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INTRODUCTION

Garnet could be the ultimate petrochronometer. Not only can you date it directly (with 
an accuracy and precision that may surprise some), but it is also a common rock-forming and 
porphyroblast-forming mineral, with wide ranging—yet thermodynamically well understood—
solid solution that provides direct and quantitative petrologic context. While accessory phase 
petrochronology is based largely upon establishing links to the growth or breakdown of key rock-
forming pressure–temperature–composition (P–T–X) indicators (e.g., Rubatto 2002; Williams 
et al. 2007), garnet is one of those key indicator minerals. Garnet occurs in a great variety of 
rock types (see Baxter et al. 2013) and is frequently zoned (texturally, chemically) meaning that 
it contains more than just a snapshot of metamorphic conditions, but rather a semi-continuous 
history of evolving tectonometamorphic conditions during its often prolonged growth. In this 
way, garnet and its growth zonation have been likened to dendrochronology: garnet as the tree 
rings of evolving tectonometamorphic conditions (e.g., Pollington and Baxter 2010).

In some ways, the dream of ‘petrochronology’ all started with garnet (Fig. 1). When 
Atherton and Edmunds (1965) or Hollister (1966) recognized the chemical zonation in 
garnet, when Rosenfeld (1968) noted the spiral ‘snowball’ of inclusions in rotated garnet, 
or when Tracy et al. (1976) drew the first 2-D map of garnet chemical zonation, illuminating 
those ‘tree-rings’ for the first time, they could only imagine what is now a reality decades 
later—direct zoned garnet geochronology of those concentric rings of growth. Geoscientists 
soon thereafter attempted the first garnet geochronology (van Breemen and Hawkesworth 
1980), though several factors severely limited the development and wider-spread use of 
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garnet geochronology from that point. These factors included 1) contamination of garnet by 
micro-mineral inclusions, 2) analytical limitations of small sample size, 3) the requirement 
of anchoring a garnet age analysis with another point on an isochron, and 4) the significant 
time and effort required for age determination. Even today, whether via MC-ICPMS or TIMS 
(e.g., Schoene and Baxter 2017, this volume), garnet geochronology requires weeks of time-
consuming sample preparation. So, while petrologists boldly forged ahead in the use and 
development of garnet as probably the premier mineral recorder of evolving metamorphic and 
tectonic processes during the 1970’s, 80’s and 90’s, garnet geochronology was mostly (though 
not completely) supplanted by the excitement, relative ease and undoubted utility of accessory 
phase geochronology (as reviewed by Engi 2017, this volume; Rubatto 2017, this volume). 
Then, because the petrology and thermodynamics of accessory phases had not been as well 
studied, the task of ‘petrochronology’ was to bring petrologic context to the age information 
accessible in phases such as zircon and monazite. Often, this endeavor came back to linking 
the growth of accessory phases with a key rock-forming mineral—garnet. The last 20 years 
have now seen the advancement of direct garnet geochronology driven by several factors, 
including 1) the addition of Lu–Hf to Sm–Nd as viable systems to date garnet (e.g., Duchene 
et al. 1997; Scherer et al. 2000), 2) robust methods to eliminate the effects of contaminating 
inclusions (e.g., Amato et al. 1999; Baxter et al. 2002; Anczkiewicz and Thirlwall 2003), 3) 
improved analytical techniques to reduce sample size limitations (e.g., Harvey and Baxter 
2009; Bast et al. 2015), and 4) microsampling methods whereby those individual tree-rings 
can be sampled at higher and higher spatial resolution (e.g., Stowell et al. 2001; Ducea et al. 
2003; Pollington and Baxter 2010, 2011). What this makes possible today is the introduction—
or re-introduction—of garnet into the cadre of modern ‘petrochronometers’.

Our purpose in this chapter is threefold. We begin with a review of the ‘petro-’ of garnet, 
followed by the ‘-chrono-’ of garnet, setting us up for the modern possibilities—many yet 
to be fully explored—of garnet ‘petrochronology’. First, we re-acquaint the reader with the 
myriad ways in which garnet has been used directly to reconstruct past tectonometamorphic 
conditions. Ranging from foundational thermodynamic P–T modeling and textural analysis to 
recent advances in inclusion barometry and trace element zonation, our aim is to illuminate for 
all readers the remarkable scope and potential for garnet as a recorder of tectonometamorphic 
context. It is not garnet per se that we are interested in, but rather the conditions and processes 

Figure 1. Important observations in the development of garnet petrochronology. A. Chemical zoning in 
a 1-D traverse across garnet from the Kwoiek area of British Columbia (redrawn from Hollister 1966). 
The ‘bell-shaped’ Mn zoning profile led to the now classic interpretation of garnet growth adhering to a 
Rayleigh fractionation model. B. 2-D zoning of Mn in garnet from central Massachusetts (redrawn from 
Tracy et al 1976, numbers equate to atomic percent Mn and dots indicate position of microprobe analyses). 
C. Spiral ‘snowball’ inclusions in rotated garnet described by Rosenfeld (1968); image shown is from thin 
section with first-order red filter provided by John Rosenfeld.
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that it records. Second, we bring the reader up to date on recent advances in direct chronology 
of garnet via Sm–Nd and Lu–Hf systems that have made it the robust and precise chronometer 
that it is. Our hope is to dispel the misconceptions that continue to limit the use and credence 
of garnet geochronology, and clearly lay out the wide-ranging opportunities for direct garnet 
geochronology, appropriately framed within the challenges and limitations which still exist 
for this (as with any!) geochronometer. This section on the ‘chrono’ of garnet also discusses 
diffusion geospeedometry of garnet, which provides complementary information on heating/
cooling durations and rates. Finally, we bring the ‘petro’ and ‘chrono’ together and present 
several examples from the past decade of true garnet petrochronology wherein these methods 
are integrated in increasingly innovative ways. Figure 2 serves as both an outline of our 
chapter, and as our definition of garnet petrochronology: the effort to integrate any aspect(s) of 
garnet-based petrology (on the left of Fig. 2) with any aspect(s) of garnet geochronology, and 
in so doing, to gain insights about evolving tectonometamorphic conditions that complement 
what may be extracted from other methodologies. Perhaps the most important thing to 
emphasize is that garnet petrochronology is really still in its infancy. Many challenges have 
been overcome, and it is time now for creative petrologists to come back to garnet and try new 
ways of integrating the ‘petro’ and the ‘chrono’ (by choosing from the left and the right of 
Fig. 2) to make true advances in our understanding of petrologic and tectonic evolution of the 
crust-mantle system. Never before has the time been so ripe, and we hope the reader is inspired 
to take these next steps in creatively deploying garnet petrochronology in the future.

PETRO- OF GARNET

Said the professor to their student: “please try to collect some samples with garnet in them; 
there’s not nearly as much we can do without it”. Although this statement is apocryphal, the 
sentiment will be familiar to many readers. Metamorphic petrology has been tied to the search 
for and study of garnet-bearing samples since soon after Barrow defined the ‘garnet zone’ in the 
eastern Scottish Highlands (Barrow 1893, 1912). Advancements in our ability to characterize 
the compositions and textures of metamorphic minerals, and in thermochemical models to 
describe the conditions of their evolution have commonly focused on garnet-bearing samples. 
In this section we review some of the reasons why garnet has been so central to the endeavor of 
reconstructing tectonometamorphic processes and conditions. We give an overview of some of 
the mechanisms that have been developed to infer pressure, temperature, deformation, mineral 
reaction or fluid–rock interaction, highlighting some of the recent and current developments 
that will aid this. Much has already been written about most of this, and we have thus made 
no attempt to be absolutely comprehensive, instead directing the reader to several of the other 
excellent reviews where each provide more detail about each technique. But by bringing all of 
this content together, our goal is to provide a comprehensive taste of what garnet has previously 
been used to quantify and constrain, with the expectation that these methods will increasingly 
be coupled with each other and with direct dating, as described later in the ‘Chrono- of garnet’ 

CHRONO-
Textures

Geothermobarometry

Pseudosections

Geo-ba-raman-try

Stable isotope tracers

Trace element tracers

Sm-Nd

Lu-Hf

Coupled Sm-Nd & Lu-Hf

Zoned chronology

Geospeedometry

[accessory phase chronology]

GARNET
PETROCHRONOLOGY

PETRO-

Figure 2. Outline of the chapter and definition of garnet petrochronology. Any “petro-“ of garnet integrated 
with any “chrono” of garnet makes for garnet petrochronology. Accessory phase geochronology is included 
with a dashed line to note its integrative value, as valuable efforts have been made to link it to garnet.
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section of this chapter. We will begin with the most easily observable (often at the hand sample 
scale) textural information locked in garnet, before reviewing its role in geothermobarometry 
and in tracing evolving petrologic reactions and open system fluid flow processes.

Textures of garnet—provider of tectonic context

Garnet’s rigid porphyroblastic growth endows it with a propensity to retain and record its 
growth history in chemical as well as textural manifestations. This section provides several 
brief examples of how textural observations can provide valuable petrologic and tectonic 
context for garnet’s growth span.

Garnet as a deformation and strain monitor. Garnet crystals are frequently riddled with 
cracks and inclusions of other minerals that can reveal a reaction history and the co-genetic 
evolution of tectonic stresses. For example Angiboust et al. (2011) interpreted cracks in UHP 
eclogite garnets as reflecting seismic brecciation during subduction to ~80 km depth in the 
Western Alps. Shear stress can also deform the matrix and cause garnet to rotate (Spry 1963; 
i.e., ‘snowball garnets’; Rosenfeld 1968) or record changing metamorphic fabrics during 
porphyroblast growth (i.e., Ramsay 1962; Bell 1985). Controversy still exists between these 
two end-member interpretations (i.e., Johnson 1993; Ikeda et al. 2002; Stallard et al. 2002) 
but in any case, these common and often vivid patterns of inclusions inside garnets (e.g., 
Fig. 1c) clearly record rock deformation that may reflect localized structural—(e.g., Robyr 
et al. 2009) or regional tectonic-scale (e.g., Aerden et al. 2013; Sayab et al. 2016) processes. 
Beyond documentation of inclusion patterns in thin section, valuable textural information 
can be gleaned from additional methods of observation. Robyr et al. (2009) employed EBSD 
(electron backscattered diffraction) analysis to show that crystallographic orientations within 
single garnet porphyroblasts remained constant while the garnet was rotating. Then, those 
crystallographic orientations shifted to reflect surrounding phyllosilicate foliation when 
garnet grew during subsequent non-rotational regimes. Aerden et al. (2013) relate different 
textural generations of inclusions within garnets, each separated by a FIA (fold intersection 
axis) to major shifts in tectonic convergence vectors during the assembly and deformation 
of the Iberian Peninsula. These FIA are carefully mapped through analysis of radial sets 
of vertical thin sections and would not otherwise be readily apparent in a simple 2D thin 
section. Sayab et al. (2016) use similar methods to document tectonic convergence vectors 
in the Himalayan Orogen. Among the very first applications of true garnet petrochronology, 
Christensen et al. (1989) and Vance and Onions (1992) dated the cores and rims of such 
rotated snowball garnets to place constraints on the tectonic shear strain rate. Cases in which 
the identity or composition of the included minerals change from core to rim of the host 
garnet reveal additional, powerful information, as detailed below (e.g., St-Onge 1987).

Garnet resorption textures. As systems evolve and P–T–X changes, it is common for 
garnet to become unstable and start to break down by consumption from its rim inward (see 
Lanari et al. 2017 for additional examples). This resorption is driven by changes in P–T–X 
occurring during prograde metamorphism (e.g., Florence and Spear 1993), during retrograde 
metamorphism, due to chemical change related to influx of an external fluid, and sometimes 
due to polymetamorphism (when old garnet is introduced into a new orogenic cycle). Such 
resorbed surfaces often exhibit irregular morphologies, such as embayments, which often 
contrast with sharp original crystal growth faces. On the one hand, once a crystal (or its 
outermost portion) has been resorbed, there is little direct ‘garnet petrochronology’ that can 
be done to study that resorption event. However, if a resorption surface can be identified 
(texturally or chemically), the relative timing and conditions surrounding the resorption event 
may still be constrained. For example, if an element liberated during garnet resorption cannot 
be readily incorporated into product phases, a small amount of garnet might re-precipitate, 
preferentially incorporating that element, or the element itself might be reincorporated into 
any residual garnet (e.g., see discussion below relating to Y and HREE incorporation into 



Garnet: A Rock-Forming Mineral Petrochronometer 473

resorbed crystal rims). In general, such elements would be those that tend to be strongly 
partitioned into garnet over other matrix phases including Mn, Y, Lu and other HREE (e.g., 
Kohn and Spear 2000; Kelly et al. 2011; Gatewood et al. 2015). In some cases, secondary 
minerals may form at a garnet resorption surface driven by the sudden and proximal influx of 
those particular elements. Xenotime, for example, has been observed decorating the resorbed 
surfaces of garnets where localized flux of Y (from the resorbed garnet) promotes growth of 
xenotime (e.g., Gatewood et al. 2015). In this case, there is a useful textural link between 
resorbed garnet surface and neocrystallized accessory phase xenotime.

Textural evidence for polymetamorphism. We use the term ‘polymetamorphic garnet’ 
to describe crystals that grew during more than one tectonic ‘event’ separated by a significant 
hiatus that can be resolved texturally, chemically, or temporally with existing methods. 
Several examples of polymetamorphic garnet have been recognized in the Alpine-Himalayan 
system that grew during multiple orogenic cycles, separated by millions to hundreds of 
millions of years. Argles et al. (1999) dated fractions of garnet crystals, identifying that 
only crystal rims record Tertiary metamorphism, with crystal cores hundreds of millions of 
years older. Gaidies et al. (2006), Herwartz et al. (2011), Robyr et al. (2014) and (Lanari 
et al. 2017) recognized, garnet zonation textures in which Alpine overgrowths are vividly 
separated by prominent microstructural and chemical discontinuities from older Variscan 
cores. Manzotti and Ballevre (2013) recognized chemically heterogeneous detrital garnet 
cores—derived from multiple sources—that were overgrown by a homogeneous Alpine 
garnet rim. All of these examples serve to illustrate some of the textural and chemical 
means by which polymetamorphic garnet may be recognized. Of course, only by adding 
direct geochronology to each of these growth generations may we establish the absolute 
chronology and length of the hiatus between phases of garnet growth.

Porphyroblast nucleation and growth models. Metamorphic porphyroblastic minerals 
comprise vivid records of progressive nucleation and growth kinetics. Treated individually, 
each porphyroblast may record aspects of the rock’s overall history colored by local chemical-
textural features. Taken as a whole, porphyroblast crystal size distributions, their relative 
spatial disposition, and chemical zonation reveal information about the nucleation and growth 
process rock wide (e.g., Kretz 1973; Carlson et al. 1995; Chernoff and Carlson 1997; Meth 
and Carlson 2005). Several forward models have been developed to predict and interpret 
garnet CSD’s and spatial dispositions within porphyroblastic rocks (Galwey and Jones 1966; 
Kretz 1966, 1974; Cashman and Ferry 1988; Carlson 1989, 2011; Spear and Daniel 2001; 
Gaidies et al. 2008b; Gaidies et al. 2011; Schwarz et al. 2011; Ketcham and Carlson 2012; 
Kelly et al. 2013a,b). These models offer testable predictions about the rate limiting processes 
for crystal growth and progressive metamorphism, including important implications for the 
attainment of local and rock-wide chemical equilibrium. Existing models make justified 
assumptions and interpretations about whether the rate-limiting step is breakdown of parent 
minerals (e.g., Schwarz et al. 2011), surface energetics of garnet (e.g., Gaidies et al. 2011), 
or transport of the least mobile nutrient (often aluminum) through the intergranular medium 
(e.g., Ketcham and Carlson 2012). The importance of Ostwald ripening (favoring growth 
of larger porphyroblasts at the expense of smaller porphyroblasts) has been debated (e.g., 
Carlson 1999), and some studies have cited heating rate as the key limitation. Each of these 
published cases shows persuasively that numerical simulations of one or several processes 
can successfully model natural crystal occurrences, suggesting that different rate-limiting 
processes may dominate under different circumstances. Furthermore, EBSD analysis has 
revealed that garnets porphyroblasts may often (perhaps > 20% of the time) include more than 
one primary nucleation site and, thus, more than one fundamental crystal lattice orientation. 
These early forming crystal clusters may ultimately coalesce, separated by high-angle grain 
boundaries, to form a macroscopically visible porphyroblast (e.g., Daniel and Spear 1998; 
Spiess et al. 2001; Whitney et al. 2008; Whitney and Seaton 2010).
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Garnet as a pressure and temperature sensor

One of the most important, and familiar, aspects of the ‘petro-’ in petrochronology involves 
deciphering metamorphic pressure and temperature to infer rocks’ journeys through the crust 
and mantle. Garnet has arguably been the single most useful mineral for the estimation of 
evolving metamorphic P–T conditions for over forty years1. It is especially useful because of 
1) its occurrence in diverse lithologies and P–T conditions, and 2) its relatively simple and 
well understood chemistry, which is dominated by divalent Fe, Mg, Ca, Mn, and trivalent 
Al, Fe cations (e.g., Grew et al. 2013) but is also sensitive to certain trace elements like Y. 
Because garnet is a major rock-forming mineral, its growth history is directly linked to broader 
rock wide petrologic evolution; so we must also develop the use of broader descriptions of 
the entire mineral assemblage and provide context for the growth of garnet and its changing 
chemistry. Here we review some of the techniques that have been developed to utilize garnet’s 
chemical and mechanical properties to constrain P–T.

Compositional thermometry—Major elements. The advent of the electron microprobe 
in the 1950s sparked a revolution in metamorphic petrology as systematic characterization 
revealed that the compositions of co-existing mineral phases are often strongly correlated with 
metamorphic grade (e.g., Ramberg 1952; Kretz 1959). Garnet composition almost immediately 
became a focus, leading to the discovery that crystals commonly exhibit zoning from core to 
rim (Atherton and Edmunds 1965; Evans 1966; Evans and Guidotti 1966; Harte and Henley 
1966; Hollister 1966; Atherton 1968) and in complex patterns around inclusions and upon 
contact with specific matrix phases (Tracy et al. 1976; Thompson et al. 1977; Tracy 1982; 
Figures 1 and 3). Relationships between mineral composition and metamorphic temperature 
suggested a geothermometer based upon the partitioning of Fe and Mg between garnet and 
biotite (e.g., Frost 1962; Kretz 1964; Saxena 1968, 1969; Thompson 1976b; Goldman and 
Albee 1977). This results primarily from garnet’s large distorted cubic site favoring Fe rather 
than Mg at low temperature, under which conditions biotite’s octahedral sites prefer Mg. 
Indeed, garnet typically contains far lower Mg content than most coexisting phases, with the 
ratio Mg / Mg + Fe(XMg) decreasing in the order cordierite > chlorite > biotite > chloritoid > 
staurolite > garnet (Albee 1965, 1972; Hensen 1971). The preference of each phase for Mg or 
Fe is reduced upon heating, thus imparting a temperature dependence of Fe–Mg partitioning 
between most co-existing phases (the volumetric effect of Mg–Fe exchange is comparatively 
minor). Garnet plays a particularly important role here because its low Mg content at low 
temperature establishes a much larger ∆XMg between it and a second equilibrated mineral (e.g., 
orthopyroxene or biotite) than a pairing between most other phase combinations would permit, 
explaining why garnet often occurs as a key mineral in exchange thermometer calibrations. 
The garnet side of these equilibria is shown in Figure 4, which demonstrates the relatively 
extensive Mg and Fe variation expected under possible crustal conditions, assuming a fixed 
bulk rock composition. After the classic experimental calibration by Ferry and Spear (1978), 
numerous refinements to the garnet–biotite exchange thermometer (Perchuk and Lavrent’eva 
1983; Ganguly and Saxena 1984; Indares and Martignole 1985; Kleeman and Reinhardt 1994; 
Berman and Aranovich 1996; Gessmann et al. 1997; Holdaway et al. 1997; Mukhopadhyay et 
al. 1997; Holdaway 2000) have made this one of the most often used geothermometers.

Temperature dependent Fe–Mg equilibria between garnet and many other phases have 
also been calibrated as thermometers, all based on similar principles to the garnet–biotite 
example outlined above. It is beyond the scope of this review to discuss all of these in detail, 
but the reader is directed to Essene (1982, 1989) and Spear (1993) for more information.

1 For example, Spear (1993) lists 37 geothermobarometers on page 517−519 of his book; 25 of these include 
garnet, far more than any other mineral.
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Compositional barometry. While low ∆V exchange equilibria were developed into 
mineral thermometers, high ∆V equilibria were explored as potential barometers, again with 
an early emphasis on garnet-bearing assemblages. Observation of and experimentation on the 
garnet–plagioclase system (Kretz 1959; Ghent 1976; Goldsmith 1980; Newton and Haselton 
1981) led to calibration of a mineral barometer that uses the end member ‘GASP’ (garnet–
aluminosilicate–silicate–plagioclase) reference reaction:

Ca3Al2Si3O12 + 2 Al2SiO5 + SiO2 = 3 CaAl2Si2O8

This is pressure sensitive because of the large molar volume difference of reactants and 
products, and has been calibrated and recalibrated multiple times as new experimental data 
and activity–composition (a–X) models for garnet and plagioclase have become available 
(e.g., Ghent 1976, 1977; Newton and Haselton 1981; Koziol and Newton 1988; McKenna 
and Hodges 1988; Berman 1990; Holdaway 2001; Caddick and Thompson 2008). The relative 
performance of most of these calibrations was compared by Wu and Cheng (2006), but taken 
as a group the GASP calibrations have become probably the most widely used chemical 
geobarometer for metamorphic rocks, due in part to the large range of P–T conditions over which 
garnet and plagioclase can both co-exist with a suitable buffering assemblage. Uncertainties 
on temperature of equilibration, end-member thermodynamic properties (particularly 
enthalpy and entropy), mineral solution behavior, and measurements of garnet and plagioclase 
composition, likely combine to yield GASP uncertainties reaching or exceeding ±2 kbars in 
many cases (see discussions by, Hodges and McKenna (1987), McKenna and Hodges (1988), 
Kohn and Spear (1991) and Holdaway (2001) for more information).
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Figure 3. Garnet zoning, then and now. Panels A-D are some of the first 2-D garnet element zoning maps, 
hand-contoured from point analyses by R.J. Tracy as part of his graduate studies and published as Thomp-
son et al (1977). These images of a crystal from the Gassetts Schist, Vermont, first hinted at the complexity 
of zoning in natural garnet crystals and were used to advance a model of progressive crystal growth during 
evolving P and T. The very first 2-D images had appeared a year earlier (Tracy et al 1976). Panels E-H are 
element maps of the same crystal, collected ~ 35 years later by the same R.J. Tracy in a ~12 hour run with 
an automated electron microprobe (Tracy et al 2012). The general zoning patterns were extremely well 
documented by the previous work, but modern techniques yield a far more detailed picture, particularly 
highlighting fine-scale zoning in the crystal core of the Ca map that is still difficult to construct a satisfac-
tory growth model for. Computerized automation has revolutionized many aspects of metamorphic petrol-
ogy, paving the way for the petrochronology discussed in this volume. 
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Many additional mineral systems have been suggested and calibrated for inferring pressure 
and temperature, with a significant proportion of these relying partly on the properties of garnet, 
e.g., garnet–plagioclase–biotite–muscovite, garnet–muscovite–plagioclase–quartz, garnet–
biotite–plagioclase–quartz, garnet–ilmenite–rutile–kyanite–quartz, garnet–ilmenite–rutile–
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Figure 4. Mineral abundances and compositions in a pelitic rock at crustal conditions as a function of P and 
T for the ‘average pelitic bulk-rock’ composition from Caddick and Thompson (2008). Calculated using 
Perple_X (Connolly 2005) with the thermocalc ds5.5 dataset (updated from Holland and Powell 1998), 
and activity models described in Caddick and Thompson (2008), except for garnet (White et al 2005), 
amphibole and omphacite (both Diener and Powell 2012). The underlying calculation from which contours 
were extracted considers many additional phases that are not shown, with biotite and garnet in most regions 
of the diagrams co-existing with 5 or 6 additional phases (see annotated pseudosection for this rock, which 
appeared as Figure 1 in Caddick and Thompson (2008), noting that that diagram was calculated with earlier 
thermodynamic data and is thus not identical).
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plagioclase–quartz, garnet–clinopyroxene–plagioclase–quartz, garnet–orthopyroxene, garnet–
clinopyroxene–phengite (Bohlen and Essene 1980; Ghent and Stout 1981; Bohlen et al. 1983; 
Hodges and Crowley 1985; Bohlen and Liotta 1986; Moecher et al. 1988; Hoisch 1990, 1991; 
Waters and Martin 1993; Pattison et al. 2003; Wu et al. 2004; Wu and Zhao 2006). Again, more 
details about many of these were provided by Essene (1989) and by Spear (1993).

Compositional thermometry—Trace elements. While the distribution of various 
trace elements in garnet can be used to determine reaction sequence, the applicability of 
geochronometers, and fluid/melt history (see discussions below), trace element (particularly 
yttrium) concentrations of coexisting accessory phases and garnet have also been utilized as 
thermometers in pelitic lithologies.

Pyle and Spear (2000) developed an empirical trace element thermometer for the 
temperature range of 450–550 ºC, by study of regional metamorphic rocks from New England. 
This method utilizes the yttrium content of garnet in xenotime-bearing pelites, assuming that the 
presence of xenotime buffers the rock in Y. Temperature and pressure estimates for calibration 
purposes, along with P–T paths, were determined by traditional thermobarometry and differential 
thermodynamics, respectively. Pyle et al. (2001) expanded this approach to the assessment 
of equilibrium partitioning of coexisting monazite–xenotime–garnet, developing a garnet–
monazite thermometer. Critical in employing this thermometer is 1) accurate compositional 
information about all phases involved in the reaction (Foster et al. 2004; Hallett and Spear 2015) 
and 2) that monazite was a stable phase during garnet growth, i.e., that garnet and monazite 
were in equilibrium. Inclusion of homogeneous monazite in homogeneous or continuously 
zoned garnet may be considered a good candidate for such equilibration, though zoning in that 
monazite and the chances of its isolation from the reactive part of the rock warrant particular 
care, as further discussed by Lanari and Engi (2017, this volume). Uncertainties in the other 
parameters for calculation likely amount to a combined uncertainty of approximately ±25 ºC 
(Pyle et al. 2001). Pyle et al. (2001) note that garnet and monazite maintain compositional 
equilibrium even as garnet fractionation dramatically changes the Y budget in the reactive bulk 
composition, allowing for a consistent element partitioning during the rock’s prograde history.

Thermobarometry of zoned garnet. If mineral composition is to be used to infer pressure 
and temperature but natural phases such as garnet are commonly chemically zoned (e.g., 
Figs. 1 and 3), where should one make a microprobe analysis, where should analyses of 
coexisting phases be made, and how can results be put into the context of an evolving P–T 
history? These questions have been addressed in detail (e.g., Essene 1989; Kohn and Spear 
2000), and extreme caution should be taken before averaging data whose variability may be 
geologically meaningful. For example, the apparent repeatability of garnet zoning patterns 
suggests that this zoning records changes in pressure and temperature during crystal growth, 
leading to early models of garnet zoning due to sequential mineral reactions (e.g., Hollister 
1966; Loomis 1975; Thompson 1976a; Tracy et al. 1976; Tracy 1982), which in turn led to 
direct use of garnet zoning to infer P–T paths during prograde metamorphism. Development 
of a differential thermodynamic approach, commonly referred to as the Gibbs method, 
allowed derivation of P–T paths for rocks, based upon garnet crystal zoning that is assumed 
to have been established during growth and an estimate of the P–T point at which garnet first 
began to grow (Spear and Selverstone 1983; Spear et al. 1984). Zoned garnet porphyroblasts 
containing complex suites of mineral inclusions present an additional opportunity, with 
thermobarometry on the hosts and their inclusions yielding complex information that may be 
interpreted as a simple P–T progression within a single orogenic event (e.g St-Onge 1987) or 
as overprinted conditions associated with multiple events or tectonic processes (e.g., Dorfler 
et al. 2014). As such, the most appropriate course for thermobarometry generally begins with 
careful consideration of mineral texture and mineral zoning (e.g., Essene 1989; Kohn and 
Spear 2000) with garnet often at the heart of this endeavor.
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Forward models of phase equilibria. A powerful use of equilibrium thermodynamics 
in the understanding of metamorphic processes involves the calculation and interpretation of 
phase equilibria, and much modern petrochronology involves the coupling of geochronological 
methods with phase equilibria constraints. Prediction of the proportion and composition of 
each major phase in a rock, and how these would change as functions of pressure, temperature 
and system composition (in so-called ‘pseudosections’, ‘isochemical phase diagrams’ or 
‘mineral assemblage diagrams’ such as Fig. 4) has had enormous influence on the petrologic 
community. This has been reviewed recently by Spear et al. (2016) and in this volume by 
Yakymchuk et al. (2017, this volume), and here we focus on the primary value from a garnet 
petrochronology standpoint: revealing how garnet growth or dissolution would be expected 
along any P–T path, how this might modify the residual rock composition (discussed also 
in detail by Lanari and Engi 2017, this volume), how garnet chemistry would evolve during 
growth, and how this is associated with changes in the co-existing assemblage, including the 
production or consumption of other minerals, fluids, or melt.

Most studies of garnet in crustal metamorphism are concerned with pelitic, greywacke, 
basaltic or carbonate lithologies, in which case reasonable approximations can be made by 
considering a thermodynamic system comprised of Na2O, K2O, CaO, FeO, MgO, Al2O3, 
SiO2, H2O, ± MnO, ± TiO2, ± Fe2O3, ± CO2. Incorporation of all or most of these components 
permits description of garnet as (Fe2+,Mg,Ca,Mn)3(Al,Fe3+)2Si3O12 and calculation of 
phase equilibria involving most major phases that this garnet is likely to co-exist with. The 
thermodynamics of MnO-bearing mineral end-members are generally less well-constrained 
than others, but MnO plays such a significant role in stabilizing garnet at low P–T conditions 
and on the modal proportion of garnet at higher P–T conditions (Symmes and Ferry 1991; 
Mahar et al. 1997; Tinkham et al. 2001; Caddick and Thompson 2008; White et al. 2014b) 
that its inclusion is often warranted. A plethora of relevant mineral, fluid and melt models 
have been described, with most recent contributions associated with various updates of the 
‘thermocalc’ end-member dataset (Holland and Powell 1985, 1990, 1998, 2011). Even 
models for compositionally well-constrained minerals such as garnet have been reassessed 
numerous times (inlcuding but not limited to Wood and Banno 1973; Engi and Wersin 1987; 
Powell and Holland 1988; Hackler and Wood 1989; Koziol and Newton 1989; Berman 1990; 
Ganguly et al. 1996; Mukhopadhyay et al. 1997; White et al. 2000, 2005, 2014a,b; Stixrude 
and Lithgow-Bertelloni 2005; Malaspina et al. 2009). Seemingly minor updates to solid 
solution models can lead to significant changes in calculated phase equilibria unless end-
member thermodynamic properties are modified accordingly (see discussion in White et al. 
2014a). Furthermore, the relative stabilities and coexisting compositions of complex mineral 
solutions may respond inappropriately if applied beyond the limits (in composition, pressure 
or temperature) of their original calibration, though it can often be difficult to ascertain 
whether this is the case. It is thus informative to make direct comparison between Gar – Bio

Mg– FeK  
derived from the mineral compositions predicted by phase equilibria calculations and Gar – Bio

Mg– FeK  
derived from experimental calibrations such as Ferry and Spear (1978) across a range of P–T 
conditions and for a range of bulk-rock compositions (and thus additional buffering minerals 
in the calculated equilibria). Such comparisons, (e.g., Figure 6 of Caddick and Thompson 
2008) highlight that, although experimentally determined partitioning is well recovered at 
many P–T conditions, it is poorly fit elsewhere, and reveal some unexpected consequences of 
utilizing complex activity-compositions models for numerous phases.

Comparison between calculated and natural garnet composition is one of the primary 
constraints on segments of P–T paths inferred from pseudosection calculations (Konrad-
Schmolke et al. 2006; Gaidies et al. 2008a; Chambers et al. 2009; Cutts et al. 2010; Vorhies and 
Ague 2011; Hallett and Spear 2014a; Mottram et al. 2015). Many factors can lead to calculated 
compositions that fail to intersect at P–T conditions consistent with other observations, 
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including inappropriate assumptions of bulk composition or short length-scale compositional 
heterogeneity (e.g., Tinkham and Ghent 2005; Kelsey and Hand 2015; Guevara and Caddick 
2016; Palin et al. 2016; Lanari and Engi 2017, this volume), the potential for crystal nucleation 
and growth at conditions removed from sample-wide thermodynamic equilibrium (e.g., Kretz 
1973; Waters and Lovegrove 2002; Gaidies et al. 2011; Pattison et al. 2011; Kelly et al. 2013a,b, 
b; Carlson et al. 2015b) and the possibility of diffusive modification of crystal composition 
following growth (discussed in more detail below). Several recent approaches have focused more 
explicitly on garnet, developing computer codes that compare measured natural crystal zoning 
with thermodynamic predictions to automatically search for the most appropriate P–T path 
experienced, generally also considering modification of the bulk-rock composition upon garnet 
growth (e.g., Moynihan and Pattison 2013; Vrijmoed and Hacker 2014; Lanari et al. 2017). To 
some extent these are natural successors to the pioneering Gibbs method (Spear and Selverstone 
1983; Spear et al. 1991; Menard and Spear 1993) and to calculations that forward model the 
chemical zoning established along prescribed P–T paths (e.g., Florence and Spear 1991; Gaidies 
et al. 2008a,b; Konrad-Schmolke et al. 2008; Caddick et al. 2010).

Given the relative ease of calculating phase equilibria, what is their value? As 
emphasized recently (e.g., Pattison 2015; Spear et al. 2015, 2016), the ability to calculate 
diagrams may have exceeded our capability to assess their predictions. For example, if a 
pseudosection predicts a 5 ºC, 0.5 kbar window within which a garnetiferous assemblage is 
stable in a relatively dry lithology, it may be unlikely that this assemblage will actually be 
found at these P–T conditions in nature due to (i) uncertainties in the thermodynamic data, 
and (ii) possible kinetic effects that may hinder sample-scale equilibration on the timescale 
that the rock passes through the P–T conditions of the field (Carlson et al. 2015b). This can 
be closely associated with the concept that the volume of any rock in mutual thermodynamic 
equilibrium (i.e., the equilibrium length-scale) probably changes throughout metamorphism 
as a function of P, T and fluid availability (e.g., Stüwe 1997; Guiraud et al. 2001; Carlson 
2002). In fact, the equilibrium length-scale may be different for each element depending on 
the relative diffusive transport rate (in turn a function of elemental partitioning/solubility 
into the intergranular transporting medium; Baxter and DePaolo 2002b; Carlson 2002). The 
choice of appropriate bulk composition for a pseudosection calculation is thus often not 
trivial and this composition may have to change as subsequently refractory phases such as 
garnet (e.g., Spear et al. 1991; Marmo et al. 2002; Tinkham and Ghent 2005; Caddick et 
al. 2007; Konrad-Schmolke et al. 2008), hydrous fluid (e.g., Guiraud et al. 2001) or melt 
(e.g., Tajčmanová et al. 2007; Yakymchuk and Brown 2014; Guevara and Caddick 2016) are 
produced and fractionated from the reactive system. Lanari and Engi (2017, this volume) 
review bulk composition in more detail, demonstrating that use of an XRF-based rock 
composition to retrieve P–T conditions of zoned garnet growth, without modification of that 
composition to account for components sequestered by garnet, can produce significantly 
erroneous estimates if more than ~ 2 vol% garnet has been produced. Eventually the length-
scales of equilibration may become small enough to establish domainal textures such as 
coronae, in which substantial chemical potential (µ) gradients are preserved over geological 
timescales and can best be interpreted through µ–µ equilibria (e.g., White et al. 2008; Štípská 
et al. 2010; Baldwin et al. 2015). The retention of chemical zoning in garnet is one obvious 
indicator that µ gradients are commonly maintained in metamorphic rocks.

Despite these various complications and limitations, equilibrium thermodynamic models 
are of immense importance to garnet petrochronology and to metamorphic petrology more 
broadly, as testified by the fact that the combined citations of the main papers describing 
the thermocalc, theriak-domino and Perple_X programs (e.g., de Capitani and Brown 
1987; Powell and Holland 1988; Connolly 1990; Powell et al. 1998; Connolly 2005, 2009; de 
Capitani and Petrakakis 2010) and the thermocalc dataset (e.g., Holland and Powell 1990, 
1998, 2011) significantly exceed 10,000 at the time of writing. Recent successes with respect 
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to application within garnet petrochronology are given at the end of this chapter, but we would 
like here to highlight that the potential power of pseudosections in garnet petrochronology 
(albeit without the title) was elegantly demonstrated ~25 years ago when Vance and Holland 
(1993) coupled garnet compositions from the Gassetts Schist rocks that had previously been 
element mapped by Thompson et al. (1977; e.g., Fig. 3) with pseudosection constraints on the 
P–T path of garnet growth and isotopic dating of that garnet. This early adoption of garnet 
petrochronology led to estimations of heating and decompression rate, and to inferences about 
tectonic and thermal mechanisms for this metamorphism.

The loss of information. Compositional thermobarometry and comparison of 
pseudosections with natural mineral assemblages rely on the fundamental assumption that 
rocks faithfully record information associated with equilibration at a set of P–T conditions, 
often assumed to be peak T. However, a substantial body of empirical (e.g., Anderson and 
Olimpio 1977; Woodsworth 1977; Yardley 1977), experimental (e.g., Elphick et al. 1981; 
Loomis et al. 1985; Chakraborty and Ganguly 1991; Ganguly et al. 1998a; Vielzeuf and 
Saúl 2011) and modeled (e.g., Carlson 2006; Chu and Ague 2015) evidence suggests that 
major element zoning in garnet will relax at high temperature through volume diffusion. 
Furthermore, detailed observations indicate that exchange and net-transfer reactions can 
operate on the rims of garnet crystals after peak metamorphic conditions and that these can 
substantially modify the apparent P–T conditions recovered from mineral thermometry (e.g., 
Tracy 1982; Spear and Florence 1992; Kohn and Spear 2000; Pattison et al. 2003; Spear 
2004). An illustrative example comes from a transect through the western Himalaya, where 
oxygen isotope thermometry and phase equilibria constraints (Vannay et al. 1999) reveal far 
higher temperatures than previously inferred for the same samples through major element 
garnet-based thermobarometry (Vannay and Grasemann 1998). The implication is that garnet–
biotite compositions were reset by Mg–Fe exchange during cooling from peak temperatures 
of ~750 ºC to ~600 ºC, where exchange and diffusion became sufficiently sluggish to inhibit 
further substantial modification (effectively representing a closure temperature).

Diffusional resetting of metamorphic systems is covered in depth in this volume (Kohn 
and Penniston-Dorland 2017, this volume) and later in this chapter we discuss how diffusional 
partial resetting can be used to constrain heating and cooling timescales (i.e., geospeedometry). 
But here, we must consider the conditions at which compositional information in garnet is altered 
due to volume diffusion, thus compromising geothermobarometry. This is particularly pertinent 
to petrochronology because garnet is such an important constituent of many thermobarometers 
and major element diffusion within the garnet lattice is typically considered to be slower than in 
many other major silicate minerals in metamorphic rocks (Brady and Cherniak 2010). Numerous 
studies have thus sought to quantify the extent to which garnet zoning established during 
prograde growth will be modified at subsequent stages of metamorphism, with several trying 
to generalize results for a range of conditions (Florence and Spear 1991; Gaidies et al. 2008a; 
Caddick et al. 2010). Figure 5 is an example that shows the extent to which garnet prograde 
zoning will be preserved as a pelitic rock heats and is buried along the indicated P–T path, 
exploring a wide range Tmax, heating rate and eventual crystal sizes. It indicates, for example, 
that if a crystal nucleates at thermodynamically-constrained ‘garnet-in’ and grows spherically to 
1 mm diameter during ca. 6 Ma of heating to TMax of 580 ºC (e.g., by following path ‘b’ in Fig. 5, 
equating to ~25 ºC/Ma), its core will effectively preserve initial Mg

Gar  and Ca
GarX  contents but Fe

GarX  
(not shown) and Mn

GarX  (not shown) will have been modified by more than 1 mole fraction unit 
due to volume diffusion subsequent to growth. Crystals achieving a 5 mm diameter along the 
same prograde path will retain their initial compositions at Tmax. If heating continues at the same 
rate to 750 ºC, the core composition of crystals exceeding 1 cm diameter will have been partially 
modified and crystals smaller than 500 µm may preserve little or no major element zoning. 
Slower heating rates increase the crystal sizes for which crystal core compositions are lost (e.g., 
paths ‘c’ and ‘f’ in Fig. 5), while fast heating tend to preserve growth information (e.g., path ‘a’).
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A consequence is that crystals may appear to preserve prograde zoning patterns, such 
as bell-shaped Mn profiles, up to granulite-facies conditions but the absolute composition at 
all interior points within the crystal may have been substantially modified from their initial 
growth composition, rendering thermobarometry misleading. These resetting estimates are 
somewhat faster than previous estimates (e.g., Florence and Spear 1991), partly because of the 
use of different diffusivity data. Discretization of garnet porphyroblasts into sub-grains that 
may not be obvious optically will further reduce timescales of diffusional homogenization, 
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Figure 5. Garnet opening to resetting upon heating, modified from Caddick et al (2010). Phase stabilities 
in a pelitic rock were calculated along the burial and heating path shown in panel A, which also highlights 
significant equilibria encountered. Equilibrium garnet compositions at successive points along that path 
were used to establish growth zoning, and diffusional relaxation of this zoning was calculated between 
each successive point. Along this P–T path, a rock encounters reactions in the same order regardless of 
heating rate, which only controls the time available for diffusion at each temperature step. This crystal 
growth and diffusion model was run for ~ 13,000 variations of heating rate, maximum temperature and 
crystal size at that TMax. Panels B-D summarize results of these calculations, contoured to show the TMax–
heating-duration–crystal-diameter relations for which garnet crystals first ‘open’ sufficiently for diffusion 
to noticeably modify the crystal core composition. Note that results concern prograde metamorphism only, 
simply showing which combination of parameters will retain initial garnet crystal core growth composi-
tions upon reaching TMax and which will be modified by diffusion (solid curves, labeled for crystal diam-
eter). Horizontal gray lines numbered 3-6 indicate the assemblage phase boundaries traversed in the model 
P–T path shown in A. Dashed curves show the conditions for which diffusion becomes sufficiently effec-
tive to completely eradicate zoning in garnet. See Caddick et al (2010) for additional details.
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sometimes substantially so (e.g., Konrad-Schmolke et al. 2007). This loss of compositional 
information remains both a challenge and an opportunity for garnet petrochronology, reducing 
the sensitivity of P–T estimates but providing additional methods for inferring duration, as 
summarized in the geospeedometry section, below.

The strength of garnet: Geo-ba-Raman-try2. Previously discussed methods of 
thermobarometry rely on phase compositions that are generally assumed to have equilibrated 
near metamorphic peak temperature and/or pressure and to have experienced limited subsequent 
modification. These assumptions can be difficult to assess in natural samples, so alternative 
methods that make fewer (or at least different) assumptions are valuable. One of the most 
promising of these relies on a very different property of garnet: its resistance to elastic deformation.

Minerals trapped as inclusions during metamorphic growth of porphyroblasts generally 
experience approximately lithostatic pressure at the time of entrapment. Rocks expand 
(decompress) upon exhumation and undergo phase transformations accordingly, but mineral 
inclusions can retain a substantial proportion of the pressure at which they were trapped if 
the host phase can resist the deformation required to permit expansion of the inclusion, and if 
pressure is not ‘lost’ through development of cracks in the host. Identification of deformation 
around inclusions in high pressure diamond (Sorby and Butler 1869; Sutton 1921) first led to 
the concept of thermobarometry by study of stress in minerals hosting inclusions (Rosenfeld 
and Chase 1961). Focus turned to garnet porphyroblasts (Rosenfeld and Chase 1961; Rosenfeld 
1969) because phases with low thermal expansivity and high bulk and shear moduli make good 
natural pressure vessels: their inclusions, which would naturally expand upon exhumation, are 
likely to retain a substantial fraction of their entrapment pressure (Zhang 1998; Izraeli et al. 
1999; Guiraud and Powell 2006). A classic example comes from preservation of coesite and 
palisade quartz inclusions in garnet porphyroblasts, which led to the first identification of 
continental rocks that had been subducted to > 90 km (Chopin 1984) based on the inference 
that coesite once existed as the stable SiO2 polymorph but was pervasively inverted to quartz 
upon exhumation unless trapped as inclusions within garnet.

Substantial literature suggests that residual pressure should also be maintained in rocks 
lacking the obvious palisades inclusion textures, leading to studies that recovered ultra-high 
pressure conditions by measuring pressure-sensitive laser Raman peak positions of coesite 
and olivine inclusions in diamond and garnet (Izraeli et al. 1999; Parkinson and Katayama 
1999; Sobolev et al. 2000). Correlations between pressure and the laser Raman spectra of 
several phases have been developed, due partly to the need for calibrants in high-pressure 
experiments (e.g., Hemley 1987; Schmidt and Ziemann 2000; Schmidt et al. 2013). Residual 
pressure (i.e., current pressure felt by a mineral inclusion, which may be substantially different 
to the pressure felt by crystals in other textural settings) can thus now be determined for these 
phases in situ with Raman techniques. However, a mineral inclusion with pressure sensitive 
Raman characteristics only makes an effective thermo-barometer in natural samples if its 
elastic properties contrast sufficiently with its hosting phase (otherwise the initial pressure 
felt by the inclusion may be lost as it deforms its host). A detailed survey of candidate mineral 
pairs (Kohn 2014) revealed several promising combinations, with quartz-in-garnet among the 
most sensitive barometers because of the relative compressibility of quartz and rigidity of 
garnet. Additionally, zircon inclusions in garnet might make a very sensitive thermometer 
(Kohn 2014), with uncertainties of quartz-in-garnet and zircon-in-garnet thermobarometry 
potentially as small as several hundreds of bars and tens of degrees, respectively.

The quartz-in-garnet laser Raman barometer was applied to quartz–eclogite, epidote–
amphibolite and amphibolite facies metamorphic samples by Enami et al. (2007), who used 
a simple numerical model (Van der Molen 1981) to infer original metamorphic pressure from 

2 Kudos to editor Kohn for coining the term Thermoba-Raman-try (Kohn 2014).
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measured residual pressure and reveal the high pressure history of samples that otherwise 
preserve little evidence of eclogite-facies equilibration. The need for more sophisticated modeling 
approaches has since been identified (Angel et al. 2014; Ashley et al. 2014a; Kohn 2014; Kouketsu 
et al. 2014) and available software now offers automated calculation with several choices of 
elastic model and simple correction of elastic properties for garnet composition (Ashley et al. 
2014b). In an important validation of this methodology, application to experimentally derived 
quartz inclusions in garnet yielded “an entrapment pressure at 800 ºC of 19.880 kbar—essentially 
identical to the experimental pressure of 20 kbar” (Spear et al. 2014).

Application of Raman barometry (or ba-Raman-try) to high pressure lithologies has 
retrieved pressures of quartz or coesite trapping (e.g., Korsakov et al. 2010; Zhukov and 
Korsakov 2015), analysis of more complex suites of inclusions has revealed P–T paths of 
subduction zone garnet growth (Ashley et al. 2014a), and comparison with thermodynamic 
modeling has indicated the likely extent of overstepping the garnet isograd in subduction 
zone and Barrovian-sequence samples (Spear et al. 2014; Castro and Spear 2016). However, 
application to high temperature metamorphic rocks remains challenging, with Sato et al. 
(2009) describing Raman shifts which imply that the interface between quartz inclusion 
and garnet host can be subjected to tensile stress upon cooling and that the quartz inclusions 
thus preserve negative residual pressure, as discussed further by Kouketsu et al. (2014). 
Ashley et al. (2015) detailed an extreme case in which this effective under-pressuring led to 
polymorphic transformation of quartz inclusions to cristobalite. A further challenge for high 
temperature metamorphic rocks is that modeling currently relies on an assumption that only 
elastic deformation acted on the host and inclusion, raising substantial problems for rocks that 
may have experienced significant plastic deformation. Indeed, given that chemical diffusion 
in garnet could either establish pressure gradients after crystal growth (Baumgartner et al. 
2010) or could act as a mechanism to reduce pressure variations, garnet crystals experiencing 
substantial intra-crystalline diffusion after inclusion of quartz probably make unreliable 
pressure vessels without additional consideration and modeling. However, for the many 
cases in which diffusive re-equilibration is minimal, thermoba-Raman-try is an exciting, and 
complementary, method of inferring pressure–temperature evolution during garnet growth.

An exciting future development involves the combined application of multiple systems. 
In particular, given that quartz-in-garnet and zircon-in-garnet respectively act a barometer 
and a thermometer (Kohn 2014), we note that their combined use would be compelling. This 
would raise the possibility of extremely detailed petrochronology in samples containing 
garnet (whose P–T and duration of growth can be determined chemically and with zoned 
isotope geochronology) with inclusions of both zircon (providing additional P–T information 
with Raman and trace element thermometry and additional time constraints with U–Pb 
geochronology) and quartz (providing sensitive constraint on evolution of P during garnet 
porphyroblast growth). This represents a very powerful suite of techniques for deciphering 
rates of change of pressure and temperature in the mid crust, and is clearly an important 
potential avenue for further development.

Garnet as a tracer of reaction pathways and fluid–rock interaction

Thus far, we have focused on the use of garnet as a monitor of the P–T evolution of the 
systems wherein it grows. In the following section we move from the ‘P–T’ to the ‘X’—
or composition—of the system during garnet growth. As system chemistry changes, often 
reflecting the role of fluids or the local production or consumption of key phases, garnet crystals 
can record aspects of that change especially in their trace element and isotopic zonation.

Stable Isotopes in Garnet. Oxygen is the most abundant element in the Earth’s crust and a 
main component of the fluids that transport heat and mass during crustal metamorphism. Oxygen 
isotopes in whole rocks and minerals have been used to characterize the composition, relative 
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timing, and sources of these metamorphic fluids (e.g., Bickle and Baker 1990; Baumgartner 
and Valley 2001). In cases where the fluid history is complex, distinct garnet growth zones may 
be associated with evolving fluid compositions and sources. Additionally, the oxygen isotopic 
values of co-existing mineral pairs have been utilized as a thermometer due to the measurable 
and temperature-dependent fractionation between different minerals (e.g., Chacko et al. 2001; 
Valley 2001; Valley et al. 2003). In this section, we review the use of oxygen isotopes in garnet as 
a marker of open system fluid flow, local reaction history, and as a crustal thermometer.

Historically, a principal objective of stable oxygen isotope studies was to determine peak 
temperatures by utilizing the temperature-dependent fractionation of oxygen isotopes between 
coexisting mineral pairs, determined either experimentally or empirically (Taylor and Sheppard 
1986; Richter et al. 1988; Clayton et al. 1989; Zheng 1991, 1993; Kohn and Valley 1998; Chacko 
et al. 2001; Valley et al. 2003). The principles of equilibrium fractionation factors (Chacko et 
al., 2001) and stable isotope thermometry (Valley 2001) have been reviewed in great detail in 
a previous volume of this series, so only more recent contributions, specifically in relation to 
its application with garnet (∆18O mineral–garnet thermometry), will be discussed briefly here. 
Quartz–garnet oxygen isotope pairs have been used most often to constrain metamorphic 
temperatures (Rumble and Yui 1998; Peck and Valley 2004; Moscati and Johnson 2014). Peck 
and Valley (2004) utilize garnet–quartz pairs for thermometry of quartzites from the southern 
Adirondacks, NY. Conceptually, if most of the oxygen in the quartzites is in the quartz, any effect 
of oxygen isotope exchange will be recorded in the δ18O of the minor phase, in this case garnet. 
Refractory accessory minerals like garnet are closed to oxygen diffusion during growth (Valley 
2001), and as quartz in a quartzite acts as an infinite reservoir for oxygen diffusion, this mineral 
pair can be retentive of the peak temperature isotope fractionation, even if the rock is slowly 
cooled (Kohn and Valley 1998). Metamorphic temperatures of ~700−800 ºC were calculated from 
the quartzites from the southern Adirondacks, with no grain size dependence, suggestive of slow 
oxygen diffusion in garnet and closure temperatures of at least 730 °C (Peck and Valley 2004).

The analysis of oxygen isotopes in garnet continues to benefit from increased accuracy 
and precision related to the improvement of in-situ analytical techniques (Vielzeuf et al. 
2005; Kita et al. 2009; Page et al. 2010), and also from texturally constrained samples (see 
Electronic Appendix for a discussion on the historical challenges related to analysis of δ18O 
in garnet). When quartz is fully armored by a mineral with slow diffusion of oxygen, such 
as garnet, then any diffusive exchange of oxygen between quartz and host during cooling is 
minimal. Hence, garnet–quartz mineral pairs as determined by in-situ techniques can offer 
a detailed temperature and fluid (δ18O) history (Strickland et al. 2011). As Russell et al. 
(2013) note, if combined with constraints on the timing (via garnet geochronology) and P–T 
conditions (via phase equilibria modeling, or even Raman barometry of quartz in garnet) of 
garnet growth, then a robust P–T–t–f metamorphic history is attainable.

Without metasomatism at elevated pressures and temperatures, metamorphic rocks will 
tend to inherit the bulk rock oxygen isotopic composition of the protolith (Fig. 6). This can 
be recorded in the δ18O of the individual minerals, though an accurate knowledge of the 
equilibrium isotope fractionation factors among coexisting phases is required in order to 
properly interpret these measured isotope compositions. Garnet has one of the lowest δ18O of 
all minerals, lower than that of bulk rock δ18O, and thus increases with increasing temperature 
(Kohn 1993) . In some lithologies (e.g., metabasites), garnet δ18O is close to the whole rock 
and can encode the δ18O of the whole rock (Putlitz et al. 2000). Any deviation in garnet δ18O 
from initial values can be produced by processes including a) change in temperature inducing 
changing equilibration fractionation factors (see above), b) changing mineral assemblages 
and modal proportions during progressive metamorphism (Kohn 1993; Young and Rumble 
1993), and c) open system change in the reactive δ18O composition of the bulk rock from the 
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interaction of externally-derived fluids (Kohn and Valley 1994). Because oxygen diffusion in 
garnet at crustal conditions is sluggish (Coghlan 1990; Burton et al. 1995; Vielzeuf et al. 2005), 
any change in garnet δ18O during its growth can be preserved in its concentric zonation (Kohn 
et al. 1993; Skelton et al. 2002), in one case even after a regional granulite facies overprint 
(Clechenko and Valley 2003). These effects on garnet δ18O are further discussed below.

Kohn (1993) developed a model showing the effect of net transfer reactions during prograde 
heating for systems that are closed to externally-derived fluids. It was predicted that the fractional 
crystallization of (low δ18O) garnet during metamorphism would result in an increase in the δ18O 
of garnet from core to rim. However, this effect was calculated to be minor (~1‰ or less over 
150 ºC of heating) and independent of bulk composition (Kohn 1993). This was further tested in 
natural samples from regionally metamorphosed rocks from Chile (Kohn et al. 1993), where the 
difference between garnet cores and rims from metapelites and amphibolites was 0.5‰ and < 
0.1‰, respectively. These observations suggest that garnet growth occurred in a system closed 
to infiltration of fluids out of δ18O equilibrium with the bulk rock, and are similar to observations 
from regionally metamorphosed amphibolites and schists from Vermont (Kohn and Valley 1994) 
and New Hampshire, U.S.A (Kohn et al. 1997). Comparably, the fractionation of δ18O due to 
(internally-derived) devolatilization of a meta-basalt was shown to be small, with garnet rims 
having a δ18O less than 1‰ compared to garnet cores (Valley 1986; Kohn et al. 1993).
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The mechanism most likely to result in large changes in garnet δ18O from core to rim is 
open system fluid infiltration. A large amount of work on δ18O in garnet has focused on its 
ability to elucidate the source of externally derived fluids in various metamorphic settings. The 
infiltration of these fluids, often over substantial thermal and chemical gradients, can cause 
significant zoning of δ18O in garnet, offering a relative time marker for fluid flow (Skelton 
et al. 2002), especially when the protolith composition differs significantly from mantle-like 
compositions (~5−6‰; Fig. 6), or when the fluids are derived from devolatilization of high 
δ18O sediments (Errico et al. 2013), interaction with low δ18O meteoric water (Russell et al. 
2013; Fig. 6), or rehydration in a mid-crustal shear zone (Raimondo et al. 2012).

Russell et al. (2013) examined the δ18O record of garnets from a series of orogenic 
eclogites and found that these crystals can display a range of δ18O that falls well outside that 
expected for mantle-derived protoliths. While the intracrystalline variation of δ18O in these 
garnets is small (increase of ~1−2‰ between core and rim), the absolute δ18O values record 
the origin of these eclogites, distinguishing between those derived from altered, oceanic upper 
crust (Trescolmen, Alps; 7.7 to 8.3‰) and high-temperature infiltration of meteoric water 
into mafic intrusions buried in-situ with subaerial, continental crust (Western Gneiss Region, 
Norway; −1.2 to −0.2‰). Indeed, extremely negative δ18O values in eclogitic garnet from the 
Dabie (−10‰; Zheng et al. 2006) and Kokchetav (−3.9‰; Masago et al. 2003) terranes have 
been interpreted as evidence of extreme infiltration of meteoric water, possibly derived from 
a rift environment involving low δ18O glacial melt water. Rumble and Yui (1998) analyzed 
eclogitic garnets from the Qinglongshan ridge in the Sulu terrane, and found bulk garnet δ18O 
values as low as −11.1‰ (Fig. 6), also attributing such negative values as reflecting alteration 
of the protolith by meteoric waters at high paleo-latitudes and/or –altitudes prior to subduction. 
Other low garnet δ18O values are observed in several studies from hydrothermal skarns where 
variable fluid sources in open systems are recorded in zoned garnet (Jamtveit and Hervig 1994; 
Crowe et al. 2001; Clechenko and Valley 2003; D’Errico et al. 2012). D’Errico et al. (2012) 
observed a large range in intragrain δ18O values (−4 to 4‰) from a hydrothermal system in the 
Sierra Nevada batholith, attributing early, low δ18O values to meteoric water input, with higher 
values resulting from variable mixing of magmatic and metamorphic fluids.

Some examples offer instances where garnet δ18O records changing fluid compositions 
(e.g., Kohn and Valley 1994; Martin et al. 2011; Errico et al. 2013; Page et al. 2014; Rubatto and 
Angiboust 2015). Many of these cases of strongly zoned garnet δ18O are recorded in eclogites. 
Rubatto and Angiboust (2015) observed eclogitic garnet cores from the Monviso ophiolite 
in the Western Alps with δ18O values of 0.2−2.0‰, recording ocean floor metasomatism of 
the basaltic protolith. High-pressure metasomatism is recorded in the garnet rims, with δ18O 
values of 3.5−6.0‰. While these rocks are found in a shear zone adjacent to down-going 
lithospheric mantle, Monviso serpentinites (δ18O of 3.0−3.6‰) were not found to be the 
source of the metasomatizing fluid; high δ18O fluids from dehydrating metasediments were 
instead suggested to be the primary source for fluid influx at depth.

A final example of garnet δ18O recording multiple metasomatic events comes from two 
separate findings from the well-studied Franciscan Complex (Errico et al. 2013; Page et al. 
2014). Garnet crystals from eclogite and amphibolite blocks record contrasting fluid flow 
histories (Errico et al. 2013). Amphibolites, which are inferred to record an early subduction 
initiation history (Anczkiewicz et al. 2004), are metasomatized by an early influx of 
sediment-derived fluids, recorded in their garnet rims (~8‰; Errico et al. 2013; see Fig. 6). 
Eclogitic blocks have high δ18O garnet cores (~6−11‰), interpreted to record extreme ocean 
floor alteration of the protolith, with fluid-mediated exchange with the overlying mantle 
wedge at depth recorded in low δ18O garnet rims (3−5‰; Errico et al. 2013). Page et al. 
(2014) suggest that their observed shifts in garnet δ18O (2−3‰) are evidence of limited fluid 
flow during burial where garnet rims are formed during metasomatism at high fluid/rock 
ratios during exhumation/re-burial, with possible interaction with highly oxidized fluids.
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In all of the cases shown above, analysis of garnet δ18O has elucidated the source 
and relative timing of fluid–rock interaction in a variety of tectonic settings. Garnet δ18O, 
combined with a detailed P–T and temporal record, has great potential to provide an important 
marker for metamorphic fluid flow, especially in hydrothermal and subduction zone systems 
where the role of exotic external fluids is most observable. Combining δ18O with studies of 
fluid inclusions in garnet (where preserved) can provide an even more detailed fluid history 
of burial/prograde (primary fluid inclusions) and exhumation/retrogression (secondary fluid 
inclusions), coupling these techniques to elucidate the source and composition of fluids.

Increasingly, stable isotopes other than oxygen are utilized in metamorphic systems to 
study the nature and scale of fluid flow, particularly in subduction zone systems, and relying 
(mainly) on the interpretation of whole rock isotopic analyses. Stable isotopes of lithium, 
calcium, and magnesium are ideal for studying the effects of diffusion due to their large 
relative mass differences, and are likely to be particularly useful in natural systems where 
strong chemical potential gradients exist. If garnet growth occurs in an environment with high 
fluid flux or large chemical gradients, then large diffusion-driven mass fractionation may be 
recorded in growing porphyroblasts, and in-situ or microsampled stable isotope analyses of 
garnet can produce a detailed record of such fluid and mass transfer. The subduction interface, 
where the overlying mantle wedge comes into contact with subducting metasediments and 
metabasaltic rocks, is an ideal locale for such studies, given the strong chemical contrasts 
in several chemical components between these lithologies. Studies that have focused on the 
length-scales and timescales of subduction zone fluid flow have utilized isotope systems 
including calcium (John et al. 2012), lithium (Zack et al. 2003; Penniston-Dorland et al. 
2010) and magnesium (Pogge von Strandmann et al. 2015). Bulk isotopic analyses on garnet 
separates have been limited to just a few studies (e.g., on magnesium; Pogge von Strandmann 
et al. 2015). Notably also, Bebout et al. (2015) developed a technique to measure the variation 
in δ7Li in garnet using SIMS, in order to determine whether the lithium isotopic record could 
help elucidate the nature of fluid flow during subduction zone metamorphism of metasediments 
from Lago Di Cignana, Western Alps. Finally, Cr (Wang et al. 2016) and Fe (Williams et al. 
2009) isotopes have been utilized for studying evolving redox conditions (using Cr and Fe) 
and the effects of partial melting processes (using Fe).

As these isotopes are primarily limited to measurement by solution ICP-MS or TIMS, bulk 
analyses of garnet have been the primary focus of earlier studies. A promising new direction may 
involve the use of SIMS for in-situ analysis, where applicable. However, detailed microdrilling 
from texturally or compositionally constrained garnet growth zones, in tandem with various 
stable isotope analyses (oxygen and otherwise), has the potential to link these geochemical 
tracers to P–T-t constraints for various metamorphic (and igneous) processes, thus expanding the 
incorporation of various stable isotope systems to the garnet petrochronologist’s toolbox.

Trace elements in garnet. Garnet is often zoned in trace elements, with cores that are 
enriched in Y and HREE (Hickmott et al. 1987; Chernoff and Carlson 1999; Pyle and Spear 
1999; Otamendi et al. 2002). These highly compatible elements tend to resist re-equilibration 
at elevated temperatures owing to their low inter- and intragranular diffusivities (Lanzirotti 
1995; Spear and Kohn 1996; Otamendi et al. 2002; Carlson 2012; Bloch et al. 2015). Thus, 
trace element zoning can be preserved at upper amphibolite and even granulite facies, in which 
major element zoning is often erased (Fig. 5), providing a useful tool for deciphering high-
temperature metamorphic processes (Spear and Kohn 1996; Hermann and Rubatto 2003). Early 
garnet trace element studies required secondary ion mass spectrometry (Hickmott et al. 1987) 
or synchrotron (Lanzirotti 1995) techniques. However, LA-ICPMS is increasingly now used 
for trace element analyses at adequate spatial resolution and sensitivity for many applications.
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The analyzed distribution of trace elements, specifically REEs, can be utilized for 
interpretation of garnet geochronology (e.g., zonation of radioactive parent elements; see 
later section), changes in garnet growth rate, and changes in reaction history, specifically 
with relation to accessory phases. Often, trace element zonation is sensitive to different 
specific mineral reactions or matrix processes than the major elements, thus offering 
complementary information. Insofar as trace element zonation relates to dateable accessory 
phases, trace elements in garnet represent an often crucial correlative part of accessory phase 
petrochronology. Garnet can be vividly zoned in REE’s (see expanded discussion below), as 
well as elements such as Zr (Anczkiewicz et al. 2007), Cr (Spear and Kohn 1996); Yang and 
Rivers (2001); (Martin 2009; Angiboust et al. 2014), P (Spear and Kohn 1996; Chernoff and 
Carlson 1999; Kawakami and Hokada 2010; Hallett and Spear 2015; Jedlicka et al. 2015; 
Ague and Axler 2016), and As (Jamtveit et al. 1993). Here, we present a summary of the 
controlling mechanisms for partitioning of trace elements in garnet.

Hickmott et al. (1987), Hickmott and Spear (1992), and Hickmott and Shimizu (1990) 
were among the earliest contributions to interpret remnant trace element zoning in garnet (in 
metapelites from the Tauern Window and Massachusetts), finding controls on trace element 
concentrations related to elemental fractionation during progressive metamorphism, fluid–rock 
interaction, and the breakdown of trace element-rich minerals. Numerous contributions have 
built upon these earlier studies in attempting to decipher metamorphic processes and rock 
reaction histories from garnet trace element zoning, with additional examples cited below.

Carlson (2012), Moore et al. (2013), Cahalan et al. (2014) and Carlson et al. (2014) have 
sought to determine how various trace elements are structurally incorporated into natural 
garnet, and to calibrate the rates and mechanism of diffusion of these elements in garnet, 
utilizing samples collected from the aureole of the Makhavinekh Lake Pluton, Labrador. 
Using lattice dynamic calculations, Carlson et al. (2014) found that the incorporation of trace 
elements into garnet is likely dominated by menzerite- (for REE) and alkali-type (for Li 
and Na) coupled substitutions at a low energetic cost. This energetic cost will (i) decrease 
as the host garnet unit-cell increases, (ii) decrease as temperature increases or pressure 
decreases, and (iii) decrease substantially with contraction of the ionic radius across the 
lanthanide series. These observations, as well as diffusivities calculated through the use of 
stranded diffusion profiles in the Labrador garnets (Carlson 2012) have been shown to have 
profound implications for the interpretation of Lu–Hf garnet ages (Kelly et al. 2011; see also 
later sections), the preservation of matrix trace element distributions during porphyroblast 
crystallization (or overprint zoning; see examples below), element mobility, and intergranular 
solubility (Carlson et al. 2015a). Finally, Cahalan et al. (2014) found that the diffusion of Li 
in garnet is strongly governed by coupled substitution with slowly diffusing REE, and thus Li 
zoning may be retained during metamorphism (even at elevated temperatures) and utilized as 
a monitor of fluid– (and/or melt–) rock interaction.

Simple Rayleigh fractionation between a growing garnet crystal and the rock matrix 
would result in the incorporation of Y + HREE into garnet cores, with smoothly decreasing 
‘bell-shaped’ profiles of these elements towards garnet crystal rims due to their relatively high 
garnet/matrix partition coefficients (e.g., Hollister 1966; Otamendi et al. 2002; Lapen et al. 
2003; Anczkiewicz et al. 2007; Kohn 2009; Fig. 7). In contrast, MREE and LREE generally 
display a slight increase in abundance towards garnet crystal rims, or show no zonation at 
all. Garnet REE profiles can, however, deviate from these simple profiles, as observed in a 
number of settings. This may be due to a number of factors including 1) diffusion-limited 
REE uptake during prograde metamorphism, 2) resorption (or recrystallization), 3) syn-
growth breakdown of a REE-bearing accessory phase, 4) breakdown of REE-bearing major 
phases, 5) change in the kinetics of garnet growth, 6) overprint zoning, and 7) infiltration of 
trace element-rich fluid. Let us treat these each in turn.
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Diffusion-limited REE uptake. Diffusion of trace elements to a growing garnet crystal 
can be relatively slow compared to the crystal’s growth rate (Skora et al. 2006; Moore et al. 
2013). An early nucleating garnet crystal will sequester highly compatible elements (KD > 1), 
forming a high concentration central peak in zoning profiles (Fig. 7). As a result of the slow 
intergranular diffusion, a steep chemical potential ‘depletion halo’ will form around the early-
growing crystal (supply is slower than uptake). Increased temperature during progressive 
metamorphism will increase intergranular mobility, relaxing the chemical potential gradient 
of REE around the growing garnet crystal and possibly permitting a secondary REE peak in 
the growing garnet. REE abundance in the crystal core is dependent on the KD (relative to 
garnet precursor phases) and matrix concentration of each element, with HREE exhibiting 
the strongest fractionation into garnet. The location and magnitude of the secondary peak will 
depend on the intergranular diffusivity of the element and its dependence on temperature, with 
MREE exhibiting a rimward secondary peak compared to the HREE, owing to their lower 
intergranular diffusion rate (and higher ionic radii). For LREE, this will manifest itself as a low 
abundance in crystal cores, potentially increasing at the crystal rim.
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Figure 7. Garnet trace element zonation from various studies. A. Example of Rayleigh fractionation; 
modified from Dragovic et al (2016). B. Rayleigh fractionation example; modified from Otamendi et 
al (2002). C. Lu enriched in garnet rim, possibly from breakdown of accessory phases; modified from 
Dragovic et al (2016). D. Diffusion-limited REE uptake example; modified from Skora et al (2006). E. 
Core to rim profile showing Lu annulus from breakdown of accessory phase; modified from Cruz-Uribe 
et al (2015). F. Example showing intermediate peaks in Lu, possibly from change in local garnet-forming 
reaction; modified from Moore et al (2013). 
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Resorption (/recrystallization). Annular maxima in trace element abundances may result 
from the partial consumption of garnet during an orogenic cycle (i.e., during prograde heating/
burial or retrograde dissolution). At elevated temperatures, Y + HREE would be liberated from 
the resorbed garnet rim. Elements that have a strong affinity for garnet will preferentially 
re-partition into the remnant crystal rim, and subsequently diffuse inward at a rate controlled 
partly by temperature (Lanzirotti 1995; Pyle and Spear 1999). Kelly et al. (2011), utilized Lu–
Hf garnet data from Makhavinekh Lake Pluton, Labrador, to suggest that the strong preferential 
reincorporation of Lu relative to Hf results in false apparent Lu–Hf garnet ages. Using their 
model, higher degrees of garnet resorption and Lu retention would result in younger apparent 
ages and stranded diffusion profiles of Lu at remnant crystal rims. Gatewood et al. (2015) 
make a similar observation based on Sm-enriched rims likely formed during resorption and 
leading to young apparent Sm–Nd rim ages.

Interface-coupled dissolution–reprecipitation (ICDR) can also result in unique trace 
element zoning. Ague and Axler (2016) present garnet Na, P, and Ti distribution maps from a 
high-pressure felsic granulite from the Saxon Granulite Massif, showing sharply defined cross-
cutting chemical domains that likely record ICDR during retrograde fluid–rock interaction. 
While major element zonation is absent at such temperatures (> 900 °C) due to intracrystalline 
diffusion, retention of zonation of these trace elements highlights their far lower diffusivities 
at these conditions (Ague and Axler 2016).

Breakdown of an accessory phase. The presence of accessory phases can buffer trace 
element activities, thereby exerting strong controls on their partitioning into garnet. Several 
studies have linked REE zoning in garnet with the growth and breakdown of phases such as 
monazite, allanite, epidote, apatite, or xenotime (Hickmott and Shimizu 1990; Hickmott and 
Spear 1992; Chernoff and Carlson 1999; Pyle and Spear 1999; Yang and Rivers 2002; Corrie 
and Kohn 2008; Stowell et al. 2010; Gieré et al. 2011; Cruz-Uribe et al. 2015; Dragovic et 
al. 2016; Engi 2017, this volume; Fig. 7). Pyle and Spear (1999) showed that in xenotime-
bearing, garnet-zone assemblages, the early presence of xenotime would buffer Y and result 
in high-Y garnet cores. Continued growth of garnet would deplete the matrix in Y, eventually 
resulting in loss of xenotime and a subsequent decrease in Y towards garnet rims. Yang and 
Rivers (2002) also suggested that enrichment of certain REE in garnet can be associated with 
the breakdown of particular minerals: enrichment in LREE associated with the breakdown of 
allanite, in MREE with epidote, and in HREE with xenotime or zircon. Using trace element 
zoning patterns in both garnet and tourmaline, Gieré  et al. (2011) modeled the metamorphic 
evolution of rocks from the Central Alps, relating this evolution to the growth and breakdown 
of accessory and major phases. The presence of subhedral annuli enriched in Ca, Sr, Y, and 
HREE was associated with the breakdown of allanite, while internal zones of these annuli 
were associated with garnet growth coincident with the breakdown of detrital monazite. 
Hallett and Spear (2014a) suggest that P zoning in garnets from the Humboldt Range, NV, 
results from breakdown of a phosphate phase such as apatite, or melting reactions involving 
the breakdown of plagioclase. Finally, the discontinuous breakdown of Y-rich mineral phases 
such as epidote and allanite was invoked to explain Y annuli in garnets from metapelitic rocks 
of the Black Hills, South Dakota (Yang and Pattison 2006).

Breakdown of major rock-forming phases. Konrad-Schmolke et al. (2008) used a path 
dependent thermodynamic forward model and published trace element partition coefficients 
to model major and trace element distribution in garnet, comparing modeled elemental 
distributions to those observed in UHP garnets from the Western Gneiss Region, Norway. 
The modeled trace element distributions result from a sequence of garnet-producing mineral 
breakdown reactions (specifically the breakdown of chlorite, epidote, and amphibole) during 
subduction, combined with progressive fractional modification of the effective bulk composition 
upon garnet growth. Along an inferred subduction P–T path, changes in the calculated 
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abundance of major phases and in trace element partitioning between those phases and garnet 
generated synthetic distributions of major and trace elements in garnet. HREE zoning patterns 
are largely predicted by fractionation into the garnet core by a Rayleigh-type process, with 
possible perturbations towards the garnet rim for some effective bulk compositions resulting 
from breakdown of epidote and amphibole. The liberation of MREE and LREE into garnet 
results from epidote- and amphibole-consuming reactions, and is expressed as intermediate 
peaks in a growing garnet crystal. These peaks are shown to form progressively further from 
the crystal core for decreasing atomic numbers (or garnet/matrix partition coefficient), as is 
also described in Zermatt-Saas Fee garnets (Skora et al. 2006).

Konrad-Schmolke et al. (2008) also relate trace element distributions in garnet to possible 
interpretations of garnet geochronological methods. Strong partitioning of radioactive parent 
elements such as Lu and Sm into a growing garnet crystal will have significant effects on the 
interpretation of a garnet age (see below). The models from Konrad-Schmolke et al. (2008) show 
that most of the Lu partitioned into garnet during early growth comes from the breakdown of 
chlorite. Therefore, Lu–Hf in garnet from a subducting lithology could date chlorite breakdown 
reactions, with the Sm–Nd system possibly tracking the growth of garnet via the breakdown of 
epidote or amphibole and thus the amphibolite/blueschist to eclogite facies transition.

Changes in the kinetics of garnet growth. For elements that strongly partition into 
a growing garnet crystal (i.e., Y + HREE), a decrease in the garnet growth rate can lead to 
an increase in the concentration of that particular element in the garnet’s outermost surface 
(Hickmott and Spear 1992). The combined presence of these elemental annuli in a zone of 
relatively inclusion-free garnet has been partly attributed to such decreases in garnet growth 
rate (Lanzirotti 1995; Yang and Rivers 2001; Yang and Pattison 2006).

Overprint zoning. Pre-existing matrix heterogeneities or former accessory phases can be 
retained as overprint zoning in the chemistry of garnet that grows in these locations (Menard 
and Spear 1996; Spear and Kohn 1996; Yang and Rivers 2001, 2002; Kohn 2004; Vielzeuf et 
al. 2005; Martin 2009; Carlson et al. 2015a). Martin (2009) shows sub-millimeter scale Y and 
Cr zoning in garnet from central Nepal that defines an internal foliation, spiraling from the rim 
to the core of crystals, similar to patterns often portrayed by inclusion trails. These garnets lack 
well-defined inclusion patterns, so only the trace element zoning in garnet offers a diagnostic 
tool for determining the relative timing of deformation, possibly even helping to determine the 
sense of rotation of a porphyroblast relative to the matrix foliation.

Infiltration of trace element-rich fluid. Infiltration of an externally-derived fluid whose 
trace element concentrations are out of equilibrium with the mineral assemblage may result 
in distinct trace element zoning patterns (Jamtveit and Hervig 1994; Stowell et al. 1996; 
Moore et al. 2013; Angiboust et al. 2014; Hallett and Spear 2014b). Invoking the ‘exotic 
fluid’ interpretation has often proved challenging because examples of patchy or oscillatory 
zoning can often be equally well explained by pre-existing heterogeneities (see above). This 
is especially true with respect to REE zoning in garnet, as corroborating evidence from fluid 
inclusions or coincident zoning in major elements is usually missing. Moore et al. (2013) 
explain REE zoning in rims of Franciscan blueschist garnets as related to fluid infiltration, 
because zoning in these elements is also coincident with annuli in Ca and Mn, presumably also 
enriched in the metasomatizing fluid. Moore et al. (2013) note that such zonation can act as a 
time marker because rock-wide infiltration would result in similar trace element zoning for all 
garnet crystals growing during the interval influenced by the fluid flow event.

A vivid example of garnet trace element zonation involving the infiltration of exotic fluids 
comes from the fossil subduction zone of the Western Alps, where Angiboust et al. (2014) 
observe patchy and oscillatory Cr zoning in garnets from shear zone eclogites (Fig. 8). The 
complex Cr zoning, coupled with both enrichments of Mg, Ni, Cr, and LILEs and with boron 
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isotopic signatures in metasomatic minerals, was interpreted to reflect the large-scale episodic 
infiltration of serpentinite-derived fluids (via antigorite breakdown) at ca. 80 km depth at the 
slab–mantle interface (Angiboust et al. 2014). While this appears to contrast with garnet 
oxygen isotope interpretations presented earlier (sediment-derived fluid source), Monviso 
eclogites experienced multiple phases of metasomatism, and as the Tethyan seafloor (slow-
spreading ridge) dominantly comprised serpentinized mantle and pelites, mafic blocks were 
likely to have interacted with multiple sources of fluid (Angiboust, pers. comm.).

Ultimately, linking the concentrations and zoning of trace elements in garnet to the 
evolution of the mineral assemblage and the timing of garnet growth can be a powerful 
petrochronologic tool, especially when comparing the competing roles of fluid infiltration, 
intergranular element mobility, and crystal growth rate.

Concluding this review of the ways in which garnet can record petrologic or tectonic 
processes and conditions, we turn now to the topic of direct garnet chronology. As we shift gears, 
we encourage the reader to keep in mind the “petro-“ of garnet, and realize that direct garnet 
chronology allows the petrochronologist to date any of these conditions and processes, and in 
the best case, constrain their rate or duration (e.g., Fig. 2). The “petro-“ of garnet provides the 
motivation for garnet petrochronology; otherwise we would just be dating a mineral.

CHRONO- OF GARNET

Even today, many in the geoscience community are unaware, or unconvinced, that 
the growth of garnet can be dated directly, precisely, and accurately with the Sm–Nd or 
Lu–Hf isotope systems. Much of that skepticism stems from the early history of garnet 
geochronology in the 1980’s and 1990’s before certain modern methods were developed. 
Since then, direct garnet geochronology has evolved to approach the hopes of would-be 
petrochronologists of decades past. At the same time, garnets have also become one of most 
often utilized minerals for ‘geospeedometry’ (Lasaga 1983; e.g., Chakraborty and Ganguly 
1991) whereby the durations of tectonic and metamorphic events (generally events related 
to heating and cooling) can be accurately reconstructed by modeling stranded diffusion 
profiles within garnet. Valuable advances have also been made in linking the growth (and 
chronology) of accessory phases such as monazite and zircon to the growth or breakdown 
of garnet via textural and chemical means (e.g., Engi 2017, this volume; Lanari and Engi 
2017, this volume; Rubatto 2017, this volume; Williams et al. 2017, this volume); we view 
the integration of accessory phase petrochronology with true garnet petrochronology as one 

Figure 8. Cr, Mn, and Ti zoning from a garnet from the Monviso ophiolite of the Western Alps, modified from 
Angiboust et al (2014). Note patchy zoning in the core and oscillatory-zoned rims. Trace element annuli attrib-
uted to influx of externally derived fluid from antigorite breakdown of associated mantle wedge serpentinites. 
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of the more exciting future applications which may be inspired by this full RiMG volume. 
Indeed, the decision to approach time-consuming garnet geochronology might be established 
and motivated by preliminary accessory phase petrochronology, thermodynamic modeling, 
and thin section petrography. While we leave it to other authors to describe advances in 
linking accessory phase dating to garnet, in this section, we will review the past, present, 
and future of direct garnet geochronology and garnet geospeedometry. Together, these two 
methods provide the ‘chrono’ in garnet petrochronology including absolute ages, absolute 
durations, and relative rates of thermal processes at conditions wherein garnets exist.

Garnet geochronology

van Breemen and Hawkesworth (1980) and Griffin and Brueckner (1980) first recognized 
that garnet’s relatively high Sm/Nd ratio (as compared to most other common minerals) 
could be exploited for geochronology. Garnet growth is dated with the isochron method by 
pairing it with the hosting ‘whole rock’ and/or other mineral separates with which it grew (and 
subsequently evolved isotopically) in an isochron diagram (for a review of garnet isochron 
basics, see Baxter and Scherer 2013). Further exploration of Sm–Nd garnet geochronology 
continued in a few labs through the 1980’s until 1989 when the first attempts to date garnet via 
U–Pb (Mezger et al. 1989) and Rb–Sr (Christensen et al. 1989) were published. Despite the 
novelty of these studies, concerns surrounding the problem of contaminating mineral inclusions 
in garnet, matrix heterogeneity, and open system mobility of daughter isotopes in the rock 
system pushed garnet geochronology via U–Pb and Rb–Sr out of favor (for example, see Zhou 
and Hensen 1995; DeWolf et al. 1996; Romer and Xiao 2005; Sousa et al. 2013). In a positive 
twist, it was in part the recognition that such U–Pb analyses of ‘garnet’ were dominated by 
accessory mineral inclusions that led to the advancement of accessory phase petrochronology 
with textural and chemical links to garnet growth (e.g., Hermann and Rubatto 2003; Pyle and 
Spear 2003; Wing et al. 2003; Foster et al. 2004). Sm–Nd garnet geochronology survived this 
period, but not without lingering skepticism stunting its further development, especially given 
the time and analytical effort required to overcome the challenges of contaminating inclusions 
and low Nd concentrations. In 1997, the first Lu–Hf garnet geochronology was published by 
Duchene et al. (1997). Since that time, significant advances have been made for both Lu–Hf 
and Sm–Nd garnet geochronology, both in terms of sample preparation, isotopic analysis, and 
data interpretation. With modern methods, garnet geochronology via Lu–Hf and Sm–Nd can 
yield accurate and precise ages of garnet directly from the garnet itself. In this section of the 
chapter, we will review some of the key advances, and remaining caveats, of which any user 
or interpreter of garnet geochronology should be aware.

Garnet isochron age precision. The precision of an isochron age (Fig. 9) depends on 
how well the slope of the isochron is constrained. Age precision (i.e., slope precision) depends 
on three main factors: 1) the analytical precision of the isotopic datapoints, 2) the spread 
in parent/daughter between lowest and highest points in the isochron, and 3) the scatter in 
the isochron. In general, the slope of the isochron is constrained most precisely when the 
analytical precision of each point is best, the spread in parent/daughter ratio is largest, and 
the scatter is smallest. Let us first address the importance of analytical precision and isochron 
spread in theoretical two-point isochrons. Then in the next section, we will explore the effect 
of adding additional points to an isochron and their scatter therefrom.

Modern mass spectrometry (TIMS or MC-ICP-MS for Sm–Nd, MC-ICP-MS for Lu–Hf) 
permits <10 ppm 2RSD analytical precision for 143Nd/144Nd and 176Hf/177Hf when sample 
size is unlimited (~100 ng of Hf or Nd). TIMS is the optimal tool for Nd analysis given 
higher net ion efficiency (especially as sample size decreases), whereas MC-ICP-MS is the 
optimal tool for Hf for the converse reason. Oftentimes, especially in applications requiring 
smaller amounts of garnet to be extracted and analyzed (such as zoned garnet chronology, 
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see below), the amount of Nd and Hf is much less than desired for optimal analysis. This 
sample size limitation has been one of the major factors limiting garnet geochronology. 
Figure 10 shows a compilation of garnet data, cleaned as well as possible with modern 
methods (see discussion below). Daughter element concentrations in clean garnet are 
generally less than 0.5 ppm and often below 0.1 ppm for Nd and Hf, meaning that tens of 
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Figure 9. Garnet–matrix two-point isochron age precision as a function of parent/daughter isotope ratio 
for garnets of three different ages: Alpine (30 Ma), Acadian (380 Ma), Archean (2.6 Ga). In all plots, the 
bold lower line is for 10ppm (2σ) analytical precision on the garnet daughter isotope analysis, the dashed 
middle line is for 30ppm, and the thin upper line is for 100ppm. 10ppm analytical precision is achievable 
for 176Hf/177Hf when load size is unlimited (10s to 100s of ng Hf run on MC-ICPMS) and for 143Nd/144Nd 
(run as NdO+ on TIMS) when load size is > 4ng. As sample size decreases, as is usually the case for small 
amounts of clean garnet with low Hf and Nd concentration, analytical precision worsens (see text for 
discussion). 147Sm/144Nd analytical precision is 0.03% and 176Lu/177Hf is 0.2% indicative of optimal perfor-
mance on TIMS and MC-ICPMS, respectively. Matrix 147Sm/144Nd is 0.15 whereas matrix 176Lu/177Hf is 
0.02, each typical values for crustal rocks. If additional points are included in the isochron, the age preci-
sion can change depending on the MSWD (see text for discussion). 
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milligrams of clean garnet may still only provide a few nanograms of Nd or Hf for analysis. 
Note that in estimating required sample size, one must consider the sample loss that occurs 
during mineral separation and garnet cleansing (see below) which can often exceed 80% 
of the raw garnet mass (e.g., Pollington and Baxter 2011). As analytical methods continue 
to improve, we can push to smaller and smaller garnet sample sizes and higher resolution 
petrochronology. Fortunately, recent and continuing advances in mass spectrometry permit 
improved analytical precision even as sample size decreases (Harvey and Baxter 2009; 
Schoene and Baxter 2017, this volume; Baxter and Scherer 2013; see Bast et al. 2015). For 
example, sub-nanogram loads of pure Nd standard solution analyzed as NdO+ via TIMS can 
still yield external precision < 30 ppm 2RSD, though experience shows that sub-nanogram 
samples run through column chemistry typically return internal precisions 2−5 times worse 
(Schoene and Baxter 2017, this volume). Small sample analysis of Hf via MC-ICP-MS 
remains a limitation in most labs, though use of a desolvating nebulizer (Aridus), refined 
cone geometry, and 1012 ohm resistors, permits sub-nanogram loads of Hf from dissolved 
samples run through column chemistry and analyzed via MC-ICP-MS to yield 50−180 ppm 
2RSE internal precision (Bast et al. 2015). Daughter isotope precision plays a larger role 
in controlling age precision for Paleozoic and younger samples and when parent/daughter 
ratio is lower, whereas parent/daughter isotope precision plays a larger role for Proterozoic 
and older samples and when parent/daughter ratio is higher (see Baxter and Scherer 2013). 
In general, 147Sm/144Nd ratios measured by isotope dilution (ID)TIMS can yield external 
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Figure 10. Histograms of reported garnet Sm–Nd and Lu–Hf data after cleansing efforts to remove inclu-
sions using the methods of Pollington and Baxter (2011) for Sm–Nd and Lagos et al (2007) for Lu–Hf. 
147Sm/144Nd and 176Lu/177Hf data are taken from Baxter and Scherer (2013), [Nd ppm] and [Lu ppm] con-
centration data correspond to the parent/daughter data and are compiled from the Baxter Lab and Scherer 
Lab (Erik Scherer, pers. comm.). Some 176Lu/177Hf data are off scale reaching as high as 50. Most well 
cleansed garnet has 147Sm/144Nd and 176Lu/177Hf > 1.0, and [Nd ppm] and [Hf ppm] < 0.4.
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precision (i.e., by assessing reproducibility of mixed standard solutions, or homogeneous 
dissolved natural rock samples) better than 0.1% with modern methods. 176Lu/177Hf analysis 
via ID-MC-ICPMS is less precise—more typically 0.1 to 1.0%—because making precise 
mass bias corrections and spike subtraction is more challenging given that there are only 
two isotopes of Lu (though MC-ICP-MS permits addition of a secondary element, such as 
Erbium, for purposes of mass bias correction; e.g., Bast et al. 2015).

Most clean garnet yields parent/daughter greater than 1.0 for both isotopic systems 
(Fig. 10), perhaps slightly more often for 147Sm/144Nd than for 176Lu/177Hf. It is also 
interesting to note that the very highest parent/daughter ratios (as high as 50; Lagos et al. 
2007) are from 176Lu/177Hf. These observations are an indication that 176Lu/177Hf tends to be 
much more strongly zoned from core (highest Lu/Hf) to rim (lowest Lu/Hf) owing to strong 
Rayleigh fractionation of parent Lu (over daughter Hf) into garnet, than 147Sm/144Nd which 
tends to have more uniform zonation (for example, see Fig. 7, or modeling of Kohn (2009), or 
LA-ICP-MS data from Anczkiewicz et al. (2007) and Anczkiewicz et al. (2012). Overall, as 
shown in Figure 9, theoretical two-point isochrons between clean garnet with parent/daughter 
> 1.0 and a whole rock or matrix as the lower second point on the isochron can generally 
yield age precision between ±1.0 and ±0.1 million years (Baxter and Scherer 2013) assuming 
optimal analytical precision. If the garnet has parent/daughter << 1.0, age precision (and 
sometimes accuracy, see below) degrades quickly. As sample size decreases and analytical 
precision predictably worsens, poorer age precision also results, though ±1−5 million years 
age precision is often still achievable in most cases.

Multi-point isochrons and the MSWD. If more than two points populate an isochron 
(which is always desirable), a statistical opportunity exists to evaluate that scatter and include 
it in the uncertainty of the isochron’s slope, and the age. The most geochronologically 
relevant statistical measure of this scatter is the ‘mean square of weighted deviates’ or MSWD 
(e.g., Wendt and Carl 1991). It compares the scatter expected given the reported analytical 
uncertainty to the actual scatter of data from an isochron. When the observed scatter matches 
the statistically predicted scatter given analytical uncertainty, the MSWD is near 1.0; in this 
case additional points to the isochron can lead to better precision than that shown in Figure 9. 
Much higher MSWD will in turn lead to poorer (higher) age uncertainty and means that 
there is real geologic scatter from a single isochron; that is, some of the points populating the 
isochron fail one of the fundamental isochron assumptions. High MSWD isn’t necessarily 
bad news though. If the high MSWD is due to multiple garnet analyses that scatter off the 
isochron, this may be an indication of resolvable age variation in the garnets being analyzed. 
Since it has been shown that garnet from the same rock (e.g., Skora et al. 2008; Herwartz 
et al. 2011) or the same crystal (e.g., Pollington and Baxter 2010; Dragovic et al. 2015) can 
span growth ages of many millions of years or even tens to hundreds of millions of years, 
such scatter and high MSWD is a useful and expected indicator of resolvable age zonation 
(also see Kohn 2009) that might encourage further textural or zoned garnet geochronologic 
analysis. In this regard, a range of individual two-point garnet–matrix ages is of greater 
meaning than a lumped average growth age produced by a multi-point isochron with high 
MSWD (e.g., Pollington and Baxter 2010; and see Fig. 16 discussed in the section on Zoned 
Garnet Geochronlogy below). If high MSWD is due to scatter from multiple whole rock, 
matrix, or mineral analyses (including poorly cleansed garnet) on the low side of the isochron, 
that could mean that one or more of those points doesn’t belong and should be removed 
(this is discussed in a later section). Or, it may reflect real heterogeneity in the local rock 
matrix that, unfortunately, must be included in the age and its uncertainty (also discussed 
in a later section). MSWD less than 1.0 generally means that analytical uncertainties have 
been overestimated. Overestimation—sometimes referred to as ‘conservative’ estimation—
of analytical uncertainty can also change a dataset that would yield a very high MSWD into 
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a dataset that yields a lower MSWD, unintentionally masking what may in fact be important 
geological scatter. The savvy geochronologist, or interpreter of geochronologic data, will be 
careful to look for such high ‘conservative’ estimates of analytical uncertainty in reported 
isochron data. It is therefore crucial that estimates of analytical uncertainty are accurate, 
not ‘conservative’, as both over and underestimates can have deleterious effects on age 
interpretation masking what could be important information about the system.

The garnet point on the isochron and the problem of inclusion contamination. Garnet 
geochronology with Lu–Hf or Sm–Nd works because garnet uniquely fractionates parent from 
daughter creating an unusually high parent/daughter ratio. The garnet always represents the 
high point (or points, if one makes multiple measurements of the garnet) on the isochron. 
However, essentially all garnets contain micro-inclusions of other minerals that may be older 
(if inherited) or younger (if accessed by cracks) than the crystallization age of the garnet 
itself. The problem of inclusions continues to be the greatest challenge for successful garnet 
geochronology; if inclusions in garnet are not sufficiently removed, resulting ‘garnet’ ages 
can be imprecise, and worse, grossly inaccurate. Unfortunately, the published literature is 
full of such examples and the reader is invited to critically evaluate the literature themselves 
in light of the perspective and data we offer in this section. At the same time, the notion 
that we cannot overcome the challenge of inclusions remains the greatest misconception that 
continues to limit the credibility and broader use of garnet geochronology. In fact, numerous 
methodologies have been developed that provide solutions to the inclusion problem in almost 
all cases, leading to clean garnet and robust, precise, and accurate garnet ages.

Why inclusions are a problem. The problem of contaminating inclusions was recognized 
in the very first paper on garnet geochronology in 1980 (van Breemen and Hawkesworth 1980). 
Micro-inclusions can be inherited from significantly older episodes, and some inclusions 
can be reset or precipitated after garnet growth during retrograde cracking and fluid influx. 
Therefore, in the worst case, a ‘garnet’ analysis that still contains abundant inclusions can lead 
to grossly inaccurate apparent ages that can be younger or older than the true garnet age (e.g., 
Fig. 11). In general, inherited (i.e., older) inclusions that have a parent/daughter isotope ratio 
lower than the host rock (or younger inclusions that have a parent/daughter ratio greater than 
the host rock) will pull the contaminated garnet down off the true isochron to create falsely 
young ages. The converse is also true. Of course, the more contaminated the ‘garnet’ analysis 
is, the lower its apparent parent/daughter, the greater the potential inaccuracy (Fig. 12). Even 
if included phases are in age equilibrium with the garnet (i.e., they lie perfectly on the garnet–
matrix isochron) their presence in the ‘garnet’ analysis will pull the ‘garnet’ point down along 
the isochron, reducing the spread along the isochron, thus worsening the age precision (Fig. 
12). The reader is referred to a great number of published studies that define and describe the 
problem of inclusion contamination for garnet geochronology (e.g., Zhou and Hensen 1995; 
Scherer et al. 2000; Prince et al. 2001; Thoni 2002; Baxter and Scherer 2013).

How to solve the problem of inclusions. In the past 20 years numerous methods have 
been developed to eliminate most inclusions from most garnets thereby solving the inclusion 
problem. Any attempt to clean a garnet separate begins and ends with careful handpicking 
of finely crushed separates. However, good handpicking alone is usually inadequate to fully 
alleviate the inclusion problem (e.g., Thoni 2002). Micro-inclusions that may not be visible 
to the naked eye can escape even the most diligent handpicking. So, the most successful 
methods to cleanse garnets of their micro-inclusions all involve a ‘leaching’ or ‘partial 
dissolution’ procedure in various strong acids either to dissolve away problem inclusions in 
discarded solution leaving pure garnet for analysis, or, to dissolve away pure garnet in the 
analyzed solution leaving problem inclusions behind in a solid residue. The former has been 
successfully employed for Sm–Nd geochronology (e.g., Zhou and Hensen 1995; DeWolf et 
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al. 1996; Amato et al. 1999; Scherer et al. 2000; Baxter et al. 2002; Thoni 2002; Anczkiewicz 
and Thirlwall 2003; Pollington and Baxter 2011) where the most insidious inclusions are 
REE-rich minerals like monazite or clinozoisite which will dissolve in acid more readily than 
their garnet host. The latter has been successfully employed for Lu–Hf geochronology (e.g., 
Scherer et al. 2000; Lagos et al. 2007) where the most insidious inclusion is Hf-rich zircon, 
which is extremely resistant even to hydrofluoric acid at typical hotplate temperatures. This 
dichotomy does mean it is difficult to design a single cleansing method optimized for both 
Lu–Hf and Sm–Nd geochronology on the same sample aliquot. This, along with the analytical 
differences described earlier, in turn explains the dearth of studies where both Lu–Hf and 
Sm–Nd geochronology on the same samples yield optimal quality results from both systems. 
Some of the variables to consider when testing a partial dissolution method on a given garnet 
sample include: 1) acids used (e.g., Anczkiewicz et al. (2004) use sulfuric acid which attacks 
phosphates well, but does little to silicate inclusions like epidote if they are a factor, whereas 
HF partial dissolution of Amato et al. (1999) removes silicates well, but dissolves much of 
the garnet too requiring a delicate balance), 2) duration (anywhere from 15 to 180 min in HF 
have proven useful in different cases; e.g., Baxter and Scherer (2013)), 3) grain size (anywhere 
between 250 and 100 mesh size is recommended; finer grain size may lead to problems with 
garnet reactive surface area being too high; Pollington and Baxter 2011).

The term ‘partial dissolution’ cleansing is preferred over ‘leaching’ as the latter syntax 
could be interpreted to mean that something is actually leaching out of the garnet lattice itself. 
This leads to questions about whether the ‘leaching’ procedure is preferentially ‘leaching’ out 
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parent vs. daughter (or vice versa). Here, it is important to note that none of the aforementioned 
studies have shown any evidence that the partial dissolution methods being employed create 
any fractionation or change of the garnet chemistry itself. When garnets are well cleaned 
they give remarkably consistent age results that would be impossible if some fractionation 
via ‘leaching’ was occurring (see Fig. 11). Differential ‘leaching’ of parent and daughter is 
also extremely unlikely because the mechanism for ‘leaching’ would be solid state diffusion 
through the garnet lattice; diffusivities at hot-plate temperatures (~100−200 ºC) are too slow 
to allow for any significant diffusion of REE and even slower Hf. Alpha-decay induced lattice 
damage that may enhance diffusive loss in U/Th-rich minerals like metamict zircon is not 
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age with shallower slope (fine dashed) than the true garnet–matrix age. Two-point isochron age error bars 
shown are determined assuming the analytical parameters outlined in Figure 9.
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an issue in garnet given the orders of magnitude smaller alpha flux in garnet due to lower 
concentrations of the alpha producing elements (e.g., Sm), the much slower decay rate of Sm, 
and single alpha decay for 147Sm to stable 143Nd. Should any fractionation effects be found 
(and no evidence yet exists to suggest there should be) it would be more likely to affect the Lu–
Hf rather than the Sm–Nd system given the stronger chemical difference between the REE Lu 
and the HFSE Hf (as opposed to the REE’s Sm and Nd). In summary, there is no evidence to 
suggest that partial dissolution cleansing of inclusions is affecting the remaining clean garnet’s 
Sm–Nd and Lu–Hf chemistry at all.

How to know the garnet is clean (or clean enough). Because contaminating inclusions 
have much lower parent/daughter ratios, and much higher daughter element concentrations 
than their garnet hosts, well-cleaned garnet generally will exhibit high parent/daughter ratio 
and low daughter element concentration. Figures 10 and 13 provide two different compilations 
of ‘garnet’ parent/daughter ratio and daughter element concentration data to illustrate this. 
Figure 13 depicts the full range of published garnet data from a partial compilation of the 
literature. No screening was used in this compilation except to include only data reported 
as ‘garnet’ by the authors. Note the remarkable range in the data spanning many orders of 
magnitude, and the conspicuous negative relationship between parent/daughter ratio and 
daughter element concentration. In general, higher 147Sm/144Nd and lower Nd concentration 
indicates a cleaner garnet. But where do we draw the line between clean, clean enough, and 
dirty garnet? Rather than single out specific studies as good or bad, we present in Figure 10 
similar compilations of published and unpublished Sm–Nd and Lu–Hf garnet data from over 
100 different garnet-bearing rocks analyzed in the Boston University Lab (data from Ethan 
Baxter) and the Muenster Lab (personal communication from Erik Scherer) as they represent 
a subset of data prepared in a consistent manner, reflecting modern practices for Sm–Nd (by 
Baxter and colleagues using partial dissolution methods described by Pollington and Baxter 
2011) and Lu–Hf (by Scherer and colleagues using partial dissolution methods described 
by Lagos et al. 2007). By no means does this mean that every sample in these plots is a 
perfectly cleansed garnet (that is surely not the case). But it does give an indication of the 
range of measured garnet compositions that typically results from best practices in these two 
particular labs that is instructive for sake of comparison. For Sm–Nd, 90% of the data indicate 
147Sm/144Nd > 1.0 and [Nd] ppm < 0.4. For Lu–Hf, 90% of the data indicate 176Lu/177Hf > 0.5 
and [Hf] ppm < 0.4. If the garnet doesn’t exceed these cutoffs after the first attempt to cleanse 
it, we suggest additional attempts. Baxter and Scherer (2013) recommend that garnet is clean 
enough to avoid significant effects of inclusion contamination when it has parent/daughter 
ratio > 1.0, generally coinciding with daughter element concentration < 1.0. These of course 
are arbitrary cutoffs but are meant to provide some guidance in establishing the confidence 
(i.e., accuracy) of a given garnet age. Figure 12 also shows an example of the progressively 
diminished effect of inclusion contamination as a garnet is cleansed.

A good way to evaluate whether a garnet separate is clean is by comparison to in situ 
LA-ICP-MS or SIMS analysis (e.g., Prince et al. 2001; Anczkiewicz et al. 2007; Stowell 
et al. 2010; Stowell et al. 2014; Gatewood et al. 2015; Dragovic et al. 2016). Ideally, any 
garnet would first be lasered in situ to establish a baseline for clean parent/daughter and 
daughter element concentration in the garnet. Careful screening of laser data (considering 
multiple elements) is crucial to eliminate even slightly contaminated spots from the data (i.e., 
contamination by non-garnet mineral inclusions), because garnet Nd and Hf concentrations 
in clean garnet are so low (< 1 ppm, sometimes < 0.1 ppm). Still, LA-ICP-MS analysis can 
provide a valuable comparison to full garnet analysis of cleansed samples to see if partial 
dissolution was successful. Figure 14 shows an example from large garnets from Townshend 
Dam, Vermont from Gatewood et al. (2015). Note first the raw dataset for [Nd] ppm showing 
abundant spikes of high Nd (over 100  ppm!) within the garnet vividly depicting the significant 
presence of inclusions. After screening away most of the inclusion-contaminated points, 
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the refined LA-ICP-MS data show low [Nd] from 0.03 ppm to 0.5 ppm. In this study, these 
values are a close match for the cleaned bulk garnet data analyzed via TIMS, indicating 
success in cleansing away these inclusions and recovering true clean garnet.

Another vivid example of the success of partial dissolution cleansing, and the great 
importance of doing so, is shown in Figure 11 from Dragovic et al. (2012). Here, note where the 
‘garnet’ data plot when they were intentionally analyzed without partial dissolution cleansing. 
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Figure 13. 147Sm/144Nd vs. [Nd] ppm for “garnet” 
data. The oval outlines a compilation of hundreds 
of published “garnet” data in the literature, a great 
many of which had not been properly cleansed 
of inclusions. Compare to the data from cleansed 
and uncleansed garnet shown in Figures 10, 11. 
Garnets with 147Sm/144Nd >1 and [Nd] <1 ppm is 
more likely to be clean and will return an accurate 
garnet age (darker shading). Garnets with very low 
147Sm/144Nd and/or very high [Nd] ppm (lighter 
shading) constitute a large amount of the published 
data, these are almost certainly contaminated by in-
clusions; use of such analyses for a garnet isochron 
age will lead to less precise and possibly inaccurate 
results (see Figure 12).
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Figure 14. LA-ICPMS maps of Sm, Nd, Lu [ppm] in garnet from Townshend Dam, Vermont (modified 
from Gatewood et al 2015). Note Sm is slightly zoned with enrichments at the rim, whereas Lu is more 
strongly zoned with enrichments at the core. Nd is unzoned, except for numerous high spots reflecting 
Nd-rich inclusions. Bottom right panel shows raw unfiltered Nd data where the highest analyses show 
[Nd] in excess of 100ppm. Top right panel shows [Nd] data after carefully filtering out the most egregious 
contamination, revealing the underlying mostly clean garnet with concentrations <1ppm. White bars and 
values show the range of ID-TIMS analyses of the same Vermont garnets after proper cleansing reported 
by Gatewood et al (2015), showing good agreement with the laser data.
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These data yield low 147Sm/144Nd < 0.45 and high [Nd] ppm between 0.9 and 2.8 ppm along a 
crude mixing trend with an inherited inclusion population with low 147Sm/144Nd (akin to the 
theoretical example shown in Fig. 12b). Any of these ‘garnets’, when paired with the matrix, 
would give falsely young ages; a few would even give negative ages. But consider these very 
same garnet samples after experiencing a proper partial dissolution. Now, these data give high 
147Sm/144Nd between 1 and 5 with [Nd] between 0.03 ppm and 0.07 ppm and plot together on a 
remarkably tight isochron indicating the time of garnet growth in this mafic blueschist.

The second point on the isochron. It takes a slope to calculate an age, a line to calculate a 
slope, and two points to make a line. Three, four, or five points lend further statistical credence 
to a linear isochron relationship but without at least a second point, isochron geochronology is 
a non-starter. In this regard, the second point on the isochron is just as important and powerful 
as the garnet point on the isochron in determining age precision and accuracy. The second point 
on the isochron must be an accurate and precise measurement of the rock matrix reservoir with 
which the garnet initially grew in isotopic equilibrium (e.g., 143Nd/144Nd or 176Hf/177Hf). In the 
very simplest scenario (rarely achieved in real systems), an isotopically homogeneous parent 
rock or melt simultaneously crystallizes all its minerals, including garnet, such that the entire 
rock is in initial isotopic equilibrium and all minerals remain closed systems from that point 
until the present day. In this case, one could measure anything else in the rock—the entire 
whole rock itself, just the matrix, or any subset of the various other minerals in the rock—as a 
representation of that initial rock reservoir and pair it with the pure garnet to form a two point 
isochron. Additional garnets (with high Sm/Nd or Lu/Hf) or additional whole rock, matrix, 
or mineral analyses (with low Sm/Nd of Lu/Hf) would further populate the isochron and a 
happy multi-point isochron with a perfect MSWD of 1.0 would result. In reality, many rocks 
(or protoliths) are not perfectly isotopically homogeneous at the onset of garnet growth, the 
whole rock and matrix may differ due to parent/daughter Rayleigh fractionation during garnet 
growth, the matrix may experience open system change of parent/daughter or daughter isotope 
composition after/during garnet growth, and different mineral phases may grow or close to 
isotopic exchange with the rock reservoir at different times than the garnet. Any of these 
factors can conspire to create an inaccurate or imprecise garnet isochron age if such data that 
don’t belong are included on an isochron. Stated differently, more points on an isochron are 
only a good idea if those points belong on the isochron. The good news is that most of these 
effects are very minor to negligible most of the time. Let us explore these each in turn.

Initial matrix heterogeneity. If the rock reservoir is initially heterogeneous for whatever 
reason, how can we know what the garnet actually grew in equilibrium with? Igneous protoliths 
are probably least susceptible to this issue given that they are fairly homogenous when they first 
form. However, ancient layered sedimentary protoliths where each layer may include inherited 
minerals of varying provenance can present problems in this regard. For isotopic systems like 
U–Pb or Rb/Sr where the range of parent/daughter ratio among phases can be several orders of 
magnitude, this can create enormous heterogeneities (via differential radiogenic ingrowth) the 
effects of which can be severely problematic for garnet (or any) isochron geochronology in those 
systems (e.g., Romer and Xiao 2005). Fortunately, with the exception of garnet, most common 
minerals (and rocks) have a limited range of Lu/Hf and Sm/Nd ratios such that the magnitude of 
matrix heterogeneities is much smaller. Still, matrix heterogeneity can be significant given the 
high precision and accuracy often desired (and achievable) with modern methods.

Let us consider a layered sedimentary protolith. The layers have varying 147Sm/144Nd (or 
176Lu/177Hf) which has led to varying 143Nd/144Nd (or 176Hf/177Hf). Let us now permit garnet 
to grow instantaneously and with uniform distribution in that layered rock. [In reality, the 
different layers may have different enough major element chemistry so as to preferentially 
crystallize garnet more on certain layers than in others, but let us ignore that for the present 
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discussion]. At any given location in the layered rock system, the new garnet crystallizes 
with an average composition reflective of the equilibrium lengthscale (Le) for that element 
in the system (see Baxter and DePaolo (2002a,b), and DePaolo and Getty (1996) for further 
discussion). The equilibrium lengthscale for a given element, Le, is dependent on the effective 
diffusivity (D*) of the element within the intergranular transporting medium (ITM; Baxter 
and DePaolo 2002b), and the local reaction/exchange rate (R) for that element between the 
matrix minerals and the ITM: Le = (D* / R)1/2. The effective diffusivity (D*) includes both the 
diffusivity in the ITM, and the partitioning of that element between the solid minerals and 
the ITM. Elements (like Sr) that are strongly partitioned (i.e., soluble) into the fluid filled 
ITM have high D* and smear out and average 87Sr/86Sr over a large equilibrium lengthscale. 
Elements like Nd and Hf are very weakly partitioned (i.e., insoluble) into the fluid filled ITM 
of most crustal fluids and thus have relatively low D*; thus 143Nd/144Nd and 176Hf/177Hf of the 
ITM (and any garnet crystallizing from it) will closely match the local bulk matrix solid. In 
practice, this means you wouldn’t want to pair a garnet from one layer with bulk matrix from 
another layer. But, if you crushed up the entire rock and sampled a representative average 
garnet separate and matrix from the entire volume, the heterogeneities average out and the 
problem goes away. However, now consider the growth of a very large garnet porphyroblast 
large enough to grow over several compositional layers. A single crystal like this would be 
attractive for high-resolution microsampling and zoned geochronology. In this scenario, 
each concentric growth ring, or even different portions of the same growth ring, of the garnet 
may inherit a different starting 143Nd/144Nd (or 176Hf/177Hf) depending on the layer(s) it is in. 
When focusing on a single crystal, or portions thereof, it is no longer advisable to use a large 
averaged whole rock to anchor the isochron in a heterogeneous protolith. Instead, one must 
carefully analyze and evaluate the extent of porphyroblast scale matrix heterogeneity via 
multiple measurements and include them all on an isochron. This is an important statistical 
acknowledgement of the uncertainty about the second point on the isochron that will result 
in larger age errors and larger MSWD. Gatewood et al. (2015) shows a vivid example of 
the effects of such cm scale matrix heterogeneity on zoned garnet geochronology from a 
layered meta-sedimentary rock. On the contrary, Pollington and Baxter (2010) saw no such 
effect when conducting zoned garnet chronology in a homogeneous rock matrix, most likely 
inherited from an igneous protolith. Overall, it is always advisable to evaluate the extent of 
matrix heterogeneity of any rock, try to avoid major heterogeneities and lithologic contacts 
if possible, and match multiple garnets (or bulk garnet separates) and average matrix from 
the same rock volume to average out heterogeneities.

Whole rock vs. matrix. We define a ‘whole rock’ as the entire rock volume including 
the garnet itself. We define the ‘matrix’ as the entire rock volume excepting the garnet. As a 
garnet with much higher Sm/Nd and Lu/Hf than the original whole rock grows, it will alter 
the Sm/Nd and Lu/Hf of the remaining matrix via simple Raleigh fractionation. Strictly 
speaking, the core of the garnet (the initial fraction of garnet to grow) should be paired with 
the ‘whole rock’, whereas the outermost rim of the garnet (the final bit to grow) should be 
paired with the matrix. In general it is advisable to measure both matrix and whole rock 
from the same rock averaged volume to establish the significance of that difference for 
your particular rock. For Sm–Nd, the general finding is that matrix and whole rock are 
very rarely different enough to make a significant difference to the age. This is largely 
due to the fact that the concentration of Nd and Sm in clean garnet is usually one or more 
orders of magnitude smaller than the concentration in the matrix. It would require a lot 
of garnet to create a significant difference in parent/daughter. The Lu–Hf system is more 
susceptible to this process as Lu concentrations in garnet can be much higher (up to an order 
of magnitude or more) than the whole rock especially at the onset of garnet growth, whereas 
Hf concentrations are very low. This could lead to more significant Rayleigh fractionation 
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effects leaving the residual matrix with even lower Lu/Hf after garnet growth. Fortunately, 
for either system, if the time duration between growth of core and growth of rim is short, 
negligible radiogenic daughter in-growth (and rotation of the isochron beyond horizontal) 
will have occurred. In this case, shifting Sm/Nd or Lu/Hf of the matrix to different values 
along a near horizontal line near the time of garnet growth will have negligible effect on the 
final isochron age determination. Finally, because most garnets also include (and effectively 
sequester) other minerals the net change to the host rock composition is offset and minimized. 
Rocks with low Nd or Hf concentrations (< 10 ppm) and a large timespan between growth of 
garnet core and rim are therefore more susceptible to this easily accounted for effect.

Open system change of matrix. If the matrix experienced any kind of open system 
exchange, or loss, or gain of Sm, Nd or Lu, Hf there is potential to skew the garnet–matrix 
isochron age relationship. Mechanisms may include partial melting where a melt is lost from 
the system, the injection of a melt into the system, or the passage of fluids through the system. 
Most common crustal fluids have low solubilities of REE and Hf so only in extreme cases of 
focused fluid flow should we observe major Sm/Nd or Lu/Hf loss or gains. Important examples 
of such open system mobility of REE have been found in crustal fluids (Zack and John 2007; 
Ague 2011). Loss of an internally derived partial melt would leave the solid residue with a 
higher Sm/Nd or Lu/Hf ratio. But as long as the internally derived melt would be in Nd and 
Hf isotopic equilibrium with the bulk solid there would be no isotopic fractionation in the melt 
depleted residue. This should generally be the case, unless incongruent melting of a very old 
protolith (where significant mineral scale Nd or Hf isotopic differences had already evolved) 
created a melt with different isotopic composition (e.g., Zeng et al. 2005) and that melt was 
extracted quickly, before isotopic equilibrium could be restored via diffusion; in this case the 
resulting effect on age should be evaluated. Fortunately for the Sm–Nd and Lu–Hf systems (as 
opposed to U–Pb or Rb–Sr), such radiogenic differences are relatively small given the narrow 
range of Sm/Nd and Lu/Hf that exist among most common minerals (e.g., Romer and Xiao 
2005). Introduction of an external melt or fluid into the system has the potential to be much 
more problematic, regardless of when the metasomatic event occurred with respect to garnet 
growth. External melts or fluids could bring completely different Nd or Hf isotopic chemistry 
that could mix with the original rock matrix pulling it vertically up or down well off the 
garnet–matrix isochron. Changes in Sm/Nd or Lu/Hf may also occur which could add to the 
effect if the metasomatic event happened a long time after garnet growth (when the isochron 
had already rotated well past horizontal). In general, the garnet geochronologist should avoid 
samples bearing evidence of open system metasomatism: in a vein, next to pegmatite, near 
a lithologic contact. Or, great care should be taken to evaluate the isotopic extent of that 
metasomatism to try and recreate the original rock matrix as well as possible. In some cases, 
the garnet inclusions may serve as a guide towards reconstructing the original rock matrix, but 
as we have seen, these minerals inclusions (if they are inherited from earlier events) do not 
always accurately reflect the garnet’s original isotopic growth environment.

Non-garnet mineral growth and/or closure. The very first garnet geochronology papers 
chose minerals (like clinopyroxene in an eclogite, for example; Griffin and Brueckner 1980) 
rather than a whole rock to pair with the garnet in two-point isochrons. Some papers continue to 
add other minerals along with a whole rock or matrix to anchor the garnet isochron. Most of the 
time, these mineral data plot very near the whole rock or matrix (i.e., with similarly low parent/
daughter) and have little effect on the age. But sometimes these individual minerals plot slightly 
off the isochron, leading to higher MSWD if included, or different absolute ages if employed 
instead of the whole rock. Which point is a better representation of the rock reservoir with 
which the garnet grew in isotopic equilibrium? On the one hand, the clinopyroxene and garnet 
in an eclogite both reflect growth at eclogite facies conditions (whereas the whole rock may 
have other phases that grew before or since eclogite facies) and thus one could argue they are a 
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good match if the goal is to date eclogite facies conditions. However, it is almost certainly the 
case that clinopyroxene has a different effective ‘closure’ time (due to processes like diffusion 
or matrix recrystallization) than the garnet, so if the clinopyroxene has a different 147Sm/144Nd 
than the matrix it will evolve off the garnet–matrix isochron and should not be included. The 
magnitude of this effect depends on the difference in closure/growth age of clinopyroxene vs. 
garnet, and on the difference in 147Sm/144Nd between clinopyroxene and the matrix. But, if the 
matrix itself is made up of all these minerals, how then can we argue that the matrix is any better 
a choice? The reason is that the matrix itself has remained a closed system and represents an 
appropriate rock-averaged Sm–Nd and Lu–Hf composition from which the garnet first grew. 
Resistant accessory phases (like monazite or zircon) are the exception in that they can retain 
their inherited isotopic signatures and generally do not participate as reactants in garnet growth.

The second point(s) on the isochron cannot be overlooked. At a minimum, it is worth 
measuring a representative whole rock and matrix. Pure non-garnet mineral separates may not 
be good choices for the isochron, especially when their parent/daughter ratio differs greatly 
from the matrix and/or their growth or closure time differs greatly from that of garnet. Avoid 
rocks with evidence for open system exchange, of significant layering or heterogeneity. If 
heterogeneity exists, it must be evaluated and included in the isochron to acknowledge that 
uncertainty (e.g., Gatewood et al. 2015). While many of these issues have the potential to 
completely ruin U–Pb or Rb–Sr garnet geochronology, they are rarely a major problem for 
Sm–Nd and Lu–Hf geochronology if reasonable care is taken to evaluate them.

Why Do Lu–Hf and Sm–Nd Ages Differ? The Complementarity of Lu–Hf and 
Sm–Nd Garnet Geochronology. One of the powerful opportunities of garnet geochronology 
is the theoretical ability to date the same garnet (or garnet-bearing rock) with both Lu–Hf 
and Sm–Nd. As discussed above, this hasn’t been done as often as we would like given the 
different instruments required for optimal analysis (i.e., TIMS for Sm–Nd and MC-ICPMS 
for Lu–Hf) and because the most popular methods employed for removing inclusions are 
opposite for Lu–Hf and Sm–Nd. Thus, most labs are optimally equipped for one or the other, 
but rarely for both. Still, a growing number of labs have attempted to date the same garnet-
bearing rocks with both methods (e.g., Lapen et al. 2003; Kylander-Clark et al. 2007; Cheng 
et al. 2008, 2016; Skora et al. 2009; Anczkiewicz et al. 2012; Smit et al. 2013) leading to 
interesting observations that, when fully understood can lead to valuable insights about the 
rock’s history. Both systems are well suited for garnet geochronology, though their different 
pros and cons may make one more suitable for a given sample suite or application, and thus 
powerfully complementary when used in concert.

A notable observation made in many (though not all) of such combined studies is that 
Lu–Hf garnet ages tend to be older than Sm–Nd ages from the same rock. Why is this the case? 
The possible answers can be grouped into three categories, one (or more) of which may apply 
in any given situation:

1. Different parent isotope zonation for Lu–Hf and Sm–Nd (e.g., Skora et al. 2009)

2. Different ‘closure temperature’ for Lu–Hf and Sm–Nd (e.g., Yakymchuk et al. 2015)

3. Something is wrong with the Sm–Nd age or the Lu–Hf age

Let us address each scenario in turn as each provides an opportunity to further explore 
some of the important differences and complementarity of Lu–Hf and Sm–Nd garnet 
geochronology.

Different parent isotope zonation for Lu–Hf and Sm–Nd. As discussed in the section on 
trace elements above, Lu is very strongly partitioned into garnet during its growth as compared 
to other common matrix minerals. On the contrary, Sm, Nd, and Hf are all weakly partitioned 
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into garnet as compared to other matrix minerals (though Sm not as weakly as Nd, hence the 
reason that garnet can still have high Sm/Nd ratios despite relatively low Sm and very low Nd 
concentrations). Thus, garnets tend to be strongly zoned in Lu (with highest Lu concentrations 
in the early grown core as much as ~100 times higher than rims with low Lu; Figs. 7 and 14) 
whereas Sm, Nd, and Hf tend to be unzoned or with slight enrichments toward the rim (e.g., 
Lapen et al. 2003; Cheng et al. 2008; Skora et al. 2008; Peterman et al. 2009; Anczkiewicz 
et al. 2012; Smit et al. 2013; Gatewood et al. 2015; Fig. 15). Because the age information 
contained within a garnet crystal is based on the concentration of the parent element (Lu or 
Sm) this chemical zonation means that Lu–Hf ages will generally be skewed towards the age 
of core growth (where more of the Lu resides) whereas Sm–Nd ages will be skewed towards 
the age of rim growth (where more of the Sm resides). It is also important to note that while 
these general trends for Lu and Sm zonation are common, more complex zonation in Lu and/
or Sm can exist in certain garnets ((see trace element section, above). This underscores the 
value of analyzing the core-to-rim Lu and Sm zonation of the actual samples in question as they 
have implications for interpreting the different ‘bulk’ Lu–Hf and Sm–Nd garnet ages. Lapen 
et al. (2003), Skora et al. (2009), and Kohn (2009) show examples of how measured Lu and 
Sm zonation can be used to model bulk ages by identifying where/when during garnet growth 
the parent element and mass averaged age would plot (e.g., Fig. 15). Such modeling requires 
certain assumptions including growth symmetry (e.g., perfect spherical shells), growth rate 
(constant vs. episodic), but are generally very useful in explaining age differences and, in the 
best case, placing constraints on total growth duration (e.g., Skora et al. 2009). For garnets that 
never experience temperatures above ~650 ºC (above which diffusive mobilization may become 
significant; see below) the difference in Lu vs. Sm zonation is the dominant reason why Lu–Hf 
ages are different (generally older) than Sm–Nd ages. Both systems date primary growth, but 
they reflect different stages of that prolonged growth duration.
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Different ‘closure temperature’ for Lu–Hf and Sm–Nd. Because most garnets grow below 
their ‘closure temperature’ for Sm–Nd and Lu–Hf, and never experience higher temperatures, 
diffusive ‘closure’ is generally not at play when interpreting garnet geochronologic data, 
including the difference between Sm–Nd and Lu–Hf ages. However, for garnets that did 
experience temperatures in excess of ~650 ºC during or after their growth, the issue of 
diffusive ‘closure’ (i.e., Dodson 1973) or perhaps more appropriately diffusive ‘re-opening’ 
(i.e., Caddick et al. 2010; Watson and Cherniak 2013) may come into play. Numerous papers 
have attempted to place constraints on the ‘closure temperature’ of garnet for both systems 
but, as pointed out and modeled by Ganguly and Tirone (1999) the classic Dodson formalism 
for closure is rarely appropriate for garnet because it is rarely completely reset before dropping 
through a closure temperature interval. As Watson and Cherniak (2013) describe, the matter 
is more often one of diffusive ‘opening’ whereby a garnet is heated for some period of time 
to temperatures high enough that diffusive resetting may begin. For example, Baxter et al. 
(2002) used the diffusion data of Ganguly et al. (1998b) to show that only the outermost few 
10s of microns of a garnet crystal would be affected by age resetting during heating up to 
~660 ºC (over a span of 12 million years), resulting in a negligible degree of bulk age resetting 
(depending on the grain size of course). Since then, numerous studies—both experimental 
and empirical—have sought to constrain the diffusivity of the REE (i.e., Sm, Nd, Lu: e.g., 
Carlson (2012), Tirone et al. (2005), Van Orman et al. (2002) and Hf: Bloch et al. (2015)). 
While all REE (including Sm, Nd, and Lu) appear to diffuse at the same rate within existing 
uncertainties, some overall discrepancy exists amongst existing studies of REE diffusion. 
Ganguly et al. (1998b) and Tirone et al. (2005) return diffusivities for the REE about an order 
of magnitude higher than those of Van Orman et al. (2002), Carlson (2012), and Bloch et al. 
(2015). Bloch et al. (2015) suggest that the difference may reflect a concentration dependence 
on REE diffusivity (i.e., lower concentrations diffuse via a faster diffusion mechanism) such 
that the faster Tirone et al. (2005) data are more appropriate for geochronologic applications. 
In any case, the data of Tirone et al. (2005) represent the fastest and thus provide a lower 
constraint on the temperatures at which REE in garnet become mobile for garnets, which 
of course itself is also dependent on grain size and cooling rate. Rather than quote blanket 
‘closure temperatures’, interpreters of garnet geochronologic data should explore the partial 
diffusive resetting of ages by means of simple analytical or numerical modeling for the grain 
size and specific heating/cooling history that may have existed in the given system. Ganguly 
and Tirone (2001) and Watson and Cherniak (2013) provide useful analytical formalisms that 
may be used in general cases. Baxter et al. (2002), Korhonen et al. (2012), and Dragovic et 
al. (2016) are examples where simple case specific modeling was employed to constrain the 
likely extent of resetting. Baxter and Scherer (2013) model the range of temperatures required 
to reset a bulk garnet age just 5% (i.e., just beginning to ‘re-open’) and 95% (i.e., essentially 
completely reset) for given grain size, temperature, and dwell time at that temperature. The 
reader is encouraged to consult these papers and model the diffusive resetting of Nd or Hf age 
information in their specific case.

The recent experimental data of Bloch et al. (2015) confirmed previous empirical inferences 
(e.g., Scherer et al. 2000; Kohn 2009; Anczkiewicz et al. 2012; Smit et al. 2013) that the 
diffusivity of Hf is considerably lower (by an order of magnitude, or more) than that of all the 
REE, including Lu. Without question, Hf diffusivity is much slower than Nd diffusivity; thus the 
Sm–Nd system is more susceptible to thermal diffusive resetting than the Lu–Hf system. That is, 
the ‘closure temperature’ of Hf is significantly higher than that of Nd. Bloch and Ganguly (2015) 
present diffusion modeling to show that the time required to fully reset Hf isotopic composition 
of garnet is 10−1000 times longer (at a given temperature) than the time required to fully reset 
Nd isotopes. Thus, for garnets experiencing temperatures above ~650 °C, the difference in Hf vs. 
Nd diffusivity should result in generally younger Sm–Nd ages (which have been partially reset) 
vs. Lu–Hf ages. Yakymchuk et al. (2015) shows a good example of this in a high temperature 
(~850 ºC) migmatite where other possibilities (Lu vs. Sm zonation) can be ruled out.
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Something wrong with the Lu–Hf or the Sm–Nd Age? As discussed above, there are 
numerous other reasons why a given Sm–Nd or Lu–Hf age might simply be flawed, in which 
case comparisons to good Lu–Hf or Sm–Nd data are misguided. Perhaps most notorious is the 
effect of inclusions, especially as most samples are not cleaned with methods optimized for 
both Sm–Nd and Lu–Hf (see above). While this chapter prefers not to enter the business of 
identifying ‘bad’ published data, we will point out that both good and bad certainly do exist in 
the literature. As previously discussed, Sm–Nd or Lu–Hf garnet data where the parent/daughter 
ratio is < 1.0 and/or the daughter element concentration is > 0.5 ppm should be scrutinized 
carefully as these are the hallmarks of inclusion contamination that can create significant age 
inaccuracies (see Figs. 12, 13, 14). While high Nd or Hf concentration and low 147Sm/144Nd or 
176Lu/177Hf do not necessarily prove age-distorting contamination, experience shows that such 
data usually indicate an inclusion problem that should be addressed or evaluated in some way 
(Smit et al. 2013) before the resulting age is accepted.

An additional factor unique to the Lu–Hf system is the possibility of diffusive decoupling 
of parent Lu from daughter Hf. Because Lu (and all REEs) diffusive at a much faster rate 
than Hf (see above discussion and Bloch et al. 2015), it is theoretically possible that Lu 
zonation may smooth out within a garnet, or that Lu may diffuse into or out of a garnet as 
P–T changes (only if garnet–matrix Lu partitioning changes) subsequent to garnet growth, 
all while the Hf isotopic composition remains locked in. While the effects of such Lu 
mobility on resulting age can vary depending on the situation, most often this would result 
in a counterclockwise rotation of the garnet–matrix isochron and falsely old ages. As with 
all closure-related arguments for garnet geochronology, it is important to note again that 
this process is only possible when garnet is heated above the ‘closure temperature’ for Lu 
(> ~650 ºC) for a significant period of time, and most enhanced for smaller garnets, and 
the highest temperatures. This argument rarely applies to the majority of greenschist and 
amphibolite facies garnets that never experience such high temperatures. When this process 
is at play, Lu–Hf ages can be compromised, thus rendering meaningful comparisons to good 
Sm–Nd data impossible. Papers by Kohn (2009), Anczkiewicz et al. (2012), Bloch et al. 
(2015), Bloch and Ganguly (2015), and (Kohn and Penniston-Dorland 2017, this volume) 
discuss and develop this potentially confounding problem for Lu–Hf geochronology while 
Anczkiewicz et al. (2012) shows compelling evidence for its occurrence in a natural setting.

Zoned garnet geochronology. The vast majority of published garnet geochronology, 
and the entire discussion in this chapter up to this point, involves what we call ‘bulk garnet’ 
geochronology. As long as no unintended fractionation of the garnet occurs (for example, 
due to magnetic separation which may select against garnet portions with differing amount 
of magnetic inclusions; e.g., Lapen et al. 2003), a ‘bulk age’ simply represents the parent 
isotope weighted (based on parent element zonation) average age of the garnet (Fig. 15). 
For a garnet that grew very rapidly (i.e., whose growth duration is within the age precision), 
such a bulk age is a valuable and precise measure of the growth event. However, if the garnet 
growth duration exceeds the attainable age precision (as may often be the case) the ‘bulk age’ 
is of limited petrochronologic utility, representing only an average age within an unresolved 
timespan of garnet growth. Insofar as multi-point bulk garnet isochrons might display scatter 
amongst clean garnet data with high parent/daughter, the bulk age precision (poorer) and 
MSWD (higher) represent a valuable indication that the garnet may have resolvable age 
zoning. Consider for example, the dataset in Figure 16 from Pollington and Baxter (2010). 
All of these garnet data are from the same rock. All of these garnet data are clean, passing any 
test of inclusion contamination. Matched with the matrix data, we can calculate a multi-point 
age of 25.5 Ma with a disappointing precision of ±5.3 Ma and eyebrow-raising MSWD of 
270. Here is a reminder that poor MSWD, especially when caused by scatter of clean garnet 
at high parent/daughter, is not necessarily (nor even often) an indication that something has 
gone wrong. Rather it is a statistical invitation to explore the hypothesis of resolvable age 
zonation through means of zoned garnet geochronology.
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In fact, the data shown in Figure 16 are from different zones of the same single garnet 
crystal, sampled as concentric rings from core to rim. With this context, the dataset suddenly 
makes sense. Instead of a single ill-advised multi-point isochron, what we really have are 
twelve individual two-point isochrons that reveal a 7.5 million year growth duration (Pollington 
and Baxter 2010). With the textural context of each garnet growth zone, we find that multiple 
two-point isochrons are better, and more appropriate, than a single multi-point isochron.

Zoned garnet geochronology is not new. In fact, the first attempts to extract and date different 
garnet growth zones spanned work between 1988−1999 (Cohen et al. 1988; Christensen et al. 
1989, 1994; Vance and Onions 1990, 1992; Burton and Onions 1991; Mezger et al. 1992; Getty 
et al. 1993; Vance and Harris 1999). These papers used Rb–Sr and/or Sm–Nd to date two or 
three concentric growth zones in single 1–5 cm garnet crystals, separated via some combination 
of sawing, crushing, and plucking. Stowell et al. (2001) pioneered a core-drilling procedure to 
extract different garnet zones for Sm–Nd geochronology in a number of settings including contact 
metamorphism in Alaska, granulite facies migmatites in Fiordland, New Zealand, and granulites 
from the Cascades of Washington USA. Solva et al. (2003) separately analyzed core and rim of 
magmatic pegmatite garnet constraining Permian magmatism in the Alps. Ducea et al. (2003) 
were the first to employ a microdrilling apparatus (the MicroMill™) to extract garnet from three 
concentric growth zones from high temperature garnets in two Western North American sites. 
They modeled their data to constrain cooling rates from peak magmatic arc temperatures. In their 
study, the MicroMill™ was used to directly extract garnet in powdered form from individual 
drilled pits in core and rim. Pollington and Baxter (2010) used the MicroMill™ for chemically 
contoured sampling of concentric zones in a large 6 cm garnet from the Austrian Alps (Fig. 
16). The spatial and age resolution of the Pollington and Baxter (2010) study permitted not 
just a constraint on total growth duration, but also the recognition of two significant pulses in 
the rate of garnet growth, correlated with chemical and textural features indicative of evolving 
thermodynamic and tectonic conditions, that would have otherwise have been missed. Pollington 
and Baxter (2010, 2011) used the Micromill™ to drill out concentric trenches, between which 
solid garnet annuli were left for collection, crushing, partial dissolution cleansing, and Sm–Nd 
TIMS analysis. They found that garnet powders derived from the drill trenches could not be 
cleaned of inclusions due to the extremely fine grain size; thus, the material from drilled trenches 
was discarded. Since then, three other studies (Dragovic et al. 2012, 2015; Gatewood et al. 
2015) have employed the microdrilling methodology outlined in Pollington and Baxter (2011) 
extracting between 3 and 10 annuli per garnet crystal in blueschist facies rocks from Sifnos, 
Greece (Dragovic et al. 2012, 2015) and regional metamorphic schists from Townshend Dam, 
Vermont (Gatewood et al. 2015; the same rocks first dated by Christensen et al. 1989). Most of 
the studies cited in this paragraph show that < 1.0 Myr Sm–Nd age precision is achievable even 
as sample size decreases with more highly resolved sampling and smaller sample sizes.

Until recently, Lu–Hf zoned geochronology had not been attempted, in large part due 
to sample size limitations given that most labs still require 10’s–100’s ng Hf for MC-ICPMS 
analysis, but this is changing. Herwartz et al. (2011) separated cores and rims of strongly color 
zoned garnet from the Alps by crushing and handpicking, which were subsequently dated via 
Lu–Hf. This first study of garnet age zonation with Lu–Hf revealed an old inherited Variscan 
(~333 Ma) core surrounded by much younger Alpine (~38 Ma) rims, which these authors 
interpreted as evidence of two distinct cycles of subduction to mantle depths separated by three 
hundred million years. Nesheim et al. (2012) separated and grouped cores and rims of multiple 
garnet crystals in a single Mesoproterozoic sample from Idaho, USA, revealing mixed garnet 
ages bracketed by two major garnet growth events at ~1330 and ~1080 Ma. Anczkiewicz et al. 
(2014) extracted and dated three growth zones, based on textural and chemical patterns, from 
a large 3 cm garnet crystal from the Himalaya (see further discussion below). Schmidt et al. 
(2015) used saw cuts to sample up to 4−6 solid growth zones in four different 3–5 cm garnets 
for Lu–Hf geochronology. Rather than the surrounding matrix (which could not be sampled in 
this study), Schmidt et al. (2015) anchored each interior garnet analysis with the Lu-depleted 
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outermost rim in two-point ‘garnet only’ isochrons. The resulting age data suggest a total span 
of garnet growth of at least 12 million years. Cheng et al. (2016) presented Lu–Hf analysis of 
12 micro-sawed garnet zones (not concentric) within two single crystals from the Huwan shear 
zone, China. Resulting two-point isochrons display ages ranging from 400 to 264 Ma which are 
interpreted to reflect mixing of at least two distinct episodes of garnet growth spanning that time.

Zoned garnet geochronology, despite its first applications almost 30 years ago, remains 
in its infancy, but its potential is great. Methodologies have now been developed to extract 
well-defined chemically contoured growth zones of garnet from single crystals of ~5 mm of 
greater diameter, clean those garnet portions of inclusions, analyze their isotopic composition 
even as sample size diminishes, and extract accurate and precise Sm–Nd, or Lu–Hf ages on 
each zone. Pollington and Baxter (2011) review the potential and current limitations for zoned 
garnet geochronology by Sm–Nd. As analytical approaches continue to improve for Sm–Nd 
and Lu–Hf smaller, more highly resolved records will become increasingly feasible. This is 
the exciting future that awaits garnet petrochronology.

Geospeedometry with garnet

Given the time and expense required to obtain high precision zoned garnet geochronology 
data, additional methods of inferring approximate metamorphic duration are desirable, 
particularly for understanding events on timescales too short to resolve isotopically. Although 
diffusion was discussed previously as an obstacle to thermobarometry, chemical profiles that 
retain stranded and incompletely flattened chemical (or more precisely, chemical potential) 
gradients provide an opportunity to infer maximum metamorphic duration. This obstacle/
opportunity duality often referred to as ‘geospeedometry’ (c.f. Lasaga 1983) is discussed in 
detail by Kohn and Penniston-Dorland (2017, this volume) and reviewed briefly here because 
garnet has proven to be a particularly useful phase for geospeedometric study of tectono-
metamorphism (e.g., Chakraborty and Ganguly 1991; Perchuk et al. 1999; Dachs and Proyer 
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Figure 16. Zoned garnet geochronology for a single porphyroblast from Stillup Tal, Austria (modified from 
Pollington and Baxter 2010). Each garnet “zone” represents a concentric growth zone from core (zone 1) 
to rim (zone 13). When each is paired with the matrix, a pattern of systematically younging two-point iso-
chron ages is seen from core to rim, spanning about 7.5 million years as shown (inset). Bold dashed line is 
the ill-advised multi-point ‘errorchron’ resulting from combining all garnet data and the matrix. 
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2002; Fernando et al. 2003; Faryad and Chakraborty 2005; Storm and Spear 2005; Ague and 
Baxter 2007; Galli et al. 2011; Hallett and Spear 2011; Viete et al. 2011; Spear 2014).

Fick’s first and second laws relate flux, J, and chemical concentration, C, of component i 
to distance, x, and time, t:
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where Di is the diffusivity. Numerous experimental and modeling studies have ascertained 
Arrhenius relationships between D and T  for various major (e.g., Elphick et al. 1981; Loomis 
et al. 1985; Chakraborty and Ganguly 1991; Ganguly et al. 1998a; Carlson 2006; Ganguly 
2010; Vielzeuf and Saúl 2011; Chu and Ague 2015) and trace elements (e.g., Tirone et al. 
2005; Carlson 2012; Bloch et al. 2015) in garnet. The primary fitting parameters in most cases 
are a pre-exponential constant and an activation energy term, although many formulations 
consider activation volume and oxygen-fugacity terms, and some (e.g., Carlson 2006; Chu and 
Ague 2015) explicitly account for changes in diffusion coefficient across the range of possible 
garnet compositional space (e.g., stating that Fe would diffuse at a different rate through a 
grossular-dominated crystal than through an almandine-dominated crystal).

Geospeedometry (Lasaga 1983) typically uses Ficks’ second law cast into an appropriate 
geometry (e.g., Crank 1975) to model how an imposed initial chemical zoning profile would 
relax with time, with the aim of finding the duration that best-fits an analyzed profile (e.g., in a 
microprobe traverse through a garnet crystal). For diffusion of trace elements, D is essentially 
independent of chemical composition (though see Bloch et al. 2015 who posit a concentration 
dependence on REE diffusivity) and diffuses only in response to its own chemical potential 
gradients, so that calculation is straightforward with analytical (e.g., Crank 1975) or numerical 
techniques. Major element diffusion through the garnet lattice is less straightforward, with mass 
and charge balance constraints requiring neutrality at each point throughout the crystal and 
mandating coupling of diffusion. In essence one can think of this as follows: Fe cannot freely 
flow left through a 1-D model of a garnet crystal unless one or several other components are 
flowing right to compensate and maintain charge and volume. The four main divalent cations 
in garnet are thus often considered simultaneously, by generation of a 3 × 3 element diffusion 
matrix that couples tracer diffusivities of each component with their relative compositions. 
The fourth element is generally considered a dependent component (Lasaga 1979):
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which can be solved simply with a finite difference approach, as described in more detail in 
Spear’s MSA monograph (1993) and in Ganguly’s EMU Notes in Mineralogy (2002) and 
Reviews in Mineralogy and Geochemistry (2010) chapters.

Although the numerical solution is straightforward, constraining the initial, pre-diffusion 
profile is often difficult. Typically, initial profiles are either drawn subjectively, based upon the 
remnant preserved zoning and a petrologically and geometrically reasonable estimate of what 
the ‘undiffused’ profile must have looked like (e.g., Dachs and Proyer 2002; Ague and Baxter 
2007), or are assumed to be insignificantly zoned at peak temperature and develop zoning on 
rims due to changing equilibrium conditions during exhumation and cooling (e.g., O’Brien and 
Vrána 1995; Ganguly et al. 2000; Storm and Spear 2005). Kohn and Penniston-Dorland (2017, 
this volume) review such retrograde resetting in detail. A final constraint on initial profile 
comes from incorporation of information from equilibrium thermodynamic calculations to 
generate model profiles that would form during growth along a given P–T path (e.g., Florence 
and Spear 1991, 1993; Gaidies et al. 2008b; Caddick et al. 2010; Galli et al. 2011).

In all cases, the timescales retrieved by diffusion speedometry are only as good as (i) the 
initial profile modeled, (ii) the diffusivity data applied, (iii) the appropriate boundary conditions 
being set on the model, (iv) knowledge of the P–T and fO2

 conditions that the sample experienced. 
Garnet-based speedometry is probably most useful for defining maximum timescales of 
metamorphic heating that are consistent with retention of observed chemical zoning, thus 
yielding minimum permissible rates. Most diffusion occurs at or near to Tmax and a characteristic 
T of diffusion can be quantified for a complex P–T history accordingly (e.g., Chakraborty and 
Ganguly 1991). This means that speedometry is generally most sensitive to the duration spent near 
peak temperature, with more subtle information required to infer lower temperature metamorphic 
rates. Methodologies are also generally incapable of distinguishing single long ‘events’ from 
multiple, briefer pulses, typically only revealing the total integrated D(T)·t (e.g., Ague and Baxter 
2007; Kohn and Penniston-Dorland 2017, this volume). Thus without additional textural or 
compositional (thermodynamic) constraints there can be significant non-uniqueness in results, 
with strong, negative correlation between apparent peak temperature and apparent metamorphic 
duration. An example of this (from Galli et al. 2011) is described in the following section, which 
draws together aspects of both the ‘petro’ and ‘chrono’ of garnet into true petrochronology.

EXAMPLES OF PETRO-CHRONOLOGY OF GARNET

Figure 2 of this chapter provided a list of techniques to extract the ‘petro-’ of garnet and a list 
of techniques to extract the ‘chrono’ of garnet. The first two sections of the chapter have detailed 
those methodologies. Now, the stage is set for their integration into true garnet petrochronology. 
Below, we have chosen five examples from the literature of the past decade that show the great 
potential of garnet petrochronology. Other good examples exist (most of them have already 
been cited elsewhere in this chapter) and many more are in progress. Our hope is that, through 
these examples and our template in Figure 2, the reader will appreciate how to conceive of a 
garnet petrologic application, appreciate the unique and complementary value of the information 
extracted therefrom, and independently decide that it is worthy of the time and effort required.

Petrochronology of garnet: High pressure crustal metamorphism

Cheng et al. (2013; 2016) and Cheng and Cao (2015) present an impressive garnet 
petrochronologic dataset from eclogite samples of the Huwan shear zone in the northwestern 
boundary of the Hong-an orogen (Western Dabie). This suite of papers represents an 
excellent example of the power of garnet petrochronology via: 1) combined Lu–Hf and 
Sm–Nd geochronology, 2) zoned garnet geochronology, 3) P–T constraints on garnet growth 
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via thermodynamic modeling, and 4) comparison to zircon ages from the same sample 
suites. Cheng et al. (2013) presented combined Lu–Hf and Sm–Nd geochronology from the 
same handpicked eclogite garnet aliquots. Multi-point isochrons (Fig. 17) show remarkable 
consistency yielding 260.4 ± 2.0 Ma (n = 10; MSWD = 1.4) for Sm–Nd and 260.0 ± 1.0 (n = 9; 
MSWD = 1.0) for Lu–Hf. The tight agreement of each isochron data point, and between 
Sm–Nd and Lu–Hf ages are indicative of successful geochronology. The agreement between 
Lu–Hf and Sm–Nd ages itself is noteworthy, contradicting the oft-cited generalization that 
Lu–Hf ages are older than Sm–Nd ages. Here, according to the authors, handpicking efforts 
appear to have preferentially removed the Lu-rich garnet cores (that would normally skew 
a bulk crystal Lu–Hf age toward the early stages of garnet growth); thus both Lu–Hf and 
Sm–Nd ages date the same rim portion of the garnet. Eclogite facies mineral inclusions 
and P–T estimates from garnet rim chemistry pin the 260 Ma age to peak eclogite facies 
conditions. However the story, and the innovative garnet petrochronology, does not end 
there. The 260 Ma age of eclogite facies metamorphism is not reflected in zircon age data 
from the same area, which instead cluster mostly around 310 Ma. Thus, the garnet records 
an entire eclogite facies event that is apparently missed by the zircons. Subsequent papers 
by Cheng and Cao (2015) and Cheng et al. (2016) presented zoned garnet chronology on 
other eclogites from the field area to test whether garnet cores might in fact record an age 
more consistent with the zircon data. In the 2015 paper, garnet cores yielded Lu–Hf ages 
of 296.7 ± 3.8 Ma and rims gave both Lu–Hf and Sm–Nd ages of ~255 Ma. The Lu–Hf core 
age likely represents a mix between ~310 Ma eclogitic garnet and ~255 Ma eclogitic garnet, 
reflecting 40 million years of prolonged subduction zone metamorphic conditions between 
1.9 and 2.4 GPa at 500 °C to 575 °C, as constrained by intersecting core and rim isopleths 
in pseudosections. Finally, the 2016 paper revealed an even broader scatter of Lu–Hf data 
from multiple microsawed zones in a large garnet megacryst spanning 400 to 250 Ma; these 
ages matched age spectra of newly acquired zircon data. The data presented in this series 
of papers shows a range of ages because each garnet bearing sample, and each zone of 
individual garnet crystals, reflects and records a different stage in the complex evolution of 
this terrane. Only through direct garnet petrochronology were these authors able to recognize 
at least two distinct (ca. 400 Ma and ~310−255 Ma), and prolonged, episodes of subduction 
zone metamorphism, thus motivating further study on convergent margin geodynamics.

Figure 17. Lu–Hf and Sm–Nd multi-point garnet isochrons from the same garnet-bearing eclogite (modi-
fied from Cheng et al 2013). Note the perfect agreement of the two ages. When Lu–Hf and Sm–Nd are used 
to date the exact same age generation of garnet (in this case the rim) the two chronometers agree. Later 
work by Cheng et al (2016) found that garnet cores from other eclogites in this field area indeed contain an 
older generation of garnet. All garnet growth generations were linked to P–T conditions via thermodynamic 
modeling of garnet chemical isopleths, revealing multiple subduction episodes. “Bomb-WR” indicates 
sample in which the whole rock was fully dissolved in a Parr bomb. 
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Petrochronology of garnet: Geospeedometry and the timescales of granulite facies 
metamorphism

A primary motivation for deciphering metamorphic P–T paths is that knowledge of P–T 
evolution can help to reveal processes that control the evolution of plate margins and influence 
heating and cooling of Earth’s crust. Garnet petrochronology helped to address this in the 
case of granulite facies rocks from the Gruf Complex, eastern Central Alps. Assemblages in 
these rocks have long been thought to record substantially higher temperatures than in many 
surrounding lithologies (e.g., Droop and Bucher-Nurminen 1984) and they do not correlate 
easily with simple tectonic models of Alpine evolution. In a study of Gruf granulites and 
charnockites, Galli et al. (2011) constrained reaction sequences through careful textural 
analysis before estimating P–T conditions by (i) combining experimental constraints to 
determine the position of key reactions, (ii) mineral thermobarometry, (iii) construction of 
appropriate pseudosections for peak metamorphic conditions, and (iv) multiphase mineral 
thermobarometry to constrain the equilibration P–T of late-stage coronae and symplectites. 
Results suggest peak temperatures in excess of 900 ºC at ~9 kbar, with subsequent 
symplectite formation at closer to 720–740 ºC and ~7 kbar (Fig. 18a). Intriguingly, garnet 
crystals retain remnant ‘prograde’ chemical zoning (dashed curves in Fig. 18d), raising 
the question of how such high temperatures were achieved, how briefly they must have 
been maintained for, and what tectonic mechanisms were responsible. Zircons from Gruf 
charnockites contain Permian (~290–260 Ma) cores overgrown with Tertiary (~34–29 Ma) 
rims, with orthopyroxene inclusions implying that core ages record or post-date granulite 
facies metamorphism (Galli et al. 2012). Galli et al. (2011) thus described a two stage model, 
with ~900 ºC Permian metamorphism overprinted by symplectite formation during Alpine 
orogenesis (Fig. 18b-c). A coupled garnet growth and diffusion model was constructed for an 
assumed P–T path that experiences both events, using an appropriate bulk-rock composition 
and thermodynamic constraints to establish growth zoning during prograde metamorphism. 
Results were inconsistent with observed garnet zoning unless the initial event was rapid, 
experiencing ultra-high temperature conditions for less than ~1 Myrs (Fig. 18d). Typical 
Alpine metamorphic timescales of several tens of millions of years result in complete loss 
of prograde zoning if peak T is ~900 ºC, though a rapid early 900 ºC event overprinted by 
tens of millions of years of Alpine metamorphism reaching more typical peak temperatures 
for the region (~ 720 ºC) yielded relatively good fits to measured garnet compositions. In this 
petrochronology study, Galli et al. (2011) thus concluded that granulite facies temperatures 
were only sustained for a very brief period and were probably unrelated to Alpine collisional 
tectonics. Rocks then resided in the mid crust for ~250 Myrs, before experiencing exhumation 
and a second phase of metamorphism at conditions and rates compatible with interpretations 
from elsewhere in the region, possibly due to mechanical interaction with melts that now 
form an adjacent pluton (Galli et al. 2013).

Petrochronology of garnet: Timescales of lower crustal melting

Stowell et al. (2010, 2014) provide excellent examples of the use of petrochronology 
in understanding the timescales and conditions of high-temperature metamorphism, partial 
melting, and the generation of high Sr/Y magmas in the lower arc crust of Fiordland, NZ. 
Stowell et al. (2010) combined Sm–Nd garnet geochronology on drilled cores and rims, 
trace element zoning in garnet, phase equilibria modeling and U–Pb zircon geochronology to 
provide an integrated history of a short duration, high-pressure melting event recorded by the 
Pembroke Granulite. Garnet core and rim ages were indistinguishable within each sample (e.g., 
core age of 123.5 ± 2.1 Ma; rim age of 122.5 ± 2.1 Ma for a dioritic gneiss), attesting to the short 
duration of garnet growth. The duration of garnet growth and subsequent partial melting event 
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is constrained by comparing bulk garnet and zircon ages from a gabbroic gneiss showing no 
evidence of melting (garnet age of 126.1 ± 2.0 Ma) to bulk garnet and zircon ages from a dioritic 
gneiss that shows melting evidence (a garnet reaction zone and leucosome; peritectic garnet 
age of 122.6 ± 2.0 Ma). Well-preserved HREE zoning in the dioritic gneiss was attributed to the 
continued consumption of accessory phases during garnet growth. Phase equilibria modeling 
of the gabbroic gneiss indicates peak metamorphic conditions at 1.1−1.4 GPa and 680−815 ºC, 
with garnet growth occurring during a > 0.5 GPa increase. Intrusion of the Western Fiordland 
Orthogneiss (125−115 Ma) is synchronous with the granulite-facies event, indicating that 
voluminous arc magmatism may have triggered garnet growth and partial melting.

The combined geochronologic and thermodynamic approach allowed for the interpretation 
that thickening of arc crust resulted in high-pressure metamorphism and that granulite-facies 
garnet growth lasted 3−7 Ma, with subsequent partial melting occurring shortly thereafter, 
perhaps as little as 3 Ma later.

aa

b

c

d

ee

4

6

8

10

12

400 500 600 700 800 900 1000
Temperature, ˚C

P
re

ss
ur

e,
 k

ba
rs

P-T paths investigated in di�usion study

Initial heating to ‘granulite conditions’ (curve a–b) 
followed by:

Path type 1: Slow (250 Myrs) cooling to ‘Alpine 
conditions’  (black dashed curve b–c) then 20 Myrs 
cooling to 400˚C (dashed curve c–d)

Path type 2: Rapid cooling to low temperature (gray 
curve b–e), 240 Myrs residence at ‘e’,  then reheating 
(e–c), exhumation and cooling (c–d) at rates and P-T 
conditions consistent with other Alpine studies. Note 
that the temperature of point ‘e’ is unkown, so various 
possibilities were tested).

note that temperatures in the range
450 ˚C – 650 ˚C were tested for point e

Growth profile based on equilibrium
thermodynamic prediction for path a-b

(without diffusive relaxation)

0

0.2

0.4

0.6

0.8

500 1000 1500core

Fe

Ca
MnMn

Mg
Fe

Ca

Mg

m
ol

ef
ra

ct
io

n 
co

m
po

ne
nt

m
ol

ef
ra

ct
io

n 
co

m
po

ne
nt

m
ol

ef
ra

ct
io

n 
co

m
po

ne
nt

m
ol

ef
ra

ct
io

n 
co

m
po

ne
nt

Path type 1: Rapid heating to b,
250 Myr cooling to c, 20 Myr cooling to d

0

0.2

0.4

0.6

0.8

core 500 1000 1500

Fe
Mg
Fe
Mg

natural Mg
natural Ca

Path type 2: 1 Myr ‘granulite event’ (a–e),
240 Myr at e = 450 ˚C,

30 Myr ‘Alpine event’ (e–d)

0

0.2

0.4

0.6

0.8

500 1000 1500core

Fe

CaCa
MnMn

Mg

Fe

Mg

Radial distance from crystal core, µmRadial distance from crystal core, µm

Path type 2: 1 Myr ‘granulite event’ (a–e),
240 Myr at e = 650 ˚C,

30 Myr ‘Alpine event’ (e–d)

0

0.2

0.4

0.6

0.8

500 1000 1500core

FeFe

CaCa
MnMn

MgMg

600 700 800 900 1000
Temperature, ˚C

12

10

8

6

4

2

P
re

ss
ur

e,
 k

ba
r

a)

c) d)

700 800 900
Temperature, ˚C

1000

12

10

8

6

4

2

P
re

ss
ur

e,
 k

ba
r

b)

~ 32 Ma Alpine 
metamorphism

UHT Perian 
metamorphism 

(~ 272 Ma)

Granulite PT 
conditions from Galli 

et al. (2011)

Granulite PT conditions 
from Droop and 

Bucher-Nurminen (1984)

Alpine 
symplectite PT 
conditions from 

Galli et al. (2011)

Two metamorphic cycles (Galli et al., 
2011)

Single Alpine metamorphic cycle (e.g. 
Droop and Bucher-Nurminen, 1984)

Symplectite PT conditions 
from Droop and Bucher-

Nurminen( 1984)

Thermocalc, average PT

Best estimate post-peak 
conditions consistent with 
the central Alpine 
Lepontine metamorphism 
(from literature sources)

Equilibria associated with 
symplectite-forming 
reactions

Figure 18. Evolution of the Gruf complex modified from Galli et al (2011). A. Calculated locations of observed 
reactions in coronae and symplectites. B. P–T estimate for corona formation in the context of the peak P–T 
experienced, with age constraints where available. C. P–T path types for which model results are shown in 
subsequent panels. E. Garnet growth and diffusion model results showing: core-to-rim zoning in the absence 
of intra-crystalline diffusion in garnet; ‘type 1’ path experiencing slow cooling from peak temperature; ‘type 2’ 
path experiencing rapid UHT conditions followed by a long duration at 450 ̊ C, then a 30 Ma ‘Alpine metamor-
phic event’; ‘type 2 path’ but with intermediate residence at 650 ˚C. In each case, the solid curves are model 
results and the dashed curves show natural crystal zoning. See Galli et al (2011) for more details.



516 Baxter, Caddick & Dragovic

 Stowell et al. (2014) dated an additional nine granulite-facies rocks from around the 
Malaspina pluton using Sm–Nd garnet geochronology, and obtained ages ranging from 
115.6  ±  2.6 Ma to 110.6  ±  2.0 Ma, roughly 10 Ma later than that from the Pembroke Granulite 
(at conditions of ~920 ºC and 1.4−1.5 GPa), suggesting that high-pressure metamorphism and 
partial melting was diachronous over a > 3000 km2 area of the mid- to lower crust. Stowell et al. 
(2014) suggest this may result from pulsed underplating of magma in the lower crust or ‘drip-
style’ delamination of the lowermost crust. High-precision garnet geochronology allowed 
resolution of the diachronous nature of high-pressure metamorphism and partial melting, and 
when combined with constraints on the P–T conditions (and P–T path) during garnet growth, 
allows for interpretation of the regional tectonic framework upon loading, partial melting, and 
extensional collapse of the Fiordland arc crust.

Petrochronology of garnet: Subduction zone dehydration

Garnet growth typically results from the breakdown of hydrous phases during subduction 
zone metamorphism, and can thus be a powerful proxy for subduction zone devolatilization 
(Baxter and Caddick 2013). Dragovic et al. (2012, 2015) utilized zoned Sm–Nd garnet 
geochronology coupled with phase equilibria modeling in order to constrain the duration 
and rate of devolatilization during subduction of mafic and felsic lithologies, respectively, 
from the Cycladic Blueschist Unit of Sifnos, Greece. These papers combined some of the 
techniques described in previous sections (i.e., zoned geochronology and pseudosections), but 
also highlighted and resolved some of the challenges associated with Sm–Nd isotopic analyses 
of very small sample sizes. Dragovic et al. (2012) microdrilled three chemically distinct, 
concentric zones from each of two separate garnet crystals and dated them using Sm–Nd. All 
six garnet fractions could be placed onto a single isochron (see Fig. 11), indicating to a first 
order that garnet growth was very brief. When separated into three isochrons, the duration of 
garnet growth was calculated to be 0.04 Ma, with a 2σ maximum duration of ~1 Ma. Dragovic 
et al. (2015) took this much further, microdrilling and dating ten growth zones from each of 
two garnet crystal which revealed three distinct pulses of crystal growth, with the final pulse 
growing a majority of the garnet and occurring in < 0.8 Ma (Fig. 19a).
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In Dragovic et al. (2012), the P–T conditions for the interval of garnet growth were calculated 
with separate pseudosections for whole rock (for initiation of growth) and ‘garnet depleted 
rock’ (for the termination of growth) bulk compositions. Results imply initiation of crystal 
core growth at ~2.0 GPa and ~460 ºC and termination of rim growth ~2.2 GPa and ~560 ºC. 
In Dragovic et al. (2015), a path dependent thermodynamic forward model was employed in 
which phase equilibria were calculated at 0.5 ºC intervals along a prescribed P–T path, with 
stable garnet and fluid fractionated from the effective bulk composition at every interval. In both 
contributions, the change in bulk rock water content during the < 1 Ma garnet growth interval 
was calculated at ~ 0.3–0.5 wt%. The path dependent thermodynamic model was especially 
useful here, simultaneously 1) discerning the likely subduction P–T path, 2) modeling observed 
growth pulses of garnet, and 3) predicting the evolution of fluid release (Fig. 19b).

Both studies thus suggested a pulse of fluid release and heating (~100 ºC/Ma) spanning 
just hundreds of thousands of years. The high spatial resolution attainable by zoned garnet 
geochronology, the ability to measure smaller samples sizes (thinner growth zones), and 
the coupling with thermodynamic constraints gave the ability to distinguish whether garnet 
growth, and thus metamorphic devolatilization, was temporally continuous or focused into 
pulses of mineral growth and fluid production.

Petrochronology of garnet: Collisional tectonics and inverted metamorphic gradients

An improved understanding of the evolution of the well-known Himalayan inverted 
metamorphic gradient has been a goal of tectonic studies for several decades. The Lesser 
Himalayan sequence in Sikkim exposes an unusually complete section through the inverted 
Barrovian sequence, and a remarkable group of studies have repeatedly analyzed a suite 
of samples with various techniques to build a detailed picture of the evolution of these 
rocks. For example, sample 24/99 is an aluminous garnet schist from the Lesser Himalaya, 
first described by Dasgupta et al. (2009) and representing the low temperature base of the 
inverted metamorphic sequence. Dasgupta et al. (2009) subjected 24/99 to element mapping 
and quantitative microprobe analysis, using garnet–biotite thermometry and two methods 
of multiphase thermobarometry to infer that it reached peak conditions of ~ 525 ºC, 5 kbar. 
Pseudosection constraints suggested a somewhat higher peak temperature but confirmed 
texturally-derived interpretations that garnet grew at the expense of chlorite and chloritoid.

Garnets from all of the Barrovian zones were dated with Lu–Hf at very high precision 
in order to constrain the temporal evolution of the sequence. For example, garnet in sample 
24/99 was dated using Lu–Hf at 10.6 ± 0.2 Ma, suggesting that it experienced the youngest 
garnet growth in the sampled transect (Anczkiewicz et al. 2014). In the same study, zoned 
Lu–Hf geochronology on a kyanite grade sample implied garnet core growth at 13.7 ± 0.2 Ma 
and rim growth at 9.9 ± 3.8 Ma (Anczkiewicz et al. 2014). Taken together, data constrain the 
duration of prograde metamorphism (using first garnet growth as a marker) across the Lesser 
Himalayan sequence, showing that ages decrease towards structurally lower levels (and lower 
metamorphic grade) and suggesting that the garnet isograd swept through the entire sequence 
from garnet-grade to sillimanite-grade in ~6 Myrs.

The size, shape and distribution of every garnet crystal in a several cubic centimeter block 
of sample 24/99 was then mapped in 3-D (Gaidies et al. 2015). Analysis of results suggested 
clustering and no spatial ordering of garnet, providing little evidence for diffusion-controlled 
crystallization and suggesting that garnet nucleation and growth could have been controlled by 
crystal interface processes (Gaidies et al. 2015). Thin sections were cut through the geometric 
cores of the largest garnet crystals and were carefully characterized to define inclusion 
mineralogy and fabrics, and to quantify major element zoning profiles. Thermodynamic 
models helped to refine P–T paths, and garnet diffusion speedometry gave constraints on both 
the heating and cooling rates, though the extent of diffusion was limited in 24/99 because it did 
not reach a particularly high maximum temperature.



518 Baxter, Caddick & Dragovic

This entire remarkable dataset is shown to be consistent with models of a coherent Lesser 
Himalayan block being buried during collision (Anczkiewicz et al. 2014; Chakraborty et al. 
2016). All rocks reached their respective peak metamorphic conditions simultaneously but 
with those samples that eventually reach highest grade passing through garnet-in reactions first 
and thus recording earliest garnet growth (Anczkiewicz et al. 2014). This truly represents an 
integrated garnet petrochronology application.

OUTLOOK

Both the ‘petro’ and the ‘chrono’ of garnet have evolved significantly over the past 
several decades, and that evolution will continue as analytical methodologies improve and as 
the creativity of the scientific applications grows. We have touched on many aspects of that 
evolution here, showcasing a few examples of the current state of the art garnet petrochronology. 
Once, we were barely able to see the ‘tree rings’ of garnet growth. If the concentric growth rings 
in a garnet crystal can be likened to the pages of a history book (as suggested in Baxter and 
Scherer 2013), while we first only got to read the title, and then progressed to reading the title 
of each chapter, we are now able to read the record with the resolution of several pages. New 
petrologic techniques (thermodynamic, isotopic, textural, mechanical) are like learning new 
vocabulary that allows us to extract greater meaning and context from every chapter and page 
of that garnet chronology. What will the future hold? How soon and with what new analytical 
breakthroughs will we be able to read every single word of that garnet tree ring history book? 
Garnet petrochronology is not a panacea; its limitations and challenges must also be understood 
to fully harness its potential and it is quite possible that we will never be fully satisfied with 
the resolution of the story preserved in metamorphic rocks, or our ability to read that story. 
But as Lu–Hf and Sm–Nd geochronology become increasingly precise and accessible, and 
our understanding of the processes that embed chemical and isotopic signatures in crystals 
improve, garnet will surely become an ever more important member of the cadre of modern 
petrochronometers discussed in this RiMG volume. So although we have dwelled mostly here 
on previous examples and current methods, above all we encourage the reader to consider the 
potential of garnet petrochronology in deciphering the evolution of crustal processes.
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