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Abstract

Understanding the evolution and processes that shape our planet critically
depends on the robustness of the absolute ages and process durations ob-
tained from rocks and crystals. Two main aspects of time information on
magmatic systems are currently at the forefront of new knowledge. The ca-
pacity to determine process durations on human timescales makes it possible
to relate the magma dynamics below active volcanoes with the monitoring
signals measured at the surface, thereby improving eruption hazards mitiga-
tion. The combination of precise in situ dating of accessory minerals and dif-
fusion chronometry is unraveling the incremental growth of large silica-rich
magma reservoirs over thousands to hundreds of thousands of years and il-
luminates the complex relationships between plutonic and volcanic systems.
Further progress could be made by decreasing the volume of the analyzed
crystals and the error of time determinations, addressing the crystal repre-
sentativeness and sampling bias, and connecting the time information with
physicochemical models of magmatic systems.

m Rock-forming minerals are time capsules of magmatic processes that
occur on human timescales and can help to better anticipate volcanic
eruptions.

m In situ dating of accessory minerals reveals that large magma reservoirs
evolve through multiple thermal fluctuations of over tens to hundreds
of thousands of years.

m Progress on conceptual models of magma storage and rejuvenation re-
quires improved error analysis of timescales and representativeness of
crystal populations.
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1. INTRODUCTION

Determining the ages of rocks and crystals is essential to understanding Earth’s origin, how it
has evolved through time, and how it currently works (e.g., MacDougall 2008). Quantification of
the timing and rates of erosion, mountain building, metamorphism and igneous intrusions, the
creation of the oceanic crust, and the frequency of large volcanic eruptions provides the basic in-
formation to understand the processes that shape our planet (e.g., Reiners et al. 2018). Improved
analytical techniques over the past three decades have made it possible to determine the isotopic
and elemental concentrations of an increased number of elements, in minerals, glass, and rocks,
using incredibly small sample volumes (e.g., Reiners et al. 2018). This has facilitated much better
constraints on the ages and durations of a range of processes, including those related to mag-
matic rocks, which are the main subject of this review (e.g., Dosseto et al. 2010) (Figure 1). For
example, the improved precision of zircon ages has led to the quantification of the rates of incre-
mental emplacement of plutonic complexes in the continental crust on timescales of less than a
few million years (e.g., Schalttegger & Davies 2017). In the volcanic realm, precise time infor-
mation from crystals has shown that although crystal-rich magma silicic reservoirs are built over
hundreds of thousands of years, they can be primed for eruption in a few decades or less (e.g.,
Cooper 2015) (Figure 1). Short times of a few weeks to decades have been obtained for magma
replenishment, storage, and degassing of mafic subvolcanic reservoirs (e.g., Costa et al. 2020)
(Figure 1).

In many of these studies, the time is obtained from single crystals, and a general finding of
the past decades is that a single hand specimen of a volcanic or plutonic rock can contain crystal
populations of different origins and age ranges (e.g., Bacon & Lowenstern 2005) (Figure 2). The
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Figure 1

Synthetic and simplified summary of the ranges of timescales that have been determined in the past decades
for a variety of magmatic processes. Note the large ranges of timescales, from volcanic degassing to pluton
emplacement and large silicic calderas. Although not apparent in this figure, there is also a general relation of
increasing timescales from more mafic to more silicic magmas, and from small to large magmatic systems.
Figure adapted with permission from Cooper (2015, 2019), Costa et al. (2020), and Turner & Costa (2007).
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Figure 2

Two-dimensional X-ray map (false color image) of a basaltic andesite sample from Mayon volcano (Luzon
arc, Philippines). The rock contains a varied mineral assemblage and a range of crystals with different textures
and zoning patterns. The blue colors are mainly plagioclase and matrix glass, with lighter blue areas indicative
of higher Ca contents than darker blue areas. The yellow and red colors are pyroxene crystals, and the white
are Fe—Ti oxide crystals; empty vesicles and cracks are in black. The challenge is to be able to unravel the
ages and timescales recorded in the different crystals. Unfortunately, it is not possible to determine the age
of each crystal zone precisely enough to determine when they grew or how many are recycled from previous
eruptions. Much time and many financial resources are currently used to unravel the time information

from different crystal populations using isotope studies (e.g., Davidson et al. 2007) or using statistical
analysis of major elements from hundreds of crystals (Cheng & Costa 2019). Figure courtesy of D. Ruth.

variety of crystal populations may be the result of interactions between magmas originating from
the lower crust to the shallow subvolcanic reservoirs (e.g., Cashman et al. 2017), and much effort
and many financial resources are currently used to untangle the various crystal populations, ranges
of crystal ages, and their origins (e.g., Cheng & Costa 2019, Davidson et al. 2007).

This article reviews some recent findings related to the timescales of magmatic systems. The
objective is not to provide an exhaustive manual for the approaches or detailed data sets but to
highlight some of the recent ideas and current limitations as well as suggest some new ways for-
ward. Most of the article is focused on Quaternary volcanic systems of the continental crust, with
comments about plutonic systems and a very little on the mantle.

2. WHAT CLOCKS ARE USED TO OBTAIN TIME INFORMATION
FROM ROCKS?

There are two main approaches to access time information from rocks and minerals. One is based
on the rate of radioactive decay and makes possible direct dating and absolute age determinations.
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The other is based on thermodynamic and kinetic laws of equilibration of chemical heterogeneities
and yields relative time information.

2.1. The Radioactive Timescale

The age determination of crystals or rocks is based on radioactive decay laws (formulated by
Rutherford and Soddy in 1902). The nucleus of an unstable radioactive element (N), the so-called
parent, spontaneously decays (—) with time (t) to a radiogenic nuclide so-called daughter (N7),
so that N — N7 at a rate that is described by a decay constant (1):

dN

Commonly used systems for age determination from magmatic rocks are *K — *°Ar and
B8U — 29Ph (e.g., Allegre 2008). The number of daughter isotopes present at a given time is
Ni = N; + N?, where NY is the number of daughter isotopes present initially, at time 0. With
measurements of the parent and daughter isotopes, knowledge of the decay constant, and some
constraints on the initial concentration of the daughter isotope, it is possible to obtain an age (e.g.,
Allegre 2008). A critical aspect is to have good constraints on the initial daughter isotope (N?),
which is a priori unknown but is commonly addressed using the so-called isochron equation. Mea-
suring the isotopic composition of more than one mineral (or crystal or rock), and assuming they
have the same age and initial isotopic composition, it is possible to obtain the isochron age (e.g.,
Allegre 2008, Reiners et al. 2018):

N; =N+ N (- 1). 2.

To obtain a robust isochron age, at least three independent isotope determinations from coge-
netic crystals or rocks are necessary. However, this is not possible in many situations, and two data
points, pseudoisochrons, or model ages are used—for example, when dating volcanic rocks using
zircon and glass (e.g., Cooper 2015, Reid et al. 1997). This may introduce some errors, but greater
uncertainty arises when mineral separates with thousands of grains of potentially different ages are
analyzed together and then used as a single analysis in the isochron diagram (e.g., Allegre 2008).
The analysis of multigrains is necessary due to the low concentrations of many of the isotopes.
In addition, one also needs to consider whether the mineral(s) or rock(s) have remained closed to
additions or losses of parent or/and daughter atoms. Such modifications can occur due to weath-
ering, radiation damage, and other post-crystallization processes. But they also arise due to the
kinetic properties of elements—namely, different elements have different diffusion rates through
the crystal lattice. In practical terms, the age is related to the so-called closure temperature, which
is explained below in some detail (Figure 3).

Many geochronological studies have found that the ages obtained by U-Pb in zircon are typ-
ically tens to hundreds of thousands of years older than those obtained using **Ar/3*?Ar of rock-
forming silicates for the same samples (e.g., Costa 2008, Reid 2003). The *°Ar/*?Ar system in
volcanic rocks gives ages that are close to eruption when magma is quickly quenched (although
see Andersen et al. 2017), and for plutonic rocks, the ages may be closer to or below the solidus of
the magma. More specifically, all ages depend on the closure temperature (T) of the mineral and
the radiogenic daughter isotope according to (Dodson 1973) (Figure 3),

E AD,RT:
:ln -5 |, 3.
RT, Esa?

where E is the activation energy for volume diffusion, R is the gas constant, D, is the pre-
exponential factor of the diffusion coefficient (D), A is a geometric factor, s is the cooling rate,
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Closure temperatures for a range of elements calculated using Equation 3 and shown in the Supplemental Spreadsheet. The wide
range of closure temperatures of different elements even in a single mineral has the potential to tightly constrain the temperature-time
relations of magmatic systems. The elements and minerals shown illustrate the range of temperatures that can be explored but do not
exhaustively cover all the data available in the literature. The closure temperatures are for a sphere of a radius of 250 wm (except where
indicated for zircon, see below) and cooling rates between 1 and 1073 °Clyear. Abbreviation: REE, rare earth element. Data for olivine
(D values are typically for forsterite = 90 and parallel to ¢ axis): H-2 from Barth et al. (2019), Ti from Cherniak & Liang (2014), REE
from Cherniak (2010) and Cherniak & Van Orman (2014), Ca from Coogan et al. (2005a), H-1 from Demouchy & Mackwell (2006),
Fe-Mg from Dohmen & Chakraborty (2007), Li from Dohmen et al. (2010), Cr from Ito & Ganguly (2006), Ni from Petry et al.
(2004), and P from Watson et al. (2015). Data for plagioclase (mostly labradorite): Pb from Cherniak (1995), Sr from Cherniak &
Watson (1994), Ba from Cherniak (2002), REE from Cherniak (2003), Li from Giletti & Shanahan (1997), H from Johnson & Rossman
(2013), Mg from Van Orman et al. (2014), and Ar from Wartho et al. (2013). Data for sanidine and orthoclase: Pb from Cherniak
(1995), Sr from Cherniak (1996), Ba from Cherniak (2002), and Ar from Foland (1994). Data for clinopyroxene: Pb from Cherniak
(1998, 2001), Ti from Cherniak & Liang (2012), Li from Coogan et al. (2005b), Fe—Mg from Miiller et al. (2013), H from Sundvall
etal. (2009), and La and Y from Van Orman et al. (2001). Data for orthopyroxene: Pb from Cherniak (2001), Eu from Cherniak &
Liang (2007), Fe-Mg from Dohmen et al. (2016), Cr from Ganguly et al. (2007), H from Stalder & Skogby (2003), and Ti from
Cherniak & Liang (2012). Data for quartz: Ti-2 from Cherniak et al. (2007), Ti-1 from Jollands et al. 2020), H from Kronenberg et al.
(1986), Al from Tailby et al. (2018), and Li from Verhoogen (1952). Data for zircon (the 1 next to the element is for a crystal size of
100 pm, and the 2 is for 10 pm): Pb from Cherniak & Watson (2001); REE, U, and Th from Cherniak et al. (1997); H from Ingrin &

Peipei (2016), and Li from Trail et al. (2016).

and a is the diffusing distance. The closure temperature expresses the condition at which a given
crystal becomes closed to exchange of the daughter isotope with the environment via volume
diffusion. All other parameters being equal, the daughter elements with the fastest diffusivities
have the lowest closure temperatures (Figure 3; Supplemental Spreadsheet). Thus, it can
partly explain why the U-Pb ages of zircons are older than *Ar/*’Ar in feldspars (e.g., Costa
2008, Reid 2003), although other factors may be equally important, as argued in Section 3.2.
The development of thermochronology (Reiners et al. 2018) has exploited the range of closure
temperatures and enabled scientists to track the thermal evolution of metamorphic rocks (e.g.,
Ganguly 2002, Kohn & Penniston-Dorland 2017), which is conceptually similar to understanding
the thermal evolution of the magmatic systems discussed in this review.
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Table 1 Summary of the main attributes, time ranges, uncertainties, and materials used for obtaining time

information from isotopes of U-series disequilibria

Secular
Parent — Half-life of the equilibrium Useful timescale | Relative precision Sample
daughter daughter (years) (years) (years) (%) requirements
2387 — 230 75,690 400 k 1-400 k >2 zircon, allanite, in
situ analysis
>0.1 zircon, allanite,
single crystal
1-10 silicates/WR, many
grains®
BO0Th > 26Ra | 1,599 8k 100-10 k 1-10 silicates/WR, many
grains®
226Ra — 210pp 22.6 100 1-100 1-10 silicates/WR, many
grains®

*Many grains means hundreds or thousands.

The time ranges, precisions, and sample requirements are approximations and depend on the exact sample and instrument used. Abbreviation: WR, whole
rock. Data from Cooper (2015), Cooper & Reid (2008), Schmitt (2011), and Schmitt & Vazquez (2017).

2.1.1. U-Th-series disequilibria. The absolute precision of the dates decreases as the abso-
lute time increases, and thus one can better determine the timescales of the shortest magmatic
processes in younger rather than in older rocks (e.g., Allegre 2008). Dating of zircon with 23U —
206Ph can provide age information from magmatic systems with relative precisions as good as 0.1%
and absolute precisions of a few thousand years (e.g., Schaltegger & Davies 2017). Even shorter
timescales, especially from young volcanic rocks, can be obtained by applying the so-called U-
series disequilibria, which include the radioactive chain of 2**U — 2*Th — ?26Ra — 21Pb (e.g.,
Allegre 2008, Condomines et al. 2003, Reiners et al. 2018). This method requires the same condi-
tions as noted above, except that the daughter isotope is also radioactive, and the initial condition
is that of secular equilibrium. The concentrations of nuclides of the radioactive series are in secular
equilibrium when the time is about 5 times the half-life of the daughter isotope (Condomines et al.
2003, Cooper & Reid 2008) (Table 1). A magmatic process that fractionates the parent-daughter
nuclides such as partial melting, crystallization, or melt degassing (depending on the crystal-melt
or melt-fluid partition coefficients) breaks the secular equilibrium concentration of the nuclides
and starts the clock (Condomines et al. 2003, Cooper & Reid 2008). Using the full spectra of U-
series isotopes allows one to determine times ranging from a few weeks to hundreds of thousands
of years, depending on which process fractionates which element (Figure 4).

Dates from areas of tens of micrometers can be obtained with 2*#U — 239Th in accessory U-rich
minerals such as zircon or allanite using an in situ method, such as the ion microprobe [secondary-
ion mass spectrometry (SIMS)] or laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) (e.g., Schmitt 2011, Schmitt & Vazquez 2017). However, the low concentrations of
the relevant isotopes in rock-forming silicates cannot be obtained using in situ methods and re-
quire the use of mineral separates of hundreds or thousands of grains, which likely include crystals
of different ages (e.g., Figure 2); thus, these ages are likely of mixed crystal populations. Moreover,
the presence of accessory minerals and melt inclusions in the rock-forming minerals needs to be
accounted for, as they concentrate the relevant isotopes and thus add significant uncertainty to
interpretation of the ages of the rock-forming minerals (e.g., Cooper 2015, Cooper & Reid 2008).

One advantage of U-series disequilibria dating is that a single measurement can place bound-
aries on the time between the parent-daughter fractionation event and eruption. This has been
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Figure 4

Schematic representation of a volcano plumbing system and the ranges of times and types of processes that
can be obtained via U-series disequilibria methods. Note the large range of timescales that can be obtained
and that different parent-daughter systems record the timescales of different processes, from volatile loss
from the melt to crystal-liquid separation. >?6Ra and 238U excesses on timescales less than 8,000 years and
less than 380,000 years, respectively, can be generated by fluid addition from a subducting slab. Crustal
assimilation of carbonate material can potentially contribute the addition of 22°Ra and 2*3U to the magma;
222Rn and 21%Po can track the much shorter timescale of magma ascent and degassing of volatile-rich
magma. Figure and caption adapted with permission from Handley et al. (2018), figure 6, for Merapi volcano.

successfully used to obtain maximum eruption ages (e.g., Condomines et al. 2003, Sims et al.
2013). Moreover, U-series data can also be used to determine the timescales of mantle melting
and transport toward the surface, magmatic differentiation of cogenetic rock associations, and
melt degassing (e.g., Condomines et al. 2003, Dosseto et al. 2010) (Figure 4).

2.2. The Thermodynamic Timescale

Diffusion chronometry is another approach to obtain time information, and it is based on irre-
versible thermodynamics and kinetic laws (e.g., Costa & Morgan 2010, Costa et al. 2008). The
second law of thermodynamics states that the entropy of an isolated system increases with time,
which has been dubbed time’s arrow because it gives a direction to processes that could otherwise
be time reversible (e.g., Richet 1999). In practical terms, time can be obtained from the condi-
tions of chemical equilibrium and application of Fick’s laws. Fick’s second law in one dimension
(x, distance) relates the change of concentration (C) with time (t) to the change of gradient of
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Example of determination of timescales of magmatic processes from zoning patterns of crystals. (#) The crystal is a spinel zoned in Cr
for which one can obtain a two-dimensional map of the chemical distribution (izse) and a one-dimensional profile that has been fitted
to obtain a time. The model reproduces the data quite well. The dashed gray line is the assumed initial concentration distribution, and
the boundary has been assumed to be constant with time and equal to that of the outermost rim. () The times obtained vary depending
on the temperature. Mutch et al. (2019) used a Bayesian approach to estimate the error of the time and report the median and 1 . The
time in this example illustrates a magma mixing event that occurred in the lower crust for the Borgarhraun eruption in Iceland. Figure
adapted with permission from Mutch et al. (2019).

concentration, and the diffusion coefficient (D):
aC 9*C
— =D—-.
ot ox?
To obtain a time, one solves this equation by numerical methods (e.g., finite differences) or an

analytical solution (Crank 1975), depending on the initial (e.g., concentration distribution at time 0
for all x) and boundary conditions. The latter include whether the system is finite and whether the

4.

concentration at the boundaries is constant with time. With a given set of conditions, measurement
of concentration gradients in minerals or glass, and knowledge of the diffusion coefficient, one can
solve for time using a forward model (e.g., Costa & Morgan 2010, Costa et al. 2008, Girona &
Costa 2013) (Figure 5).

The power of this approach is that many time determinations can be obtained from a single
sample using multiple elements in a single crystal (e.g., Costa & Dungan 2005), a range of minerals
(e.g., Chamberlain et al. 2014, Fabbro et al. 2017), and many crystals (tens to hundreds) (Pankhurst
et al. 2018). Moreover, the wide range of spatial scales (from tens of nanometers to hundreds of
micrometers), the improved precision with which elements and isotopes can be measured nowa-
days (e.g., by LA-ICP-MS, SIMS, nanoscale SIMS, and atom probe tomography) (Cao etal. 2019,
Manzini etal. 2017, Oeser etal. 2015, Till et al. 2015), and the wide range of closure temperatures
(Figure 3) make it possible to access timescales of a few seconds to millions of years (e.g., Costa
et al. 2020). The precision of the time determination does not depend on the absolute age, and
thus very short timescales can be obtained for very old samples.

The large potential of the kinetic approach is, however, tempered by the uncertainties involved
in the times that are obtained. Some uncertainties are related to the natural system, including the
spatial and analytical precision of the concentration profile, the goodness of the model fit, how well
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one knows the temperature and initial and boundary conditions, the effect of crystal growth and
dissolution, and the effect of two- and three-dimensional diffusion. Except for the temperature, the
uncertainty in most of these variables is typically less than 50% and can be greatly minimized by
careful petrological observations and multielement analysis as reported in detail elsewhere (e.g.,
Costa & Morgan 2010; Costa et al. 2008; Flaherty et al. 2018; Gualda et al. 2012; Shea et al.
2015a,b).

The largest uncertainties are related to the temperature and the accuracy/precision of the dif-
fusion coefficient. These two factors are combined in the Arrhenius-type dependence of the dif-
fusion coefficient on temperature:

D =D, exp (—%) 5.

The diffusion coefficient also depends on pressure (although it can typically be ignored for crustal
pressures), whose effect is included in the exponential (e.g., Chakraborty 2010). Diffusion of
some elements also depends on the mineral composition itself, the oxygen and water fugacities,
with these effects typically included in the pre-exponential factor (e.g., for Fe-Mg in olivine, see
Dohmen & Chakraborty 2007). The contribution of these parameters to the value of the diffusion
coefficient is typically smaller than that of temperature (e.g., Zhang & Cherniak 2010).

Errors associated with temperature and the experimentally calibrated values of D, and E can
be quite variable and depend on the natural system and the experimental study. Temperature un-
certainties from natural systems vary from about 10°C if experimental phase equilibria are used
to about 50°C for many geothermometers (e.g., Putirka 2008). The combined effect of uncertain-
ties in T, E, and D, on the value of D can be calculated by error propagation of Equation 5 (e.g.,
Gualda et al. 2012) (Supplemental Text). The errors on D can be quite variable, from about 70%
to 350% (or much larger), and these are directly translated into the error of the calculated times
(Table 2). However, with these uncertainties, it is still possible to distinguish between various
magmatic hypotheses, and for some applications one is interested in relative time differences, and
thus the uncertainty when comparing times using the same mineral/element is not as significant.

3. MAIN FINDINGS AND HYPOTHESES ABOUT MAGMATIC SYSTEMS
FROM AGE AND TIMESCALE STUDIES

Studies that investigate the rates and timescales of magmatic systems can be loosely grouped into
those that focus on relatively small mafic eruptions (less than 1 km?*) and those aiming at under-
standing processes related to large silicic magma bodies (greater than 10 km®). Selected examples
that illustrate the findings and problems of both types of studies are described below.

3.1. Timescales of Magma Replenishment, Mixing, Differentiation,
and Degassing

Many studies have used diffusion chronometry to quantify the timescales of arrival of mafic magma
in shallow reservoirs and have found times that vary from a few weeks to a few years (e.g., Costa
et al. 2020). These times are similar to the eruption frequencies of many of these volcanoes (e.g.,
Etna, Stromboli, Piton de la Fournaise, Kilauea), which implies that many eruptions are driven by
magma replenishment, that most intruded magma is erupted, and thus that the volcanic system is
in a steady state, as has also been inferred by time-series analysis of geochemical data (Albarede
1993). Other studies highlight the importance of crystal-rich plumbing systems, as crystals contain
resorbed cores that belong to earlier intrusions (decades to hundreds of years) and rims that record
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Table 2 Examples of magnitude error in the diffusion coefficient associated with the uncertainties (1 o) of

experimentally calibrated values of the pre-exponential factor of the diffusion coefficient (D,) and the activation

energy for volume diffusion (E), and assuming a temperature (T) uncertainty from the natural system of 25°C

E
Element, D, D, (m?s™!) E (kJmol~') T (°C) D D (m2s™!)
mineral (m?s71) lo (kJmol~') lo T (°C) lo (m?s71) lo F %
Ni, olivine 3.84 x +2.50 x 216 6 1,150 25 4.52 x +4.00 x 0.9, 90, 70
107 109, 10717 10777, 0.7
—1.50 x —3.24 x
1077 107V
Sr, plagio- 1.78 x +3.80 x 265 8 950 25 8.54 x +2.00 x 2.3, 230,
clase 107 107, 10-! 10718, 1.1 110
—8.32 x —9.04 x
10-8 1071
Fe-Mg, 2.77 x +8.76 x 230 16 1,050 25 6.03 x +2.12 x 3.5, 350,
clinopy- 1077 1077, 10720 [ 107, 1.6 160
roxene —8.76 x —9.57 x
108 1020
Ti, quartz 5.01 x +1.26 x 311 12 750 25 6.60 x +1.99 x 3.0, 300,
1077 1078, 1072 10724, 1.7 170
—2.00 x —1.13 x
10-° 107

Error in D calculated by error propagation assuming independent errors (see Supplemental Text). Note that errors in D are not symmetrical because D,
and E are typically obtained by linear regression of Log of Equation 5 (e.g., InD = InD,, — [E/RT]). These numbers are the percent of the contribution to
the error in D from Dy, E, and T F is the factor error and translates directly to a factor in the timescale. For example, if time calculated from Ni was 100

days, it would read 100720

=70

days. Also shown is the relative error in percent. Data for Ni in olivine from Petry et al. (2004), for Sr in plagioclase from

Cherniak & Watson (1994), for Fe-Mg in clinopyroxene from Miiller et al. (2013), and for Ti in quartz from Jollands et al. (2020).
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much shorter times (e.g., Di Stefano et al. 2020, Ubide et al. 2019). Crystals from monogenetic
or/and dike-fed eruptions record magma transport and storage times of weeks to months (e.g.,
Albert et al. 2020, Brenna et al. 2018, Pankhurst et al. 2018, Ruprecht & Plank 2013), whereas
magma mixing in the lower crust has been reported to occur over several centuries before eruption
(e.g., Mutch et al. 2019).

The timescale data from these studies can be used to establish an absolute time series of events
of magmatic processes if the eruption dates are known (Kahl et al. 2011). It has thus become
possible to track magma storage changes with time as the system gets closer to eruption and relate
these to volcano monitoring data sets (e.g., Albert et al. 2019, Costa et al. 2020, Kahl et al. 2013,
Rasmussen et al. 2018, Ruth et al. 2018). One example is the 2010 flank eruption of Eyjafjallajokull
volcano (Pankhurst et al. 2018) (Figure 6). The absolute times and distributions obtained from
the crystals indicate magma intrusion and stalling at shallow depth and a cumulative number of
earthquakes, and they match quite well with the timing and relative magnitude changes of the
GPS displacements (Figure 6). This suggests a cause-effect relationship between the magmatic
processes at depth and the monitoring signals at the surface, which is a step forward toward more
robust conceptual models involved in eruptions at these volcanoes.

The timescales of the shallow processes described above are typically too short to be obtained
using U-series disequilibria on single crystals or zones of crystals (e.g., Cooper 2015). How-
ever, analysis of historical sequences of lavas, and glass-rich samples, combined with geochem-
ical modeling has provided insights into the timescale of magma differentiation and degassing
(e.g., Condomines et al. 2003). For example, Sigmarsson (1996) used *'°Pb-*26Ra disequilibria
in Surtsey and Heimaey (Iceland) lavas to infer a time of about 10 years for a small volume of
basaltic magma to differentiate into hawaiite and mugearite magmas. More recently, Bragagni etal.
(2014) investigated the **Th/?**Th changes over two decades of Stromboli volcanic eruptions and
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Figure 6

Example of the relationship between the timescales obtained from crystals and those of monitoring
networks. () Timescale information distribution from the olivine crystals of the 2010 flank eruption of
Eyjafjallajokull volcano where the relative times for magma crystallization and setting in a dike have been
recalculated to absolute time and plotted in a cumulative form. They show a distribution that is close to
exponential, with an increasing amount of times as the system gets closer to eruption. (b)) Time series of
monitoring data for ground displacement (GPS SKOG station, red circles with error bars) and cumulative
number of earthquakes (from Sigmundsson et al. 2010). The good correlation in time and cumulative
distributions of the crystal and monitoring data indicate the data from crystals are recording the processes
that are occurring at depth and that are recorded as monitoring signals on the surface. In this case one can
see magma intrusion, crystallization, and movement toward the surface. Figure adapted with permission
from Pankhurst et al. (2018), figures 5 and 8.

inferred magma residence times of a few years to about half a century. Finally, Handley et al. (2018)
investigated multiple samples from the 2006 and 2010 eruptions of Merapi volcano and were able
to use the very short-lived 2!°Po/2!Pb disequilibria to infer the timescales of magma degassing of
a few months, in accordance with those monitored at the surface (Figure 4).

3.2. Growth and Storage of Large Silicic Magma Reservoirs

The timescales and magmatic processes related to large silicic eruptions and plutons (greater than
100 km*) have been mainly obtained using single zircon crystals. Many studies have found that the
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Figure 7

Cathodoluminescence images of two zircon crystals (G20 and G42) with examples of ranges of ages that can be obtained from different
zones of a single zircon crystal using in situ methods. Note that it is possible to determine the age of the outermost crystal rim, and that
in some cases it overlaps with that of eruption (G42), but in other cases it can be much older. The large range of ages within a single
crystal records the complex history of magma accumulation over tens of thousands of years and which likely involve large thermal
fluctuations from close to the solidus to the liquidus. Figure adapted with permission from Rubin et al. (2017).

zircon ages are tens to hundreds of thousands of years older than eruption age, or even longer for
times between crystallization, growth, and solidification of plutonic complexes (e.g., Costa 2008,
Reid 2003, Schaltegger & Davies 2017). Such long time spans have also been recorded within
a single crystal using in situ methods (Figure 7). The zircon age data are interpreted to reflect
the processes involved in the buildup and storage of these large amounts of magma. The long
residence times were initially obtained from Rb-Sr isochrons of feldspars for the Long Valley
caldera system (Halliday et al. 1989) and later by in situ zircon data (Reid et al. 1997). They were
taken as evidence for the existence of large and liquid-dominated upper crustal magma chambers
(e.g., Halliday et al. 1989), although already Mahood & Halliday (1990) argued that parts of the
reservoir could be frozen as an immobile mush that could be defrosted before eruption. This
interpretation is similar to more recently proposed views that reservoirs are crystal rich and are
built over tens of thousands of years or longer by smaller incremental additions of magma (e.g.,
Cooper 2015, Cooper & Kent 2014, Wilson & Charlier 2009). Incremental addition of magma
batches has also become the new working hypothesis for the buildup of large plutons (Barboni
etal. 2015, Coleman et al. 2004, Miller et al. 2007, Schoene et al. 2012).

A key component for understanding the meaning of these crystal ages is the diffusion chronom-
etry timescales. Diffusion chronometry results from pyroxenes, quartz, and feldspars (e.g., Allan
etal. 2013, Chamberlain et al. 2014, Druitt et al. 2012, Fabbro et al. 2017, Gualda et al. 2012, Till
et al. 2015) vary from a few years to a few hundred years (rarely up to 1 kyr) and thus are much
shorter than those obtained from zircon ages. Such a time difference has generated a range of
hypotheses about the magmatic system (Figure 8). One interpretation is that the rock-forming
silicates mainly record the last thermal or/and compositional perturbation of the system (e.g.,
Turner & Costa 2007). A further possibility is that the zircon and the rock-forming minerals ac-
tually grew at different times (e.g., Reid 2003). Zircon dissolves more slowly in silicate melts than
most rock-forming minerals (e.g., Zhang 2008); it can survive multiple reheating episodes.

An interpretation that has attracted much attention is that the magmatic system may spend
a significant amount of time below the closure temperature of most elements and rock-forming
minerals (Figure 3), and thus the diffusion clock could effectively stop (e.g., Cooper & Kent 2014).
This hypothesis has been called cold storage and has been contrasted with the alternative warm
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Observation

There are large time differences between zircon dates (U-series, U-Pb)
and diffusion chronometry timescales from rock-forming minerals

Hypotheses
(1 (2 ©

Diffusion chronometry of rock-forming Zircon is much more resistant to It is very difficult to properly use
mineral rims records only the last dissolution than rock-forming silicates diffusion chronometry with systems
perturbation of the system, while and thus records a much longer history with long and complex and thermal
zircons record the whole history histories, and thus zircon dates are

more accurate (warm storage)

(4] (5] (6]

Zircons start growing at the deepest Some of the diffusion coefficients may The magmatic system spends most of
parts and survive aggregation through not be properly calibrated its time below the closure temperature
the crustal magma column, while of the rock-forming chronometers,
rock-forming minerals do not while zircon keeps recording time
necessarily do this (cold storage)
Figure 8

Nonexhaustive and nonexclusive list of hypotheses that have been put forward (and are discussed in the text) to interpret the difference
between zircon (and allanite) radiometric dates and times obtained from diffusion chronometry for the same system. Distinguishing
between the different possibilities requires a comprehensive study of the magmatic system at hand, from using diffusion chronometry
of rock-forming minerals to in situ dating of accessory minerals. Moreover, the errors of some of the time determinations and the
representativeness of the limited number of crystals that can be studied also need to be considered for a more robust interpretation.

storage, where the zircon time and temperature relations indicate continued storage at a high
temperature for hundreds of thousands of years, which would be difficult to capture by diffusion
chronometry studies (e.g., Barboni et al. 2016, Miller 2016). Finally, some studies of plutonic rocks
suggest that zircon could have crystallized at deep crustal levels and was subsequently transported
to the upper crust in small magma batches (e.g., Barboni et al. 2015, Schaltegger & Davies 2017).

Three studies have recently provided exceptional data sets that combine diffusion chronometry
and mineral dating and have contributed to this debate in new ways. Rubin et al. (2017) obtained
(for the first time) in situ zircon ages and diffusion chronometry times by modeling the zoning
patterns of Li in the exact same materials. They found that the zircons recorded tens of thousands
of years of crystallization, whereas the timescales for Li were of only a few decades. Given the
low closure temperature of Li in zircon (Figure 3), this implies that the magma was stored at
temperatures close to the solidus for long periods of time and thus supports the cold storage
hypothesis. However, it is unclear whether the Li diffusivity is understood well enough to derive
such conclusions (e.g., Cooper et al. 2017, Sliwinski et al. 2018, Tang et al. 2017, Wilson et al.
2017). The importance of properly understanding diffusion kinetics was recently exemplified by
Jollands et al. (2020), who reported Ti diffusivity values in quartz that are about 100 times slower
than those found by Cherniak et al. (2007). This new data set could imply that thermal fluctuations
derived from Ti diffusion chronometry in quartz from silicic magmas such as the Bishop Tuff could
last for tens of thousands of years, in agreement with (or even longer than) those obtained from
zircon age data (e.g., Chamberlain et al. 2014, Gualda et al. 2012, Reid & Coath 2000, Simon &
Reid 2005, Wark et al. 2007). This is consistent with a hot storage hypothesis (Jollands et al. 2020).
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Example of the importance of obtaining crystal ages from zircons that are texturally controlled and placed into an overall context of the
processes. Chambers et al. (2020) extracted zircon crystals from the core and rim of a K-feldspar megacryst, as well as from the matrix
of the Tuolumne pluton (Yosemite National Park, USA). They found that the zircon crystals became progressively younger from the
center to the rim and matrix. The finding implies that the megacryst was growing for about 500 kyr during which melt was present.
Such data sets are critical to obtain more robust insights into the processes, as opposed to crushing up the whole rock and obtaining
ages from zircons without textural context. Figure adapted with permission from Chambers et al. (2020), figures 2 and 3.
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Finally, a plutonic perspective on these processes was recently provided by Chambers et al. (2020),
who precisely dated zircons included in different parts of a large K-feldspar megacryst (greater
than 3 cm) from the Tuolumne granitoid batholith. The zircons in the crystal core are about
500 kyr older than those in the rim, which are, in turn, older than those in the matrix (Figure 9).
Thus, growth of this K-feldspar crystal spanned several hundred kiloyears and thus presumably
also supports a hot storage scenario, although the errors in time determination still allow periods
of a few hundred to a few thousand years of low temperature storage.

4. MAIN CHALLENGES AND POTENTIAL WAYS FORWARD

Despite the above-mentioned significant advances in revealing magmatic crystal ages, several lim-
itations preclude more robust and quantitative understanding. Some of the limitations are related
to precise dating of small parts of crystals by U-Th disequilibria, and others are linked to the er-
rors associated to the diffusion chronometry times. There are also problems of sampling bias and
representativeness of the crystals that are used to derive the time information. Below are some pro-
posed avenues of research, and the reader is referred to additional suggestions by Cooper (2019)
and Costa et al. (2020).

4.1. Improve the Robustness of Diffusion Chronometry Times with Integration
of Information from Multiple Elements and Minerals
and Better Constraints on Temperature

It is now possible to analyze a wide range of elements with a high spatial resolution and preci-
sion, which, when combined with the wide range of closure temperatures (Figure 3), affords a
more realistic view of the temperature-time relations of a magmatic system. A few studies have
used multielement and multimineral data sets, but analysis should be done more systematically
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Example of the use of two elements with different activation energies [Xg, is about 200 kJ/mol (Dohmen &
Chakraborty 2007), and Xc is about 300 kJ/mol (Ito & Ganguly 2006)] that diffuse in the same mineral
(olivine) to constrain simultaneously temperature and time. The blue curve shows how the ratio of the
diffusion distance of the two elements varies with temperature, and it is independent of time. Measurement
of such a ratio from a natural olivine can be used to obtain the temperature. Knowing the temperature, using
the diffusion distance of one of the two elements (here shown for Fo) allows one to obtain the time. It is
worth noting that these findings are valid only when the two elements have the same initial and boundary
conditions and the solution for distance is for a homogenous initial condition and for semi-infinite media.
Please see the main text for more details.

to explain the differences between the times obtained from different minerals and elements (e.g.,
Chamberlain et al. 2014, de Maisonneuve et al. 2016, Fabbro et al. 2017, Flaherty et al. 2018). An
unexplored advantage of using multiple elements is that, in principle, it is possible to obtain both
temperature and time simultaneously, and thus potentially decrease the error of the calculated
times. If two elements (7 and ) in the same crystal have significantly different activation energies
(E; # E;) and have the same initial and boundary conditions, one can use (as an example) the
relation for the characteristic diffusion distance as x> = D*t and write the following equations:

X =D; (T)'t, 6.
xj =D; (T)"t,and 7.
x _ D, (T) .
x; D, (T) '

where the dependence of D on T [D; (T)] follows Arrhenius-type Equation 5. From Equation 8
it becomes apparent that the ratio of diffusivities of the two elements at the same temperature is
equal to the ratio of the square root of their diffusion distances (Figure 10). Thus, by measuring
the diffusion distances of the two elements in a natural crystal, one can find a unique T that is
independent of time, and simple replacement of Equation 8 in Equations 6 or 7 gives the time.
How well this approach can constrain temperature and time depends on the differences between
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activation energies and diffusion distances, but it should be possible, for example, to use Fe-Mg
and Cr diffusion in olivine (Figure 10). If diffusion anisotropy for the same element includes
different activation energies, one can use a single element to get T and t (Cr in olivine) (Ito &
Ganguly 2006). This approach could be expanded to different elements in different minerals as
it is done in thermochronology (e.g., Reiners 2009), but additional assumptions are necessary on
the initial plus boundary conditions.

4.2. Improve the Robustness of U-Th Age Dating and Times by Integrating
Information from Multiple Decay Systems and Minerals with Textural Controls
and Diffusion Chronometry

Most crystal age data derived from U-series disequilibria are from zircon or allanite, with com-
paratively few data sets from rock-forming minerals (e.g., Cooper 2015, 2019; Cooper & Reid
2008). This is because the much lower concentrations of the isotopes in the silicates do not allow
for individual zones to be precisely analyzed and because of the need for many correction proce-
dures when mineral separates are used (e.g., Cooper 2015). A very limited number of studies have
dated accessory and major minerals in the same samples, and they seem to record different stages
and/or locations of storage in the reservoir (Cooper 2015). There are also a limited number of
cases where 23U-#0Th ages and **Th-??°Ra ages have been measured in the same samples, and
they give discordant apparent ages indicating multistage crystallization and/or mixing of multiple
crystal populations (Reiners et al. 2018). More studies that combine accessory and major minerals
and different isotopic systems in the same materials are necessary, but progress seems to depend
on analytical advances in in situ mass spectrometry or perhaps on microdrilling of large crystals
(e.g., Condomines et al. 2003). Combining detailed textural information with the ages of the an-
alyzed accessory minerals (e.g., Kohn & Penniston-Dorland 2017) can also bring new insights
(e.g., Chambers et al. 2020) (Figure 9). Finally, combining age dating and diffusion chronometry
in the same minerals remains very challenging, but it seems a sure avenue for new discoveries to
be made (e.g., Rubin et al. 2017).

4.3. Crystal Statistics and Integration of Physicochemical Models into Age
Dating and Diffusion Chronometry

The meaningfulness of radiometric dates and time information depends on the availability, choice,
and number of crystals that are studied. In both methods one is limited in the number of crystals,
and given the variety of crystal textures and compositions in a single hand specimen (Figure 2),
it is important to establish whether the studied crystals/samples are representative (e.g., Cheng
etal. 2017). Moreover, it is also important to test whether the resolution of the crystal radiometric
dates is adequate to test the hypothesis one is proposing, and thus more statistical analysis of the
crystal populations and sampling bias effects is needed (e.g., Cheng et al. 2020, Kent & Cooper
2018).

Finally, coupling of thermal and chemical evolution models with crystal age and diffusion
chronometry is currently one of the research frontiers. This is not easy, given the complexity of
multiphase magmas (coupling of crystals, melt, and fluids), the multicomponent nature of silicate
melts (thermodynamic and kinetic nonideality), the lack of diffusion data for many trace elements
in the melt, and the wide ranges of physical properties of magmas and crystal-rich systems (e.g.,
Bachmann & Huber 2019, Bergantz et al. 2015). A few studies from plutonic systems have incor-
porated thermal modeling to the interpretation of their radiometric dating results (e.g., Barboni
etal. 2015, Karakas etal. 2019). Likewise, a few studies using diffusion chronometry have addressed
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the importance of realistic temperature and boundary changes during magma mixing (e.g., Cheng
et al. 2020, de Maisonneuve et al. 2016). Finally, some progress has been made with the coupling
of thermal evolution and crystallization and dissolution of zircon (Bindeman & Melnik 2016), but
addition of silicates would make it possible, for example, to test whether the different timescales
obtained from rock-forming minerals and zircons are due to differential dissolution rates (e.g.,

Zhang 2008).
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