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ABSTRACT
The ability to quantify the rates at which metamorphic reactions occur is critical to
assessing the extent to which equilibrium is achieved and maintained in a variety of dynamic
settings. Here I investigate the kinetics of rutile replacement by titanite during amphibolitefacies overprinting of eclogite, garnet amphibolite and anorthosite from Catalina Island, CA, the
Tromsø Nappe, Norway, the North Qaidam terrane, China, and the Guichicovi Complex,
Mexico. Trace element concentration profiles across rutile rimmed by titanite, as determined by
laser ablation (LA) ICP-MS, reveal Nb zoning in rutile that are interpreted to be the result of Nb
back-diffusion from the rutile-titanite boundary. I present new field-based reaction rates
calculated from grain boundary velocities, which in turn were calculated using a 1-D diffusion
model for Nb back-diffusion into rutile during titanite replacement over the temperature range
670–770 °C. These data are consistent with or slightly faster than previous estimates of regional
metamorphic reaction rates, and extend the temperature and composition range over which
regional metamorphic reaction rates are known.
Further investigation of the kinetics of all metamorphic reactions reveals a strong
correlation between heating rate (dT/dt) and net reaction rate for regional, contact, and
subduction zone metamorphic settings. This relationship is used to formulate a new expression
relating net reaction rate (Rnet) temperature (T) and heating rate (dT/dt):

Rnet = (4.24 × 10

−11

⎛ dT ⎞
)∗ ⎜
⎝ dt ⎟⎠

1.25

∗ exp(0.00668T )

This expression provides a universal prediction of metamorphic reaction kinetics at the tectonic
scale and accounts for the 4-7 orders of magnitude range in metamorphic reaction rates observed
iii

in natural systems. Based on this analysis, the dynamic nature of subduction zones (high dT/dt)
may result in conditions that are far from equilibrium (large ΔGrxn), which drives faster reaction
rates in these systems.
Examination of the relative abundances of trace elements in rutile and titanite reveal
striking differences between high temperature (amphibolite-facies) and low temperature
(blueschist-facies) overprinting. I find that trace element distributions approach equilibrium
partition coefficients in rocks from amphibolite-facies overprinted terranes, whereas trace
element distributions did not approach equilibrium in rocks that experienced blueschist-facies
overprinting. Calculated Zr-in-titanite temperatures for amphibolite-facies overprinted rocks are
consistent with those reported in the literature, while Zr-in-titanite temperatures for blueschistfacies overprinting consistently overestimate temperature by 50-250 °C, suggesting that Zr does
not approach equilibrium distributions during blueschist-facies overprinting. I conclude that
single phase thermometers that rely upon slow-diffusing high field strength elements should not
be applied to rocks equilibrated at ≤550 °C unless attainment of trace element equilibrium can be
demonstrated.
In situations where trace element equilibrium has been attained, the use of single element
thermometers can be quite useful. Here I present a new method for determining

48

Ti

concentrations in quartz by LA-ICP-MS at the 1 ppm level, relevant to quartz in HP-LT terranes.
Titanium contents in low-CL rims in the Bishop Tuff quartz grains were determined to be
homogenous by EPMA (41 ± 3 ppm Ti, 2σ), and are a potential natural reference material. I
suggest that natural quartz such as the homogeneous low-CL rims of the Bishop Tuff quartz are
more suitable than NIST reference glasses as an in-house reference material for low Ti
iv

concentrations because matrix effects are limited and Ca isobaric interferences are avoided, thus
allowing for the use of 48Ti as a normalizing mass. Titanium concentration from 33 analyses of
low-temperature quartz from the Czech Erzgebirge is 0.9 ± 0.2 ppm (2σ) using

48

Ti as a

normalizing mass and the Bishop Tuff quartz rims as a reference material. The 2σ average
analytical error for analyses of 48Ti is 8% for 50 µm spots and 7% for 100 µm spots, which offers
much greater accuracy than the 35% error (2σ) incurred from using 49Ti as a normalizing mass.
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Chapter 1
Introduction
The application of equilibrium thermodynamics in order to extract pressure and
temperature information from mineral assemblages in metamorphic rocks forms the basic
underpinnings of metamorphic petrology. Classical thermobarometry relies on mineral
compositions and assemblages to record snapshots of a pressure-temperature (P–T) path taken by
a rock. With the development of internally-consisted thermodynamic databases (Powell and
Holland, 2008; Holland and Powell, 1998; Berman, 1988) and programs capable of creating P–T
psuedosections over a wide range of compositions, precise pressure and temperature
determinations have become the gold standard for metamorphic petrology. Inherent in these P–T
calculations is the assumption of local equilibrium (Thompson, 1959; Korzhinskii, 1959) in
which we assume that the rate of reaction proceeds faster than the rate of change in pressure,
temperature, or composition.
Equilibrium thermodynamics provides the framework for the equilibrium state of a
chemical system, but kinetics informs the rates and mechanisms of processes that it takes to
approach that equilibrium state. The focus of this dissertation is on the kinetics of metamorphic
reactions, and the extent to which phase equilibrium and trace element equilibrium are
approached in metamorphic rocks. Metamorphic reaction can typically be thought of as a series
of processes involving the dissolution of one or more phases, the transport of components to the
reaction site, and the nucleation and growth of a new phase at the reaction site. Reaction rate

theory gives us the following general rate law:

⎡
⎛ A ⎞⎤
⎛ −E ⎞
Rate = F ∗ ⎢1− exp ⎜
∗ exp ⎜ a ⎟
⎟
⎥
⎝ RT ⎠ ⎦
⎝ RT ⎠
⎣
in which F is a pre-exponential factor (i.e., a rate constant), A is the reaction affinity

(A = −ΔG = ΔS ∗(T − Teq )) , Ea is the activation energy of a given kinetic process (such as
transport), R is the universal gas constant, T is temperature, and Teq is equilibrium temperature.
The reaction affinity term of this equation is directly related to the thermodynamic control over
reaction kinetics; the farther from equilibrium a reaction occurs, the larger the driving force is for
that reaction.
Many workers have attempted to quantify the rates of metamorphic reactions
experimentally (Eggler and Ehmann, 2010; Milke and Metz, 2002; Jove and Hacker, 1997;
Lüttge and Metz, 1991; Schramke et al., 1987; Helgeson et al., 1984; Wood and Walther, 1983).
Application of experimentally-determined reaction rates to geologic systems typically results in
reaction durations on the order of hundreds to thousands of years, which, on geologic timescales,
renders the equilibrium assumption valid. However, the applicability of experimentallydetermined reaction rates to natural metamorphic systems has often been questioned (Baxter,
2003; Baxter and DePaolo, 2002a; Jove and Hacker, 1997; Hacker et al., 1992; Kerrick et al.,
1991; Rubie and Thompson, 1985) due of the many differences between fluid-rich powder
experiments and natural metamorphic systems.
While much work has been done to understand the differences between experimental and
field-based reaction rates in low-temperature systems, determining the rates of metamorphic
reactions at high temperature (>400 °C) is much more difficult. This is especially difficult as,

2

more often than not, evidence of the prograde path is obliterated by peak assemblages and
subsequent overprinting. Many studies rely on geochronology to calculate the durations of
reactions, which are then converted to reaction rates (Dragovic et al., 2012; Pollington and
Baxter, 2010; Stowell et al., 2001; Vance and Harris, 1999; Christensen et al., 1994; Vance and
O'Nions, 1992; Christensen et al., 1989). However, this method is limited by the precision of the
dating (usually on the order of a million years). Other studies have employed diffusion time and
length scales to various systems in order to extract rate information (Cruz-Uribe et al., 2014;
Baxter and DePaolo, 2002a; Baxter and DePaolo, 2002b; Joesten and Fischer, 1988), which
allows for the examination of timescales on the order of thousands of years. In addition to the
direct quantification of reaction rates, recent developments in QuiG (quartz-in-garnet) barometry
have determined that garnets grown during significant overstepping may record compositions not
representative of the P-T conditions of growth (Kohn, 2014; Spear et al., in review). Thus,
disequilibrium phenomena may be more widespread in “equilibrium” assemblages than has been
previously thought.
Analysis of trace elements in individual minerals has become widespread with the advent
of high spatial resolution techniques such as secondary ion mass spectrometry (SIMS) and laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). These new data allow us
to test the equilibrium assumption at smaller spatial scales using trace element partitioning,
diffusion, and thermometry. Thus, the field of metamorphic petrology has evolved from static
calculations of pressure and temperature to integrated studies of the pressure-temperature-timecomposition history of rocks at the micron and sub-micron scales. As new techniques allow us to
characterize geochemistry at smaller and smaller scales, it becomes increasingly important to
understand the extent to which phase and trace element equilibrium is attained. This is of
3

particular import in metamorphic settings such as subduction zones because of the highly
dynamic nature of these systems.
Understanding the extent to which rocks approach equilibrium in subduction zones is of
paramount importance in order to evaluate the equilibrium assumption inherent in combining
petrological and thermal models to provide estimates of residual fluid contents in the subducted
slab (Hacker, 2008; Schmidt and Poli, 1998). These models provide us with estimates of fluid
released from the slab as a function of depth (Baxter and Caddick, 2013; van Keken et al., 2011).
If reactions rates lag relative to subduction rates, then we cannot assume that the mineral
assemblage in the subducting slab is equivalent to the equilibrium assemblage at a given pressure
and temperature, which would have significant implications for our understanding of volatile
release from the slab at depth.
Attainment of trace element equilibrium is equally important, given the use of trace
element compositions of rocks from exhumed terranes to estimate fluid compositions feeding arc
magmatic systems (Gao and Klemd, 2001; Scambelluri and Philippot, 2001; Scambelluri et al.,
2001; Becker et al., 2000), and the use of trace elements for single-element thermometry
(Thomas and Watson, 2012; Hayden et al., 2008; Ferry and Watson, 2007; Zack et al., 2004). If
trace element equilibrium is not attained, then much of our understanding of the pressure,
temperature, and composition history of exhumed terranes must be reexamined.
In this dissertation I present calculations of reaction rates in subduction zones, I examine
the kinetics of reactions in metamorphic settings generally and in subduction zones, and I
provide a comprehensive study of the extent to which trace elements attain equilibrium in the
amphibolite and blueschist facies. I find that trace elements can be incorporated into accessory
minerals in disequilibrium proportions at low (≤550 °C) temperatures, and conclude that single
4

phase thermometers that rely upon slow-diffusing high field strength elements should not be
applied to rocks equilibrated at ≤550 °C unless attainment of trace element equilibrium can be
demonstrated. In situations where trace element equilibrium is approached, I use the backdiffusion of niobium into rutile during titanite replacement to calculate rates of reaction from
~650–800 °C, which extends the field of field-based metamorphic reaction rates to include
higher temperatures and a more diverse set of bulk compositions. Furthermore, I find that fieldbased metamorphic reaction rates can be described empirically as a function of temperature and
heating rate. I suggest that heating rate plays a large role in governing reaction kinetics, and is
one of the fundamental drivers of kinetic processes such as reaction affinity in metamorphic
rocks.
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Chapter 2

Metamorphic Reaction Rates at ~650–800˚C from Diffusion of Niobium in Rutile

ABSTRACT
The ability to quantify the rates at which metamorphic reactions occur is critical to
assessing the extent to which equilibrium is achieved and maintained in a variety of dynamic
settings. Here we investigate the kinetics of rutile replacement by titanite during amphibolitefacies overprinting of eclogite, garnet amphibolite and anorthosite from Catalina Island, CA, the
Tromsø Nappe, Norway, the North Qaidam terrane, China, and the Guichicovi Complex,
Mexico. Trace element concentration profiles across rutile rimmed by titanite, as determined by
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), reveal Nb zoning in
rutile that we interpret as the result of Nb back-diffusion from the rutile-titanite boundary. We
present new field-based reaction rates calculated from grain boundary velocities, which in turn
were calculated using a 1-D diffusion model for Nb back-diffusion into rutile during titanite
replacement over the temperature range 670–770° C. Our data are consistent with or slightly
faster than previous estimates of field-based reaction rates for regional metamorphism, and
extend the temperature and compositional range over which regional metamorphic reaction rates
are known.

1. INTRODUCTION
Reaction rates in metamorphic systems have long been the subject of field-based and
experimental studies (e.g., Fisher, 1978; Matthews, 1985; Walther and Wood, 1984; Rubie and
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Thompson, 1985; Lasaga, 1986; Kerrick et al., 1991). Reaction rates have been reported for both
contact and regional metamorphic settings (e.g., Joesten and Fischer, 1988; Carlson et al., 1995);
however, rates for reactions occurring in subduction zone metamorphic settings up until this
point have been largely uncharacterized. In a compilation of metamorphic reaction rates by
Baxter (2003), the reaction rates reported for regional metamorphism are primarily from studies
of reactions occurring in metapelitic rocks from Barrovian metamorphic conditions (e.g., Vance
and O’Nions, 1992; Christensen et al., 1994; Baxter and DePaolo, 2002). In contrast, little
quantitative information on metamorphic reaction rates is available for subducted crust (e.g.,
metabasalt). The ability to assess the extent to which a system may have evolved towards
equilibrium in a dynamic tectonic setting such as a subduction zone is critical in justifying the
assumption of local equilibrium (e.g., Thompson, 1959) inherent in using reactions in
metamorphic rocks to determine pressure and temperature (e.g., Spear, 1995 and references
therein).
Baxter (2003) demonstrated orders of magnitude difference between experimentally
determined reaction rates and contact metamorphic reaction rates compared to field-based
regional metamorphic reaction rates. High fluid contents and small grain sizes employed in
experimental studies may result in significantly enhanced transport rates for material to
nucleation sites relative to natural systems. This has led many workers to argue that laboratory
studies may not fully represent the processes that occur in natural systems (e.g., Kerrick et al.,
1991; Jove and Hacker, 1997; Luttge and Metz, 1993). In this study we turn to the natural
laboratory of Ti-bearing phases, specifically rutile and titanite, which are useful due to their
widespread occurrence as accessory phases in mafic lithologies across a range of pressures and
temperatures in subduction-related settings.
13

Rutile (TiO2) rimmed by titanite (CaTiSiO5) is a common replacement texture found in
retrogressed/rehydrated eclogite, amphibolite, and other mafic lithologies (Fig. 1). A number of
reactions involving the stability of rutile and titanite have proven useful for constraining pressure
and temperature, such as
2 zoisite/clinozoisite + rutile + quartz = 3 anorthite + titanite + H2O (TZARS),

(1)

anorthite + 2 titanite = grossular + 2 rutile + quartz (GRATiS), and

(2)

3 grossular + 5 rutile + 2 quartz + H2O = 2 zoisite/clinozoisite + 5 titanite

(3)

(Manning and Bohlen, 1991; Kapp et al., 2009). Rutile and titanite are important hosts for
high field strength elements such as Nb and Ta (Brenan et al., 1994; Luvizotto and Zack, 2009a;
Schmidt et al., 2009; John et al., 2011; Kooijman et al., 2012). The calibration of the Zr-in-rutile
(Zack et al., 2004; Zack and Luvizotto, 2006; Tomkins and Powell, 2007) and Zr-in-titanite
(Hayden et al., 2008) single-element solubility thermobarometers distinguishes rutile and titanite
as important independent monitors of pressure and temperature. Combined with the usefulness of
these phases for geochronology (e.g., Tilton and Grünenfelder, 1968; Mezger et al., 1989; Vry
and Baker, 2006; Kylander-Clark et al., 2008; Zack et al., 2011), rutile and titanite have the
potential to independently record the pressure, temperature, time and composition histories of
subducted oceanic crust (e.g., Spencer et al., 2013; Gao et al., 2011).
Determining reaction rates from field measurements in metamorphic rocks is not a
straightforward problem. Many estimates of field-based reaction rates, including those in this
study, examine the durations of reactions and then convert those durations into rates. The rates
derived from durations of mineral growth are average reaction rates, whereas we know that
reactions proceed, even in the simplest case, relatively rapidly at the beginning and more slowly
as equilibrium is approached. In nature, rates are likely even more complicated and may occur as
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discreet pulses in response to fluid influx (e.g., Pollington and Baxter, 2010; Dragovic et al.,
2012). For instance, a continuous reaction can occur over an extended period of time over slowly
changing P-T-X conditions without ever being far from equilibrium (e.g., Baxter and Caddick,
2013). For discontinuous reactions, such as the rutile-titanite reactions in this study (Eqs. 1-3),
assuming unlimited availability of reactants, the only factors preventing reaction completion are
the kinetics of the reaction relative to the cooling rate of the system. Furthermore, the use of
diffusion studies to determine the duration of metamorphic processes allows us to examine
timescales on the order of thousands of years, whereas using more traditional geochronologic
methods to determine reaction durations is limited by the precision of the dating (usually on the
order of a million years or more; e.g., Dragovic et al., 2013). This is of particular import in
dynamic settings such as subduction zones, where changes in pressure and temperature occur
much more rapidly than in regional metamorphic settings.
The purpose of this study is to use measured diffusion profiles for Nb back-diffusion in
rutile rimmed by titanite (that is, diffusion of Nb from the rutile-titanite contact inward towards
the core of the rutile) to determine metamorphic reaction rates at subduction zone conditions.
Lucassen et al. (2010a) developed the framework for this study with their trace element analyses
of rutile rimmed by titanite from the Tromsø Nappe, Norway, in which they proposed that high
field strength elements such as Nb are redistributed by back-diffusion into rutile during titanite
growth at amphibolite facies conditions. The diffusion profile reported by Lucassen et al.
(2010a) was measured across a 7 mm rutile grain, which is larger than the typical grain size for
rutile in mafic subduction lithologies. In this study we measure Nb diffusion profiles in rutile
grains with more characteristic grain sizes (a few hundred microns), and apply new
experimentally-determined diffusion coefficients for Nb in rutile (Marschall et al., 2013) that
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were not available at the time of the Lucassen et al. (2010a) study. Using laser ablation (LA)ICP-MS with 8-12 µm spot sizes, we analyze high field strength element concentrations along
core-to-rim profiles in rutile grains as small as 200 µm. We show Nb diffusion profiles in rutile
rimmed by titanite for grain sizes of 200–1275 µm (measured along the short dimension) from
Catalina Island, CA; the Tromsø Nappe, Norway; the North Qaidam terrane, China; and the
Guichicovi Complex, Mexico. We then apply a moving boundary diffusion model similar to that
used by Lucassen et al. (2010a) to determine grain boundary migration velocities, and finally
calculate the average rate of reaction from rutile to titanite by combining grain boundary
migration velocity with titanite rim thickness. These reaction rates are among the first reported
for metamorphism in mafic assemblages, and provide an opportunity to begin to approach the
question of reaction rates in subducted oceanic crust.
1.1 Geologic setting and sample description
The samples in this study were chosen specifically because the retrograde texture of rutile
rimmed by titanite is preserved. They represent a variety of mafic rock types from four different
exhumed terranes.
Catalina Island, CA The Catalina Schist represents an inverted metamorphic sequence of
blueschist to amphibolite-facies metasedimentary, metamafic, and meta-ultramafic rocks that
was assembled between ~115–95 Ma (e.g., Grove et al., 2008; Sorensen and Grossman, 1993,
1989; Sorensen, 1988; Sorensen and Barton, 1987; Platt, 1976). The upper part of the
amphibolite unit of the Catalina schist consists primarily of mafic and ultramafic blocks within a
serpentinized matrix, whereas the lower part is a relatively coherent mafic gneiss overlain by
metasediments (Sorensen, 1988; Grove and Bebout, 1995).
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Figure 2-1: Relected light photomicrographs (a, b, d) and SEM backscatter image (c) of rutile
rimmed by titanite from (a) Catalina Island, CA; (b) Tromsø, Norway; (c) North Qaidam, China;
and (d) Guichicovi, Mexico. Left and right sides of laser traverses are labeled L and R,
respectively. Laser spots are 12 µm in size except for those from Guichicovi, which are 10 µm in
rutile and 15 µm in titanite. rt, rutile; ttn, titanite; zo, zoisite; gt, garnet; qtz, quartz; ilm, ilmenite;
sym, symplectite; amph matrix, amphibolite matrix.

Sample 130-4 (33.41°, -118.42°) (Fig. 2.1a) is sampled from a migmatized garnet
amphibolite block within the upper amphibolite unit of the Catalina Schist, for which peak
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pressures and temperatures of 0.8-1.1 GPa and 640–750° C have been reported (Sorensen and
Barton, 1987). The sample is composed primarily of large (5-10 mm) garnet with hornblende and
rutile (up to 1.5 mm in diameter). Interstitial symplectite and leucosomes consist of zoisite,
quartz, plagioclase, zircon, and apatite. The rutile in this sample is partially to fully replaced by
titanite, and often occurs with zoisite at the rims of partially resorbed garnet. A U-Pb age of
105±5 Ma for the titanite overgrowths on rutile has been determined (Zack et al., 2010).
Tromsø, Norway A piece of the same hand sample reported by Lucassen et al. (2010a;
their sample UT) from the Tromsø Nappe, Norway was obtained for this study. Peak
metamorphic conditions for the Tromsø eclogites are 3.4 GPa and 730° C, followed by three
symplectite overprinting events (S1-S3) at 700-840° C and 1-1.4 GPa, and finally amphibolitefacies overprinting at 650-700° C and 0.9-1 GPa (Ravna and Roux, 2006). Partial melting
occurred between S2 and S3 at ~350 Ma (Corfu et al., 2003). Sample TR1 (Fig. 2.1b) is a retroeclogite in close proximity to marble and calc-silicate lenses collected near Lanesodden
(69.633864°, 18.903616°), in the Tromsø eclogite area (Krogh et al., 1990; Ravna et al., 2006;
Ravna and Roux, 2006). This sample consists of an amphibolite matrix of calcic hornblende,
plagioclase, and minor zoisite, biotite, and quartz with centimeter-scale veins of hornblende,
calcite, titanite, quartz and plagioclase. One large (~1.3 mm) rutile grain surrounded by titanite
from within the amphibolite matrix was chosen for this study because it is not in direct contact
with any veins, minimizing the likelihood of titanium mobilization away from the reaction site at
the rutile-titanite boundary.
North Qaidam terrane, China The North Qaidam mountains of western China comprise
four high pressure / ultra high pressure (HP/UHP) units, the eastern-most of which is the Dulan
eclogite-gneiss unit (Zhang et al., 2010 and references therein). The Dulan area consists of the
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Northern and Southern Dulan Belts, which contain lenses of eclogite and occasional ultramafic
rocks within ortho- and para- gneisses and schists (Song et al., 2003a; Song et al., 2003b). Peak
eclogite-facies conditions are reported between 2.7-3.4 GPa and 610-750° C (Song et al., 2003a;
Zhang et al., 2009; Zhang et al., 2008). Sample D115 (Fig. 2.1c), from the Southern Dulan Belt
(36.49033°, 98.49755°), is a retrogressed mica-bearing eclogite composed primarily of garnet
and white mica, with quartz and minor amounts of amphibole and relict omphacite. Rutile (12%) and in some cases ilmenite (2-3%) are partially replaced by titanite. Widespread ilmenite
may indicate high-T granulite-facies overprinting, as has been suggested for some eclogites from
the Southern Dulan Belt (Song et al., 2003a; Yu et al., 2009).
Guichicovi Complex, Mexico The northern Guichicovi Complex consists of granulitefacies anorthositic-tonalitic gneisses within the Maya terrane of Oaxaca, southern Mexico.
Granulite-facies metamorphism is reported to be Grenvillian in age (Weber and Köhler, 1999),
with peak metamorphism at ~975-990 Ma. Sample MX4A is an anorthositic gneiss (17.14333°, 95.18833°) consisting primarily of quartz, plagioclase, and hornblende with minor amounts of
rutile, ilmenite, titanite, and other accessory phases. Rutile and ilmenite are rimmed by titanite
(Fig. 2.1d).

2. ANALYTICAL METHODS
2.1 Sample preparation
Samples were prepared as polished thin (30 µm) sections or grain mounts. Detailed
photomicrographs were used to identify appropriate locations for trace element analysis in each
sample. Photomicrographs taken in both plane- and cross-polarized light were used to identify
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inclusions in individual grains.

Photomicrographs taken in reflected light were used in

conjunction with plane- and cross-polarized images to identify exact spots for laser ablation
analysis and then to navigate efficiently using reflected light in the laser ablation sample cell.
Backscattered electron images collected using the JEOL JXA 8900 RL electron probe
microanalyzer (EPMA) at the University of Mainz were also used to identify inclusions in rutile
and titanite, in order to choose the most appropriate spots for analysis. Sections were cleaned by
polishing with 0.25 µm diamond suspension to remove any carbon coating residual from EPMA
analysis and wiped with isopropanol to remove remaining surface contamination prior to being
loaded into the laser ablation sample chamber.
2.2 LA-ICP-MS analysis
Trace element analyses of rutile and titanite were conducted by LA-ICP-MS at the
Institute for Geosciences at the University of Mainz. The instrumentation consists of a New
Wave Nd:YAG 213 nm laser ablation system coupled to an Agilent 7500ce quadrupole ICP-MS
(Jacob, 2006; Zack et al., 2011). All samples were analyzed using the New Wave Nd:YAG 213
nm laser system except sample MX4A, which was analyzed using an ESI NWR-193 Excimer
laser. Sections were loaded into a New Wave large format sample cell, which is capable of
accommodating nine thin sections plus standards. The large format cell incorporates a low
volume flexible roving ablation cup, which limits the spread of aerosols produced during
ablation and improves washout time. Helium is used as the carrier gas for the aerosol produced
during ablation and is flushed through the ablation cup at ~ 0.7 L/min. Using helium as a carrier
gas reduces surface deposition during ablation, both increasing sensitivity and greatly reducing
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fractionation due to particle size bias (Eggins et al., 1998). Before reaching the torch, argon gas
is added to the helium at ~ 0.7 L/min in a quartz mixing cell.
Trace elements in rutile and titanite were analyzed using laser beam diameters of 8 or 12
µm with a beam energy density of ~ 3.6 J/cm2 and a repetition rate of 10 Hz. Each analysis was
acquired over 50 seconds, which consisted of 20 seconds of background collection during laser
warm-up, 20 seconds of dwell time during ablation, and 10 seconds of washout. The high gas
flux in the ablation cup combined with the use of helium as a carrier gas allows for rapid
washout time after sample ablation (Fig. 2.2) and enables ~50-60 analyses per hour when laser
spots are pre-programmed. Rutile and titanite were analyzed in blocks of ~30-50 spots bracketed
by 4-6 standards on either side. Change of 93Nb/49Ti ratios over the course of 6 hours was within
~2%, significantly smaller than the overall uncertainty for Nb concentrations in rutile (6%) stated
for this study. Traverses across rutile and titanite were programmed using the New Wave MEO
Laser software with 15 µm spacing for 12 µm spots and 10-12 µm spacing for 8 µm spots.
For trace element concentrations in rutile, the mass/charge ratios corresponding to the
isotopes 27Al, 28Si, 57Fe, 47Ti, 49Ti, 90Zr, 93Nb, and 181Ta (singly-charged) were analyzed using a 10
ms dwell time for all isotopes except 90Zr, for which a 30 ms dwell time was used. Each standard
block consisted of two analyses of the R10 rutile standard and two analyses of the NIST SRM
610 glass standard.

Concentrations were determined relative to the rutile standard R10

(Luvizotto et al., 2009) using the GLITTER software program, with 49Ti as the normalizing mass
(assuming an ideal rutile composition in which TiO2 = 100%). Aluminum, Si, and Fe counts
were used to identify inclusions of phases other than rutile.
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Trace element concentrations in titanite were determined by analyzing mass/charge ratios
corresponding to the isotopes 29Si,

47

Ti,

49

Ti,

90

Zr,

93

Nb, and

181

Ta (singly-charged), using a 10

ms dwell time for all except 90Zr, for which a 30 ms dwell time was used. Each standard block
consisted of two analyses each of the glass standard NIST SRM 610, the rutile standard R10, the
Khan titanite standard (Heaman, 2009), and titanite glasses TNT150 and TNT1500 (Klemme et
al., 2008). Concentrations were determined relative to the glass standard NIST SRM 610
(Jochum and Stoll, 2008) using the GLITTER software, with
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Si as the normalizing mass

(assuming an ideal titanite composition in which SiO2 = 30%).
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Figure 2-2: Time resolved counts for a typical LA-ICP-MS rutile analysis of 49Ti, 90Zr and
93
Nb using a 12 µm spot size. Note the rapid washout after the laser is turned off.
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3. ANALYTICAL RESULTS
3.1 Trace element concentrations
Concentrations of Zr, Nb, and Ta in rutile and titanite are given in Supplementary Data 1.
Profiles across rutile-titanite pairs are shown in Figure 2.3 for two representative grains from
Catalina Island, CA, and one grain each from Tromsø, Norway, North Qaidam, China and
Guichicovi, Mexico. Additional profiles for grains from Catalina Island, CA, and Guichicovi,
Mexico, can be found in Supplementary Data 2 (Fig. A1). All uncertainties for laser data are 2
sigma and are reported along with detection limits in Supplementary Data 1.
3.1.1 Catalina Island, CA
Zirconium concentrations in four rutile grains from Catalina Island range from 257 to 414
ppm. Tantalum concentrations in the same grains range from 116 to 176 ppm. The rutile grains
show little to no zoning in Zr or Ta. Niobium, however, ranges in concentration from 1624 to
3522 ppm and increases significantly (up to 52%) in the rutile rims.

Trace element

concentrations in titanite range from 53 to 188 ppm Zr, 30 to 80 ppm Ta, and 177 to 562 ppm
Nb.
Sample 130-4 T1 The Zr profile in this rutile grain is flat, with an average concentration
of 385 ± 16 ppm (Figure 2.3a). Tantalum is relatively flat with an average concentration of 192
± 32 ppm. The average concentration of Nb in the rutile core is 2320 ± 26 ppm, increasing
towards the rutile rim/titanite boundary to 3522 ppm and 2806 ppm on the left and right sides of
the profile, respectively. A series of inclusions are present on the right side of the core and were
not included in the average concentration calculations. Concentrations of Zr and Ta in the
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titanite are fairly homogeneous, with average values of 109 ± 16 ppm Zr and 42 ± 10 ppm Ta.
The average concentration of Nb in the titanite rims is 404 ± 89 ppm.
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Figure 2-3: Trace element profiles of Nb (black filled circles), Zr (black lines), and Ta
(exes) in rutile cores and titanite rims from (a, b) Catalina Island, CA; (c) North Qaidam,
China; (d) Tromsø, Norway; (e) Guichicovi, Mexico. Rutile cores indicated by grey shaded
boxes. Relative 2σ errors (see also Supplementary Data 1) for rutile analyses are <5%
(Zr), <6% (Nb), and <7% (Ta). Relative 2σ errors for titanite analyses are <10% (Zr),
<12% (Nb), and <13% (Ta).

Sample 130-4 T2 Zirconium concentrations in the rutile average 349 ± 32 ppm, with the
highest concentrations in the core, decreasing very slightly towards the rutile/titanite contact
(Fig. 2.3b). Tantalum is very homogenous throughout the rutile, with an average concentration
of 154 ± 24 ppm, except for a small increase in the two points at the right edge of the rutile. The
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time-resolved data for the point at the right edge of the rutile indicate that both rutile and titanite
were ablated during this analysis. Niobium in the rutile core averages 1915 ± 38 ppm and
increases to 2223 ppm and 2504 ppm on the left and right sides, respectively. The titanite
around this rutile grain is very homogeneous, with 108 ± 6 ppm Zr and 27 ± 3 ppm Ta. Niobium
is higher on the right side of the profile (264 ± 13 ppm) than the left (221 ± 16 ppm), though both
sides have consistently flat profiles.
Sample 130-4 R5.9 Concentrations of Zr and Ta in the rutile are relatively homogeneous
throughout the grain (Fig. 2.3a). Average concentrations are 347 ± 27 ppm Zr and 140 ± 14 ppm
Ta. Niobium has an average concentration of 1801 ± 59 ppm in the core and increases to 2451
ppm on the left side and 2308 ppm on the right side of the profile. The time-resolved data for Zr,
Nb, and Ta in the titanite surrounding this rutile suggest the presence of many inclusions of both
zircon and rutile, thus making it difficult to get a sense for the trace element variation in the
titanite. Average concentrations in the titanite are 153 ± 34 ppm Zr, 388 ± 103 ppm Nb, and 33
± 12 ppm Ta.
Sample 130-4 R.10 This traverse was done on the same grain but orthogonal to and
starting in the center of traverse 130-4 R5.9 in order to characterize the Nb zoning in the grain in
two dimensions (Supplementary Data 1). The traverse was performed from the center out to
only one edge of the rutile. Niobium increases from 1758 ± 25 ppm in the center to 2299 ppm at
the titanite contact. Titanite on this margin of the rutile has an average concentration of 164 ± 3
ppm Zr, 416 ± 13 ppm Nb, and 53 ± 3 ppm Ta.
3.1.2 Tromsø, Norway
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Zirconium in rutile from sample TR1.R1 displays asymmetrical zoning with
concentrations that are lowest in the core and generally increase towards the rutile rim (Fig.
2.3d). Concentrations range from 72 to 263 ppm Zr and the increase towards the rutile rim is not
uniform. Conversely, Nb is flat through the rutile core, with an average concentration of 285 ± 9
ppm, and increases uniformly up to 672 ppm towards the left rim and 388 ppm towards the right
rim. This increase most likely is actually larger towards the right side of the profile; however,
the time-resolved data for the last 4 points on the right side of the profile suggest that both rutile
and titanite were ablated during these analyses, thus they are not representative of the true
concentrations within the rutile rim. Tantalum is extremely homogeneous throughout the rutile,
with an average concentration of 21 ± 2 ppm.
Trace element concentrations in titanite in sample TR1.R1 display little
systematic zoning, though the Nb concentrations closest to the rutile boundary are slightly lower.
Overall, Zr concentrations in titanite average 87 ± 15 ppm on the left side of the profile and 63 ±
19 ppm on the right side of the profile. Niobium on the left side has an average concentration of
83 ± 20 ppm and on the right side averages 68 ± 15 ppm. Tantalum concentrations in titanite on
both sides of the analyzed profile are indistinguishable within errors, with an average
concentration of 8 ± 2 ppm.
3.1.3 North Qaidam Terrane, China
In the rutile from sample D115, Zr and Ta are homogenous, with average concentrations
of 174 ± 9 ppm and 125 ± 12 ppm, respectively (Fig. 2.3c). Niobium is flat in the core (1658 ±
24 ppm) and increases in the rims to 2603 ppm on the left and 3072 ppm on the right. No
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systematic variation is observed in the titanite rims, with average concentrations of 39 ± 4 ppm
Zr, 324 ± 44 ppm Nb, and 50 ± 14 ppm Ta.
3.1.4 Guichicovi Complex, Mexico
Sample MX4A R1 The concentration of Zr in the core of the rutile is 5143 ppm and
decreases to 1791-2511 ppm towards the left and right rims, respectively (Fig. 2.3e). Tantalum
is relatively homogenous throughout the rutile, with an average concentration of 1445 ± 99 ppm.
Niobium is nearly flat in the rutile core (3559 ± 86 ppm) and increases in the rims to 4524 ppm
on the left and 5086 ppm on the right. Zirconium concentrations in the titanite rims decrease
from the outer rim towards the titanite-rutile boundary from 221-189 ppm on the left and 241180 ppm on the right. No systematic variation is observed in Nb or Ta concentrations in the
titanite, with average concentrations of 241 ± 24 ppm Nb and 22 ± 11 ppm Ta.
Sample MX4A R2 Zirconium is strongly zoned in the rutile and very high compared to
the other samples, with concentrations ranging from 1610-2709 ppm (Supplementary Data 1).
Tantalum is relatively homogeneous, save for a few points in the middle of the grain, with an
average concentration of 1139 ± 285 ppm. Niobium is flat in the rutile core (2346 ± 29 ppm)
and increases to 2551 ppm and 2996 ppm on the left and right sides of the grain, respectively.
No systematic variation is observed in the titanite rims, with average concentrations of 197 ± 18
ppm Zr, 189 ± 34 ppm Nb, and 22 ± 11 ppm Ta.
3.2 Zr-in-titanite thermometry
Temperatures of titanite formation were calculated using the Zr-in-titanite thermometer
of Hayden et al. (2008) applied at 0.75-0.95 GPa, depending on the sample locality (Table 1).
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Errors given are 2σ, propagated assuming ± 0.1 GPa for pressure estimates, 2σ variation of the
Zr concentrations in the titanite, and the 2σ errors given by Hayden et al. (2008) for their
calibration of the thermometer.
Pressures used for the Catalina samples were assumed to be 0.95 GPa, based on previous
estimates of 0.9-1.1 GPa for conditions of the partial melting event in Catalina migmatites
(Sorensen and Barton, 1987). Zirconium concentrations for the Catalina titanites include all of
the titanite rims described above, as well as additional grains from the same sample
(Supplementary Data 1; thin sections KAL-2 and 130-4 were cut from the same billet). At a
pressure of 0.95 ± 0.1 GPa, the Zr-in-titanite thermometer gives an average temperature of 760 ±
30° C for all Catalina samples. This temperature range is consistent with the upper end of the
range proposed by Sorensen and Barton (1987).
A pressure of 0.8 ± 0.1 GPa was used to calculate temperatures for the Tromsø titanites,
consistent with previous estimates for the amphibolite-facies overprinting of eclogites from the
Tromsø area (Ravna and Roux, 2006). Zirconium concentrations for titanites from Tromsø,
Norway were taken both from this study and Lucassen et al. (2010a). At 0.80 GPa, the Zr-intitanite thermometer gives an average temperature of 700 ± 29° C for for all Tromsø titanites,
which is consistent with the garnet-hornblende and hornblende-plagioclase thermometry of
Ravna and Roux (2006).
An average pressure of 0.75 ± 0.1 GPa was used to calculate temperatures for the titanites
from North Qaidam, based on a range of 0.6-0.9 GPa. The lower end of this range is based on
estimates of the 0.6–0.7 GPa amphibolite-facies overprinting of surrounding paragneisses (C.
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Mattinson, 2011, pers. comm.), and the upper value (0.9 GPa) is based on average pressures of
typical amphibolite overprinting of mafic rocks. This range is consistent with the retrograde P-T
path proposed by Song et al. (2003a) for eclogites from the Southern Dulan Belt of North
Qaidam. Titanites from North Qaidam give an average temperature of 670 ± 21° C at 0.75 GPa,
which is consistent with the P-T path of Song et al. (2003a).
Because the pressure constraints for the Guichicovi titanites are unknown, an estimated
pressure of 0.9 ± 0.1 GPa was used to calculate Zr-in-titanite temperatures for the Guichicovi
Complex.

This estimate is consistent with the stability fields of rutile and titanite determined

using Perple_X for MORB composition (John et al, 2011) and anorthositic gneiss (Spencer et al.,
2013). Titanites from Guichicovi give an average temperature of 770 ± 22° C at 0.9 GPa.

4. DISCUSSION
4.1 Nb diffusion modeling

4.1.1 Determination of reaction rates
The most prominent feature of the rutile trace element profiles from Catalina Island,
Tromsø, North Qaidam, and Guichicovi is the increase in Nb concentration towards the
boundary with titanite (Figure 2.3). Combining experimentally determined rutile/melt (Klemme
et al., 2005; experimental run HD2_4: 1250° C, atmospheric pressure) and titanite/melt
(Prowatke and Klemme, 2005; experimental run DAC: 1150° C, atmospheric pressure) Nb
partition coefficients allows us to estimate a titanite/rutile partition coefficient of 0.08 for Nb. If
we consider the extremes of the ranges of partition coefficients for all of the different melt
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compositions of Prowatke and Klemme (2005) and Klemme et al., (2005), they predict
titanite/rutile partition coefficients of 0.01–0.33 for Nb. Even though the absolute values of the
partition coefficients may be different at the amphibolite-facies conditions in this study, the
overall distribution is likely to be similar (Kttn/rut<<1), where K is used to represent the partition
coefficient in order to avoid confusion with the diffusion coefficient D. This assumption is
supported by data from natural metamorphic rocks (e.g., Lucassen et al., 2010a; John et al.,
2011), in addition to the experimental data.
As a result of this low partition coefficient, when titanite grows by consumption of rutile,
Nb is largely excluded from the titanite structure and is preferentially reincorporated into the
outermost rutile rim. Since Nb is compatible in rutile, the chemical potential gradient (in this
case the concentration gradient) in rutile drives diffusion of Nb toward the rutile core from the
boundary, as was previously interpreted for rutile from Tromsø (Lucassen et al., 2010a). A
similar phenomenon has been observed during retrograde garnet resorption, which results in
back-diffusion of Mn (Tuccillo et al., 1990; Kohn and Spear, 2000) and Y+HREE (Kohn, 2009)
in garnet rims.
Lucassen et al. (2010a) modeled Nb back-diffusion in rutile as a result of titanite rim
growth using a moving boundary model, which assumes trace element diffusion is concurrent
with titanite replacement. We apply this moving boundary model to the Nb diffusion profiles in
rutile from Catalina, Tromsø, North Qaidam, and Guichicovi. The concentration in the rutile at a
distance z from the rutile-titanite boundary is thus given by:

⎛ −vz ⎞
C = C∞ + (C0 − Cttn )exp ⎜
⎝ D ⎟⎠
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(4)

where C is the concentration of the trace element in the rutile, C∞ is the background
concentration in the rutile core, C0 is a fitting parameter related to the concentration in rutile at
the rutile-titanite interface, Cttn is the concentration in the titanite, D is the diffusion coefficient
for the trace element in rutile, and v is the grain boundary velocity (Figure 2.4). Equation 4
describes a steady-state concentration profile in the rutile and is an exact analytical solution to
Fick’s Second Law, assuming a moving boundary of constant velocity (Jackson, 2004). In order
to fit this solution to the Nb diffusion profiles measured in rutile, Equation 4 was converted into
a linear equation by solving for the quantity vz:
⎛ C − C∞ ⎞
−D ln ⎜
= vz
⎝ C0 − Cttn ⎟⎠

(5)

which gives us the common form of the equation for a line y = mx + b, where the slope m is the
velocity of the grain boundary v, and the intercept b is equal to zero. The slope of the line (v) was
determined by plotting the left hand side of Equation 2 against the distance z from the grain
boundary, using the measured Nb concentration values for the first 5-15 points along the rutile
profile (C) and the average concentration of Nb in the titanite (Cttn). The variable Co was
adjusted iteratively to force the intercept through zero, thus satisfying the form of Equation 5.
Volume diffusion coefficients (Table 1) for Nb in rutile were calculated at the temperatures
determined from the Zr-in-titanite thermometer for each sample location based on new
experimental data for Nb diffusion in rutile (Marschall et al., 2013).
Grain boundary migration velocities were calculated for the left and right sides of each
rutile cross-section.

Lengths of the titanite overgrowths were measured using an optical

microscope. Reaction rates (a-1) were calculated by multiplying the grain boundary velocity by
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the amount of rutile that was consumed during the reaction, which is assumed to be equal to ~1/3
of the length of the titanite overgrowth based on the difference in molar volume between rutile
and titanite. The grain boundary velocities and reaction rates calculated for each of the eight
profiles, along with the calculated temperatures and diffusion coefficients for each model, can be

concentration

found in Table 1.

t0
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t2
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Figure 2-4: Schematic diagram for the trace element moving boundary model used to
describe Nb back-diffusion in rutile during titanite replacement. (a) The steady state
distribution of Nb in rutile over time during titanite growth. (b) Moving boundary model
for a constant velocity. Cttn = concentration of trace element in titanite; C∞ = background
concentration of trace element in rutile; t = time; v = velocity; x = total distance; z =
distance across rutile. See text for detailed explanation of model. After Jackson (2004).
Final model fits for each profile are shown in Figure 2.5 and Supplementary Data 3
(Figure A1) and the resulting reaction rates are plotted against inverse temperature in Figure 2.6.
Rutile-titanite reaction rates are fastest for the four Catalina Island profiles, which range from
0.65–2.95 x 10-6 a-1. These rates correspond to reaction timescales (1/rate) of 0.339 m.y.–1.53
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m.y., with an average of ~0.856 m.y. Reaction rates for North Qaidam are 5.05–8.68 x 10-8 a-1,
which suggests reaction timescales of 11.5–19.8 m.y. The slowest reaction rates were calculated
for Tromsø, which range from 1.40–1.92 x 10-8 a-1 and suggest timescales of ~52–71 m.y.
Reaction rates for Guichicovi are similar to Catalina and range from 4.76–6.24 x 10-6 a-1, which
corresponds to reaction timescales of 0.160–0.210 m.y.
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Figure 2-5: Model fits (black lines) and measured Nb concentrations (black filled circles)
for Nb back-diffusion models in rutile for five representative grains analyzed in this study.
(a, b) Catalina Island, CA; (c) North Qaidam, China; (d) Tromsø, Norway; (e) Guichicovi,
Mexico. Relative 2σ errors for LA-ICP-MS analyses are <6% for Nb in rutile.

4.1.2 Model assumptions
Application of the 1-D moving boundary model to our data requires making some
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restrictive assumptions. A brief overview of the main underlying assumptions, and of the
sensitivity of the model outcomes to changing these assumptions, is given below.
Initial Nb distribution

Catalina
Tromsø
North Qaidam
Guichicovi

Reaction rate (a-1)

10–5
10–6
10–7
10–8
9.5

10
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Figure 2-6: Reaction rates (a-1) for Catalina Island (circles), Tromsø (diamonds), North
Qaidam, China (squares), and Guichicovi, Mexico (triangles) plotted versus inverse
temperature (°C-1). Representative two sigma error bars for temperature (based on Zr-intitanite) and reaction rate are shown in the upper right corner.
We assume that there was initially a homogeneous distribution of Nb in rutile and that the
concentration in the core plateau region of the rutile represents the original background
concentration of Nb. In their study of rutile in MORB-type eclogites, Schmidt et al. (2009)
report variable Nb concentrations in rutile grains, with higher concentrations in the cores and
lower concentrations in the rims. Percent differences in Nb concentration between core and rim
of up to ~15-20% were observed by Schmidt et al. (2009), compared to >50% increases from
core to rim in our samples. In addition, most of the grains in the Schmidt et al. (2009) study
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show more variability in the rutile cores than we find in our samples. Grains that did not have a
plateau region in the core of the grain were excluded from this study. One small grain (KAL-2
R1) was excluded because the diffusion profiles from each side touch in the middle (i.e., the core
may not have been sampled, or diffusion reached the center of the grain). This grain was
excluded from the results but is included in Supplementary Data 2 (sample KAL-2 R1).
Grain sectioning and orientation
We assume that the rutile grains were sectioned through the core of the grain, which may
not be the case, particularly for those samples that were analyzed in thin section (Catalina, North
Qaidam, and Guichicovi). If rutile grains are not sectioned through the core, they may not
preserve the initial Nb concentration, which would violate the “initial composition” assumption
listed above. In order to minimize cutting effects, we analyzed multiple large grains in each thin
section.
Discussion of cutting effects is also relevant to application of experimentally-determined
Nb diffusion coefficients to our measured profiles. The diffusion data of Marschall et al. (2013)
were acquired at geologically relevant fO2 (FMQ) and over a wide range of temperatures (8501250° C) parallel to the crystallographic c-axis of rutile. One experiment by Marschall et al.
(2013) found that Nb diffusion parallel to the a-axes may be slower than diffusion along the caxis by a factor of ~8. All of the rutile profiles in this study were analyzed along the shortest
dimension within the thin section, approximating the a-axis, with the exception of Catalina
profile 130-4 R5.10, which was analyzed along the longest dimension of the rutile, perpendicular
to profile 130-4 R.9. It is likely that most of our profiles are approximately parallel to the a-axis
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or represent some angle to both the c and a axes. Applying the Marschall et al. (2013) diffusion
coefficients determined parallel to the c-axis may result in underestimated reaction durations.
The effect on the calculated reaction rates would be less than an order of magnitude.
Titanite rim geometry and the 1-D solution
Application of a 1-D solution requires a geometry in which diffusion from the third
dimension is negligible; i.e., the titanite rim is thin compared to the overall diameter of the rutile
grain. Watson and Müller (2009) show that significant differences in compositional gradients
can arise from applying a 1-D solution to moving boundary problems compared to 3-D spherical
geometry. Some of the smaller grains in this study may not be ideally suited for application of
the 1-D solution. One profile from the Catalina sample (KAL-2) was excluded from the results
because of its small size relative to the thickness of the titanite rim; it is included in
Supplementary Data 2 to show that the reaction rates determined for this profile and others (0.5–
1 x 10-6 a-1) that were discarded for reasons discussed below nonetheless fall within the range of
rates determined for the rest of the Catalina rutiles (0.65–2.95 x 10-6 a-1). Furthermore, all of the
Catalina profiles, regardless of the ratio between rutile size and titanite rim thickness, return
reaction rates that fall within the range determined for the largest Catalina rutile, which measures
~700 µm with a titanite rim 30-90 µm thick. The fact that all grains from Catalina return the
same reaction rate, independent of the ratio of rutile to titanite rim, suggests that application of a
1-D solution is appropriate at this site. Because fewer grains were available from the North
Qaidam and Guichicovi samples, it is more difficult to show that 3-D effects are insignificant
when applying the model. Applying the 1-D solution therefore has the potential to result in
minimum estimates of reaction rate in some cases.
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Continuity of reaction (steady state model)
We have chosen to use a moving boundary as opposed to a fixed boundary solution. In
order to apply a fixed boundary solution, growth of the titanite would have to be instantaneous,
resulting in rapid buildup of Nb at the boundary followed by Nb diffusion from the boundary
into the rutile.

The moving boundary model assumes constant growth with steady state

distribution of Nb across the rutile-titanite boundary. In nature, reactions are more likely pulses
of rapid growth separated by longer intervals of slow steady growth. By choosing the moving
boundary model we assume that steady continuous growth better approximates nature than the
fixed boundary model. These models represent two possible end-members for growth modeling
and are by no means exhaustive (see, for instance, the models of Albarede and Bottinga, 1972;
Watson and Liang, 1995; Skora et al., 2006; Watson and Müller, 2009).
By applying a steady state model, we assume that the concentrations of Nb at the rutiletitanite interface are fixed and controlled by equilibrium partitioning (Figure 2.4). This implies
that rim formation was slow enough for transport of Nb away from the rutile-titanite boundary,
allowing for equilibrium partitioning of Nb to be maintained between rutile and titanite.
Conversely, for a rapidly growing interface not at steady state, Nb would build up in the rutile at
the boundary, which would result in an increase in Nb concentration in the titanite towards the
interface (i.e., Watson and Müller, 2009).

Likewise, if titanite growth continued after the

cessation of Nb diffusion in rutile (i.e., if the system were to drop below the closure temperature
for Nb diffusion in rutile while the titanite-forming reaction continued), then a significant
buildup of Nb in titanite at the rutile-titanite boundary would also be expected. No increase in
Nb in titanite towards the boundary is observed in our samples.
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The diffusion model applied to samples from the four localities in this study predicts Nb
partition coefficients between titanite and rutile of 0.05–0.20 (Supplementary Data 3, Table A2),
which are consistent with the distribution observed in the analyzed Nb concentration data
(Supplementary Data 3, Table A2). These titanite/rutile partition coefficients for Nb are in
agreement with the experimentally determined range of 0.01–0.33 (Prowatke and Klemme, 2005;
Klemme et al., 2005).
Effects of cooling during reaction progress
Because titanite grew during exhumation and hence cooling, the diffusion rates used in
the model, which are based on the peak temperatures estimated from Zr-in-titanite thermometry,
represent a maximum with respect to the cooling history. A compilation of geochronologic data
from the Catalina Island literature suggests a time span of ~3–10 m.y. to cool from 760°C to
400°C, which corresponds to cooling rates of ~30–120°C/Ma (Grove and Bebout, 1995; Grove et
al., 2008; Zack et al., 2010). If we apply the Ganguly and Tirone (1999) extension for the
Dodson formulation for closure temperature to Nb diffusion in a rutile 500 µm in size, at cooling
rates of 30-100°C/Ma, we can estimate ~20-30° C of cooling prior to closure. This amount of
cooling is consistent with the modeled reaction duration (on the order of ~1 m.y.) for the given
cooling rate, and is within the error of the temperature estimates (±30° C). The effect of 30° C of
cooling on the diffusion coefficient can be estimated from the experimental diffusion data
(Marschall et al., 2013); the difference in diffusion coefficients for Nb in rutile between 760° C
and 730° C is about a factor of 2, which is well within the error of the calculated reaction rates.
Closed system assumption
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We assume that the rutile/titanite system is closed with respect to Ti and Nb. Justifying
this assumption is the fact that rutile is the primary host of Nb in mafic rocks (e.g., Schmidt et
al., 2009; John et al., 2011). Titanite is also a major host of Nb in mafic rocks, and thus we
assume that because Nb is much more compatible in rutile and titanite than other major or
accessory phases in these rocks, the likelihood of Nb mobilization outside of these phases is
minimal. We also consider the possibility of Ti transport away from the reaction site to form
titanite elsewhere in the rock, resulting in a net loss of Ti during titanite growth (e.g., Lucassen et
al., 2010a). Titanium loss would result in calculated reaction rates that are artificially slow,
because the assumption that the length of the titanite rim corresponds to the distance that the
reaction propagated into the rutile would be invalid. Lucassen et al. (2010a) consider up to 90%
net loss of the Ti from the reaction site. However, experiments on rutile solubility at high
pressures and temperatures suggest extremely low solubility of Ti (log mTi = -4.83) in H2O at
conditions relevant to this study (Tropper and Manning, 2005), although the presence of ions
such as Na, Cl, and F can dramatically enhance the solubility of Ti (e.g., Manning et al., 2008;
Rapp et al., 2010).
We have attempted to select rutile grains for which the probability of Ti mobility may be
minimized based on petrographic context; for instance, when possible we chose grains not in
direct contact with veins. The presence of euhedral titanite without rutile cores would suggest
mobility of Ti in our samples (e.g., Lucassen et al., 2010a). Within the Catalina samples, there
are titanite grains that do not have large rutile cores; however, most grains still have small
inclusions of rutile and are texturally similar (anhedral) to the titanite rims on rutile. Euhedral
titanites are rare, which suggests that a majority of the Ti is conserved at the reaction site, and
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that smaller single titanite grains are most likely relicts of small rutile grains that have been
completely consumed. Because titanite does occur throughout the sample and rutile is not
always present within titanite, careful textural observation is critical. The grains analyzed in this
study were chosen specifically because of their symmetry and discrete titanite margins in contact
with the matrix. The right side of profile 130-4 T2, which was considered compromised because
the titanite rim is physically connected to an additional titanite grain, was not included in
reaction rate modeling. In addition, profile KAL-2 R4 was excluded because the thickness of the
titanite rims was too variable to allow a reasonable estimate of overgrowth thickness
(Supplementary Data 2). If we estimate that 10% of the Ti were lost then the reaction rate
calculated for the left side of Catalina profile 130-4 T2 would be 1.39 x 10-6 a-1, compared to
1.53 x 10-6 a-1 for the case of zero Ti loss, which is significantly less than an order of magnitude
difference in the resulting reaction rate. If 50% of the Ti were lost, the resulting reaction rate
would be 7.66 x 10-7 a-1, which is less than an order of magnitude difference in reaction rate.
Investigation of the petrographic context of the titanite from North Qaidam and
Guichicovi showed that titanite is restricted to rims around rutile and ilmenite, and that there are
no visible vein networks present in the rock that may have carried Ti away from the reaction site.
While is it possible that Ti was lost from the system, the lack of evidence for this leads us to the
assumption that for these samples, Ti loss is not a large factor in the conversion from grain
boundary velocity to reaction rate. Conversely, large euhedral titanite grains occur in veins in
the Tromsø sample, which may indicate that Ti was mobilized from the reaction site, as
discussed by Lucassen et al. (2010a). However, the large euhedral vein titanites could also be
the result of open-system addition due to fluid-enhanced dissolution of rutile elsewhere in the
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outcrop followed by precipitation of euhedral titanite within the vein (Zack and John, 2007; John
et al., 2008). Given the good agreement of the reaction rates for Tromsø compared to other
locales presented in section 4.2, we suggest that Ti loss was not significant for the Tromsø
sample any more so than the other samples.
4.2 Reaction rates in metamorphic systems

4.2.1 Comparison to other field-based reaction rates
The kinetics of any given reaction are driven by the reaction affinity (-ΔG) of a system;
in igneous systems temperature is generally the most important control on reaction affinity, and
this assumption is often applied to metamorphic systems as well. The relationship between
reaction rate and temperature is described by the Arrhenius equation (k = A*exp(-Ea/RT)), where
k is the rate constant, A is the pre-exponential factor, Ea is the activation energy, R is the
universal gas constant, and T is the temperature. A general trend of increasing reaction rate with
increasing temperature is observed in our study (Fig. 2.6); however, because only four
temperatures within a 100° C temperature range are represented here (reflecting the limited range
of conditions over which the rutile-titanite reaction occurs), the overall effect of temperature is
discussed in context of other metamorphic systems.
A recent compilation of reaction rates in metamorphic systems worldwide (Baxter, 2003)
presents reaction rates as the surface area normalized volume of bulk rock reacted per year
plotted versus temperature. Surface area normalized reaction rates (Fig. 2.7) for Catalina range
from 0.772–2.58 x 10-6 g/cm2/a, with an average of 1.87 x 10-6 g/cm2/a, assuming spherical
grains of radius 350 µm in a rock with 4% rutile by volume. Normalized reaction rates average
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1.37 x 10-7 g/cm2/a for the North Qaidam terrane and 5.01 x 10-8 g/cm2/a for the Tromsø Nappe,
both of which were calculated with an estimated 1% rutile. Normalized reaction rates for
Guichicovi range from 3.70–7.16 x 10-6 g/cm2/a, based on an estimated 2% rutile.
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Figure 2-7: Temperature (°C) versus net reaction rate (g/cm2/yr) for field-based estimates
from regional metamorphic settings (this study, black boxes; all other data, black dashed
boxes). Shown for comparison are field-based estimates of contact metamorphic reaction
rates (open black boxes) and experimental reaction rates (grey fields). The best-fit line of
all the regional metamorphic data is shown in dark grey, with one order-of-magnitude
uncertainty shown by the light grey dashed lines (from Baxter, 2003). Data for Catalina,
Tromsø, North Qaidam, and Guichicovi are from this study; all other data from Baxter
(2003), Baxter and DePaolo (2002, 2000), Vance and Harris (1999), Carlson et al. (1995),
Christensen et al. (1994, 1989), Vance and O’Nions (1992).
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Our surface area normalized reaction rates are comparable to the fastest (i.e., highest
temperature) rates calculated by independent methods for regional metamorphic settings
worldwide (Fig. 2.7). Baxter (2003) proposed a linear relationship between Rnet (g/cm2/a) and
temperature (° C) for regional metamorphism:

log Rnet = 0.0029T − 9.6(±1)

(6)

This expression is derived from a linear regression through normalized rate and
temperature for each field area in Figure 2.7 excluding our data, with all extremes of each field
weighted equally. Experimental reaction rates and contact metamorphic rates are excluded from
the regression. The similarity of our data with the existing field-based regional metamorphic
data indicates that reaction rates during rehydration of subducted oceanic crust on the retrograde
path are comparable to, or perhaps a little faster than, those associated with other regional
metamorphic settings, rather than those associated with contact metamorphism.

4.2.2 Factors controlling reaction rates
Because the Zr-in-titanite temperatures calculated for North Qaidam/Tromsø and
Catalina/Guichicovi are indistinguishable within error, we recalculated the reaction rates for the
North Qaidam and Guichicovi rutile-titanite pairs in order to compare the kinetics of the reaction
at 700° C (North Qaidam and Tromsø) and 760° C (Catalina and Guichicovi) (Fig. 2.8;
Supplementary Data 2, Table A3).

The linear relationship between the amount of rutile

consumed during the reaction and the square root of the reaction time at 700° C and 760° C
suggests that these reactions are diffusion-controlled, as is expected for rim-growth reactions,
where the reaction site (e.g., the rutile-titanite boundary) is effectively armored by the reaction
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products (e.g., Joesten and Fischer, 1988; Baxter, 2003; Keller et al., 2008; Putnis and
Austrheim, 2010). The slopes of the lines in Figure 2.8 correspond to the reaction rate constants;
in a transport-limited system such as this, the reaction rate constants are related to the diffusion
coefficients for the species of interest through the transport medium. We propose that the ratelimiting step for these rutile-titanite reactions is major cation diffusion through grain or subgrain
boundaries in the titanite to the reaction site. This requires the assumption that Ca and Si are
unlimited and that the acquisition of these elements, either from dissolution of another solid
phase or from a fluid/melt source, is not rate limiting. Detailed analysis of the major and trace
element composition of titanite rims may elucidate better the transport processes related to
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titanite growth from a fluid or melt, as has been explored by Lucassen et al. (2010b, 2011).
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Figure 2-8: Square root of reaction time plotted against the radius of rutile consumed during
the reaction. Reaction times for North Qaidam were recalculated at 700° C for this plot in
order to compare to those from Tromsø, and reaction times for Guichicovi were
recalculated at 760° C in order to compare to Catalina. Symbols as in Figure 6.
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As can be observed in Fig. 2.7 (after Baxter, 2003), normalized reaction rates in contact
metamorphic settings and laboratory experiments are several orders of magnitude faster than in
regional metamorphic settings. Baxter (2003) suggested that intergranular transport rate and
fluid content are among the most important system properties governing the differences in rates
determined for contact versus regional metamorphic settings. In many cases, the rate-limiting
step for a reaction to take place in a metamorphic rock is the diffusion of species through the
intergranular transport medium (ITM). Some authors have suggested that these diffusion-limited
reaction rates are predominantly controlled by how “wet” the ITM is; the more fluid that is
present, the faster diffusion and reactions occur (e.g., Rubie, 1986). However, recent work has
shown that very little water (on the order of 20 ppm) may be required to make dry silicate
systems “wet” (Milke et al., 2013). Also worthy of consideration is the difference in reaction
affinity in these systems; reactions in experimental and contact metamorphic settings occur on
much shorter timescales and involve departures from equilibrium that are larger than in regional
metamorphic settings, where heating/cooling rates are much slower. Therefore, the reaction
affinity in experimental and contact metamorphic systems is potentially much greater, resulting
in enhanced rates.

5. CONCLUSIONS
Rutile-titanite reactions are important retrograde reactions that occur during the
exhumation of metamorphosed mafic rocks. By characterizing trace element concentrations at
small spatial scales (12-15 µm traverse spacing), we have characterized Nb diffusion profiles in
45

rutile grains as small as 210 µm, more than an order of magnitude smaller than grains in previous
studies (Lucassen et al., 2010a). These small-scale features have allowed us to calculate the rate
of reaction from rutile to titanite over a range of grain sizes (1.3 mm–210 µm) and temperatures,
based on the back-diffusion of Nb into rutile during titanite replacement. This study presents a
novel method for investigating reaction rates in metamorphic rocks that has the potential for
application to other corona textures using trace elements that have differences in partitioning that
drive back-diffusion during mineral replacement.
Rutile-titanite reaction rates at ~650–800 °C are on the order of 10-5–10-9 a-1, which
correspond to surface area normalized rates of 10-5–10-8 g/cm2/a. These data extend the field of
regional metamorphic reaction rates to include higher temperatures and a more diverse set of
rock types and bulk compositions, and provide some of the first quantitative estimates of reaction
rates in subduction zones. This quantification of metamorphic reaction rates from exhumed
oceanic crust fills an important gap in the field of geochemical kinetics and highlights the need
for further field-based studies of reaction rates in dynamic settings, particularly for reactions
occurring in subduction environments.
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Table
: Parameters
and results
of Nb diffusion
in rutile.
Table2-1
1 Parameters
and results
of Nb diffusion
modeling inmodeling
rutile
Sample
name
Catalina
130-4 T1 (L)
130-4 T1 (R)
130-4 T2 (L)
130-4 T2 (R)*
130-4 R5.9 (L)
130-4 R5.9 (R)
130-4 R5.10
Tromsø
TR1 R1 (L)
TR1 R1 (R)
North Qaidam
D115 (L)
D115 (R)
Guichicovi
MX4A R1 (L)
MX4A R1 (R)
MX4A R2 (L)
MX4A R2 (R)

Pressure Temperature
(°C)
(GPa)

DNb
(m2/s)

Grain boundary Titanite Reaction Rxn duration
Rnet
velocity (m/s) rim (µm) rate (a-1)
(m.y.)
(g/cm2/yr)

0.95
0.95
0.95
0.95
0.95
0.95
0.95

760 ± 30
760 ± 30
760 ± 30
760 ± 30
760 ± 30
760 ± 30
760 ± 30

4.35 x 10-22
4.35 x 10-22
4.35 x 10-22
4.35 x 10-22
4.35 x 10-22
4.35 x 10-22
4.35 x 10-22

6.57 x 10-18
9.79 x 10-18
1.21 x 10-17
1.09 x 10-17
6.16 x 10-18
6.19 x 10-18
1.40 x 10-17

60
105
75
--30
90
45

1.04 x 10-6
8.83 x 10-7
1.53 x 10-6
--1.95 x 10-6
6.52 x 10-7
2.95 x 10-6

0.964
1.132
0.653
--0.514
1.535
0.339

9.07 x 10-7
7.72 x 10-7
1.34 x 10-6
--1.70 x 10-6
3.91 x 10-6
2.58 x 10-6

0.80
0.80

700 ± 29
700 ± 29

2.90 x 10-23
2.90 x 10-23

4.36 x 10-19
4.09 x 10-19

465
400

1.40 x 10-8
1.92 x 10-8

71
52

8.39 x 10-8
1.15 x 10-7

0.75
0.75

670 ± 21
670 ± 21

6.57 x 10-24
6.57 x 10-24

3.67 x 10-19
3.20 x 10-19

40
60

8.68 x 10-8
5.05 x 10-8

11.5
19.8

1.74 x 10-7
1.01 x 10-7

0.90
0.90
0.90
0.90

770 ± 22
770 ± 22
770 ± 22
770 ± 22

6.63 x 10-22
6.63 x 10-22
6.63 x 10-22
6.63 x 10-22

2.76 x 10-17
2.34 x 10-17
2.76 x 10-17
2.31 x 10-17

45
45
55
35

5.80 x 10-6
4.91 x 10-6
4.76 x 10-6
6.24 x 10-6

0.172
0.203
0.210
0.160

7.16 x 10-6
6.07 x 10-6
3.70 x 10-6
4.85 x 10-6

* Titanite rim thickness was not determinable for the right side of this profile due to overlap with an adjacent titanite and

nearby rutile.
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Chapter 3

Assessing Trace Element (Dis)equilibrium and the Application of Single Element
Thermometers in Metamorphic Rocks

ABSTRACT
Single element thermometers such as Zr-in-rutile and Zr-in-titanite inherently assume that
trace element equilibrium was attained at peak thermal conditions. Here we present a
comprehensive study of trace element distribution during rutile replacement by titanite in rocks
that experienced high-temperature amphibolite-facies overprinting and those that underwent lowtemperature blueschist-facies overprinting from a variety of subduction-related terranes
worldwide. Apparent partition coefficients were calculated for the high field strength elements
Zr, Nb, Hf, and Ta in 36 rutile-titanite pairs based on in situ trace element concentrations
determined by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). We
find that trace element distributions approach equilibrium partition coefficients in rocks from
amphibolite-facies overprinted terranes, whereas trace element distributions did not approach
equilibrium in rocks that experienced blueschist-facies overprinting. Calculated Zr-in-titanite
temperatures for amphibolite-facies overprinted rocks are consistent with those reported in the
literature, while Zr-in-titanite temperatures for blueschist-facies overprinting consistently
overestimate temperature by 50-250 °C, suggesting that Zr does not approach equilibrium
distributions during blueschist-facies overprinting. We conclude that single phase thermometers
that rely upon slow-diffusing high field strength elements should not be applied to rocks
equilibrated at ≤550 °C unless attainment of trace element equilibrium can be demonstrated.
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1. INTRODUCTION
Local equilibrium is a necessary assumption for determining pressure and temperature
conditions using mineral assemblages and compositions in natural rocks (Thompson, 1959).
Calibration of single-element solubility thermobarometers such as Zr-in-rutile (Zack et al., 2004;
Tomkins and Powell, 2007), Zr-in-titanite (Hayden et al., 2008), Ti-in-quartz (Wark and Watson,
2006; Thomas and Watson, 2012), and Ti-in-zircon (Watson et al., 2006) has provided a means
for determining pressure and temperature conditions of individual minerals and fabrics in
metamorphic rocks with relative ease, since these methods essentially rely on the analysis of
only a single element. However, application of these thermobarometers requires the assumption
of both phase and trace element equilibrium in order to assume activities of relevant components.
For instance, the Zr-in-titanite thermometer relies upon the substitution of Zr4+ for Ti4+ in
titanite, based on the equilibrium:

CaTiSiO5 + ZrSiO4 = CaZrSiO5 + TiO2 + SiO2 .

(1)

Experimental calibration of the solubility of Zr in titanite (Hayden et al., 2008) yields the
following relationship:

T (°C) =

7708 + 960P(GPa)
− 273.
10.52 − log(aTiO2 ) − log(aSiO2 ) − log(ppm Zrttn )

(2)

Given a measured Zr concentration of titanite, temperature can be calculated by assuming
pressure and the activities of TiO2 and SiO2. Inherent in this thermometer is the assumption that
Zr incorporation into titanite is buffered by zircon. However, the spatial scale of Zr equilibrium
within a rock is typically unknown, and most studies assume that the presence of zircon in the
rock is enough to satisfy the equilibrium of Equation 1, which may or may not be the case.
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With increased access over the last decade to methods such as laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) for in situ trace element determination, the
popularity of single-element thermometry has grown rapidly (Cruz-Uribe et al., 2014; Spencer et
al., 2013; Ewing et al., 2012; Kooijman et al., 2012; Zack et al., 2011; Gao et al., 2011; Beinlich
et al., 2010). Systematic determination of the spatial and temporal scales of trace element
equilibrium, on the other hand, is lacking relative to the widespread use of in situ trace element
geochemistry and thermometry, which has important implications for the use of trace elements as
thermometers. The goal of this study is to investigate the conditions under which the assumption
of trace element equilibrium is justified with respect to single element thermometry. In
particular, we investigate the reaction of rutile replacement by titanite in subduction-related
eclogites, garnet amphibolites, and anorthositic granulite from a variety of terranes worldwide.
Rutile (TiO2) is commonly replaced by titanite (CaTiSiO5) during blueschist and
amphibolite-facies overprinting of mafic lithologies (Fig. 3.1). Because rutile and titanite are
important hosts for the high field strength elements (HFSE) Nb, Ta, Zr, and Hf (Cruz-Uribe et
al., 2014; John et al., 2011; Schmidt et al., 2009), the extent to which these elements are
fractionated during rutile replacement by titanite is critical to understanding large-scale
geochemical cycling of HFSEs. Mineral/melt partition coefficients for HFSEs have been
determined experimentally for rutile/melt (Klimm et al., 2008; Klemme et al., 2005; Schmidt et
al., 2004; Foley et al., 2000; Jenner et al., 1994; Green and Pearson, 1987) and titanite/melt
(Prowatke and Klemme, 2005; Tiepolo et al., 2002; Green and Pearson, 1987) over a wide range
of compositions. Although partition coefficients vary widely depending on melt composition and
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other factors, it is well established that Nb, Ta, Hf, and Zr are highly compatible in rutile and
titanite.

(a)

(b)
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gt
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phg

rut

ttn

250 µm

Figure 3-1: Plane light photomicrographs of rutile rimmed by titanite from (a) Catalina Schist
garnet amphibolite, and (b) Franciscan Junction School eclogite. Note the presence of
hornblende in the Catalina sample (amphibolite-facies) and glaucophane in the Franciscan
sample (blueschist-facies overprint). Gl, glaucophane; gt, garnet; hbl, hornblende; omph,
omphacite; phg, phengite; rt, rutile; ttn, titanite.

In this study we compare experimentally-determined partition coefficients for rutile/melt
and titanite/melt with in situ trace element analyses of rutile rimmed by titanite in eclogites from
the Franciscan Complex, CA; the Western Alps, Italy; Syros, Greece; the North Qaidam Terrane,
China; as well as garnet amphibolites from Catalina Island, CA; the Tromsø Nappe, Norway; and
anorthosite from the Guichicovi Complex, Mexico. In doing so we investigate the extent to
which trace elements are distributed in equilibrium proportions during titanite growth after rutile
over a range of temperatures from 400 to 800˚C, which will allow us to determine the limits of
applicability of the Zr-in-titanite thermometer in low temperature/high pressure rocks.
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1.1 Geologic setting and sample description
All of the samples in this study preserve the retrograde texture of rutile rimmed by
titanite. Sample localities can be broadly categorized into two groups: those that underwent
blueschist-facies retrogression (cold) and those that experienced amphibolite-facies retrogression
(hot). Eclogite samples from the Franciscan Complex, the Western Alps, and Syros were
exhumed along cold exhumation paths, whereas samples from Catalina Island, Tromsø, North
Qaidam, and Guichicovi have hot exhumation histories. Trace element data for rutile and titanite
data for these “hot” locales are from Cruz-Uribe et al. (2014); detailed geologic and sample
descriptions can be found in that paper. Here a brief overview of these samples is given, along
with detailed descriptions for locations not previously described.
High-temperature (amphibolite facies) samples
Catalina Island, CA Sample 130-4 is from a migmatized garnet amphibolite block
and consists primarily of garnet, hornblende and rutile. Zoisite, quartz, plagioclase, zircon, and
apatite exist within interstitial leucosomes and symplectite. Rutile is rimmed by titanite (Fig.
3.1a). Peak conditions are reported at ~0.81.1 GPa and 640–750 °C (Sorensen and Barton, 1987).
Tromsø, Norway Sample TR1 is an amphibolite from the Tromsø eclogite area in
northern Norway (Krogh et al., 1990; Ravna et al., 2006; Ravna and Roux, 2006). This sample
consists of an amphibolite matrix of calcic hornblende, plagioclase, and minor zoisite, biotite,
and quartz. Rutile (~1.3 mm) in the amphibolite matrix is rimmed by titanite (~400 µm). Early
amphibolite-facies metamorphism at 600–700 °C and 1.3 GPa preceded peak UHP metamorphic
conditions for the Tromsø eclogites at ~3.4 GPa and 730° C, followed by three symplectite
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overprinting events (S1-S3) at 700-840° C and 1-1.4 GPa, and amphibolite-facies overprinting at
650-700° C and 0.9-1 GPa (Ravna and Roux, 2006).
North Qaidam terrane, China Sample D115 is a mica-bearing eclogite from the Southern
Dulan Belt of the North Qaidam mountains, western China. Peak eclogite-facies conditions are
reported between 2.7-3.4 GPa and 610-750° C (Song et al., 2003; Zhang et al., 2009; Zhang et
al., 2008). Sample D115 consists of garnet, white mica, quartz and minor amounts of amphibole
and relict omphacite. Rutile and ilmenite are partially replaced by titanite. High-T granulitefacies overprinting has been suggested for some eclogites from the Southern Dulan Belt (Song et
al., 2003; Yu et al., 2009), which is consistent with widespread ilmenite in this sample.
Guichicovi Complex, Mexico Sample MX4A is a granulite-facies anorthositic gneiss from
the Maya terrane of Oaxaca, southern Mexico and consists primarily of quartz, plagioclase, and
hornblende with minor amounts of rutile, ilmenite, titanite, and other accessory phases. Rutile
and ilmenite are rimmed by titanite. Peak granulite-facies conditions are estimated at ~0.8 GPa
and ~840 °C (Mora et al., 1986; Murillo-Muñeton, 1994); however, the presence of rutile
suggests pressures on the order of 1 GPa or greater (e.g., John et al., 2011).
Low-temperature (blueschist facies) samples
Franciscan Complex, CA The Franciscan Complex of coastal California consists of high
grade amphibolite, eclogite and blueschist blocks within a tectonic mélange composed of
serpentinite and shale (Wakabayashi, 1990). Wakabayashi (1990) and others have proposed a
counter-clockwise

P–T

path

for

Franciscan

blocks,

with

early

amphibolities-facies

metamorphism followed by peak eclogite-facies metamorphism and finally blueschist
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overprinting. Eclogite blocks from Ring Mountain (Tiburon Penninsula) record peak pressures
and temperatures of 2.2–2.5 GPa and 550–620 °C followed by blueschist-facies overprinting
between ~1–2 GPa and ~300-500 °C (Tsujimori et al., 2006). Sample RM1209-4a is an eclogite
from Ring Mountain and consists of garnet and omphacite with minor amounts of white mica
and rutile. Rutile is rimmed by titanite and omphacite is partially replaced by glaucophane.
Sample RM-3 is an eclogite/garnet amphibolite from Ring Mountain consisting of garnet,
hornblende, omphacite and zoisite with rutile (rimmed by titanite) and glaucophane alteration of
hornblende and omphacite. Eclogite blocks from the Junction School locality records peak
pressures and temperatures of 1.8–2.2 GPa and ~550 °C and blueschist overprinting at 1–1.4
GPa and 350-450 °C (Page et al., 2007). Sample JS1209-1 is an eclogite from the Junction
School locality and consists of garnet, omphacite (partially replaced by glaucophane), phengite,
and rutile rimmed by titanite (Fig. 3.1b).
Voltri Massif, Western Alps The Voltri Massif of northern Italy comprises the
southernmost portion of the Western (Ligurian) Alps and consists of three primary tectonic units:
serpentinites, metarodingites, eclogites, and partially serpentinized metabasalts and metagabbros
(Beigua Unit), metasediments and metavolcanics (Voltri-Rossiglione Unit), and partially
serpentinized lherzolites (Erro-Tobbio Unit). Alpine eclogite-facies peak metamorphism is
reported at conditions of 2–2.2 GPa and ~500–550 °C followed by bluecshist-facies
retrogression at ~400–550 °C and 0.6–1.2 GPa (Vignaroli et al., 2005). Sample VM1 is an
eclogite from the Beigua Unit and consists of garnet and comphacite with both calcic and sodic
amphiboles (see Vignaroli et al., 2005 for details). Large (1–2 mm) ilmenite is rimmed by rutile
(50–100 µm), which is rimmed by titanite (5–25 µm).
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Monte Mucrone, Western Alps Monte Mucrone lies within the Eclogitic Micaschist
Complex (EMC) of the Sesia-Lanzo Zone, a piece of continental crust that was subducted during
the Alpine orogeny. The EMC consists of eclogitic micaschists with abundant lenses and layers
of eclogites, glaucophanites, and marbles (Compagnoni, 1977; Rubatto et al., 1999). Peak
eclogite-facies metamorphism is reported at 550–620 °C and 1.3-2 GPa followed by blueschistfacies overprinting at ~0.6–1 GPa and ~350–400 °C (Inger et al., 1996; Lardeaux and Spalla,
1991; Pognante, 1989). The timing of eclogite-facies metamorphism is constrained by recent
zircon dating at ~65 Ma (Rubatto et al., 1999). Sample MM0609-1A is an eclogite from Monte
Mucrone consisting primarily of garnet, omphacite and rutile, with minor amounts of white mica
and titanite. Titanite occurs in veins and as coronas around rutile.
Syros, Greece The island of Syros is within the Attic-Cycladic Crystalline Complex and
consists of marbles, schists, and high-pressure mélange. Peak metamorphic conditions are
recorded at ~470–520 °C and 1.5–2 GPa followed by epidote-blueschist facies retrogression at
~400 °C and 1 GPa (Schumacher et al., 2008; Keiter et al., 2004; Rosenbaum et al., 2002; Trotet
et al., 2001; Schliestedt, 1986). Sample SY537 is an epidote blueschist from the Kampos
mélange and consists of garnet, omphacite, glaucophane, epidote, phengite, and quartz. Rutile
occurs both in the matrix (~100 µm) and as porphyroblasts (up to 5 mm) and is rimmed by
titanite.

2. ANALYTICAL METHODS
Trace elements concentrations in rutile and titanite were determined by laser ablationinductively coupled plasma-mass spectrometry (LA-ICP-MS) at the Institute for Geosciences at
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the University of Mainz and The Pennsylvania State University. Sample preparation was as
reported in Cruz-Uribe et al. (2014).
2.1 LA-ICP-MS Analyses, Mainz
Trace element concentrations in rutile in samples 130-4 (Catalina Island), TR1 (Tromso),
D115 (N. Qaidam) and MX4A (Mexico) are from Cruz-Uribe et al. (2014). Trace element
concentrations in titanite were recalculated using the Khan titanite as a reference material in
order to minimize matrix effects induced by using the non-matrix matched glass reference
material NIST610.
Franciscan samples RM1209-4a, RM-3, JS1209-1 and Voltri sample VM-1 were
analyzed at the University of Mainz using a New Wave Nd:YAG 213 nm laser ablation system
coupled to an Agilent 7500ce quadrupole ICP-MS (Jacob, 2006; Zack et al., 2011). Trace
elements in rutile and titanite were analyzed using laser beam diameters of 8 or 12 µm with a
beam energy density of ~ 3.6 J/cm2 and a repetition rate of 10 Hz. Each analysis was acquired
over 40-50 seconds, which consisted of 10-20 seconds of background collection during laser
warm-up, 20 seconds of dwell time during ablation, and 10 seconds of washout (Fig. 3.2).
Trace element concentrations in rutile were determined by analyzing the isotopes
44

Ca,

47

Ti,

49

Ti,

90

Zr,

93

Nb,

180

Hf and

181

29

Si,

Ta. Each standard block typically consisted of two

analyses each of the rutile R10 and the NIST610 glass. Trace element concentrations were
determined relative to the rutile reference material R10 (Luvizotto et al., 2009) using the
GLITTER software program with

49

Ti as the normalizing mass (assuming an ideal rutile

composition of TiO2 = 100%). Silicon, Ca, and Zr counts were used to identify inclusions of
phases other than rutile.
74

107
106

Counts

105
104
103

laser on

laser
off

49 Ti
93 Nb
181 Ta
90 Zr

102
101
0

10

20
Time (sec)

30

40

Figure 3-2: Time resolved counts for a typical LA-ICP-MS titanite analysis of 49Ti,
90
Zr,93Nb, and 181Ta using a 12 µm spot size. Note the rapid washout after the laser is
turned off.
Trace element concentrations in titanite were determined by analyzing the isotopes 29Si,
44

Ca,

47

Ti,

49

Ti,

90

Zr,

93

Nb,

180

Hf and

181

Ta. Each standard block typically consisted of two

analyses each of the titanite reference material Khan and the NIST610 glass. Trace element
concentrations in titanite were determined relative to the titanite standard Khan (Heaman, 2009)
using Iolite with 49Ti as the normalizing mass (assuming a titanite composition of TiO2 = 30%).
2.2 LA-ICP-MS analysis, The Pennsylvania State University

Syros sample SY537, Western Alps sample MM0609, and one grain from Franciscan
sample RM1209-4a were analyzed using a New Wave UP 213 nm laser coupled to a Thermo Xseries II quadrupole ICP-MS at The Pennsylvania State University. Rutile and titanite in samples
MM0609 and RM1209-4a were analyzed using laser beam diameters of 15 µm with a beam
energy density of ~ 6 J/cm2 and a repetition rate of 20 Hz. Each analysis was acquired over 55
seconds, which consisted of 20 seconds of background collection during laser warmup, 20
seconds of dwell time during ablation, and 15 seconds of washout. Rutile and titanite in sample
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SY537 were analyzed using laser beam diameters of 30 or 40 µm, respectively with a beam
energy density of ~6-7 J/cm2 and a repetition rate of 10 Hz. Each analysis was acquired over 60
(rutile) or 75 (titanite) seconds, which consisted of 20 seconds of background collection during
laser warmup, 20-30 seconds of dwell time during ablation, and 20-30 seconds of washout.
Trace element concentrations in rutile were determined by analyzing the isotopes
44

Ca,

47

Ti,

49

Ti,

90

Zr,

93

Nb,

180

Hf and

181

29

Si,

Ta. Each standard block typically consisted of two

analyses each of the rutile R10 and the NIST610 glass. Trace element concentrations were
determined using the rutile reference material R10 (Luvizotto et al., 2009) as a calibration
standard, using the Iolite software (version 2.5D plugin for Igor Pro version 6.34A) with 49Ti as
the normalizing mass (assuming an ideal rutile composition of TiO2 = 100%).
Trace element concentrations in titanite were determined by analyzing the
isotopes 29Si, 44Ca, 47Ti, 49Ti, 90Zr, 93Nb, 180Hf and 181Ta. Each standard block typically consisted
of two analyses each of the titanite reference material BLR-1 and the NIST610 glass. Trace
element concentrations in titanite were determined relative to the titanite reference material
BLR-1 (Mazdab, 2009) using Iolite with

49

Ti as the normalizing mass (assuming a titanite

composition of TiO2 = 30%).

3. ANALYTICAL RESULTS
3.1 Trace element concentrations
Concentrations of Zr, Nb, Hf, and Ta in rutile and titanite at the rutile-titanite interface
can be found in Table 3.1, along with apparent rutile-titanite partition coefficients for the 36
rutile-titanite pairs. In some cases variable titanite compositions were noted, and in these cases
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average titanite compositions are given. All uncertainties for laser data are 2 sigma internal and
are reported in Table 3.1.
High-temperature (amphibolite facies) samples
Catalina Island, CA Grains T1, T2, R5.9 and R5.10 from sample 130-4 were reported in
Cruz-Uribe et al. (2014). Grain R1 is from the same sample. Zirconium concentration ranges
from 249 – 409 ppm in rutile rims and 84 – 103 ppm in titanite, with DZr ranging from 2.9 – 4.6.
Niobium concentration ranges from 2192 – 3522 ppm in rutile rims and 113 – 248 ppm in
titanite, with DNb ranging from 11.5 – 20.4. Concentration of Hf ranges from 7.8 – 13.6 ppm in
rutile and 3.9 – 5.7 ppm in titanite, with DHf ranging from 1.6 – 3.4. Tantalum concentration
ranges from 121 – 266 ppm in rutile and 6 – 21.2 ppm in titanite, with DTa ranging from 7.2 –
25.8.
Tromsø, Norway Zirconium concentration in sample TR1.R1 ranges from 223 – 263
ppm in rutile rims and 38.5 – 61.9 ppm in titanite, with DZr ranging from 4.2 – 5.8. Niobium
concentration ranges from 552 ppm (estimated from Nb model of Cruz-Uribe et al., 2014) to 672
ppm in rutile rims and 113 – 248 ppm in titanite, with DNb ranging from 14.6 – 15.2.
Concentration of Hf ranges from 6.7 – 9.8 ppm in rutile and 2 – 2.9 ppm in titanite, with DHf
ranging from 3.3 – 3.4. Tantalum concentration is 26 ppm in the rutile rim and ranges from 2.9 –
3.5 ppm in the titanite, with DTa ranging from 7.4 – 9.
North Qaidam terrane Zirconium concentration in sample D115 ranges from 176 – 193
ppm in rutile rims and 206 – 216 ppm in titanite, with DZr ranging from 7 – 7.4. Niobium
concentration ranges from 2603 – 3072 ppm in rutile rims and 164 – 181 ppm in titanite, with
DNb ranging from14.4 – 18.7. Concentration of Hf ranges from 6.2 – 7.2 ppm in rutile and 1.2 –
77

2 ppm in titanite, with DHf ranging from 3.1 – 6. Tantalum concentration ranges from 110 – 144
ppm in rutile and 15.5 – 23.4 ppm in titanite, with DTa ranging from 6.2 – 7.1.
Guichicovi Complex, Mexico

Zirconium concentration in sample MX4A ranges from

1610 – 2511 ppm in rutile rims and 187 – 216 ppm in titanite, with DZr ranging from 7.7 – 11.6.
Niobium concentration ranges from 2996 – 5086 ppm in rutile rims and 156 – 259 ppm in
titanite, with DNb ranging from 16.3 – 20.3. Concentration of Hf ranges from 141 – 275 ppm in
rutile and 15 – 21 ppm in titanite, with DHf ranging from 9.3 – 13.1. Tantalum concentration
ranges from 1604 – 2552 ppm in rutile and 16 – 28 ppm in titanite, with DTa ranging from 61.9 –
111. Sample MX4A is the only sample in this study in which the entire rutile grain does not have
relatively homogenous Zr; in this sample, Zr concentration decreases from core (2700 – 5110
ppm) to rim (1610 ppm) in both grains analyzed.
Low-temperature (blueschist facies) samples
Franciscan Complex, CA Zirconium concentration in sample JS1209-01 ranges from
33.8 – 59.5 ppm in rutile rims and 5.9 – 13.7 ppm in titanite, with DZr ranging from 5.7 – 10.1.
Niobium concentration ranges from 171 – 260 ppm in rutile rims and 33.2 – 48.5 ppm in titanite,
with DNb ranging from 4.2 – 6.2. Hafnium is below detection limits. Tantalum concentration
ranges from 15.4 – 17.8 ppm in rutile and 1.8 – 2.4 ppm in titanite, with DTa ranging from 7.3 –
13.8.
Zirconium concentration in sample RM-3 is 120 ppm in the rutile rim and 9.8 ppm in
titanite, with DZr = 12.2. Niobium concentration 695 ppm in the rutile rim and 145 ppm in
titanite, with DNb = 4.8. Hafnium concentration 19.4 ppm in rutile and 0.8 ppm in titanite, with
DHf = 24.3. Concentration of Ta is 44.2 ppm in rutile and 11.2 ppm in titanite, with DTa = 3.9.
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Zirconium concentration in sample RM1209-4a ranges from 68 – 125 ppm in rutile rims
and 10 – 12.2 ppm in titanite, with DZr ranging from 6.8 – 10.2. Niobium concentration ranges
from 789 – 1239 ppm in rutile rims and 181 – 314 ppm in titanite, with DNb ranging from 3.9 –
4.4. Concentration of Hf is 5.8 ppm in rutile and 1.1 ppm in titanite, with DHf = 5.3. Tantalum
concentration ranges from 60 – 120 ppm in rutile and 11.5 – 24.3 ppm in titanite, with DTa
ranging from 4.9 – 5.2.
Zirconium concentration in sample RM-1C ranges from 46 – 102 ppm in rutile rims and
5.5 – 26.2 ppm in titanite, with DZr ranging from 7.4 – 16.4. Niobium concentration ranges from
392 – 549 ppm in rutile rims and 61.8 – 115 ppm in titanite, with DNb ranging from 3.4 – 7.6.
Concentration of Hf ranges from 5.4 – 9.2 ppm in rutile and 0.82 – 2.2 ppm in titanite, with DHf
ranging from 3 – 8.8. Tantalum concentration ranges from 17.2 – 33.5 ppm in rutile and 2.9 – 5.2
ppm in titanite, with DTa ranging from 4.6 – 7.4.
Voltri Massif, Western Alps Zirconium concentration in sample VM1 is 11 ppm in the
rutile rim and 7.1 ppm in titanite, with DZr = 1.6. Niobium concentration 68.7 ppm in the rutile
rim and 14.1 ppm in titanite, with DNb = 4.9. Hafnium is below the detection limit. Concentration
of Ta is 0.69 ppm in rutile and 0.16 ppm in titanite, with DTa = 4.3.
Monte Mucrone, Western Alps Zirconium concentration in sample MM0609-1A is 179
ppm in the rutile rim and 14 ppm in titanite, with DZr = 12.8. Niobium concentration 1770 ppm
in the rutile rim and 127 ppm in titanite, with DNb = 13.9. Hafnium is below the detection limit.
Concentration of Ta is 137 ppm in rutile and 5.4 ppm in titanite, with DTa = 25.4.
Syros, Greece Zirconium concentration in sample SY537 is 85 ppm in the rutile rim and
5.9 ppm in titanite, with DZr = 14.4. Niobium concentration 522 ppm in the rutile rim and 105
ppm in titanite, with DNb = 5. Hafnium concentration in rutile is 2.2 ppm and in titanite is 0.33
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ppm, with DHf = 6.7. Concentration of Ta is 33.9 ppm in rutile and 6.2 ppm in titanite, with DTa =
5.5.

4. DISCUSSION
4.1 Partitioning of Nb and Ta between rutile and titanite
The thirty-six rutile-titanite pairs analyzed are used to examine the redistribution of trace
elements during titanite replacement of rutile. Apparent partition coefficients for Zr, Nb, Hf, and
Ta between rutile and titanite were calculated for each of the rutile-titanite pairs in this study
(Table 3.1), though the Hf partition coefficients should be taken as highly preliminary values due
to the large errors on Hf analyses (typical propagated errors for DHf are 30-60%, 2σ). Apparent
partition coefficients are compared to equilibrium partition coefficients compiled from published
experimental data (Fig. 3.3). For the purposes of this study, we use the experimental rutile/melt
partition coefficients determined by Klemme et al. (2005; experiment HD2_4) and titanite/melt
partition coefficients determined by Prowatke and Klemme (2005; experiment ASI260) for Nb,
Ta, and Hf because these experiments most closely match each other in composition and are
most similar to the mostly mafic compositions of the rocks studied here. Preferred equilibrium
partition coefficients for Nb, Ta, and Hf can be found in Table 3.2. Zirconium partition
coefficients between rutile and titanite are based on the Zr-in-rutile and Zr-in-titanite solubility
thermometers (Hayden et al., 2008; Tomkins and Powell, 2007) (Table 3.3). Apparent partition
coefficients are plotted based on location in Figure 3.3, with locales that experienced blueschistfacies overprinting (cold exhumation paths) on the left (Syros, Francsican, Western Alps) and
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amphibolite-facies overprinting (hot exhumation paths) on the right (N. Qaidam, Tromsø,
Catalina, Guichicovi) of each plot.
Niobium rutile/titanite apparent partition coefficients (Fig. 3.3a) fall into two groups:
rocks that underwent blueschist-facies overprinting have DNb,rut/ttn ranging from 2.3–5.4, with an
average of 3.7, whereas rocks that underwent amphibolite-facies overprinting have DNb,rut/ttn
ranging from 7.6–20.3, with an average of 12.7. For comparison, the preferred equilibrium
partition coefficient calculated from experimental data for Nbrut/ttn is 15.4, which is similar to but
slightly higher than the average apparent partition coefficient for the amphibolite-facies samples.
This observation of values approaching but not quite reaching equilibrium is consistent with the
observations of Cruz-Uribe et al. (2014), in which all of the rutile grains with amphibolite-facies
overprints have Nb zoning profiles that increase from the rims inward. This feature was
interpreted to be the result of Nb back-diffusion at the rutile-titanite boundary during titanite
growth, wherein excess Nb not compatible in the titanite was reincorporated into the rutile rim in
an attempt to maintain equilibrium partitioning at the boundary (Cruz-Uribe et al., 2014).
Tantalum apparent partition coefficients between rutile and titanite in the blueschistfacies samples range from 2.3–7.4 with an average of 3.9, similar to the value of 3.7 determined
for DNb,rut/ttn in these samples. Apparent partition coefficients for Ta in the amphibolite-facies
samples (excepting MX4A) range from 3–13.8, with an average of 5.9. Sample MX4A is
excluded from the amphibolite-facies group in this case because DTa,rut/ttn for this sample
averages 90, which is clearly different than all the other samples in the study. The average DTa of
5.9 for the hot exhumation samples is higher than the cold exhumation samples, but the ranges
overlap and there is no compelling evidence to suggest that equilibrium partitioning was
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Figure 3-3: Rutile-titanite apparent partition coefficients calculated for 36 rutile-titanite pairs from
Syros (filled square), the Franciscan Complex (open circles), the Western Alps (filled diamonds),
the North Qaidam terrane (exes), the Tromsø nappe (filled triangles), the Catalina Schist (crosses),
and the Guichicovi Complex (open diamonds). Data from blueschist overprinted samples shown in
Figure 3-3 continued: grey; data from amphibolite overprinted samples shown in black. (a) Nb, (b)
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Ta, (c) Nb/Ta, (d) Zr. Equilibrium partition coefficients are indicated by dashed grey lines (see text
and Tables 2, 3 for details).
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maintained at the rutile-titanite boundary in the hot exhumation locales. On the contrary, the
preferred experimentally-determined partition coefficient for Tarut/ttn is 2 (Table 3.2), which is
lower than all of the samples studied here.
We interpret the behavior of Nb and Ta during blueschist-facies overprinting to be the
result of direct dilution of trace elements from rutile as it reacts to form titanite by the addition of
CaO and SiO2. The relative proportion of TiO2 by weight in rutile (~100% TiO2) and titanite
(~30-40% TiO2) results in a dilution factor of 2.5-3.3 when rutile is replaced by titanite. Trace
elements such as Nb and Ta originally present in the rutile would therefore also be diluted by a
factor of 2.5-3.3 assuming that titanite behaves as a closed system with respect to these elements
as it grows. Such behavior is generally consistent with the apparent rutile/titanite partition
coefficients (DNb = 3.7, DTa = 3.9) observed in the blueschist overprinted samples. The low
temperatures experienced by these samples during blueschist-facies retrograde metamorphism
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likely caused slow matrix diffusion of Nb and Ta relative to the rate of titanite growth, which
resulted in disequilibrium partitioning of Nb and Ta between rutile and titanite (Watson and
Müller, 2009).
During amphibolite facies rutile replacement by titanite, Nb and Ta appear to be
decoupled. Niobium approaches equilibrium partitioning, consistent with the observation of Nb
back-diffusion into rutile, but Ta may or may not approach equilibrium. A number of factors
could account for this discrepancy: First, there is a range of experimental partition coefficients
for Ta in rutile and titanite depending on composition, temperature, and other factors (Klemme et
al., 2005; Prowatke and Klemme, 2005), so the preferred partition coefficient (DTa = 2) may be
incorrect. Second, Ta diffuses four times more slowly in rutile than does Nb (Marschall et al.,
2013), and thus many equilibrium partitioning experiments may in fact be out of equilibrium
which could lead to erroneous equilibrium partitioning data. Third, the preferred equilibrium
partition coefficient (2.0) is similar to the dilution factor for Ta between rutile and titanite (2.53.3), and so there may not be sufficient difference between equilibrium partitioning and closedsystem dilution to drive redistribution of Ta between the two phases.
If we consider how the Nb/Ta ratios change during titanite replacement of rutile,
we find that apparent DNb/Ta rutile/titanite from the blueschist overprinted locales averages 1.0,
with a range of 0.7–1.3. This is consistent with our interpretation of closed-system dilution of Nb
and Ta from rutile into titanite, in which the Nb/Ta ratio of the titanite mimics the Nb/Ta ratio of
the rutile from which it grew. Conversely, DNb/Ta rutile/titanite from the amphibolite overprinted
locales averages 2.0, with a range of 0.8–3.7. These samples approach, but do not quite reach,
the equilibrium partition coefficient for Nb/Tarut/ttn (6.5).
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4.2 Application of Zr-in-rutile and Zr-in-titanite thermometry
The approach to assessing Zr equilibrium in rutile and titanite is somewhat more
complicated than for Nb or Ta. Due to the strong temperature and pressure dependence of Zr
partitioning into rutile and titanite, the relative distribution of Zr between these phases is also
highly sensitive to pressure and temperature. Because both the Zr-in-rutile and Zr-in-titanite
thermometers have been calibrated at a range of geologically-relevant temperatures and
pressures, Zr partitioning between rutile and titanite can be quantified as a function of
temperature (Table 3.3). Interpretation of Zr apparent partition coefficients is not as
straightforward as for Nb and Ta, however. In the discussion above Nb and Ta are treated as a
closed system with respect to rutile and titanite because these minerals are typically the only
hosts for Nb and Ta in mafic rocks. Zirconium, on the other hand, is buffered by the presence of
zircon, and so excess Zr may be taken up by nearby zircon during titanite growth (i.e., open
system with respect to rutile and titanite), assuming that there is local Zr equilibrium.
Additionally, it is possible for Zr to accurately record temperatures of formation (or cooling) for
both rutile and titanite without having equilibrium Zr partitioning between the rutile and titanite.
For instance, let us say that rutile grows at some initial temperature (T1) which is recorded by
Zr-in-rutile. This rutile is then overgrown by titanite at a different temperature (T2), recorded by
Zr-in-titanite. If Zr volume diffusion into or out of the rutile is slower than allows for reequilibration of the Zr-in-rutile thermometer during titanite growth at T2, then Zr-in-rutile will
record T1 and Zr-in-titanite will record T2.
Of the samples in this study, three show Zr zoning in rutile: Guichicovi sample MX4A,
Tromsø sample TR1, and Franciscan sample RM-3 (Table 3.4). Zirconium concentrations in
rutile in the rest of the samples are homogeneous within each grain, and concentrations in titanite
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are relatively constant in all of the samples studied here. Rutile in Guichicovi sample MX4A has
Zr concentrations that decrease from core to rim. It is possible that rutile in this sample could
have grown during cooling, which would result in decreased Zr from core to rim, but this is
unlikely because ilmenite in this sample was only partially converted to rutile before titanite
overgrew both rutile and ilmenite. It is more likely that Zr was leached out of the rutile during
titanite growth in an attempt to maintain Zr concentration in the rutile consistent with the lower
temperatures experienced during titanite growth. This hypothesis is supported by the fact that
MX4A is the only sample studied that gives Zr apparent partition coefficients close to those
determined from equilibrium experiments (Fig. 3.3d).
The Zr-in-rutile temperatures calculated at 1 GPa for rutile cores in sample MX4A range
from 864–942 °C, which are consistent with rutile growth during granulite-facies metamorphism,
as has been documented in the Guichicovi complex (Mora et al., 1986; Weber and Hecht, 2003).
Rutile rims give temperatures of 803–815 °C at 0.9 GPa, which approach the Zr-in-titanite
temperature of 771 °C and are consistent with Zr re-equilibration of rutile rims during titanite
growth at lower temperatures than granulite-facies rutile growth.
Rutile in Tromsø sample TR1 shows Zr concentrations that increase from core to rim, but
the increase is irregular. Either this rutile grew during heating or Zr diffused back into the rutile
during titanite overgrowth. We interpret the increase in Zr towards the rutile rim as a growth
feature because the irregular increase in Zr is inconsistent with a smooth profile that would be
expected from diffusion. Also, the Zr-in-rutile temperature in the core is 591 °C at 2 GPa and in
the rutile rim is 741 °C at 3.4 GPa, consistent with rutile growth during progressive eclogitefacies metamorphism in the Tromsø eclogites (Ravna et al., 2006; Ravna and Roux, 2006).
Because the Zr-in-rutile thermometer is far more sensitive to temperature than it is to pressure,
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calculating the Zr-in-rutile temperatures with the pressures reversed (i.e., a decompression path)
for the core and rim of this sample still result in heating from core to rim. Since it is more likely
that rutile grew on the prograde path we have given the temperatures thusly. Overgrowth of
titanite at 701 °C at 0.9 GPa is consistent with the exhumation path predicted for the Tromsø
eclogites (Ravna et al., 2006; Ravna and Roux, 2006).
Franciscan sample RM-3 is the only sample from the blueschist overprinted group to
record Zr zoning in the rutile; Zr concentration decrease towards the rim of the rutile. We
interpret this decrease to be the result of cooling in the eclogite facies prior to blueschist-facies
overprinting, which is consistent with the counterclockwise P-T path that has been suggested for
Franciscan high-grade blocks (Tsujimori et al., 2006). Zirconium in the rutile core suggests a
temperature of 614 °C at 2 GPa; Zirconium in the rutile rim suggests a temperature of 603 °C at
2.5 GPa. Titanite rims in this sample give temperatures of 667 °C, which is inconsistent with the
presence of glaucophane in the overprinting assemblage and is 267 °C higher than the estimated
400 °C blueschist overprint (Tsujimori et al., 2006), and is discussed further below.
Figure 3.4 shows temperature estimates of overprinting from the literature plotted versus
Zr-in-titanite temperatures calculated in this study (Table 3.4). The Zr-in-rutile temperatures
calculated for samples with amphibolite-facies overprinting are consistent with the range of
temperatures reported in the literature for all of the samples, which are based on a variety of
conventional thermometers (Table 3.4). We interpret these results as equilibrium partitioning of
Zr into titanite during amphibolite-facies metamorphism. It should be noted that despite
recording equilibrium temperatures, the amphibolite-facies overprinted samples do not exhibit Zr
equilibrium between rutile and titanite, save for those from Guichicovi. Conversely, the Zr-intitanite temperatures calculated for the blueschist-facies overprinted samples overestimate the
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temperature of blueschist-facies metamorphism by ~100-250 °C, well outside of the typical error
of the Zr-in-titanite calculations (~20 °C). We interpret this to be the result of closed-system
dilution of Zr from rutile into titanite due to slow matrix diffusion of Zr away from the titanite.
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Figure 3-4: Plot of overprinting temperature (°C) from the literature (see Table 3.4 for
details) versus Zr-in-titanite temperature (°C) determined for the amphibolite overprinted
(red squares) and blueschist overprinted (blue diamonds) samples in this study. Black 1:1
line highlights samples that record accurate Zr-in-titanite temperatures compared to those
given in the literature.

The results of the Zr-in-titanite thermometry of blueschist overprinted rocks reaffirm the
fact that the Zr-in-titanite thermometer should not be extrapolated below its calibration range
(600–1000 °C) based on natural titanite data. Although Hayden et al. (2008) did not suggest that
Zr-in-titanite could be extrapolated below 600 °C, we underscore here the importance of resisting
this temptation on the basis of direct investigation of trace element equilibrium in low-T
assemblages. Furthermore, the applicability of all single-phase thermometers and barometers that
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rely upon the equilibrium of slow-diffusing trace elements (i.e., Zr-in-rutile, Ti-in-zircon, Ti-inquartz) should be carefully considered, and great care should be taken to evaluate the assumption
of trace element equilibrium before applying such thermobarometers.

5. CONCLUSIONS
Detailed trace element analyses of high field strength elements in rutile and titanite show
systematic differences between samples that have undergone amphibolite-facies (hot)
overprinting and those that have experienced blueschist-facies (cold) overprinting.
Equilibrium partitioning of a given trace element will be maintained when the growth
rate of a mineral is slower than the rate of matrix diffusion for that trace element; Niobium backdiffusion into rutile in the amphibolite-facies samples demonstrates that these samples
approached equilibrium. Conversely, disequilibrium partitioning of a given trace element will
occur when the growth rate of a mineral is faster than the rate of matrix diffusion for that trace
element, as is evidenced by closed-system dilution of Nb and Ta from rutile converted into
titanite during blueschist-facies overprinting.
Meticulous consideration of the temperatures determined using Zr-in-titanite reveals that
disequilibrium uptake of Zr into titanite, higher than would be expected based on experimental
calibration, can occur during blueschist-facies overprinting when titanite grows at the expense of
rutile. We suggest that single-element thermometers such as Zr-in-titanite should not be applied
to rocks equilibrated at temperatures less than 550˚C. Additionally, although the amphibolite
overprinted samples in this study all give Zr-in-titanite temperatures consistent with those
determined using classical thermobarometry, it is possible to have cooling history that is both hot
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and fast such that reaction rates during amphibolite-facies overprinting could outpace matrix
diffusion of Zr, resulting in erroneous Zr-in-titanite temperatures.
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Table 3-1: Trace element concentrations at the rutile-titanite interface as determined by LA-ICPMS.
Sample

Zr

Catalina Island
130-4 T1
rutile
titanite*
rutile
titanite
130-4 T2
rutile
titanite*
rutile
titanite*
130-4 R5.9 rutile
titanite*
rutile
titanite
130-4 R5.10 rutileb
titanite*
130-4 R1
rutile
titanite
rutile
titanite*
rutile
titanite*
rutile
titanite*
rutile
titanite
2σ error rutile
2σ error titanite
Tromsø
TR1.R1
rutile
titanite
b

rutile
titanite
2σ error rutile
2σ error titanite

393
96.9
409
80.3
326
94
249
91
323
84
347
94.4
310
103
321
87
252
88
328
95
330
98
348
91
6%
4%
263
48.5
223
60.1
4%
7%

DZr

a

4.1
5.1
3.5
2.7
3.8
3.7
3.0
3.7
2.9
3.5
3.4
3.8

5.4
3.7

Nb
3522
364
2807
236
2223
191
2505
217
2451
325
2309
167
2669
305
2312
173
2468
301
2305
240
2504
229
2192
245
5%
4%
672
48
552
32.5
5%
6%

DNb

9.7
11.9
11.6
11.5
7.6
13.8
8.8
13.4
8.2
9.6
10.9
8.9

14.0
17.0
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Hf
7.8
4.8
10.7
3.3
10.3
5.4
10.3
4.7
11.8
3.9
13.1
4.7
9.26
5
12.9
5.7
10.2
5.3
14
5.4
13.6
5.7
13.6
4
15%
27%
9.8
1.8
6.67
2.6
21%
45%

DHf

1.6
3.2
1.9
2.2
3.0
2.8
1.9
2.3
1.9
2.6
2.4
3.4

5.4
2.6

Ta
215
33.8
185
24.8
165
26.0
266
19.3
163
34.8
121
10.8
151
39.2
137
23
147
33.8
136
27.8
145
30.2
191
30.6
5%
8%
26
8.7
12
1.66
7%
16%

DTa

6.4
7.5
6.4
13.8
4.7
11.2
3.9
6.0
4.3
4.9
4.8
6.2

3.0
7.2

Nb/Ta

Zr/Hf

16.4
10.8
15.2
9.5
13.5
7.4
9.4
11.2
15.0
9.3
19.1
15.5
17.7
7.8
16.9
7.5
16.8
8.9
16.9
8.6
17.3
7.6
11.5
8.0

50.4
20.2
38.2
24.3
31.7
17.4
24.2
19.4
27.4
21.5
26.5
20.1
33.5
20.6
24.9
15.3
24.7
16.6
23.4
17.6
24.3
17.2
25.6
22.8

25.8
5.5
46.0
19.6

26.8
26.9
33.4
23.1

Table 3-1 continued.
Sample
North Qaidam
D115
rutile
titanite
rutile
titanite*
2σ error rutile
2σ error titanite
Guichicovi
MX4A R1
rutile
titanite*
rutile
titanite*
MX4A R2
rutile
titanite*
rutile
titanite*
2σ error rutile
2σ error titanite
Franciscan Complex
JS1209-01 rutile
titanite*
rutile
titanite*
rutile
titanite*
rutile
titanite
RM-3
rutile
titanite*
RM1209-4a rutile
titanite*
2σ error rutile
2σ error titanite

Zr
193
26.1
176
26
5%
9%
1791
206
2511
216
1611
187
1610
210
15%
4%
45.6
8.2
59.5
5.9
47.3
7.4
33.8
13.7
70.5
6.2
74
7.8
10%
15%

DZr

a

7.4
6.8

8.7
11.6
8.6
7.7

5.6
10.1
6.4
2.5
11.4
9.5

Nb
2603
265
3072
241
5%
6%
4524
223
5086
259
3711
228
2996
156
36%
4%
205
48.7
171
59.5
202
57.5
260
71.2
410
118
731
254
7%
8%

DNb

9.8
12.7

20.3
19.6
16.3
19.2

4.2
2.9
3.5
3.7
3.5
2.9

92

Hf
6.2
2
7.2
1.4
26%
57%
158
17
275
21
184
19
141
15
30%
10%
b.d.
b.d.
b.d.
b.d.
b.d.
b.d.
b.d.
b.d.
11.4
b.d.
b.d.
b.d.
45%

DHf

3.1
5.1

9.3
13.1
9.7
9.4

-

Ta
110
28.9
144
44.8
7%
10%
1604
16
1733
28
2552
33
1332
12
27%
5%
17.8
3.4
17.3
2.3
15.4
3.3
17.5
4.5
26.1
9.8
70.5
20
13%
5%

DTa

3.8
3.2

100.3
61.9
77.3
111.0

5.2
7.5
4.7
3.9
2.7
3.5

Nb/Ta

Zr/Hf

23.7
9.2
21.3
5.4

31.1
13.1
24.4
18.6

2.8
13.9
2.9
9.3
1.5
6.9
2.2
13.0

11.3
12.1
9.1
10.3
8.8
9.8
11.4
14.0

11.5
14.3
9.9
25.9
13.1
17.4
14.9
15.8
15.7
12.0
10.4
12.7

-

Table 3-1 continued.

Sample
Franciscan Complex
RM1209-4a§ rutile
titanite*
§
rutile
RM-1C
titanite*
rutile
titanite
rutile
titanite*
rutile
titanite
rutile
titanite
rutile
titanite*
2σ error rutile
2σ error titanite
Western Alps
VM-1
rutile
titanite*
2σ error rutile
2σ error titanite
MM0609-1A§ rutile
titanite*
2σ error rutile
2σ error titanite
Syros
rutile
SY537§
titanite
2σ error rutile
2σ error titanite

Zr
68.2
10
68.3
5.4
227
26.1
46.3
5.6
99.8
6.1
102
13.7
72.9
6
9%
11%
10.98
7.08
3%
15%
105
9.1
15%
24%
85
8.1
13%
19%

DZr

a

6.8
12.6
8.7
8.3
16.4
7.4
12.2

1.6

11.5

10.5

Nb
798
266
549
147
419
131
513
103
393
128
392
168
472
90.3
9%
9%
68.68
20.6
0.4%
14%
1041
112
6%
9%
522
96.1
5%
6%

DNb

3.0
3.7
3.2
5.0
3.1
2.3
5.2

Hf
5.8
1.1
b.d.
b.d.
9.2
1.4
6
1.1
5.4
1.1
6.5
2.2
7.2
0.82
30%
36%

DHf

5.3
6.6
5.5
4.9
3.0
8.8

3.3

b.d.
b.d.

-

9.3

b.d.
b.d.

-

5.4

a

2.2
0.48
43%
55%

4.6

Ta
60
21.4
33.5
9.7
28.1
7.7
18.6
5.3
21.3
5.9
17.2
6.8
21.5
5.3
10%
8%
0.69
0.3
27%
72%
81
5.1
12%
33%
33.9
6.43
8%
9%

DTa

2.8
3.5
3.6
3.5
3.6
2.5
4.1

2.3

15.9

5.3

Nb/Ta

Zr/Hf

13.3
12.4
16.4
15.2
14.9
17.0
27.6
19.4
18.5
21.7
22.8
24.7
22.0
17.0

11.8
9.1
24.7
18.6
7.7
5.1
18.5
5.5
15.7
6.2
10.1
7.3

99.5
68.7
0.0

-

12.9
22.0
0.5

-

15.4
14.9

38.6
16.9

All D values rutile/titanite
Nb concentration based on model Nb from Cruz-Uribe et al. (2014)
* Indicates average titanite composition
§
Indicates analyses done at the Pennsylvania State University. All other analyses done at the Univeristy
of Mainz.
b.d. = below detection
b
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Table 3-2: Preferred experimentally-determined partition coefficients for Ti-bearing phases.

Table 2. Preferred experimentally-determined partition coeffients for Ti-bearing phases.
D Values

Nb

Ta

Zr

Hf

Rutile

96

210

*

10.6

Klemme et al. (2005)

HD2_4

6.22

88

*

4.8

Prowatke and Klemme (2005)

ASI260

15.4

2.0

Titanite
Rut/Ttn

Reference

Exp. Run

2.2

* D values for Zr in rutile and titanite calculated from the Zr solubility thermometers of Tomkins
et al. (2007) and Hayden et al. (2008). See Table 3 for details.

Table 3. Partition coeffients for Zr in rutile and
Table 3-3: Partition coefficients
for Zr in rutile and titanite at 1 GPa*.
titanite at 1 Gpa*.
T (°C)

Rutile Zr
(ppm)

Titanite Zr
(ppm)

DZr
(Rut/Ttn)

400

4.4

0.00445

998

450

13.5

0.035

386

500

35.2

0.205

172

550

82.5

0.98

84

600

175

3.9

45

670

440

21.5

20.4

700

625

41

15.2

760

1191.00

135.00

8.8

770

1317.00

162.00

8.1

* D values for Zr in rutile from Tomkins et al. (2007),
Zr in titanite from Hayden et al. (2008)
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Table 3-4: Zr-in-rutile and Zr-in-titanite thermometry.
Table 4. Zr-in-rutile and Zr-in-titanite thermometry.
Location

Sample

Rut core
P
Zr-in-Rut Rut rim
P
Zr-in-Rut Ttn Zr
P
Zr-in-Ttn Literature
Zr (ppm)* (GPa) T (°C) Zr (ppm) (GPa) T (°C) (ppm)* (GPa) T (°C)
T (°C)

Samples with Zr zoning in rutile
Tromsø

TR1.R1

Guichicovi
Franciscan

78

2

591

263

3.4

741

MX4A R1

4775

1

942

1791

0.9

815

MX4A R2

2613

1

864

808

0.9

803

RM-3

109

2

614

70.5

2.5

a

55

0.9

701

700

206

0.9

771

630-755

603

6.2

1.5

667

400

b

c

Samples lacking Zr zoning in rutile
d

Catalina

130-4

345

1

661

-

-

-

93

0.95

734

640-750

N. Qaidam

D115

174

3

690

-

-

-

27

0.7

649

600-700

Syros

SY537

82

2

595

-

-

-

6.7

1.2

641

450

14.5

2.2

496

-

-

-

7.1

1.2

643

550

MM0609-01

127

1.5

605

-

-

-

9.1

1

634

400

JS1209-01

47

2

558

-

-

-

8.2

1.4

670

450

RM1209-4a

76

2.5

609

-

-

-

9.0

1.5

683

400

RM-1C

98

2.5

626

-

-

-

8.60

1.50

681

Western Alps VM-1
Franciscan

e

f

g
h
i

c
c

400
* Indicates average composition. For rutile lacking zoning in Zr, core compositions are averages of one or more rutile grains.
a
f
Ravna and Roux (2006), hbl-plag thermometry.
Schumacher et al. (2008), gl and lws stability.
b
g
Murillo-Muñeton (1994), gt-bt, gt-hbl, gt-opx thermometry.
Vignaroli et al. (2005), gl-ep-plag-par stability.
c
h
Tsujimori et al. (2006), gl-czo-qtz thermometry.
Pognante (1989), gl and lws stability.
d
i
Sorensen and Barton (1987), gt-cpx thermometry.
Page et al. (2007) gt-cpx thermometry.
e

Zhang et al. (2009), gt-hbl-plag thermometry.

Abbreviations: Rut, rutile; ttn, titanite; hbl, hornblende; plag, plagionclase; gt, garnet; opx, orthopyroxene; gl, glaucophane;
czo, clinozoisite; lws, lawsonite; par, paragonite; cpx, plinopyroxene.
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Chapter 4

A Fresh Look at Metamorphic Reaction Kinetics

ABSTRACT
The fundamental controls on reaction rates in metamorphic systems have long been the
subject of discussion and debate. Orders of magnitude difference have been observed for reaction
rates in regional and contact metamorphic settings, yet we lack a satisfactory explanation for this
behavior. Here we compile field-based estimates of reaction rates from regional, contact,
subduction and exhumation-related metamorphic settings. Investigation of these reaction rates
reveals a strong correlation between heating rate (dT/dt) and net reaction rate. This relationship is
used to formulate a new expression relating net reaction rate (Rnet), temperature (T) and heating
rate (dT/dt):

Rnet = (4.24 × 10

−11

⎛ dT ⎞
)∗ ⎜
⎝ dt ⎟⎠

1.25

∗ exp ( 0.00668T )

This expression provides a universal prediction of metamorphic reaction kinetics at the tectonic
scale and accounts for the 4-7 orders of magnitude range in metamorphic reaction rates observed
in natural systems. Thus metamorphic reaction rates can be predicted in any tectonic setting
provided the temperature-time history of the rock can be estimated.
Application of this expression to metamorphism in cold subduction zones predicts that
reaction rates in a subducting slab will lag relative to subduction rates before reaching a critical
tipping point associated with the dramatic increase in dT/dt at ~80 – 100 km slab depth due to
slab-mantle coupling. At this point dehydration reactions will accelerate in a race to “catch up”
to the equilibrium state of the slab, thus even continuous reactions could run to completion over
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a relatively short depth interval, explaining the pulse-like fluid release inferred from some arc
magmas and exhumed subduction terranes.

INTRODUCTION
As early as the 19th century, Arrhenius showed that temperature plays a critical role in
governing reaction kinetics (Arrhenius, 1889). Nonetheless, it has long been observed that rates
of contact metamorphism are 4-7 orders of magnitude faster than those of regional
metamorphism, even at similar temperatures (Baxter, 2003; Fig. 4.1a). Free fluid may contribute
to the large discrepancy observed in natural systems, and many studies have recognized the
importance of free fluid for its catalytic and thermodynamic roles (Putnis and Austrheim, 2010;
Baxter, 2003; Rubie, 1986). We do not dispute the importance of fluid in catalyzing
metamorphic reactions. However, recent experimental work suggests that very little free fluid is
needed to effectively wet grain boundaries (Milke et al., 2013), and it is unclear what the kinetic
advantage of excess fluid beyond what is needed to provide an interconnected medium for ionic
transport may be. Thus most prograde metamorphic reactions (for example, any that involve
mica or amphibole breakdown) should produce enough fluid to enable “rapid” reaction rates –
even in regional metamorphic environments.
In the presence of excess free fluid, additional factors must drive faster reaction rates in
contact metamorphic settings relative to those associated with regional metamorphism. Many
workers have acknowledged that the rate of heating (and thus reaction overstepping leading to a
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Figure 4-1: Figure 1: (A) Temperature (°C) versus surface area normalized reaction rate (Rnet,
g/cm2/a) contoured for dT/dt (°C/Ma) based on Equation (2) for field-based metamorphic
reaction rates from contact (orange), regional (black), prograde subduction (blue arrow) and
heating during exhumation (tan) settings. Contact metamorphic reaction rates from Joesten and
Fisher (1988; JF), Waters and Lovegrove (2002; WL), Cook and Bowman (2000; CB), and
Stowell et al. (2001; S01). Regional reaction rates from Christensen et al. (1989, C89; 1994,
C94), Vance and O’Nions (1992; VO), Carlson et al. (1995; C95), Vance and Harris (1999; VH),
and Baxter and DePaolo (2002; BD). Prograde subudction data from Dragovic et al. (2012;
D12). Retrograde exhumation data from Cruz-Uribe et al. (2014; C14). (B) Range of typical
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heating rates (°C/Ma) for regional (grey) and contact (orange) metamorphic settings. Depth scale
(y-axis) applies only to lines, which indicate heating rates along the top of the N. Honshu (dark
blue), C. Honshu (ligh blue), N. Cascadia (orange), and C. Cascadia (dark red) slabs based on the
thermal models of Syracuse et al. (2010). (C) Plot of dT/dt (°C/Ma) versus Rnet (g/cm2/a) for
select regional (circles), contact (triangles), prograde subduction (diamond) and retrograde
exhumation (squares) metamorphic settings. Note the strong correlation (dashed black line;
R2=0.89) between dT/dt and Rnet. Symbol colors as in part (a). (D) Reaction progress (%) plotted
against depth (km) for cold (C. Honshu, light blue; N. Honshu, dark blue) and hot (C. Cascadia,
dark red; N. Cascadia, orange) subduction zones based on the thermal models of Syracuse et al.
(2010).

large ΔGrxn) is an important driver for metamorphic reactions (Pattison et al., 2011; Lyubetskaya
and Ague, 2009; Pattison and Tinkham, 2009; Lüttge et al., 2004; Rubie, 1998; Lasaga and Rye,
1993; Ridley and Thompson, 1986; Ferry, 1983). Rubie (1998) suggests that reaction rates could
be very fast when reactions occur under conditions of large overstepping. Recent developments
in QuiG barometry have shown that reaction overstepping can lead to erroneous garnet
compositions that do not reflect the actual pressures and temperatures of garnet growth in
regional and subduction zone metamorphic settings, thus rendering P–T estimates based on
equilibrium thermodynamics seriously in error (Spear et al., in review). We propose that the high
heating rates (and consequently high oversteps) that are possible in dynamic metamorphic
settings such as subducting slabs and contact aureoles play a crucial and quantifiable role in
metamorphic reaction kinetics. Understanding the broader interplay between kinetics and
dynamic changes in P–T conditions may significantly alter our understanding of “equilibrium”
assemblages produced during subduction zone metamorphism.
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REACTION RATES IN METAMORPHIC SYSTEMS
Numerous approaches to determining the rates of metamorphic reactions have been
applied to a wide variety of reactions, traditionally in regional (Baxter and DePaolo, 2002;
Carlson et al., 1995; Christensen et al., 1994; Keller et al., 2008; Vance and O'Nions, 1992;
Vance and Harris, 1999) and contact (Waters and Lovegrove, 2002; Cook and Bowman, 2000;
Joesten and Fischer, 1988) metamorphic systems but also more recently in subduction zone
metamorphic systems (Dragovic et al., 2012; Cruz-Uribe et al., 2014) (Fig 1a). Perhaps the most
difficult aspect of determining metamorphic reaction rates and being able to compare rates of
reaction in different rocks is linking timescales to reaction progress. Here we build on the
approach of Baxter (2003) and Cruz-Uribe et al. (2014) by examining surface-area-normalized
net reaction rates (units of g/cm2/a) to compare different metamorphic reactions in a variety of
metamorphic settings. Because much of the classical work on metamorphic kinetics lacked a true
thermal framework for the dynamics of subduction zone metamorphism, our approach is to
examine the interplay between subduction zone dynamics and the kinetics of metamorphic
reactions, particularly as they relate to the rate of heating in a given tectonic regime.
Heating rates in regional metamorphic settings generally range from 5 – 20° C/Ma based
on thermal-tectonic models (England and Thompson, 1984), whereas heating rates in contact
metamorphic systems are typically 4 – 6 orders of magnitude higher (Figs. 1b,c). In contrast,
heating rates during prograde metamorphism of a cold subducting slab, such as North Honshu,
fall between the ranges of heating rates for regional and contact metamorphism, and increase
dramatically at ~80 – 100 km depth (Syracuse et al., 2010). Heating rates are relatively well
known for some of the regional metamorphic data from Figure 1a (Waters and Lovegrove, 2002;

109

Carlson et al., 1995; Christensen et al., 1994; Vance and O'Nions, 1992; Christensen et al., 1989)
and for contact metamorphic data (Joesten and Fischer, 1988; Cook and Bowman, 2000; Waters
and Lovegrove, 2002; Stowell et al., 2001) (Fig. 1c). Heating rates for the prograde subduction
data are based on the temperature-time paths of Dragovic et al. (2012) and for heating during
exhumation are based on available literature data from the Catalina Schist (see Data Repository).
Reaction rates across a broad range of global metamorphic environments show a power
law dependence on heating rate (Fig 1c). This is not to say that absolute temperature is not
significant in controlling metamorphic kinetics, only that heating rate plays a larger, and perhaps
more quantifiable, role than has previously been proposed. The scatter in Figure 1c represents the
effect of differences in absolute temperature corresponding to the individual reaction rate data
points, which have not been normalized in this figure.
In order to explore the controls on reaction rate by both temperature and heating rate, we
consider first the data for regional metamorphism, which are the best constrained of the fieldbased metamorphic reaction rate data (Baxter, 2003). An expression for regional metamorphism
proposed by Baxter (2003) relates temperature (T, ° C) and net reaction rate (Rnet, g/cm2/a):

log Rnet = 0.0029T − 9.6

(1)

In our formulation, we propose that the intercept of Equation (1), given here by the constant -9.6,
is actually a function of heating rate. We propose that the intercept appears to be a constant in the
compiled regional metamorphic reaction rate data due to the narrow range of dT/dt represented
by these settings. Using the slope of the regression of the surface area normalized rate data
(Figure 1c), we derive an expression for the relationship between the intercept (b) in Equation 1
and heating rate (dT/dt) for the regional and contact metamorphic data. We assume a heating rate
of 5 °C/Ma for the regional metamorphic data, based on the average of heating rate data reported
110

for each location, and an intercept of -9.6. For the contact metamorphic data, an average heating
rate of 3.4 x 105 °C/Ma is calculated for the Christmas Mountains contact aureole (Joesten and
Fischer, 1988), with an intercept of -3.5. The relationship between intercept (from Eq. 2) and
dT/dt based on these two datasets can be expressed by the power law b = 4.24 × 10 −11 ( dT / dt )

1.25

which, when substituted into Equation (1) and rearranged, gives:

Rnet = (4.24 × 10

−11

⎛ dT ⎞
)∗ ⎜
⎝ dt ⎟⎠

1.25

∗ exp(0.00668T )

(2)

where Rnet is the surface-area-normalized reaction rate (g/cm2/a), dT/dt is the rate of heat input or
loss to the system (°C/Ma), and T is temperature (°C). This expression is plotted as contour lines
of log°C/Ma in Figure 1a. The first term in Equation (2) is a rate constant, the second term is an
expression of the reaction affinity (how far from equilibrium the system is), and the third term is
related to the activation energy of a kinetic process, which is temperature-dependent. Pattison
and Tinkham (2009) suggested that higher degrees of overstepping occur in contact metamorphic
settings than in regional metamorphic settings, which in the context of our interpretation is
entirely consistent with the observation of faster reaction rates in contact settings.
The relationship between reaction rate, heating rate and temperature described by
Equation (2) offers heating rate as an alternative to excess free fluid to explain the large
differences observed between (most) contact metamorphic settings and regional metamorphic
settings. In order to demonstrate the validity of this relationship, we reference the dataset of
Stowell et al. (2001) for contact metamorphosed pelitic schist from Garnet Ledge, Wrangell,
Alaska (S01, Fig. 1a). Reaction rates for this locality are on the order of 4 x 10-6–10-7 g/cm2/a,
significantly lower than other contact metamorphic settings over a similar temperature range.
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The fluid available in this system should be more than sufficient to form an interconnected
transport network, which begs the question of why the reaction rates are so much lower than
those from other contact settings. Given the temperature range (610–680°C) and heating rate
(~30 °C/Ma) at Garnet Ledge, Equation (2) predicts reaction rates of 1.8 – 2.8 x 10-7 g/cm2/a,
which is well within an order of magnitude of the reaction rates for this locality. The relatively
low heating rate proposed for these rocks (~30 °C/Ma) helps explain the slow reaction rates at
Garnet Ledge compared to other contact metamorphic settings.

IMPLICATIONS FOR SUBDUCTION ZONE METAMORPHISM
Very few field-based determinations of reaction rates in subduction zones have been
made to date. We propose that the dynamic conditions in the subducting slab result in large
thermal overstepping in the regions where dT/dt is highest (Fig. 1b), which drives faster reaction
rates in these systems relative to typical regional metamorphic settings. Understanding the rates
of prograde reactions in subduction zones is of paramount importance in order to evaluate the
equilibrium assumption inherent in combining petrological and thermal models to provide
estimates of residual fluid contents in the subducted slab (Hacker, 2008; Schmidt and Poli,
1998), which in turn provides an estimate of fluid released from the slab as a function of depth
(Baxter and Caddick, 2013; van Keken et al., 2011). In particular, we investigate the assumption
of equilibrium in cold subduction zones, because reaction rates are more likely to lag at the low
temperatures and high subduction rates commonly associated with these subduction zones (e.g.,
North Honshu) as opposed to warm ones (e.g., Cascadia). If metamorphic reactions do not keep
up with the rate of subduction, then it cannot be assumed that the mineral assemblage in the
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subducting slab is equivalent to the equilibrium assemblage at a given pressure and temperature,
which would have significant implications for our understanding of volatile release from the slab
at depth. Furthermore, extreme changes in dT/dt in the slab could influence the style of fluid
release (i.e., continuous vs. pulsed).
In order to evaluate reaction rates in subduction zones as a function of temperature and
heating rate, we model the extent to which reactions may go to completion within a dynamic
subduction setting by combining Equation (2) with the reaction progress equation:
%completion
= 1− exp(−R ∗ Δt)
100

(3)

where R is the bulk reaction rate (a-1) and Δt is the reaction duration. For this model, we
assume that 300 µm spherical grains of a reacting mineral (e.g., glaucophane) make up 50% by
volume of the subducted oceanic crustal assemblage, which allows us to convert the surface-area
normalized reaction rate given by Equation (2) into a bulk reaction rate (a-1). Using the X25
thermal model of Syracuse et al. (2010) for the top of four slabs (N. Honshu, C. Honshu, N.
Cascadia, and C. Cascadia), we then use Equation (2) to calculate surface area normalized
reaction rates for the predicted temperature at each model interval. The duration of each interval
is calculated based on the slab descent rate, slab dip, and Δz given by Syracuse et al. (2010) for
each slab, which enables us to calculate the reaction progress over each model interval (typically
0.1-2 km) using Equation (3).
Figure 1d shows the instantaneous reaction progress for any given model interval
along the top of each slab. In hot subduction zones such as Cascadia, reaction progress increases
steadily from ~5 – 20% at ~20 – 50 km depth, and then increases rapidly at depths >50 km. In
113

these cases reactions could approach equilibrium on timescales of <200,000 years at 50 km
depth, and <45,000 years at 65 km depth, both of which are shallower than the increase in dT/dt
that occurs at ~75 – 85 km due to slab-mantle coupling (Fig. 1b). This shows that in this hot
subduction zones, reactions are able to approach equilibrium at greater than 50 km depth
regardless of the rate of change of heating. Recent petrologic models of the Cascadia subduction
zone predict maximum dehydration and garnet growth at ~53 – 64 km depth (Baxter and
Caddick, 2013), coincident with our kinetic model of rapidly increasing reaction progress and
shortening timescales between ~50 – 65 km depth. These short timescales are also consistent
with the high heating rates (hundreds of °C/Ma) and short reaction durations (>1 m.y.) proposed
by geospeedometry of eclogitic garnets from the Great Caucuses, Russia and the Yukon, Canada
(Philippot et al., 2001).
In contrast, reaction progress in cold subduction zones such as Honshu lag relative to the
descent rate of the slab until ~80 – 100 km depth, at which point reaction progress increases
dramatically from <5% to 100% over <10 km (Fig. 1d). This rapid increase in reaction progress
is a direct consequence of the rapid increase in dT/dt of 1-2 orders of magnitude, and implies that
cold slabs shallower than ~80 km depth do not approach equilibrium assemblages on the
timescales of subduction. One possible implication of this hypothesis is that prograde lowtemperature assemblages (i.e., greenschist- and blueschist-facies) may be produced metastably or
be missing altogether in very cold subduction terranes as reactions are overstepped due to high
heating rates, as has been shown for other metamorphic systems (Buick, 2004; Lüttge et al.,
2004).
The equilibrium dehydration models of Baxter and Caddick (2013) predict up to 3 wt%
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H2O is lost from pelites shallower than ~85 km depth in the North Honshu (Northeast Japan)
subduction zone. According to our kinetic model, the dehydration reactions that would occur at
these depths at equilibrium may be incomplete or missing due to sluggish kinetics, which would
allow metastable assemblages to persist to greater depths. We propose that equilibrium models
likely overestimate the amount of water released from shallow slab depths at cold subduction
zones. The dramatic increase in reaction rates at ~80 – 100 km depth would then result in a
pulse of fluid released at these depths, which suggests there may be a kinetic explanation in
addition to a mechanical explanation (Davies, 1999) for pulsed fluid release from cold
subducting slabs.

CONCLUSIONS
Detailed analysis of field-based reaction rate data from regional, contact and subduction
zone metamorphic settings reveals a strong correlation between heating rate and reaction rate,
which has been used to generate a universal expression for metamorphic reaction rates. This
relationship offers an explanation for the large range of reaction rates found in nature, including
the large discrepancy between rates determined for regional and contact metamorphic settings.
Application of the relationship between temperature, heating rate and reaction rate to subduction
zone thermal models suggests that reaction rates in cold subduction zones may lag relative to
subduction rates before ~80 km depth, in direct contrast to hot subduction zones, where
equilibrium is likely to be achieved at shallower slab depths. The predicted result is a pulse of
fluid release at slab depths of ~80-100 km in cold subduction zones. More detailed modeling and
field-based estimates of specific prograde reactions are needed to better characterize the kinetic
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environment of the subducting slab and test equilibrium-based models of fluid release with the
kinetic parameters of this study.
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SUPPLEMENTARY MATERIAL

Table A4-1: Average heating and reaction rates for metamorphic data from the literature.
Style of
Metamorphism

Average dT/dt
° C/Ma

Average Rnet

548387
382609
260000
166667
13500
26429
59000
30
700

3.00E-02
2.00E-02
5.00E-03
2.00E-03
3.42E-04
1.08E-03
7.49E-04
2.39E-06
1.85E-04

C95
VO
C94
C89

10
12
3
8

2.05E-07
8.80E-09
1.22E-08
6.70E-09

D12
D12

100
2500

1.35E-05
3.44E-04

31

2.34E-06

Source notes

g/cm2/a

Contact
JF
JF
JF
JF
CB
CB
CB
S01
WL

25 m from contact
49 m from contact
74 m from contact
99 m from contact
tremolite zone
forsterite zone
periclase zone

Regional

Prograde
subduction

Heating during
exhumation
C14

Catalina Island, CA
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Chapter 5

A New LA-ICP-MS Method for Ti-in-Quartz: Implications and Application to HP
Rutile-Quartz Veins from the Czech Erzgebirge

ABSTRACT
Experimental determination of the pressure and temperature controls on Ti solubility in
quartz provide a calibration of the Ti-in-quartz (TitaniQ) geothermometer applicable to geologic
conditions up to ~20 kbar (Thomas et al. (2010) Contrib Mineral Petrol 160, 743-759). One of
the greatest limitations to analyzing Ti in metamorphic quartz by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) is the lack of a suitable matrix-matched
reference material. Typically LA-ICP-MS analyses of Ti in minerals use

49

Ti as a normalizing

mass because of an isobaric interference from 48Ca, which is present in most well characterized
reference glasses. The benefit of using a matrix-matched reference material to analyze Ti in
quartz is the opportunity to use 48Ti (73.8% abundance) as a normalizing mass, which results in
an order of magnitude increase in signal strength compared to the less abundant isotope

49

Ti

(5.5% abundance). Here we characterize Ti-bearing SiO2 glasses from Heraeus Quarzglas and
natural quartz grains from the Bishop Tuff by cathodoluminescence (CL) imaging, electron
probe microanalysis (EPMA), and LA-ICP-MS analysis, in order to determine their viability as
reference materials for Ti in quartz. Titanium contents in low-CL rims in the Bishop Tuff quartz
grains were determined to be homogenous by EPMA (41 ± 3 ppm Ti, 2σ), and may be a potential
natural reference material.
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We present a new method for determining 48Ti concentrations in quartz by LA-ICP-MS
at the 1 ppm level, relevant to quartz in HP-LT terranes. We suggest that natural quartz such as
the homogeneous low-CL rims of the Bishop Tuff quartz are more suitable than NIST reference
glasses as an in-house reference material for low Ti concentrations because matrix effects are
limited and Ca isobaric interferences are avoided, thus allowing for the use of

48

Ti as a

normalizing mass. Titanium concentration from 33 analyses of low-temperature quartz from the
Czech Erzgebirge is 0.9 ± 0.2 ppm (2σ) using

48

Ti as a normalizing mass and the Bishop Tuff

quartz rims as a reference material. The 2σ average analytical error for analyses of 48Ti is 8% for
50 µm spots and 7% for 100 µm spots, which offers much greater accuracy than the 35% error
(2σ) incurred from using 49Ti as a normalizing mass.

1. INTRODUCTION
Ti-in-quartz thermobarometry is a powerful tool for deciphering the pressure and
temperature conditions at which quartz grains crystalize in both igneous and metamorphic
systems. Experimental determination of the pressure and temperature controls on Ti solubility in
quartz provide a calibration of the Ti-in-quartz thermobarometer applicable to geologic
conditions up to ~20 kbar (Wark and Watson, 2006; Thomas et al., 2010). Because Ti
concentrations increase at higher temperatures and lower pressures, measurements of Ti
concentration in igneous and high-temperature metamorphic quartz (typically >10 ppm) can be
obtained using a variety of methods, including electron probe microanalysis (EPMA), secondary
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ion mass spectrometry (SIMS), and laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) (Wark et al., 2007; Spear and Wark, 2009). In contrast, Ti concentrations in high
pressure/low temperature quartz (HP/LT), found in many subduction zone lithologies, are
commonly 1 ppm or lower. Such low concentrations are typically measured by SIMS (Thomas et
al., 2010; Behr et al., 2011); however, LA-ICP-MS facilities are less expensive, more numerous
and accessible to larger numbers of geoscientists. In this study we propose a new method for
determining Ti concentrations in quartz at the 1 ppm level by LA-ICP-MS.
In most cases, trace element concentrations in silicate minerals determined by SIMS or
LA-ICP-MS are standardized relative to the SRM 61X series glass reference materials from the
National Institute of Standards and Technology (NIST) or other common reference glasses such
as the USGS glasses or MPI-DING series. In general, the most accurate results are obtained
when matrix-matched reference materials are used for LA-ICP-MS analyses (Jackson et al.,
1992). Matrix matching minimizes the error introduced by elemental fractionation and mass load
matrix effects, which may be different between the reference material and sample.
Titanium concentrations are typically measured using the isotope 49Ti (5.5% abundance)
because of isobaric and polyatomic interferences on

48

Ti (73.8% abundance). Because Ca is a

major component of many silicate minerals and reference glasses, whereas Ti is more commonly
a minor or trace component, the most important interference preventing the widespread usage of
48

Ti is isobaric 48Ca. In order to analyze Ti concentrations of <10 ppm in quartz using LA-ICP-

MS, it would be ideal to measure

48

Ti because the relative abundance results in an increase in

signal strength of an order of magnitude over 49Ti. In some cases, 48Ti may be the only isotope
above detection limit at low (~1 ppm) Ti concentrations, especially when small grains of quartz
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necessitate small spot sizes. Fortuitously, quartz presents an ideal opportunity to analyze

48

Ti

because Ca is not present in quartz, and thus the isobaric interference is avoided. In contrast,
high concentrations of Ca in the NIST SRM610 glass result in up to ~17% of the

48

Ti signal

coming from 48Ca interference during LA-ICP-MS analysis, which makes it unsuitable for use as
a reference material when analyzing

48

Ti. At this time, the most important obstacle preventing

routine analysis of low-level Ti in quartz by LA-ICP-MS is the lack of a well-characterized,
matrix-matched, and Ca-free reference material.
In this study we address lack of a suitable matrix-matched reference material by
characterizing a suite of SiO2 glasses and grains of quartz from the Bishop Tuff. We propose that
the rims of well-characterized Bishop Tuff quartz are suitable as a reference material for Ti in
quartz, and apply this in-house reference material to analyses of quartz in quartz-rutile veins
from the Czech Erzgebirge (Krušné hory). By analyzing 48Ti in Ca-free quartz and using a Cafree natural quartz reference material, we are able to analyze Ti in quartz at the ~1 ppm level
with good precision and accuracy while avoiding isobaric interferences inherent in using glass
reference materials.
2.1 Sample descriptions
Titanium-bearing SiO2 glasses were manufactured and provided by the German company
Heraeus Quarzglas. Three sets of glasses were developed to cover a range of Ti concentrations
(10 ppm, 100 ppm, and 1000 ppm). For the purposes of this study analyses were focused on the
two higher concentration glasses. Based on the concentrations determined by EPMA and LAICP-MS, the two glasses are henceforth referred to as Heraeus 100 and Heraeus 600.
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The Bishop Tuff (California, USA) was deposited 760 k.y. ago during the evacuation and
subsequent collapse of the Long Valley Caldera and consists of both fallout and ignimbrite
deposits from the high-silica rhyolitic eruption (Hildreth, 1979; Wilson and Hildreth, 1997;
Hildreth and Wilson, 2007). Quartz grains from the F6 fallout unit of the Bishop Tuff
(nomenclature after Wilson and Hildreth, 1997) were collected at the Chalfant Valley Pumice
Quarry. Quartz separates were sieved and analyses were focused on grains 2-4 mm in size. Wark
et al. (2007) reported Ti concentrations of ~49 ppm in the cores and ~40 ppm in the rims of
quartz grains from the F6 sequence. Trace element traverses were performed across 2 grains
(BT1 and BT2), in addition to individual spots in the cores of 22 other grains.
Eclogites from Meluzina in the Czech Erzgebirge (Krǔsné hory) are crosscut by extensive
quartz veins with large (2-3 cm) rutile grains, and present an ideal opportunity to measure low
concentrations of Ti in quartz and test the feasibility of using the Bishop Tuff as a reference
material. The Erzgebirge/Krǔsné hory is part of the Bohemian Massif in the Saxothuringian
domain of the Variscan orogen. Estimated peak conditions for eclogite-facies metamorphism in
the Meluzina section are ~26 kbar at 650-700°C (Klapova et al., 1998). The eclogites are
characterized by strong foliation and compositional banding consisting of garnet-, omphacite-,
and amphibole-rich layers crosscut by extensive veining (quartz ± rutile ± amphibole ± zoisite ±
omphacite ± garnet) at the millimeter to meter scale. Three quartz-rutile veins use in this study
(MZ-24, MZ-28, MZ-31) were sampled at the Meluzina locality.
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2. ANALYTICAL METHODS
2.1 Cathodoluminescence and EPMA
Samples were prepared as polished grain mounts. Cathodoluminescence images of
Bishop Tuff quartz grains were acquired using a Cameca SX-100 microprobe at Rensselaer
Polytechnic Institute (RPI) (Fig. 5.1) and were used to identify zones of differing Ti
concentration. These images reveal oscillatory zoning with homogeneous low-CL rims, which
were targeted for trace element analysis.

100 µm
low-CL rim

Figure 5-1: Microprobe cathodoluminescence (CL) image of a typical quartz grain from the
Bishop Tuff (unit F6). Note the oscillatory zoning in the core and the low-CL rim.

Titanium concentrations in the Heraeus SiO2 glasses were determined by EPMA at the
University of Mainz. Electron probe analyses were performed using a JEOL JXA 8900 RL with
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an accelerating voltage of 15 keV, beam current of 100 nA, and a spot size of 10 µm.
Wollastonite and rutile were used for Si and Ti standardization, respectively.
Titanium concentrations in the Bishop Tuff quartz were determined by EPMA using a
Cameca SX-100 at RPI. Titanium was counted on four LPET spectrometers using an
accelerating voltage of 15 keV and beam current of 200 nA with a spot size of ~10 µm. Fifty
spots (26 µm spacing) were analyzed along a traverse on grain BT2 parallel to the laser traverse
done at the University of Mainz. Quartz and rutile were used for Si and Ti standardization,
respectively. Each analysis was acquired over ~14 minutes.
2.2 LA-ICP-MS
Trace element concentrations in all samples were determined by LA-ICP-MS at the
University of Mainz. In addition, Bishop Tuff quartz grain BT2 was analyzed at the Agilent
Technologies facility in Manchester, UK. Typical ICP-MS run conditions are given in Table 1.

University of Mainz
Laser ablation ICP-MS analyses of quartz and SiO2 glasses at the University of Mainz
were conducted using an Agilent 7500ce quadrupole ICP-MS coupled with a New Wave NWR
193 nm Excimer laser ablation system. Trace elements were analyzed using a laser beam
diameter of 50 µm with a beam energy density of ~14.4 J/cm2 and a repetition rate of 5 Hz. Each
analysis consisted of 15 seconds of background collection during laser warm-up, 20 seconds of
dwell time during ablation, and 15 seconds of washout (Fig. 2). The following isotopes were
analyzed: 27Al, 29Si, 30Si, 47Ti, 48Ti, 49Ti, 88Sr, 90Zr, 91Zr, 140Ce. Dwell times were 10 ms for each
isotope except for

47

Ti and

49

Ti (60 ms) and

48
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Ti (80 ms). Concentrations were determined
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relative to NIST SRM 610 using the GLITTER software program, with

29

Si as a normalizing

mass. Glass reference materials from USGS (BCR-2G, BHVO-2G, GSD-1G) and MPI-DING
(ATHO-G, StHs6/80-G) were also analyzed.
For rutile, a beam diameter of 10-15 µm with a beam energy density of 7–23 J/cm2 and a
repetition rate of 10 Hz was used. Each analysis consisted of 15 seconds of background, 10–12
seconds of dwell time, and 20 seconds of washout. The following isotopes were analyzed: 47Ti,
49

Ti,

56

Fe, and

90

Zr. Trace element concentrations in rutile were determined relative to the R10

rutile reference material with the program GLITTER, using

49

Ti as a normalizing mass

(Luvizotto et al., 2009).

Agilent Technologies facility
Instrumentation at the Agilent Technologies facility in Manchester, UK used for this
study consists of an Agilent 8800 triple quadrupole ICP-QQQ-MS coupled with a New Wave
NWR213 Nd:YAG laser ablation system. Trace elements in quartz were analyzed using a laser
beam diameter of 55 µm with a beam energy density of ~12 J/cm2 and a repetition rate of 10 Hz.
Each analysis consisted of 20 seconds of background, 50 seconds of dwell time, and 20 seconds
of washout. The following isotopes were analyzed:
49

29

Si,

30

Si,

42

Ca,

43

Ca,

44

Ca, 47Ti,

48

Ti, and

Ti. Trace element concentrations were determined relative to glass reference materials from

NIST (SRM 610, 612) using the data reduction software Iolite (Paton et al., 2011). Two-sigma
errors were determined for each analysis using Iolite.
The Agilent 8800 ICP-QQQ-MS is equipped with two quadrupole mass filters with an
Octopole Reaction System (ORS3) collision/reaction cell between the quadrupoles. Two
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traverses were performed parallel to the traverse done on grain BT2 at MPI (Fig. 4). One of these
traverses was done without using the ORS3 (NoGas), while the other was performed in MS/MS
neutral gain mode with ammonia gas (NH3) in the reaction cell. Operating the instrument in
MS/MS mode allows for the preselection of a single mass-to-charge ratio (m/z); in this study the
target analyte/interference pair was 48Ti–48Ca. The neutral gain (mass shift) method was used to
remove the

48

Ca interference on

48

Ti by adding ammonia gas to the reaction cell. Titanium is

highly reactive to ammonia, whereas Ca is mostly non-reactive, which means that the reaction
products do not carry the

48

Ca isobar over with the main

48

Ti isotope during the mass shift. In

this study all of the Ti isotopes were mass shifted +83 mass units ([TiNH(NH3)4]+), therefore
representing 48Ti at mass 131 and effectively separating all of the Ti isotopes from the unshifted
Ca isotopes. Because in MS/MS mode only one m/z is delivered to the reaction cell at a time, the
mass spectrum is kept relatively simple compared to the complexities that could arise if all
isotopes were allowed into the reaction cell simultaneously as is the case with a standard “single”
quadrupole ICP-MS run in reaction cell mode.

3. RESULTS
Titanium concentrations determined for the Heraeus glasses and Bishop Tuff quartz can
be found in Tables 5.2 (EPMA analyses), 5.3 (LA-ICP-MS analyses), and 5.4 (LA-ICP-QQQMS analyses). Box and whisker plots (Fig. 3) for the Heraeus 100 and 600 glasses, Bishop Tuff
quartz cores, and Bishop Tuff quartz rims show the average concentration (middle bar), 2σ
variation (box), and range (whiskers) for EPMA and LA-ICP-MS analyses of the glasses and
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natural quartz grains using NIST SRM 610 as a reference material (for LA analyses). Where
average concentrations are given, 2σ errors refer to the variation in the averaged analyses.
Analytical errors can be found in Table 5.1.
3.1 Heraeus SiO2 glasses
Electron probe analyses of the Heraeus 600 glass range from 330–1043 ppm Ti (n = 90),
with an average of 682 ± 263 ppm (2σ) Ti. Laser ablation ICP-MS analyses of the Heraeus 600
glass range from 531–936 ppm Ti (n = 42), with an average Ti concentration of 672 ± 164 ppm
(2σ) using 49Ti as a normalizing mass and NIST SRM 610 as a reference material.
Electron probe analyses of the Heraeus 100 glass range from 50–180 ppm Ti (n = 30),
with an average of 90 ± 60 ppm (2σ) Ti. Laser ablation ICP-MS analyses of the Heraeus 100
glass range from 68–108 ppm Ti (n = 31), with an average Ti concentration of 82 ± 19 ppm (2σ)
using 49Ti as a normalizing mass and NIST SRM 610 as a reference material.
3.2 Bishop Tuff quartz
Electron probe analyses of the Bishop Tuff quartz cores range from 41–57 ppm Ti (n =
41), with an average of 49 ± 8 ppm (2σ) Ti. Laser ablation ICP-MS analyses of the Bishop Tuff
quartz cores range from 44–58 ppm Ti (n = 39), with an average Ti concentration of 51 ± 6 ppm
(2σ) using

49

Ti as a normalizing mass and NIST SRM 610 as a reference material. Electron

probe analyses of the Bishop Tuff quartz rims range from 39–43 ppm Ti (n = 12), with an
average of 41 ± 2 ppm (2σ) Ti. Laser ablation ICP-MS analyses of the Bishop Tuff quartz rims
range from 39–45 ppm Ti (n = 10), with an average Ti concentration of 41 ± 4 ppm (2σ) using
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Ti as a normalizing mass and NIST SRM 610 as a reference material. Traverses across grains

BT1 and BT2 are shown in Figures 4 and 5.
3.3 Quartz-rutile veins from Meluzina
Average Ti concentration for 33 quartz analyses (50 and 100 µm spots) is 0.9 ± 0.2 ppm
(2σ) using

48

Ti as a normalizing mass and the Bishop Tuff quartz rims as a reference material,

with an average analytical error of 8% for 50 µm spots and 7% for 100 µm spots. The average Zr
concentration for 24 vein rutile analyses (10–15 µm spots) is 61 ± 8 ppm (2σ) relative to the R10
rutile reference material (Luvizotto et al., 2009). Average analytical error for rutile analyses is
3.5%.

4. DISCUSSION
4.1 Evaluation of potential SiO2 reference materials
The Heraeus 100 and Heraeus 600 SiO2 glasses, together with quartz grains from the
Bishop Tuff, were analyzed with the intent of characterizing potential reference materials for
laser ablation analysis of Ti in quartz. The box-and-whisker plots in Figure 5.3 clearly show that
Ti is heterogeneous in Heraeus 600 (330–1043 ppm Ti), Heraeus 100 (50–180 ppm Ti), and
Bishop Tuff quartz cores (41–57 ppm Ti), making these unsuitable for use as reference materials.
The low-CL rims of the Bishop Tuff quartz, on the other hand, are fairly homogeneous with a
range of 39–43 ppm Ti and an average of 41± 2 ppm (2σ) Ti based on EPMA analysis (Figs. 5.3,
5.4). We consider the EPMA analyses to be more reliable because the matrix corrections for
trace elements in quartz have been shown to be far more accurate than LA-ICP-MS analyses
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{Muller:2003ci}. On the basis of homogeneity, which is critical in selecting an appropriate
reference material, the Bishop Tuff quartz rims are the most suitable potential reference material
analyzed in this study.
4.2 Analysis of Ti in quartz using 48Ti as a normalizing mass
As was discussed in the introduction, the most significant barrier to analyzing Ti in
metamorphic quartz is the low concentration of Ti (on the order of 1 ppm) in high pressure/low
temperature samples. Using the major isotope of Ti (48Ti, which has a natural abundance of
73.8%) to measure Ti concentrations in low-Ti quartz would lessen this problem; however, there
are isobaric and polyatomic interferences from 48Ca, 14N17N2+, 14N16O18O+, 12C4+, and 36Ar12C+.
Most polyatomic interferences can be mitigated, but the isobaric interference from 48Ca presents
more of a challenge.
One way to deal with isobaric interferences is to avoid them altogether, either by
choosing to analyze isotopes without significant interferences (e.g.,

47

Ti or

49

Ti) or by

preselecting for specific interferences and eliminating them using a collision/reaction cell (i.e.,
the ORS3 collision/reaction cell in the Agilent 8800 triple quadrupole ICP-MS). In order to use
48

Ti as an internal normalizing mass with glass reference materials that contain Ca, and therefore

have an isobaric interference from 48Ca, it is possible to use a collision/reaction cell to mass-shift
48

Ti such that the isobaric interference is avoided entirely. Figure 5.5 shows Ti concentration in

two parallel traverses across grain BT1 performed using the Agilent 8800 ICP-QQQ-MS with
and without reaction cell gas for 48Ti and 49Ti. The concentration of Ti relative to NIST610 for a
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Figure 5-3: Box-and-whisker plots showing average concentration (middle bar), 2σ variation (box),
and range (whiskers) for EPMA and LA-ICP-MS analyses of Hereaus 600 and Hereaus 100 SiO2
glasses, and Bishop Tuff (BT) quartz cores and rims. Laser analyses referenced to NIST SRM 610.
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single spot without reaction cell gas is 6.2 ± 0.1 ppm (2σ) using 48Ti and 48 ± 1 ppm (2σ) using
49

Ti (Fig. 4a,b). This clearly shows that there are significant interferences on

48

Ti from

48

Ca in

the NIST glasses. The concentration of Ti relative to NIST SRM 610 of an adjacent spot with the
reaction cell gas is 47 ± 2 ppm (2σ) using 48Ti and 47 ± 1 ppm (2σ) using 49Ti (Fig. 5c,d), which
are statistically identical. This demonstrates that using the ORS3 collision/reaction cell to avoid
the isobaric interference at mass 48 is highly effective. However, there is a ~25% difference in
using SRM 610 and SRM 612 to determine Ti concentrations (Fig. 4), which may be the result of
matrix effects due to the mismatch between quartz and SRM 61X glasses.
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Figure 5-4:

1200

Titanium concentration across grain BT1 determined by (a) LA-ICP-MS at the
University of Mainz, and (b) EPMA at Rensselaer Polytechnic Institute. Note the low-Ti core and
oscillatory zoning in the rim, consistent with CL imaging.
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Figure 5-5: LA-ICP-MS traverse across Bishop Tuff quartz grain BT2 by LA-QQQ-ICP-MS. (a)
Traverse with no collision cell gas using reference material NIST SRM 612; (b) No collision cell
gas, reference material NIST SRM 610; (c) NH3 collision cell gas, NIST SRM 612; (d) NH3
collision cell gas, NIST SRM 610. Open symbols show 48Ti, closed symbols show 49Ti. Grey
indicates use of NIST SRM 612 as a reference material. Black indicates use of NIST SRM 610 as a
reference material.

Another method for avoiding isobaric interference of

48

Ca on

48

Ti is to use a reference

material that lacks Ca. We propose that characterizing natural quartz grains, such at those from
the Bishop Tuff, is superior to using the most widely available glass reference materials when
determining low-level Ti concentrations (<10 ppm) in natural metamorphic quartz. Given the
offset in Ti concentration that results from comparing different glass reference materials (Fig.
5.5) and the heterogeneity in the Heraeus SiO2 glasses and Bishop Tuff quartz cores, we suggest
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that the Bishop Tuff quartz rims are the most suitable as an in-house reference material for Ti in
quartz.
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Figure 5-6: Time resolved raw counts for a typical LA-ICP-MS Meluzina quartz analysis of
48
Ti (black squares) and 49Ti (grey circles) using a 50 µm spot size. Note that 49Ti is barely
resolvable above background, whereas 48Ti is fully resolvable.

4.4 Application to quartz-rutile veins from Meluzina
In order to avoid isobaric interference of 48Ca on 48Ti, we use Bishop Tuff quartz rims, as
characterized by EPMA at Renssalaer Polytechnic Institute, as an in-house reference material to
determine Ti concentrations in metamorphic quartz samples with low Ti using

48

Ti as the

normalizing mass for LA-ICP-MS analysis. This method allows for an increase in counts of an
order of magnitude because of the abundance of 48Ti (Fig. 5.6).
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Figure 5-7: Trace element concentrations for quartz-rutile veins from the Czech Erzgebirge.
(a) Ti concentrations in quartz for 33 analyses relative to the Bishop Tuff quartz rims, using
48Ti as a normalizing mass. (b) Zr concentrations in 24 rutile analyses, relative to the R10
rutile (Luvizotto et al., 2009). Dashed lines indicate average concentrations for Ti and Zr.
Titanium concentrations in quartz from veins consisting of quartz + rutile from the
Meluzina locality of the Erzgebirge (Krušné hory) subduction complex in the Czech Republic
were determined relative to the Bishop Tuff quartz rims using the method described above.
Figure 7 shows the time resolved counts for a typical analysis of
quartz veins. In these analyses

49

48

Ti and

49

Ti in the Meluzina

Ti is barely resolvable above background levels (average

relative analytical error of 35%), whereas 48Ti is fully resolvable and results in analytical errors
of ≤8%. The concentration of Ti in Meluzina vein quartz averages 0.9 ± 0.2 ppm (2σ) for 50 and
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100 µm laser spots sizes (Fig. 5.7a). The concentration of Zr in rutile in the same veins averages
61 ± 8 ppm (2σ) (Fig. 5.7b). Simultaneous application of Ti-in-quartz as a barometer and Zr-inrutile as a thermometer yields P-T conditions of vein formation at ~21 kbar and 578° C (Fig.
5.8). These results confirm that the veins formed at high pressure closely following the peak
eclogite-facies metamorphism at Meluzina, which occurred at 650-700 ˚C and 26 kbar (Fig. 5.8)
(Klápová et al., 1998).

Eclogites
(gt-cpx-phe)

25

Rut-Qtz
veins

P (kbar)

20

15

10

basement
metapelites

minimum eclogite
pressures

Amphibolite
facies shear
zones

5

400

500
600
T (°C)

700

Figure 5-8: Metamorphic P-T history of the Czech Erzgebirge, including the results from
simultaneous application of Ti-in-quartz and Zr-in-rutile thermobarometers (black shaded
region). All other P-T estimates from Klapova et al. (1998).
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5. CONCLUSIONS
We propose that characterization and use of in-house natural quartz reference materials
by EPMA, such as the Bishop Tuff quartz rims used here, results in more precise analyses of Ti
concentrations in natural quartz compared to silicate reference glasses. The advantages of using
natural quartz as a reference material for Ti-in-quartz analyses are twofold. First, use of a matrixmatched reference material mitigates matrix effects due to structural and chemical differences
between sample and reference materials. Second, the isobaric interference of

48

Ca on

48

Ti is

avoided, allowing for the use of 48Ti to measure ppm-level Ti in natural quartzes. Application of
this new

48

Ti-in-quartz method to rutile-quartz veins from the Czech Erzgebirge results in

accurate and precise analysis of 1 ppm Ti in metamorphic quartz, with a reduction in 2σ relative
analytical errors from 35% (49Ti) to ≤8% (48Ti).
The

48

Ti-in-quartz method has the potential to increase the number of single-element

thermobarometers that can be applied simultaneously to rocks with coexisting quartz and rutile,
titanite, or zircon, even in high pressure/low temperature settings. Identification and
characterization of a homogeneous, abundant natural or synthetic quartz for use as an external
reference material is the next step toward widespread use of 48Ti-in-quartz analyses by LA-ICPMS throughout the geological community.
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Table 5-1: Typical LA-ICP-MS run conditions, detection limits, and errors for Bishop Tuff
quartz analyses.
Table 1 Typical LA-ICP-MS run conditions, detection limits, and errors for Bishop Tuff quartz
Laser
Spot Laser beam Detection
wavelength size energy density limit 48Ti
(J/cm2)
(nm)
(µm)
(ppm)*

Detection
limit 49Ti
(ppm)*

error 48Ti
(ppm)*

error 49Ti
(ppm)*

Univeristy of
Mainz

193
193

50
100

14.4
10.2

0.05
0.01

0.46
0.08

2.1
0.1

4.3
0.3

Agilent Demo
Facility

213
213†

50
50

12
12

0.12
0.02

0.02
0.22

1.9
0.7

1.1
1.2

* detection limits and 2
for Bishop Tuff quartz analyses
† analyses without collision cell gas
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Table 5-2: EPMA analyses of Ti (ppm) in Heraeus 600 glass, Heraeus 100 glass, and
Table 2. EPMA analyses of Ti (ppm) in Heraeus 600
Bishop Tuff
quartz.
glass,
Heraeus 100 glass, and Bishop Tuff quartz
Heraeus
600*

Heraeus
100*

BT quartz

BT quartz

§

cores
rims§
683
80
48
42
623
70
47
40
641
110
46
40
707
60
44
40
647
80
56
39
647
90
47
40
683
100
43
40
707
140
50
42
689
110
56
43
611
60
49
41
552
50
46
480
90
52
414
160
49
659
180
47
552
120
53
588
70
48
564
100
49
623
90
48
504
80
45
701
100
47
600
80
45
677
90
44
558
50
41
504
70
49
671
100
43
594
80
48
635
70
52
611
70
57
522
60
52
1043
90
57
701
53
923
49
707
50
641
51
713
49
588
51
653
53
755
55
683
54
456
47
989
54
average
682
90
49
41
2 s.d.
263
60
8
2
minimum
330
50
41
39
maximum
1043
180
57
43
*analyses performed at the University of Mainz
§
analyses performed at Rensselaer Polytechnic Institute
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Heraeus
600*

Heraeus
600*

330
659
528
552
486
641
695
983
701
857
995
815
767
773
665
695
659
629
617
750
750
700
770
830
820
740
660
570
580
690
710
710
520
610
760
800
750
880
830
750
620

620
650
1020
920
760
710
730
600
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TableTable
5-3: LA-ICP-MS*
analyses of Ti (ppm) in Heraeus 600 glass, Heraeus 100 glass,
2. LA-ICP-MS* analyses of Ti (ppm) in Heraeus 600 glass, Heraeus 100
and Bishop
Tuff
quartz.
glass, and Bishop Tuff quartz

average
2 s.d.
minimum
maximum

Heraeus
600

Heraeus
600

Heraeus
100

BT quartz
cores

BT quartz
cores

BT quartz
rims

733
726
531
717
724
702
700
721
661
687
672
617
632
648
665
587
757
714
534
638
588
535
538
552
609
567
695
741
722
659
660
676
164
531
936

621
700
732
744
739
781
936
735
665
743
775

72
74
79
86
86
108
105
80
75
69
84
98
82
79
73
69
68
88
86
82
79
77
78
84
86
76
71
91
88
80
81
82
19
68
108

45
52
49
50
53
57
58
50
52
50
44
51
53
48
51
52
51
54
55
52
50
47
51
51
51
52
55
51
53
50
50
51
6
0
58

51
51
47
46
49
45
49
47

41
40
42
39
41
41
40
40
44
45
44
40

41
4
39
45

*analyses performed at the University of Mainz. Instrumentation consists of an
Agilent 7500ce quadrupole ICP-MS coupled with a New Wave NWR 193 nm Excimer
laser ablation system.
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Table 5-4: LA-ICP-QQQ-MS analyses of Ti (ppm) in Bishop Tuff quartz grain BT1.
Table 2. LA-ICP-QQQ-MS* analyses of Ti (ppm) in Bishop Tuff quartz grain BT2
Normalized
distance
across grain
0.02703
0.05405
0.08108
0.10811
0.13514
0.16216
0.18919
0.21622
0.24324
0.27027
0.2973
0.32432
0.35135
0.37838
0.40541
0.43243
0.45946
0.48649
0.51351
0.54054
0.56757
0.59459
0.62162
0.64865
0.67568
0.7027
0.72973
0.75676
0.78378
0.81081
0.83784
0.86486
0.89189
0.91892
0.94595
0.97297

48

49

48

49

Ti No
Gas,
NIST612
5.2
5.0
5.0
5.4
5.7
6.2
6.1
6.3
6.7
6.4
7.1
7.3
6.7
6.5
6.5
7.0
6.6
7.2

Ti No
Gas,
NIST612
41
39
39
43
44
48
48
48
51
49
54
55
50
50
51
54
51
55

Ti No
Gas,
NIST610
24
23
23
25
27
29
29
30
32
31
34
36
32
32
32
34
32
35

Ti No
Gas,
NIST610
36
35
35
38
40
44
44
44
47
45
50
50
46.6
45.98
46.98
50
47.28
51

8.0
7.0

7.1
7.6
7.4
7.0

60
54
56
54
54
58
57
55

39
34
35
34
34
37
35
34

56
50.4
51.7
49.9
50.2
53.8
52.7
50.5

7.9
6.5
6.3
6.2
6.2
6.0
5.5
5.8

59
52
49
49.4
48.4
47.2
43.4
45.8

37
31
30
29
29
28
25
27

53.7
47.2
44.9
44.8
43.7
42.46
38.91
40.9

48

49
48
49
Ti NH3
Ti NH3
Ti NH3
Ti NH3
Gas,
Gas,
Gas,
Gas,
NIST612 NIST612 NIST610 NIST610
42.9
42.4
36.3
36.9
42.2
42.3
35.8
36.6
44.3
43
37.5
37.2
43.6
42.5
37
36.7
49.2
48.1
41.7
41.4
55.3
54.3
46.9
46.6
51.4
51.7
43.6
44.3
51.3
49.8
43.5
42.56
53.3
53.4
45.3
45.56
53.5
53.3
45.5
45.4
54.4
55.4
46.3
47.11
57
57
48.5
48.4
55.8
56.8
47.5
48.2
53.2
54.1
45.4
45.8
53.9
54.2
46
45.89
53.1
53.2
45.3
44.9
58.3
59.5
49.8
50.3
57.2
56.4
48.9
47.6
56.9
57.3
48.7
48.33
57.5
56.8
49.3
47.9
55.8
58.6
47.9
49.5
228.7
227
58
58.1
49.9
49
53.7
55.6
46.3
46.93
49.8
51.5
42.9
43.6
53.8
53.9
46.5
45.6
52.1
54.6
45.1
46.3
51.2
51.8
44.4
43.98
52.7
53.1
45.7
45.2
52.2
51.3
45.4
43.7
52
52.4
45.3
44.78
47.4
47.2
41.3
40.46
46.6
46.3
40.7
39.8
42.8
45.9
37.5
39.55
42.7
41.75
37.4
36.08

* analyses performed at Agilent Demo Facility. Instrumentation consists of an Agilent 8800 triple quadrupole
ICP-QQQ-MS coupled with a New Wave NWR213 Nd:YAG laser ablation system
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Chapter 6

Concluding Remarks
The extent to which metamorphic systems evolve towards equilibrium is an important
and relevant facet of modern metamorphic petrology. Reactions are driven by overstepping,
which is a function of the heating rate of the system. In dynamic metamorphic settings such as
contact aureoles and subduction zones, large oversteps drive large ΔGrxn, which in turn drives
faster reaction rates in these settings. Consideration of the extent to which phase equilibrium is
achieved in rocks from exhumed terranes is critical to understanding the pressure-temperaturetime histories of these settings, which informs much of our knowledge about subducting slabs in
modern subduction zones. This has important implications for the location and extent of fluid
released at depth and the global cycling of elements over geologic timescales.
Evaluation of trace element equilibria in metamorphic systems is also critical in
metamorphic systems, particularly given the widespread use of single phase thermometers that
rely on equilibria involving slow-diffusing trace elements (Zr-in-rutile, Zr-in-titanite, Ti-inquartz, Ti-in-zircon). As most of these thermometers have been experimentally calibrated within
the last 10 years, the field of single element thermometry is still in its infancy. Thus, as a
community we have a duty to closely examine the conditions under which these thermometers
are applicable. Careful assessment of the spatial and temporal scales of equilibrium will
hopefully lead to more nuanced application and interpretation of the results of single element
thermometry as this field continues to grow.
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