierite
T
Experiment # (°C) _ Direction' Time (hrs) System® Products’ Xsps  Xalm  Xprp  Xdrv  Xsrl Xftt Xuv  Xind Xsek  XMn
GBT90 850 F 45 GT1.3 Grt, Crd 50.63 23.38 2599 --- --- --- --- 7447 14.16  11.37
GBT88 750 FF 168 " Grt, Crd 5589 26.86 17.24 --- --- --- --- 67.84 1897 13.19
GBT89 750 F 168 " Grt, Crd 67.17 2193 10.89 --- --- --- --- --- --- ---
GBT101 750 FF 456 " Grt, Crd 63.20 22.80 14.00 --- --- --- --- 66.25 1636  17.39
GBT102 700 FF 336 " Grt (trace), Crd --- --- --- --- --- --- --- 68.89 1295 18.06
GBT103 650 FF 456 " Grt, Tur, Crd, Qtz 81.12 1498 391 3630 2448 17.77 1427 48.03 21.79 30.18
MnGTI111 850 F 168 MnGT-BC-4.1 - --- --- --- --- --- --- --- --- --- ---
MnGT103 750 R 0 " --- --- --- --- --- --- --- --- --- --- ---
MnGT77 750 R 24 " Grt, Tur (trace) 72.80 1526 11.93 39.59 2553 3090 0.79 --- --- ---
MnGT104 750 R 24 " --- --- --- --- --- --- --- --- --- --- ---
MnGT110 750 R 168 " --- --- --- --- --- --- --- --- --- --- ---
MnGT112 750 R 336 " --- --- --- --- --- --- --- --- --- --- ---
MnGT126 750 F 720 " Grt (relict), Tur, Qtz, AFS - --- - --- --- --- --- --- --- ---
MnGT65 700 R 0 " --- --- --- --- --- --- --- --- --- --- ---
MnGT66 700 R 24 " Grt (trace), Tur --- --- --- 41.61 2744 18.62 745 --- --- ---
MnGT67 700 R 72 " Grt (trace), Tur --- --- --- 40.21 27.44 20.08  7.60 --- --- ---
MnGT49 700 FF 264 " Grt, Tur 70.80 1995 925 3490 2798 2046 8.14 --- --- ---
MnGT56 700 R 336 " Grt, Tur 80.83 1329 589 40.80 28.05 1834 839 --- --- ---
MnGT125 700 F 720 " Grt (relict), Tur, Qtz - - - - - - - - --- ---
MnGT114 650 R 0 " Bt --- --- --- --- --- --- --- --- --- ---
MnGT116 650 R 24 " --- --- --- --- --- --- --- --- --- --- ---
MnGT117 650 R 720 " Bt --- --- --- --- --- --- --- --- --- ---
MnGT124 650 F 720 " Grt (relict), Tur --- --- --- --- --- --- --- --- - -

'F (Heated directly to temperature), FF (heated to temperature above liquidus, quenched, and then heated directly to temperature of interest), R (heated to temperature above liquidus,
quenched, and then cooled to temperature of interest)

2System = Bulk Composition (Table 1)

3Garnet (Grt), Cordierite (Crd), Tourmaline (Tur), Quartz (Qtz), alkali-feldspar (AFS). All products include glass and trace amounts of mullite/corundum and Fe-Mn-Ni-Cr oxides

X: mol fraction mineral end-member [spessartine (sps), almandine (alm), pyrope (prp), dravite (drv), schorl (srl), total foitite (ftt), uvite (uv), indialite (ind), sekanianite (sek), Mn-crd (Mn)]
foitite and uvite components represent total Mg-foitite+foitite and ferruvite+uvite, respectively
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Table 4: Mineral-melt partition coefficients
Exp # BC (o’lé) Deco Dmno  Dwmgo

Grt/melt GBT-90 1.3 850 8.07 1562 745 w/Crd
Grt/melt GBT-88 1.3 750 11.82 20.74 8.74 w/Crd
Grt/melt GBT-101 1.3 750  21.56 24.85 8.91 w/Crd
Grt/melt GBT-89 1.3 750 1491 4496 1193 w/Crd
Grt/melt  MnGT-77 4.1 750 11.31 23.01 723  w/Tur
Grt/melt  MnGT-49 4.1 700  26.78 35.69 1601 w/Tur
Grt/melt  MnGT-56 4.1 700 19.95 36.37 14.02 w/Tur
Grt/melt GBT-103 1.3 650 2253 3876 793  w/Crd&Tur

Crd/melt GBT-90 1.3 850 2.55 1.83 11.14  w/Grt
Crd/melt GBT-88 1.3 750 439 257  18.07 w/Grt
Crd/melt GBT-101 1.3 750 8.01 354 2184 w/Grt
Crd/melt GBT-102 1.3 700 6.79 364 3195 w/Grt
Crd/melt GBT-103 1.3 650 16.73 7.37 49.77 w/Grt&Tur

Tur/melt  MnGT-77 4.1 750 14.64 046 14.11  w/Grt
Tur/melt  MnGT-49 4.1 700 2352 0.64 37.88  w/Grt
Tur/melt  MnGT-56 4.1 700 31.11  0.90 --- w/Grt
Tur/melt  MnGT-66 4.1 700 20.89 0.64 26.14 Turonly
Tur/melt  MnGT-67 4.1 700 2542 0.72 33.02 Turonly
Tur/melt  GBT-103 1.3 650 3028 1.62 4993 w/Grt&Crd
BC: Bulk Composition

Tourmaline (Tur), Garnet (Grt), Cordierite (Crd)

Errors for mean D values are less than 10% relative, and most commonly ~ 5%.
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