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REVISION 1
Experimental investigation into the substitution mechanisms and solubility of
Ti in garnet
Michael R. Ackerson, E. Bruce Watson!, Nicholas D. Tailby?, Frank S. Spear!
1Department of Earth and Environmental Sciences, Rensselaer Polytechnic Institute,
Troy, NY, 12180
2Geophysical Laboratory, Carnegie Institution of Washington, Washington, D.C.,
20015
Abstract
Garnet is a common and important mineral in metamorphic systems, but the
mechanisms by which it incorporates Ti— one of the major elements in the crust—
are not well constrained. This study draws upon garnets synthesized at a range of
temperatures and pressures to understand Ti solubility and the substitution
mechanisms that govern its incorporation into garnet at eclogite and granulite facies
conditions. Garnets from these synthesis experiments can incorporate up to several
wt. % TiO2. Comparison of Ti content with deficits in Al and Si in garnet indicates
that Ti is incorporated by at least two substitution mechanisms (VITi4* + VIM2+
2VIAI3+, and VITi# + IVAI3+ [ VIAI3+ + IVSj4+), Increasing Ti solubility is correlated with
increasing Ca and Fe/Mg ratios in garnet, clinopyroxene and melt. The complexity of
the substitution mechanisms involved in Ti solubility in garnet make practical Ti-in-
garnet thermobarometry infeasible at present. However, a model fit to Ti
partitioning between garnet and melt can be used to predict melt compositions in
high grade metamorphic systems. Additionally, the solubility and substitution

mechanisms described here can help explain the presence of crystallographically-

aligned rutile needles in high grade metamorphic systems.
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Introduction

Garnet is a common mineral in the crust and mantle, and its chemical
composition is crucial to our understanding of the chemical, physical and temporal
evolution of the earth. Its utility extends from its major-element composition [e.g.
Fe/Mg exchange between garnet and other phases used in thermobarometry
(Raheim and Green 1974; Ellis and Green 1979; Krogh 1988; Pattison and Newton
1989)] to its trace elements [e.g. Sm-Nd dating, Y zoning (Lanzirotti 1995; Baxter et
al. 2002; Thoni 2002; Pyle and Spear 2003)]. Still, it behooves geoscientists to
develop new garnet-based petrogenetic tools to better constrain our understanding
of metamorphic processes. While extensive work has been performed developing
and applying garnet-based petrogenetic tools, the utility of Ti in garnet remains
unclear. The fact that Ti activity is often buffered in natural metamorphic systems
by the presence of rutile— combined with its typically trace or minor abundance in
most garnets— makes Ti a potentially useful element for developing novel
petrogenetic tools involving garnet. However, its utility is currently hampered by
our limited understanding of the mechanism of Ti substitution into garnet and the
factors influencing its solubility.

The generalized chemical formula for garnets is (X3Y2Z3012). While there are
over 29 naturally-occurring and hypothetical garnet end members, the majority of
crustal garnets lie within the pyralspite and ugrandite groups (Locock 2008). The
former is typified by octahedral Al and the later by dodecahedral Ca. The X site is a

dodecahedral site containing divalent cations Ca, Fe, Mg, and Mn (denoted
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generically as M2*). The octahedral Y site contains trivalent Al and Fe3+, and the
tetrahedral Z site is primarily tetravalent Si. Most crustal garnets maintain a
divalent-trivalent-tetravalent ratio of 3:2:3, but the addition of Ti to the crystal
structure of garnet has been demonstrated to move these ratios out of stoichiometry
(Huggins et al., 1977(2), sources therein).

Although site occupancy of most major elements in garnet is well
understood, Ti coordination and potential substitution mechanisms have been a
subject of considerable discussion beginning as early as Zedlitz (1933). Several
studies have suggested— based on the hypothetical end-member configurations of
melanite and schorlomite garnets— that Ti** incorporation occurs primarily on the
tetrahedral Z site in garnet (Armbruster and Geiger 1993; Scordari et al. 2003).
Conversely— based on intra-crystalline chemical variations (Gwalani et al. 2000;
Chakhmouradian and McCammon 2005; Grew et al. 2013; Proyer et al. 2013) and
XANES analyses of schorlomite garnets (Waychunas 1987)— others have suggested
that Ti incorporation occurs primarily on the octahedral Y site. Substitution of Ti%+
onto the tetrahedral site in garnet can be achieved through a simple Ti**@ Si**
substitution with Si**. However, octahedral Ti** requires a charge-balancing
mechanism for Al3+. Alternatively, Ti3* could be incorporated into the octahedral
site, although most studies suggest Ti3* in naturally-occurring garnets or terrestrial
melts is negligible (Huggins et al. 1977; Gwalani et al. 2000; Chakhmouradian and
McCammon 2005; Krawczynski et al. 2009; Grew et al. 2013).

While most continental metamorphic garnets contain minor to trace

amounts of Ti, crystallographically-aligned rutile needles from high-grade
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metamorphic garnets (primarily eclogites, granulites and mantle xenoliths) indicate
elevated Ti concentrations (up to several weight % TiOz) at high temperatures and
pressures. The commonly accepted petrogenetic theory behind the occurrence of
these rutile needles involves the retrogressive exsolution of rutile from the garnet
crystal lattice during exhumation to the surface (Ye et al. 2000; Alifirova et al. 2012;
Ague et al. 2013; Proyer et al. 2013).

Laboratory synthesis of garnets at elevated temperatures and pressures
enables observation of Ti coordination and solubility systematics in garnets at
geologic conditions where the Ti signature in natural garnets would probably
experience changes upon exhumation (as suggested by exsolved rutile/ilmenite
crystals in some high grade garnets). High Ti concentrations in experimental garnets
could bolster observations from natural systems and serve as a novel means to
identify high-grade metamorphic signatures where the other indicators (diamond or
coesite inclusions) may be absent. Furthermore, the controlled environment of
experimental synthesis allows for direct observations of the thermal, barometric
and chemical controls on Ti coordination and concentration in garnet.

In this study we aim to demonstrate using experimentally-grown garnets
that incorporation of Ti occurs primarily on the octahedral site via multiple
substitution mechanisms. Ti partitioning between garnet and silicate melts can be
modelled using temperature and melt composition, while pressure appears to have
little effect on partitioning over the experimental range. Ti solubility of experimental
garnets at high pressures and temperatures correlates with the inferred solubility in

natural high grade garnets that contain crystallographically-aligned rutile needles.
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Experimental

Experiments were performed in a piston-cylinder apparatus at Rensselaer
Polytechnic Institute. Rock powders and oxygen fugacity buffers were loaded into
opposite sides of two-chamber Ag capsules. Rock powders were juxtaposed against
the oxygen fugacity buffers and separated by Ag-Pd or Pd foil. The Ag capsule was
then loaded into a graphite-NaCl-Pyrex® assembly with MgO, Pyrex® and fired
pyrophyllite filler pieces (Fig. 1).

Three bulk compositions (Table 1) were selected based on the bulk
compositions from which garnets crystallize in a subducting oceanic slab. The
compositions include: a synthetic amphibolite (AMPH) based on the pillowed
greenstone amphibolite (Composition No. 4) of (Rapp and Watson 1995), a
synthetic global subducting sediment (GLOSS) of (Plank and Langmuir 1998), and a
natural basalt (SUNY MORB, Richter et al. 2003). Bulk compositions were then
doped with 5 wt. % TiO; and 1 wt. % ZrO> to ensure saturation of rutile and/or
ilmenite and zircon (respectively). Prior to running the experiments charges were
also doped with 10 wt.% H:0 to facilitate crystal nucleation and grain growth.
Experiments were performed over a range of temperatures, pressures and
compositions (Table 2, Fig. 2). All experiments performed in this study were
buffered at the fayalite-magnetite-quartz (FMQ) buffer. All buffers were checked at
the end of the experiments to assure they contained the assemblage fayalaite +
magnetite + quartz. In some experiments the buffer assemblage was not FMQ, likely
because the buffer was depleted before experimental completion. These

experiments were repeated with new powders and larger volumes of buffer to
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ensure the buffers were not depleted. Some experiments were also doped with <72
um Gore Mountain garnet seeds (Wentorf 1956) as a surface for epitaxial garnet
growth to overcome the garnet nucleation barrier (Yoder and Tilley 1962).
Experimental duration was typically 48 hrs, although additional experiments were
performed at 24 and 72 hrs. Despite evidence for chemical zoning in garnets
(discussed below) the near-identical compositions of the rims of phases present
over multiple time scales suggests that experiments reach equilibrium over run
durations as short as 24 hrs (Table 2).
Analytical procedure

Chemical analyses of all experimental phases were performed using a
Cameca SX 100 electron probe microanalyzer (EPMA) at Rensselaer Polytechnic
Institute. The electron beam was operated at a 15 kV accelerating voltage and a 20
nA current with a 2 um beam size. Ti in synthetic garnets was counted on Ti Ka X-
rays using two large PET crystals with peak-measuring durations of 20 seconds. ZAF
corrections of the glass compositions were calculated assuming all analyses lower
than 100% were due to H from dissolved water. Garnet and clinopyroxene were
analyzed at their rims due to the existence of core-rim zoning in most experiments.
Several analyses were also performed at 10 kV to ensure the large activation volume
of the 15 kV beam was not generating significant secondary fluorescence from
proximal titaniferous phases.
Secondary fluorescence

Secondary fluorescence was a specific concern when analyzing Ti in garnet.

Secondary fluorescence of Ti occurs when Ti K, X-rays are generated in a phase
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adjacent to (in this case ilmenite or rutile) the phase of interest (garnet) via
interaction between ilmenite/rutile and high energy X-rays generated within the
excitation volume of the incident electron beam. Secondary X-rays have been shown
to result in erroneously high apparent Ti contents in minerals and alloys at
distances greater than 100 um from phase boundaries (Bastin et al. 1984, Feenstra
and Engi 1998, Wark and Watson 2006, Jercinovic et al. 2008). In particular,
Feenstra and Engi (1998) saw fluorescence in a garnet adjacent to ilmenite at a
distance greater than 40 um.

The results of Feenstra and Engi (1998) could pose a significant problem for
analysis of Ti in experimental garnet due to the large number of ilmenite and rutile
inclusions in garnets (Fig. 4). However, the magnitude of secondary fluorescence
effects depends critically on the geometry of the contact between the two phases.
Feenstra and Engi (1998) conducted secondary fluorescence experiments using
polished slabs of garnet and ilmenite juxtaposed against each other in a plane
parallel to the direction of the incident beam, thus maximizing the amount of
ilmenite interacting with the electron beam (and secondary X-rays). This geometry
contrasts with that of most experimentally-grown garnets, which contain small (5
um) ilmenite or rutile inclusions— meaning fewer secondary X-rays will interact
with the ilmenite/rutile than in the case of an infinite planar interface.

The magnitude of secondary fluorescence effects can be explored directly
with the EPMA on various target geometries, and also using the program PENEPMA
("Penetration and Energy Loss of Positrons and Electrons, Electron Probe

Microanaysis”; Fournelle 2007). Electron-probe analyses of garnet approaching an
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artificial (planar) garnet-ilmenite interface and near a typical ilmenite inclusion in
garnet show that both the unrealistic planar geometry in the EMPA tests and the
PENEPMA simulations significantly overestimate the effect of secondary
fluorescence in experimental garnets (Fig. 3). A transect of a garnet with ilmenite
inclusions indicates that the effect of secondary fluorescence from the ilmenite is
only appreciable within 5 pm of the phase boundary.

The minor role of secondary fluorescence demonstrated above means that
accurate measurement of Ti concentrations in garnets can be made even in the
presence of widespread Fe-Ti oxide inclusions. Nevertheless, garnets were analyzed
only in regions where no ilmenite or rutile were observed in the polished surface
within at least 20 microns of the analytical spot. Furthermore, several analyses were
performed at 10 kV to reduce the activation volume of the beam, and returned near-
identical results. Garnets were also inspected for subsurface inclusions using an
optical microscope prior to analyses to avoid "contamination” of the Ti
measurements by subsurface Ti phases.

Results

Garnet and clinopyroxene are the primary mineral phases present in the
experimental run products, with minor amounts of zircon, ilmenite and/or rutile
(Fig. 4). Orthopyroxene and amphibole are present in some experiments, while
titanite is present in several experiments (Table 2). All experiments were buffered
at the FMQ buffer as demonstrated by the presence of fayalite, magnetite and quartz
in the buffer chamber of the experimental containers (Fig. 4). Garnets typically

occur as large (40-100um), euhedral crystals containing mineral inclusions of zircon
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and the Fe-Ti oxide phase(s). All garnets are primarily almandine with varying
amounts of grossular and pyrope components and < 5 % spessartine.
Clinopyroxenes are bladed with a maximum diameter of ~10 um perpendicular to
the long axis. They are primarily hedenbergite composition with several weight %
Mg and Al (Table 5).

Both garnets and clinopyroxenes in most experiments are zoned from core-
rim. This is consistent with observations from other experimental studies at similar
temperatures (Raheim and Green 1974; Ellis and Green 1979; Pattison and Newton
1989) where low temperatures, highly viscous melt compositions and rapid mineral
growth surpass the ability of complete mineral-melt re-equilibration . The large size
of garnets allows for core-rim analysis of the chemical zoning. Garnets
systematically become more Fe, Ca, and Ti poor and Mg and Mn rich from core to
rim. The relatively small size of pyroxenes makes observing systematic zoning
difficult via EPMA, but generally there is rim-ward increase in Fe and Ca relative to
Mg, with no resolvable change in Ti. The small size and zoning within the pyroxenes
as well as the number of rutile and/or ilmenite inclusions made it difficult to obtain
consistent and meaningful analyses of pyroxenes in many run products.

All experiments were performed above the wet solidus of the bulk
compositions used for garnet synthesis as demonstrated by the presence of
quenched melt (glass) in all experiments. Glass compositions ranged from dacitic to
rhyolitic for all bulk compositions analyzed. Melt compositions were analyzed in
experiments that contained segregated melt pools large enough to be analyzed by

EPMA. However, most experimental glasses are too densely populated with mineral
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inclusions or vapor bubbles to obtain meaningful chemical compositions. High
spatial densities of Ti-oxide minerals in the melt and the possibility of secondary
fluorescence increasing the measured Ti content of the melt cannot be discounted
(Hayden and Watson 2007). Analytical points were chosen in melt where no oxide
phases were present within 20 um, although sub-surface inclusions could contribute
to the measured (apparent) Ti content of the melt.

While most experiments were performed for 48 hours, experiments were
also conducted for 24 and 72 hours to observe possible time-dependent effects on
the experimental results. The results of these experiments display negligible
compositional drift over the time interval (Table 3). The same phases are present in
all of these time series experiments at similar proportions. Additionally, garnets
analyzed using a 10 kV beam returned near-identical results to analyses using a 15
kV beam (Table 3).

Additionally, garnet and melt composition data from multiple experimental
studies (Rapp and Watson 1995; Tailby 2009; Qian and Hermann 2013) were
included with the data from this study in order to sample a wide compositional,
thermal and barometric range over which to observe chemical trends in garnet.
Oxygen normalization of garnet compositional data to an ideal 12 oxygen per
formula unit (a.p.f.u.) provides information on deviations from idealized garnet
chemistry. In ideal pyralspite and grossular garnets there are two moles of Al for
every mole of garnet, all of which exists on the octahedral site. If other elements
substitute onto the octahedral site the aluminum content will decrease in

stoichiometric proportion with the substituting cation. Similarly, there should only
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be 3 total moles of the M2+ cations and 3 moles of Si. Deviations from ideal
stoichiometry are reported in table 3, and are defined as:

Al deficit = 2 — Al(apfu)

Sideficit =3 — Si(apfu)

excess M?* cations = Y, M** (apfu) — 3
The data reported in table 3 of garnet compositions are the averages of at least

six garnet analyses from each experiment near the rims of the garnets (see below
for discussion of garnet zoning). It is important to consider the magnitude of
analytical uncertainty (x-ray counting errors) of individual data points and actual
compositional variations within populations from a single experiment, and the role
these statistical aspects will have in interpreting relationships between elements in
garnets both within a single experiment and between experiments. The errors
associated with derived quantities (e.g., Al- and Si-deficit) are ultimately the errors

associated with measurement of Al and Si content in the garnets. For the EPMA
routine used in this study, the relative standard deviations (RSD = 100 %E, where SE

is the 1o standard error of the measurement and x is the measured value of a given
element) of individual element measurements result in minimal errors in the
derived quantities (Si- and Al-deficit, excess cations) and are encompassed in the
error bars reported for the derived quantities (Table 3). Intra-experimental
variations in garnet composition are generally higher than the analytical error.
Ultimately, the intra-sample errors on elemental measurements have a
significant impact on the error bars on the derived quantities, in particular the

excess cation values. Error propagation of the intra-sample errors for the excess
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cations can be approximated using the formula:

SD(excess M**) = \/(SDy4)? + (SDge)? + (SDre)? + (SDyn)? . This formulaisa
minimum error on the excess M2+ cations because it neglects the correlation
coefficient between the variables which has been shown (Kohn and Spear 19913,
1991b) to be important when estimating errors on normalized formulae. The
propagated errors on the excess M2+ values are often greater than the quantities
themselves. For example the calculated excess M2+ value for sample 15-AMPH is
0.08 £ 0.14. In the same sample the Al deficit is 0.08 + 0.02. Combining multiple
sources of errors also makes it difficult to determine the proportions of substitution
mechanisms contributing to individual data points.
Discussion

Understanding the factors influencing Ti solubility in garnet is important for
interpreting crustal and mantle geochemical processes. In the following discussion
we aim to demonstrate, using garnets grown at eclogite- and granulite-facies
conditions, that (1) Ti incorporation must occur through multiple substitution
mechanisms onto the octahedral site, (2) Ti incorporation into garnet is influenced
by VIICa and is correlated with increases in Fe/Mg fractions in garnet, clinopyroxene
and the melt, (3) temperature, melt composition and garnet-melt Kp values can be
used to predict Ti concentrations in garnet, and (4) exsolution of rutile from high-
grade garnets can be explained using the substitution mechanisms observed in this
study and open system exchange between garnets and their mineral or melt matrix.

Attainment of equilibrium
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The observation of chemical zoning in garnets and pyroxenes demonstrates
disequilibrium within the experimental assembly. Calibrations of the garnet-
clinopyroxene Fe-Mg exchange thermobarometer have noted zoning in garnets at
temperatures and pressures equivalent to our experimental conditions (Yoder and
Tilley 1962; Raheim and Green 1974). Reversal experiments (Pattison and Newton
1989) indicate that the rim compositions of non-reversed garnet and clinopyroxene
are closest to the equilibrium value. By this logic, zoned minerals in our experiments
will be closest to the equilibrium value near their rims. Fe-Mg exchange
thermobarometry (given T, P, Xgrs and molar Fe/Mg in clinopyroxene and garnet)
applied to a core-rim transect in a zoned garnet from experiment 8-GLOSS (an
experiment with large and relatively unzoned clinopyroxene) using the (Ellis and
Green 1979) calibration demonstrate a rim-ward approach toward the expected
equilibrium value (Fig. 5). This observation validates the analytical approach of
measuring mineral compositions near their rims.

In all of the experiments that were seeded with garnet (with the exception of
9-GLOSS), the garnet seeds have sharp edges and appear fragmented, suggesting no
dissolution of the seeds prior to crystallization. However, in the experiment 9-
GLOSS the garnet seed is rounded with irregular faces, suggesting at least a minimal
amount of dissolution prior to epitaxial crystallization of new garnet. Because the
Gore Mountain seed garnet is relatively Fe- and Mg-rich, this likely changed (at least
locally) the melt composition from which the garnets were crystallizing. In return,

this created new garnet growth that is relatively Fe and Mg rich (relative to 4-
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GLOSS), and subsequently deficient in Ti relative to garnets from 4-GLOSS that were
grown without a seed.

Similarly, garnet-clinopyroxene Fe-Mg partition coefficients K,; =

(Fe/Mg)Gt/

Fe/Mgcpx for the experiments of Rapp and Watson 1995 and this study

match the experimental calibrations (Raheim and Green 1974; Ellis and Green 1979;
Pattison and Newton 1989; Ravna 2000) for Fe-Mg exchange. The spread in
calculated temperatures for this study (Fig. 6) are similar to the spread in higher-
temperature experiments of Rapp and Watson 1995— validation that even the
lower temperature garnets of this study approached equilibrium conditions.
Substitution mechanisms

Proyer et al,, 2012 laid a theoretical framework for understanding possible

substitution mechanisms of octahedral Ti incorporation into garnet. These include:
(1) VIt 4 VI + VI g2+ 4 VI Al3+,
) VITi* £ VMR 2V1A13+,
3) V'Ti*" + VAP & VAP + VSi*" (Ti—tschermak),
@) V'Ti*" + VFe’" o V(AL Fe)’ "+ "VSi*(Ti-andradite),

(5) "o+ 2Y'Ti* o VM + 2V'AT (o denotes vacancy).

Additionally, Ti incorporation into garnet could take place via direct substitution for

Si on the tetrahedral site:

(6) IVTi4+ PN IVSi4+
Incorporation of VITi#* with VIINa* (mechanism 1) onto the dodecahedral site is a

plausible substitution mechanism in some natural systems where the measured Na
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content of the garnet equals (Auzanneau et al. 2009) or exceeds Ti content (e.g. grt2
from (Krenn et al. 2008; Proyer et al. 2013). However, the concentration of Na in
many natural garnets is appreciably lower than that of Ti. In the experimental
garnets grown for this study, Na concentrations were near or below the EPMA
detection limit and far below the Ti content, reducing the possibility of the Na
substitution as a dominant substitution mechanism.

The roles of substitution mechanisms 2, 3 and 5 can be assessed by comparing
the Ti content of garnet with cation-normalized deficits on the Al and Si sites. If Ti
sits on the octahedral site via a coupled substitution with an octahedrally-
coordinated M2+ cation, the slope between Ti content and Al deficit on the Al site [2-
Al (a.p.f.u)] should equal 2. If the Ti-tschermak substitution dominates, there is no
net loss of Al with Ti incorporation, so the slope between Ti and Al deficit will equal
zero. Similar arguments can be made in Ti versus Si deficit space [3-Si (a.p.f.u)]. If
the Ti + M2+ substitution or vacancy mechanism dominate, the slope between Ti and
Si deficit should be zero, while the Ti-tschermak substitution mechanism will result
in a slope of 1.

Least-squares linear regression of the data in Ti versus Al deficit space (Fig. 7a)
exhibits a slope of 1.32— between the expected trends of mechanisms 2 and 3.
While closer in slope to the expected slope (2) for mechanism 2 /5, the data are
shifted to a lower Al-deficit value. This would be expected if Al is also incorporated
onto the tetrahedral site (mechanism 3).

As in the case of the Ti vs. Al deficit trends, the slope of the data in Ti versus Si

deficit space (0.39) lies between mechanisms 2 or 5 and 3 (Fig. 7b). These combined
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observations suggest Ti incorporation occurs predominately via both mechanisms 2
and 3. Integrating mechanisms 2 and 3 onto a single plot [Al deficit + 2(Si deficit)]
(Fig. 7¢) yields a positive correlation with a slope of 2.07 + 0.16, within error of the
theoretical value. In Ti and Al-deficit or Si-deficit space, scatter from the linear
regression is likely a function of both the inherent analytical scatter and varying
contributions of the two substitution mechanisms to the individual experiments.

It is not possible to deconvolve the vacancy mechanism (mechanism 5) from
mechanism 2 in Ti versus Al deficit space, or from mechanism 3 in Ti versus Si
deficit space. However, the vacancy mechanism alone does not account for the
positive correlation between Ti and Si-deficit. Similarly, the andradite-type
substitution mechanism (mechanism 4) should result in positive trends between Ti
an Al-deficit and Si-deficit space, but alone cannot account for the total variability
observed in Figure 7. Whereas the combination of mechanisms 2 and 3 provide the
best fit to the data, mechanisms 4 and 5 could also contribute to the incorporation of
Ti into garnet. Using Al-deficit and Si-deficit calculations, it is clear that no one
substitution mechanism controls Ti incorporation in garnet.

If only the vacancy substitution (m5) is invoked, it fails to account for the
observed trend between Ti and Si-deficit, and convolving m5 with m3 to account for
the Ti vs. Si-deficit trend would push the slope in Ti versus Al-deficit space to a value
<1, not >1 as demonstrated in Figure 7. The Fe3* Ti-andradite mechanism (m4)
could conceivably account for the positive slope in Ti versus Si-deficit space, and the
substitution of Fe3+ for Al3* in the octahedral site irrespective of Ti content could

occlude the use of Ti versus Al-deficit. Still, the slope <1 in Ti versus Si-deficit
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suggests that m4 is not the only possible substitution mechanism responsible for Ti
incorporation.

In addition to the substitution mechanisms discussed above, Ti3* could
substitute onto the octahedral site via a direct substitution for Al3* (Krawczynski et
al,, 2009), or Ti#* could substitute for Si#* on the tetrahedral site. For the sake of
brevity, these substitutions will be regarded as negligible contributions to the Ti
content of the experimental garnets and are not discussed further here (but see the
companion paper on XANES spectroscopy of natural garnets).

Relationship between Ti and other cations in garnet

Coupled substitution of Ti via mechanism 2 involves the incorporation of an
additional cation (Fe, Mg, Ca, or Mn) on the octahedral site in garnet. Trends
between Ti and the divalent cations can indicate which cations are most likely to be
involved in this mechanism. Still, because the dodecahedral site holds multiple
elements, chemical trends alone cannot directly discern which elements are being
incorporated octahedrally with Ti. Octahedral Mg has been observed in high
pressure systems (10s of GPa) as a component of majoritic garnet (Hazen et al.
1994) and more recently in the end-member garnet menzerite (Grew et al. 2010)
from granulite-facies rocks. Octahedral Fe2* (in conjunction with octahedral Ti) is
suggested in the hypothetical end-member garnet morimotoite (Henmi et al. 1995)
while the large ionic radius of Ca is typically believed to inhibit octahedral Ca
solubility (Novak and Gibbs 1971; Bosenick et al. 2000).

Of the divalent cations, only Ca is positively correlated with Ti incorporation

over the entire experimental range (Fig. 8). This trend suggests that Ca content
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plays a significant role in Ti incorporation. The large ionic radius of Ca imparts high
strain on the dodecahedral site (Armbruster and Geiger 1993; Ballaran et al. 1999),
and has also been shown to influence the bonding environment of the octahedral
and tetrahedral crystallographic sites. It also makes Ca substitution onto the
octahedral site unlikely (Bosenick et al. 2000). Additionally, the dodecahedral site in
high-Ti natural garnets [morimotoite (Ca3TiFe2*Si3012) and schorlomite
(CasTizSiFez3+012), (Grew et al. 2013)] is almost entirely occupied by Ca (Kuhberger
et al. 1989; Henmi et al. 1995; Chakhmouradian and McCammon 2005). Ultimately,
the covariance between Ti and Ca suggests that— regardless of the substitution
mechanism— increasing dodecahedral Ca results in an increase in octahedral Ti
solubility.

Unlike Ca, Mg decreases in concentration with increasing Ti (Fig. 8d). This
negative correlation does not immediately discount the possibility of VIMg solubility
as a charge-balancing cation with VITi, especially considering that its VI-fold ionic
radius is the closest of the divalent cations to VIAI3*. However, the range of run
conditions between experiments, differences in bulk compositions, varying degrees
of melting of multiple bulk compositions, multiple mineral assemblages could all
account for changes in Mg content irrespective of Ti.

There is no significant correlation between Ti and Mn in the experimental
garnets, yet the possibility that Mn is incorporated with Ti octahedrally cannot be
discounted. From an ionic radius perspective, Mn is less likely to incorporate with Ti
than Fe and the general increase in Fe with Ti suggests it is the most likely cation to

substitute octahedrally with Ti. However, many garnets from this study exhibit
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higher Fe and lower Mg relative to other phase equilibrium studies (Fig. 8) and have
a negative trend in Fe versus Ti space compared to the positive trend exhibited in
other experimental studies. This trend can be explained by the convolution of
temperature and grossular content ultimately influencing Fe-Mg partitioning in
garnet. The effect of T and X, on Fe-Mg exchange between garnet and cpx has
been well-documented experimentally (Ellis and Green 1979; Pattison and Newton

1989). Decreasing T and increasing X, result in an increase in the garent-cpx Fe-

Fe/M
Mg Kp, where K, = (Fe/ g)gt/(Fe/Mg)cpx' Compared to the experiments of

Rapp and Watson (1995), our experiments were performed at lower temperatures
and the garnets contain higher X,;. These will produce a higher K, and lead to

more Fe in the garnets. Despite the negative trend in Fe-Ti space exhibited by many
garnets in this study, the overall Fe content of garnets along the negative trend is
higher than the Fe content of garnets along the positive trend (Fig. 8c). The higher
Fe content of these garnets suggests the negative trend does not preclude Fe
incorporation on the octahedral site with Ti.

The discrepancy between Fe and Mg content relative to Ti from many of the
experiments of this study relative to other studies (Fig. 8c,d) is reflected in the
partitioning of Fe and Mg between garnet and melt and clinopyroxene (Fig. 9). Relative
to the Ti and grossular content of garnets, several experiments from this study have
elevated Fe/Mg values compared to those of Rapp and Watson 1995 (Fig. 9¢c.e). The
higher Fe/Mg fractions of these garnets is accompanied by higher Fe/Mg values in both

the clinopyroxene and melt (Fig. 9a,b). This apparent increase in Fe/Mg fractions of the
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major phases in the experiments has no apparent affect on Ti concentration in the garnet,
which could indicate that Ca content and/or T have a greater influence on Ti
concentration than do the almandine or pyrope component of garnet.

The elevated Fe in some of the experimental garnets from this study relative to the
main body of data in Fig. 7¢ is not easily resolved by differences in phase assemblage, as
the phase assemblage is identical to many of the experiments on the main trend. Also,
experiments from all three bulk compositions are in both the high- and low-Fe groups,
suggesting bulk chemistry does not play a significant role in creating the elevated Fe
garnets.

A third possible explanation would be elevated Fe due to the presence of Fe’* as
andradite (CasFe’,Si301,). This is unlikely for several reasons. First, all experiments
reported in this study were buffered at the FMQ buffer, lower than the nickel-nickel
oxide buffer of the other studies reported in Figure 8 and therefore likely to contain less
Fe®*. Second, the increase in Fe is accompanied by a decrease in Mg (Fig. 7c,d).
Including ferric iron as andradite onto the octahedral site should not affect the solubility
of Mg on either the dodecahedral or octahedral sites.

Comparing the Ti content of garnet with Fe/Mg partitioning between garnet and
clinopyroxene reveals the most likely explanation for the observed trends. The Fe-rich
garnets are accompanied by Fe-rich clinopyroxene and melt, resulting in continuous
trends in T10,-Kp, space. The increase in Fe/Mg in garnet, clinopyroxene and melt could
reflect differences in bulk Fe or Fe activity of the melt, Fe loss in other studies, Fe
contamination from the sample preparation process, or uncharacterized phenomena.

Factors controlling Ti incorporation
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Given the non-ideality of garnet solid solutions (Ellis and Green 1979; Harley
1984; Koziol and Bohlen 1992, 1992; Ungaretti et al. 1995; Nakamura 2009), the
size of analytical errors, and a lack of activity buffering phases (quartz,
aluminosilicate, rutile) in many experiments it has not been possible to fit a
thermodynamic partitioning model to garnet-melt partitioning behavior. Attempts
to create other Ti-based thermobarometers— e.g., for micas, where Ti incorporation
occurs through only the mechanism VITi4+ + IVA]3+ [ VIAI3+ + IVSj4+— have yielded
mixed results. Auzanneau et al. (2009) demonstrated a positive pressure
dependence of Ti incorporation in experimentally-grown micas, and subsequently
calibrated a Ti-in-phengite barometer, while Chambers and Kohn (2012) observed
virtually no pressure dependence of Ti incorporation in a database of experimental
micas. Chambers and Kohn (2012) also note that the dependence of Ti-in-mica on
the compositions of the mineral phases involved in the reaction significantly
diminishes the application of Ti-in-mica for estimating T and P. In contrast, Henry et
al. (2005) created an empirical Ti-in-biotite geothermometer by fitting Ti to
Fe/(Fe+Mg) and T in a suite of peraluminous metapelites from Maine. In the
experimental garnets of this study, there is no obvious relationship solely between
Tiand T or Ti and P (Fig. 10).

Given the thermodynamic limitations stated above, we created an empirical
fit to the experimental data set using T, P, and various compositional parameters
[Xors, Fe/(Fe+Mg) in garnet, melt composition (FM, M, and ASI parameters)].
Convolving garnet-melt partitioning, melt composition and temperature provided

the best empirical fit to the data.
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Previous studies have demonstrated the systematic behavior of mineral-melt

Gt
x§] . . .
Kp values (Kp, = X—TL‘, where X£f and X%, are the cation mol fractions of Ti in garnet

Ti

and coexisting silicate melt, respectively) with respectto T, P, X ,320, and melt

composition (Mahood and Hildreth 1983; Blundy and Wood 1994). Several melt
composition parameters were tested to obtain the best fit between melt
composition and Kp, including M (Watson and Harrison 1983; Boehnke et al. 2013),
ASI (Zen 1986) and the closely related FM (Ryerson and Watson 1987; Hayden and

Watson 2007), which was modified from the original M of Watson and Harrison

Na+K+2(Ca+Mg+Fe)
Al

(1983) by inclusion of Mg and Fe [FM = % ], where the element

symbols represent cation fractions). Both FM and its predecessor M are empirical,
quasi-thermodynamic melt composition parameters that capture the expected
inverse dependence of the activities of highly-charged ions (Zr#+, Ti#*) in the melt
upon melt SiO2 content, as well as the role of univalent and divalent cations present
in the melt in excess of Al. (Watson 1976; Ryerson and Hess 1978; Dickinson Jr. and
Hess 1985; Ryerson and Watson 1987; Hayden and Watson 2007). As a predictor of
Ti uptake of garnet in equilibrium with felsic melt, FM yielded a better fit to our
data.

Garnet-melt Kp> values fit to 1/T (in Kelvin) and FM using a non-weighted

multiple linear regression yields the relationship:

4358.18(+1129.77)

InK,, = —1.701(+£0.984) + — 0.720(+.068)FM

with an adjusted R?=0.85 (Fig. 12). The errors reported are errors in the fit of model

to the data, and do not take into account analytical uncertainties or the standard
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errors of the measurements of individual garnets from a single experiment. Several
linear and non-linear curve fitting techniques were applied to the data, but
ultimately the multiple-linear regression yielded the best fit. Fitting of Ti between
garnet compositional parameters (Fe/Mg, Xgrs), T and P without melt compositional
parameters yielded poor fits (adjusted R? values less than 0.3), suggesting a strong
melt composition effect on Ti incorporation.

This model relates a decrease in both temperature and FM value to an
increase in Kp2 (Fig. 12), which is consistent with previous studies of Ti
mineral/melt equilibria (Ryerson and Watson 1987; Hayden and Watson 2007) and
is able to reliably estimate Ti content in garnet (Fig. 13). Over the experimental
range FM exerts stronger influence on partitioning than does T, as demonstrated by
the shallow slope of the FM isopleths in T-InKp space.

Unlike similar models that include a pressure term (Ryerson and Watson
1987), pressure was not included into this model as it resulted in a decrease in the
adjusted RZ? value of the linear regression fit and fitting errors on the coefficient of
the pressure term were larger than the coefficient itself. This does not discount the
possibility that pressure may influence the Kp, but rather that its effect is not
resolvable in this data set. Although there is no significant correlation between Ti
content of garnet and P over the investigated experimental range, at higher
pressures (5-15 GPa) Zhang et al., 2003 noticed an increase in Ti solubility
attributed to a significant majorite component (VISi+* + VIMg?2+ = 2VIAI3+) in the
garnet. Increased partitioning of Ti into garnet due to an increase in the majorite

component is reasonable for mantle garnet, but this occurs at pressures much
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higher than those experienced by most continental high-grade garnets, including
those containing exsolved rutile needles (Ague et al. 2013; Proyer et al. 2013; Zhang
et al. 2005a).

One of the interesting features of this model fit is the shift in Ti compatibility
between garnet and melt. As temperature and FM value decrease Kp reaches a point
(InKp>0) where Ti is more compatible in garnet than the melt. Low degree partial
melts of experimental intermediate to mafic rocks have melt FM values (and lower
T) that generate garnets into which Ti is compatible. Increasing temperature leads
to an increase in the degree of partial melting and ultimately the generation of
garnets that contain less Ti than the melt. There is significant scatter in the data
relative to the fit (Fig. 11) that reduces the utility of this model to understanding the
composition of garnet-bearing melts. Given the thermodynamic implications of a
shift in Ti compatibility between garnet and melt, the observations and the model fit
to garnet-melt Ti partitioning warrants future study. It should also be noted that—
relative to changes in Ti content of garnets— variations in the Ti content of the melt
play a strong role in the partitioning behavior of Ti between garnets and melt.

In natural systems, melting of metapelitic and metabasaltic rocks will initially
create leucosome melts in which Ti is incompatible relative to garnets that may
crystallize from the melt. For example, the melting of granulite-facies metapelites in
the Limpopo Belt of South Africa (Taylor et al. 2014) occurs via dehydration of
biotite and muscovite for garnet * cordierite and orthopyroxene. Bulk “stromatic”
leucosomes from these metapelites have an FM value near 1, suggesting that garnet

crystallization will initially cause Ti depletion in the melt.
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Disparity between experimental and natural garnets

Observations from natural high-grade systems support the conclusion from
our experiments that Ti and Mg are not positively correlated, which suggests that Ti
incorporation via mechanism 2 does not utilize Mg. Experimental results shown
here demonstrate that garnet can incorporate Ti up to several wt. % in garnets with
higher almandine and grossular components. High-grade natural garnets with
appreciable almandine and grossular components (e.g. UHT garnets of (Ague et al.
2013)) have Ti content up to 0.374 wt. %, and evidence of higher Ti solubility exists
in the form of crystallographically-aligned rutile needles. Contrastingly, the coesite-
bearing, grossular-poor Dora Maira pyrope (grown in the presence of rutile) has
almost no detectible Ti and no evidence of Ti loss through re-equilibration (Schertl
et al. 1991). Whereas it is difficult to include Ca onto the octahedral site in garnet,
the apparent increase in Ti solubility with increases in grossular and almandine
components in synthetic garnets should also be born out in observations from
natural systems (see Ackerson et al,, this issue). Given the correlation between high
Ti in our experimental garnets and high Ca and Fe (up to 12.7 wt. % CaO) relative to
high grade pyrope-rich garnets that do not contain exsolved rutile needles, it is
likely that the solubility of Ti in natural pyrope-rich garnets is too low to
accommodate rutile exsolution. Furthermore, if Ca and/or Fe play significant roles
in the solubility of Ti in high-Ti garnets it is conceivable that the substitution
mechanisms governing Ti substitution (and Ti solubility) will change depending on
the grossular, almandine and/or andradite component of the garnets.

Relevance to UHP/UHT systems and rutile exsolution
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The exsolution of crystallographically-aligned rutile needles in garnets from
high-grade metamorphic rocks is difficult to explain with closed-system reaction
mechanisms because Ti cannot be stoichiometrically removed from garnet.
Extensive discussion of the history of the rutile exsolution debate is available in the
literature (Van Roermund et al. 2000; Zhang et al. 2003; Hwang et al. 2007; Ague et
al. 2013; Proyer et al. 2013). Proyer et al. (2013) adopt open-system precipitation
(OSP) as a viable alternative to form rutile needles.

In OSP, garnet initially crystallizes with appreciable lattice-bound Ti. As the
garnet-bearing rock migrates through the crust, Ti solubility in the garnet decreases
and eventually reaches a point where rutile needles are exsolved from the garnet
lattice. In this model, Ti does not migrate out of the crystal, but rather nucleates
rutile needles in response to changing Ti solubility. OSP requires diffusive exchange
of atoms (02, M2+, Si** or e-) between a static garnet-melt or garnet-matrix interface
and little to no movement of Ti out of the crystal. Another key requirement of OSP is
Al3+ solubility on the tetrahedral site and subsequent mobility to the octahedral site
during rutile exsolution. For example, (Proyer et al. 2013) suggest the following
reaction as one possible means to produce exolved rutile:

M3(M,Ti)Siz0,, + 3M5(TiAl)(ALSi,) = 3M3Al,Si304, + 4Ti0, + 4MO
In this example, oxygen and a divalent cation diffuse out of the crystal, Al moves to
the octahedral site and rutile is exsolved. Alternatively, the vacancy mechanism
(m5) could account for rutile exsolution, but would not require the long diffusive

length scales required to move divalent cations out of the garnet crystals.
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OSP requires that garnets can incorporate enough Ti under reasonable
conditions to favor rutile exsolution upon exhumation, and substitution mechanisms
that can explain the seemingly non-stoichiometric exsolution of rutile from garnet.
Our experimental observations suggest that Ti can be incorporated at
concentrations greater than 2 wt % in garnet grown at UHP and UHT conditions,
and that Ti is incorporated by at least two substitution mechanisms in garnet.
Additionally, rutile exsolution from garnet requires exhumation rates slow enough
at and at high enough temperatures for Ti to diffuse through the garnet lattice to the
site of rutile nucleation. It is unclear whether or not the conditions needed to
exsolved rutile are conducive to loss of the charge-compensating M2* cations out of
the garnet. Still, the theoretical framework of Proyer etal. (2013) and our
experimental demonstration of the possible substitution mechanisms governing Ti
incorporation into garnet provide a realistic picture of rutile exsolution from high-
grade metamorphic rocks.

Implications

Incorporation of Ti into experimentally-grown garnet is convolved with a
departure from ideal M2+:Al:Si stoichiometry. These stoichiometric departures can
be used to determine the mechanism(s) by which Ti is incorporated into the garnet
lattice. Ti incorporation in experimental garnets occurs on the octahedral site
primarily via two substitution mechanisms: VITi4+ + VIM2+ 2 2VIA]3+ and VITi4* + IVA]3+
VIA]3+ + IVSj4+ It is also conceivable that a vacancy or andradite-type mechanism
could contribute to Ti solubility in garnet, at least to a small degree. Although it is

not clear exactly which substitution mechanisms govern the majority of Ti solubility
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in these garnets, it is important to note that no single substitution mechanisms can
account for the incorporation of Ti in garnet. This observation significantly
diminishes the possibility of thermodynamically-constrained Ti-in-garnet
thermobarometry. Additionally, the wide range of T, P, and compositions
investigated experimentally in this study allow for an empirical calibration of the Ti
content in garnet as a function of T and melt composition.

Our experimental results demonstrate that garnet grown experimentally at
eclogite and granulite facies conditions can incorporate up to 2.1 wt. % Ti, unlike
most mid-crustal garnets that typically contain less than 0.1 wt. % TiO». These
combined observations demonstrate that garnets from high-grade metamorphic
systems can incorporate Ti in sufficient quantities and via multiple substitution
mechanisms to facilitate exsolution of rutile needles. Garnets at the surface that
contain crystallographically-aligned exolved rutile needles probably experienced
high-grade metamorphic growth. In addition to Ti solubility considerations, garnets
would need to maintain elevated temperature for a sufficient amount of time to
allow for the diffusive movement of Ti through the lattice and subsequent rutile
exsolution. It is worth noting that the experiments of this study were performed at
relatively high temperatures and pressures and as such do not preclude Ti solubility
in lower-grade garnets.

As has been observed in high grade garnets (Ague and Eckert 2012; Axler
and Ague 2015), crystallographically-aligned rutile needles can be accompanied by
Ti depletion halos in the surrounding garnet. Future work to elucidate the

mechanisms and rates of Ti diffusion in garnet could be used to extract cooling and
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exhumation rates of garnets containing exolved rutile needles (as described by
Cherniak et al. 2007 for quartz), especially if combined with a similar approach to P
depletion in garnets with exolved apatite needles (Axler and Ague 2015).
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List of Figure Captions
Figure 1: Typical experimental assembly design for fO;-bufferd piston cylinder
experiment.
Figure 2: Temperature and pressure range of experiments. Black circles are
experiments from this study, open squares from Qian and Hermann (2013), black
plus symbols from Rapp et al. (1995), and open circles are from Tailby (2009).
Metamorphic facies adapted from Spear et al.,, 1993. Geobarometric gradient
calculated assuming an average crustal thickness of 41.1 km and an average crustal
density of 2830 kg/m3 from Christiansen and Mooney. Geotherm with pressure

from Sclater et al., 1980.
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Figure 3: Secondary fluorescence in garnet adjacent to ilmenite. The garnet-
ilmenite sandwich experiment and PENEPMA simulation demonstrate significant
secondary fluorescence at distances up to 45 um from the garnet-ilmenite interface.
In an experimental garnet with an ilmenite inclusion, secondary fluorescence is not
observed until 5 um from the interface.

Figure 4: Results of garnet synthesis experiments. a Typical fO2-buffered run
product with the experiment and fO; buffer juxtaposed against one another with a
Pd foil membrane to facilitate H movement between capsules, the charges and
subsequent fO; buffering at FMQ. b Backscatter electron images (BSE) of several
experimental run products. In some experiments (e.g. GLOSS at 850 °C and 1.5 GPa)
garnets are large and relatively inclusion free, and contain segregated melt pools
large enough for analysis. Conversely, other experiments (e.g. MORB at 850 °C and
2.5 GPa) contain garnets with too many Fe-Ti oxides to be analyzed without
secondary fluorescence contamination, and melt segregations too small to analyze.
Figure 5: Core-rim changes in Ti content and garnet-clinopyroxene Fe/Mg Kp in a
garnet from sample 8-GLOSS. The horizontal line is the Kp for this garnet
composition, temperature and pressure estimated using the garnet-clinopyroxene
Fe-Mg exchange thermobarometer from Ellis and Green, 1979. The rim-ward
approach of the Kp to the expected value suggests cores of zoned garnets are out of
chemical equilibrium with the melt and rims of other mineral phases.

Figure 6: Known experimental temperatures compared to temperatures calculated
using multiple models for Fe-Mg partitioning between garnet and clinopyroxene.

Black line is the 1:1 line between experimental and calculated temperatures.
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Colored lines are linear regressions to the calculated temperature, corresponding in
color to the model fits. Colored dashed lines are the 95% confidence bands for the
linear regressions.

Figure 7: Relationships between Ti and oxide-normalized deficits in Al and Si.
Dashed lines represent the ideal vectors for substitution mechanisms 2, 3, and 5.
a,b Individually, Ti versus Al- and Si-deficits do not match the ideal vectors. ¢
Combining substitution mechanism 2 and 3 yields a reasonable fit to the idealized
substitution vectors.

Figure 8: Variations between Ti and M2* cations in garnet, expressed in atoms per
formula unit (a.p.f.u.), based on 12 oxygens.

Figure 9: Relationship between Ti and Fe/Mg content of garnet and other phases.
Open circles are samples from this study that fall along the trend of the Rapp and
Watson 1995 data in figure 7c,d. a,b Molar Fe/Mg fractions in garnet compared to
molar Fe/Mg fractions in clinopyroxene and melt, demonstrating an overall increase
in Fe/Mg content of all three phases. ¢,d Grossular content of garnet versus Fe/Mg
fractions in garnet and Fe/Mg partitioning between garnet and clinopyroxene. Data
from Ellis and Green 1979 added to demonstrate the spread in data from a study
used to calibrate a garnet-clinopyroxene Fe-Mg partitioning thermobarometer. e,f Ti
content versus Fe/Mg fraction and garnet-clinopyroxene Fe-Mg exchange.

Figure 10: Ti versus T (°C) and P (GPa) in experimental garnets.

Figure 11: Model fit to garnet melt Kp values. a FM versus InKp contoured to T.b T
versus InKp for experiments whose melt compositions were within + 0.05 of integer

FM values.
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Figure 12: Three dimensional representation of the model fit between InKp, 1/T
and FM.

Figure 13: X%! (mole fraction Ti in garnet) observed from experiments versus the

values calculated using the empirical fit.
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921 Tables
922
Table 1: Bulk compositions of starting materials
GLOSS* AMPH* MORB
SiO, 66.17 53.11 49.43
TiO, 0.67 1.23 1.62
Al,0O; 13.48 17.22 15.97
Fe,03 — — 2.02
FeO 6.04' 11.72" 7.61
MnO 0.38 0.23 0.17
MgO 2.81 6.82 8.5
Cao 5.07 4.3 10.73
Na,0 2.82 4.51 2.87
K,O 2.35 0.85 0.18
P,0s 0.19 — 0.15
H,0 — — 0.12
*indicates synthetic starting material, *represents total Fe
923
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Table 2: Phase assemblages from experiments

T P "

°C) (Gpa) assemblage
10-GLOSS 800 1.5 grt, cpx, ilm, zrn, mit
5-GLOSS 800 1.5 grt, cpx, opx, ilm, zrn, mit
10-MORB 800 1.5 grt, cpx, amp, rt, zrn, spn, mlt
10-AMPH 800 1.5 grt, cpx, amp, ilm, zrn, mlt
5-AMPH 850 1.5 grt, cpx, amp, ilm, mag, zrn, mit
8-GLOSS 850 1.5 grt, cpx, ilm, zrn, mit
17-GLOSS 850 1.5 grt, cpx, ilm, zrn, mit
17-AMPH 850 1.5 grt, cpx, opx, amp, ilm, zrn, mlt
4-GLOSS 900 1.5 grt, cpx, ilm, zrn, mit
9-GLOSS 900 1.5 grt, cpx, ilm, zrn, mit
4-MORB 900 1.5 grt, cpx, rt, zrn, spn, mit
4-AMPH 900 1.5 grt, cpx, amp, ilm, zrn, mit
7-AMPH 950 1.5 grt,ilm, zrn, mlt
15-GLOSS 800 2.5 grt, cpx, rt, gz, zrn, mlt
15-MORB 800 2.5 grt,cpx, rt, zrn, mit
15-AMPH 800 2.5 grt, cpx, rt, zrn, mlt
13-GLOSS 850 2.5 grt, cpx, ilm, rt, zrn, mit
12-MORB 850 2.5 grt, cpx, rt, zrn, mlt
11-AMPH 850 2.5 grt, cpx, opx, ilm, zrn, mlt
14-GLOSS 900 2.5 grt, cpx, llm, rt, zrn, mlt
14-MORB 900 2.5 grt, cpx, rt, zrn, mlt
14-AMPH 900 2.5 grt, cpx, opx, ilm, zrn, mit

*Abbreviations from Whitney and Evans, 2010. (grt) garnet,
(cpx) clinopyroxene, (opx) orthopyroxene, (amp) amphibole,
(ilm) ilmenite, (rt) rutile, (zrn) zircon, (spn) sphene/titanite,
(mlt) melt
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Table 3: Compositions of experimental garnets

10-GLOSSb 10-GLOSS 5-GLOSS 10-MORB 10-AMPH

T(°C) 800 800 800 800 800
P (Gpa) 15 1.5 1.5 1.5 1.5
time (hr) 24 48 72 48 48
garnet seed* Y Y Y Y Y
no. analyses 12 37 15 14 12

& & wt % é wt % i wt % @ wt % @
Sik** 37.01 295 36.43 294 36.73 2.97 38.59 2.95 36.98 2.94
SER 0.17 0.01 0.08 0.01 0.30 0.02 0.14 0.01 0.19 0.01
Ti 1.56 0.09 1.56 0.09 1.32 0.08 1.03 0.06 0.96 0.06
SE 0.03 0.00 0.02 0.00 0.09 0.00 0.06 0.00 0.23 0.01
Al 19.36 1.82 19.07 1.81 19.03 1.81 21.83 1.97 20.54 1.92
SE 0.31 0.03 0.26 0.02 0.16 0.02 0.14 0.01 0.32 0.03
Fe 27.60 1.84 27.68 1.87 2577 1.74 20.83 1.33 31.00 2.06
SE 0.48 0.04 0.75 0.05 0.36 0.02 0.24 0.02 0.33 0.04
Mn 1.15 0.08 1.36 0.09 2.66 0.18 1.21 0.08 0.36 0.02
SE 0.15 0.01 0.06 0.02 0.03 0.00 0.08 0.01 0.04 0.00
Mg 1.66 0.20 1.92 0.23 2.73 0.33 5.63 0.64 3.79 0.45
SE 0.28 0.01 0.18 0.01 0.11 0.02 0.25 0.02 0.92 0.04
Ca 12.70 1.08 11.77 1.02 10.64 0.92 11.82 0.97 6.88 0.59
SE 0.58 0.05 0.52 0.06 0.27 0.02 0.21 0.02 0.57 0.03
SUM 101.05 99.79 98.87 100.95 100.52
aldef 0.18 0.19 0.19 0.03 0.08
SE 0.03 0.02 0.02 0.01 0.03
Si def 0.05 0.06 0.03 0.05 0.06
SE 0.01 0.01 0.02 0.01 0.01
Al def + 2 Sidef 0.29 0.31 0.24 0.13 0.20
SE 0.01 0.01 0.01 0.01 0.02
ex cat 0.19 0.21 0.18 0.02 0.12
SE 0.07 0.08 0.04 0.04 0.07
Xers 0.34 0.32 0.29 0.32 0.19
Xaim 0.58 0.58 0.55 0.44 0.66
Xorp 0.06 0.07 0.10 0.21 0.14
Xsps 0.02 0.03 0.06 0.03 0.01

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

41



929
930

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 will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5632

Table 3 cont'd: Compositions of experimental garnets

5-AMPH 8-GLOSS 17-GLOSS 17-AMPH 4-GLOSS

T(°C) 800 850 850 850 900

P (Gpa) 1.5 1.5 1.5 1.5 1.5

time (hr) 72 48 48 48 48
garnet seed* Y Y Y Y N

no. analyses 21 32 6 15 12

wt % o wt % o wt % o wt % o wt % o
nrml nrml nrml nrml nrml
Si** 37.43 2.98 37.02 2.95 37.78 297 37.05 2.97 37.00 2.94
SD@ 0.22 0.02 0.34 0.03 0.51 0.04 0.19 0.02 0.10 0.01
Ti 0.91 0.05 1.44 0.09 1.67 0.10 1.34 0.08 1.89 0.11
SD 0.02 0.00 0.14 0.01 0.12 0.01 0.34 0.01 0.16 0.01
Al 20.11 1.89 19.74 1.85 20.04 1.85 19.78 1.87 19.56 1.83
SD 0.18 0.02 0.57 0.06 0.30 0.03 0.27 0.03 0.27 0.03
Fe 28.20 1.88 29.67 1.98 29.30 1.92 30.14 2.02 26.19 1.74
SD 0.35 0.02 0.75 0.05 0.51 0.04 0.46 0.04 1.95 0.13
Mn 0.94 0.06 1.32 0.09 1.65 0.11 0.41 0.03 2.13 0.14
SD 0.25 0.01 0.13 0.01 0.02 0.00 0.08 0.00 0.20 0.02
Mg 411 0.49 2.53 0.30 2.36 0.28 3.44 0.41 3.52 0.42
SD 0.41 0.04 0.26 0.04 0.62 0.04 0.18 0.02 0.27 0.03
Ca 7.90 0.67 9.15 0.78 9.29 0.78 7.55 0.65 9.88 0.84
SD 0.27 0.03 0.51 0.03 0.25 0.02 0.26 0.01 1.02 0.09
99.60 100.88 102.09 99.71 100.17

aldef 0.11 0.15 0.15 0.13 0.17
SE 0.02 0.06 0.03 0.03 0.03
Si def 0.02 0.05 0.03 0.03 0.06
SE 0.02 0.03 0.04 0.02 0.01
Al def + 2 Sidef 0.15 0.25 0.21 0.20 0.29
SE 0.01 0.03 0.02 0.01 0.01
ex cat 0.10 0.15 0.09 0.10 0.14
SE 0.05 0.08 0.06 0.05 0.16
Xers 0.22 0.25 0.25 0.21 0.27
Xalm 0.61 0.63 0.62 0.65 0.55
Xorp 0.16 0.10 0.09 0.13 0.13
Xsps 0.02 0.03 0.04 0.01 0.05
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Table 3 cont'd: Compositions of experimental garnets

9-GLOSS 4-MORB 4-AMPH 7-AMPH 15-GLOSS
T(°C) 900 900 900 950 800
P (Gpa) 1.5 1.5 1.5 15 2.5
time (hr) 48 48 48 48 48
garnet seed* Y N N Y Y
no. analyses 14 13 16 15 10
wt % o wt % o wt % Q- wt % o wt % o

nrml nrml nrml nrml nrml|
Si** 37.24 2.94 38.35 2.94 38.18 3.01 38.90 2.94 37.39 2.93
SDEI 0.26 0.02 0.25 0.02 0.22 0.02 0.22 0.02 0.49 0.04
Ti 0.39 0.02 1.62 0.09 1.15 0.07 2.04 0.12 1.63 0.10
SD 0.10 0.00 0.11 0.01 0.09 0.01 0.15 0.01 0.23 0.01
Al 21.58 2.01 21.39 1.93 19.54 1.81 20.95 1.87 20.71 1.92
SD 0.10 0.01 0.11 0.01 0.14 0.01 0.21 0.02 0.29 0.03
Fe 26.85 1.77 19.70 1.26 27.40 1.81 20.58 1.30 26.99 1.77
SD 0.37 0.02 0.25 0.01 0.32 0.02 0.44 0.02 0.52 0.04
Mn 1.85 0.12 0.88 0.06 0.63 0.04 0.78 0.05 0.67 0.04
SD 0.01 0.00 0.17 0.00 0.06 0.01 0.08 0.00 0.09 0.00
Mg 4.96 0.58 7.82 0.89 4.69 0.55 9.47 1.07 3.11 0.36
SD 0.07 0.01 0.11 0.03 0.06 0.01 0.06 0.03 0.37 0.04
Ca 6.92 0.58 9.97 0.82 8.64 0.73 8.24 0.67 10.52 0.88
SD 0.27 0.01 0.33 0.03 0.19 0.02 0.41 0.03 0.28 0.02

99.79 99.72 100.23 100.95 101.02

aldef -0.01 0.07 0.19 0.13 0.08
SE 0.01 0.01 0.01 0.02 0.03
Si def 0.06 0.06 -0.01 0.06 0.07
SE 0.02 0.02 0.02 0.02 0.04
Al def + 2 Sidef 0.11 0.19 0.17 0.25 0.21
SE 0.01 0.01 0.01 0.01 0.02
ex cat 0.06 0.03 0.13 0.09 0.06
SE 0.03 0.04 0.03 0.04 0.06
Xears 0.19 0.27 0.23 0.22 0.29
Xaim 0.58 0.42 0.58 0.42 0.58
Xorp 0.19 0.29 0.18 0.35 0.12
Xsps 0.04 0.02 0.01 0.02 0.01
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Table 3 cont'd: Compositions of experimental garnets

15-MORB 15-AMPH 13-GLOSS 12-MORB 11-AMPH
T(°C) 800 800 850 850 850
P (Gpa) 2.5 2.5 2.5 2.5 2.5
time (hr) 48 48 48 48 48
garnet seed* Y Y Y Y Y
no. analyses 15 15 10 18 13
wt % o wt % o wt % o wt % o wt % o

nrml nrml nrml| nrml nrml
Si** 39.09 2.95 37.38 294 36.56 293 38.86 294 37.90 2.95
SD@ 0.61 0.05 0.43 0.03 0.32 0.03 0.82 0.07 0.20 0.01
Ti 0.94 0.05 1.37 0.08 2.08 0.13 2.08 0.12 1.59 0.09
SD 0.30 0.01 0.12 0.01 0.13 0.01 0.85 0.05 0.04 0.00
Al 22.45 2.00 20.71 1.92 19.57 1.85 21.20 1.89 20.59 1.89
SD 0.25 0.02 0.23 0.02 0.50 0.04 1.16 0.11 0.21 0.02
Fe 20.34 1.28 28.81 1.89 27.35 1.83 17.51 1.11 24.08 1.57
SD 1.07 0.10 0.45 0.04 0.42 0.03 2.99 0.12 0.27 0.02
Mn 0.46 0.03 0.29 0.02 1.10 0.07 0.35 0.02 0.36 0.02
SD 0.12 0.01 0.09 0.00 0.17 0.01 0.44 0.01 0.13 0.00
Mg 7.41 0.83 3.28 0.38 2.45 0.29 9.58 1.08 6.43 0.75
SD 2.11 0.12 1.61 0.10 0.43 0.02 0.52 0.23 0.48 0.03
Ca 10.49 0.85 9.27 0.78 10.50 0.90 10.14 0.82 9.10 0.76
SD 0.19 0.02 1.07 0.09 0.69 0.06 0.90 0.07 0.28 0.04

101.17 101.10 99.62 99.72 100.04

aldef 0.00 0.08 0.15 0.11 0.11
SE 0.02 0.02 0.04 0.11 0.02
Si def 0.05 0.06 0.07 0.06 0.05
SE 0.05 0.03 0.03 0.07 0.01
Al def + 2 Sidef 0.10 0.20 0.28 0.22 0.22
SE 0.02 0.02 0.03 0.06 0.01
ex cat 0.00 0.08 0.11 0.04 0.09
SE 0.16 0.14 0.08 0.27 0.05
Xears 0.28 0.25 0.29 0.27 0.25
Xalm 0.43 0.62 0.59 0.37 0.51
Xorp 0.28 0.12 0.09 0.36 0.24
Xsps 0.01 0.01 0.02 0.01 0.01
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Table 3 cont'd: Compositions of experimental garnets

14-GLOSS 14-MORB 14-AMPH 14'A'\k/'\'; H 10
T(°C) 900 900 900 900
P (Gpa) 2.5 25 25 2.5
time (hr) 48 48 48 48
garnet seed* Y Y Y Y
no. analyses 10 8 9 9

we  Lowmx  E o owmx L owy &

nrml nrml nrml nrml

Si** 3658 291 3869 293 3667 292 3800 297
DB 015 001 000 006 039 003 028 002
Ti 216 013 18 010 173 010 179  0.11
) 006 001 000 003 007 001 003 000
Al 19.73  1.85 2173 194 1949 183 1952  1.80
) 032 003 000 005 047 004 033 003
Fe 2576 172 1828  1.16 23.00  1.53 2324 152
) 067 005 001 011 150 011 053  0.03
Mn 121 008 046 003 052 004 056  0.04
) 007 000 000 001 071 002 010 001
Mg 363 043 933 105 791 094 792 092
) 045 002 002 026 122 010 012 001
Ca 1070 091 975 079 818 070 804  0.67
) 021 006 001 012 012 002 018 001

99.76 100.04 97.50 99.06
aldef 0.15 0.06 0.17 0.20
SE 0.03 0.05 0.04 0.03
Si def 0.09 0.07 0.08 0.03
SE 0.01 0.06 0.03 0.02
Al def + 2 Sidef 0.32 0.20 0.33 0.26
SE 0.01 0.04 0.02 0.02
ex cat 0.14 0.03 0.21 0.15
SE 0.08 0.30 0.15 0.18
Xers 0.29 0.26 0.22
Xaim 0.55 0.38 0.48
Xorp 0.14 0.35 0.29
Xeps 0.03 0.01 0.01

*indicates if exp. contained Gore Mtn. garnet seeds
**Wt % oxides

***Garnet analyses normalized to 120

BSE is reported in 1o
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Table 4: Compositions of selected clinopyroxene

9-GLOSS 15-GLOSS 12-MORB 14-MORB 8-GLOSS

T(°C) 900 800 850 900 850

P (Gpa) 15 2.5 2.5 25 15

wt. wt. wt. wt. O-
% O-nrml* % O-nrml* % O-nrml* % O-nrml* wt. % nrml*

Sio, 51.49 3.98 53.67 409 5225 3.88 51.39 3.92 52.81 4.04
SE** 0.52 0.04  0.40 0.03 0.94 0.07 035 0.03 201 0.15
TiO, 0.45 0.03 0.86 005  0.61 0.03  0.62 0.04 031 0.02
SE 0.09 0.01  0.05 0.00 0.14 0.01  0.05 0.00 0.11 0.01
Al,0, 2.86 020 4.93 0.33 10.55 0.69 8.04 0.54 295 0.20
SE 0.48 0.03 0.8 0.03 0.44 0.03 035 0.02 1.46 0.10
FeO 18.41 0.60 13.94 044 633 020 4.69 0.15 16.97 0.54
SE 1.19 0.04 0.86 0.03 1.69 0.05 0.23 0.01 7.45 0.24
MnO 0.48 002 014 0.00  0.09 0.00 0.06 0.00 0.49 0.02
SE 0.01 0.00 0.04 0.00 0.07 0.00 0.03 0.00 0.13 0.00
MgO 9.09 052 7.9 041 10.33 0.57 11.96 0.68 963 0.55
SE 0.29 0.02 0.31 0.02 0.50 0.03 0.25 0.01 2.28 0.13
Ca0 15.31 0.63 14.15 0.58 12.50 0.50 13.52 0.55 14.75 061
SE 0.38 0.02 0.40 0.02 0.36 0.01 0.25 0.01 5.87 0.24
K,0 0.28 001 0.67 002 0.02 0.00 0.02 0.00 0.27 0.01
SE 0.05 0.00 0.03 0.00 0.1 0.00 0.1 0.00 0.20 0.00
Na,0 0.42 0.02 1.92 007 3.56 013  3.25 0.12 0.39 0.01
SE 0.39 001 0.4 001 052 0.02 042 0.02 0.20 0.01
total 98.79 97.46 96.25 93.53 08.58

Xneg 0.00 0.00 0.00 0.00 0.00
Xid 4.73 19.71 34.01 30.31 4.54
Xpi 95.27 80.29 65.99 69.69 95.46

*normalized to 60

*SE are reported in 1o
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Table 5: Selected glass compositions, normalized to anhydrous totals

10_GLOSS 10_AMPH 10_MORB 8 GLOSS 9_GLOSS 13_GLOSS 14_AMPH 14_GLOSS
Sio, 75.64 72.31 72.72 73.12 68.46 77.75 66.09 74.42
SE* 0.66 0.55 1.67 1.18 0.75 2.46 3.91 1.43
TiO, 0.24 0.25 0.27 0.37 0.66 0.46 0.54 0.57
SE 0.02 0.02 0.07 0.04 0.01 0.04 0.06 0.05
Al,0; 13.90 16.34 17.29 13.82 14.33 11.69 17.33 11.54
SE 0.14 0.19 1.09 0.10 0.10 0.66 2.10 0.21
FeO 2.32 2.55 1.97 4.43 6.55 2.29 4.65 3.96
SE 0.25 0.89 0.93 0.32 0.22 0.83 1.38 0.34
MnO 0.03 0.00 0.03 0.10 0.19 0.03 0.03 0.06
SE 0.02 0.18 0.02 0.03 0.01 0.02 0.02 0.02
MgO 0.33 0.21 0.40 0.60 1.08 0.20 0.56 0.44
SE 0.04 0.18 0.36 0.06 0.04 0.12 0.31 0.03
CaO 3.05 1.88 2.79 3.89 4.99 1.51 2.97 2.58
SE 0.16 0.23 1.37 0.15 0.30 0.23 1.89 0.46
K,O 3.16 2.20 1.67 2.62 2.50 3.73 1.94 3.99
SE 0.12 0.04 0.72 0.26 0.10 0.29 0.24 0.19
Na,O 1.32 4.26 2.87 1.03 1.23 2.34 5.88 2.44
SE 0.26 0.76 0.78 0.18 0.21 0.43 0.45 0.25
total 89.44 92.37 88.83 89.34 88.85 87.80 89.83 87.54
FM 1.09 1.12 0.95 1.44 1.98 1.18 1.74 1.72
*SE are reported in 1o
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