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Diffusion chronometry and the
timescales of magmatic processes

128 T Shea’ and T. Ubide*

F. Costa

Abstract | Volcanic eruptions can represent major societal hazards. Placing tighter bounds on
the timescales of magmatic processes that precede eruptions is, therefore, important for volcano
monitoring and forecasting. Diffusion chronometry, where volcanic crystals that contain chemical
gradients are treated as time capsules, allows the timescale of various magmatic processes to

be constrained. In this Review, we discuss the basics of diffusion chronometry and describe how
re-equilibration via chemical diffusion provides insights into the timescales of magma storage,
ascent and eruption. Crystals from mafic volcanoes record timescales of days to years between
magma intrusion and eruption, which broadly match those recorded by monitoring data (such as
increased seismicity). The timescales recorded in crystals from large silicic calderas, however, are
typically longer than those from mafic volcanoes, spanning decades to millennia, but almost two
orders of magnitude shorter than the timescales obtained by U-Th isotope disequilibria in zircon.
The cause of this discrepancy is debated but likely reflects the protracted magma accumulation
and complex thermal history that many crystals experience before eruption. Diffusion chronometry

adds the fourth dimension to volcano science (that is, time), and advances in analytical and

experimental approaches (such as NanoSIMS) open up new opportunities for understanding
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magmatic systems.

Magmatic processes have traditionally been studied
through the ‘chemical-equilibria paradigm’’, where
phase-equilibria experiments’, and thermodynamic
modelling of multicomponent melts and minerals’,
represent the primary methods by which magma
pre-eruptive storage conditions and processes are con-
strained. Combining experiments and/or thermody-
namic models with petrological and chemical analysis
of erupted minerals and melt inclusions forms the basis
for unravelling the structure of the magmatic plumbing
system below a given volcano>® (FIC. 1). However, the
textural and petrological record preserved in volcanic
crystals and rocks demonstrates that equilibrium in
natural systems is rarely achieved, and, therefore, other
experimental and modelling approaches are required to
fully understand sub-volcanic systems>"~'%.

The presence of disequilibria in magmatic systems
opens the way to the field of kinetics, through which
the rate that a system departs from and attains new
equilibrium can be studied. The relaxation of chemical
gradients in crystals and glass through the diffusion of
molecules or elements permits time information to be
extracted from a range of magmatic processes through
a technique termed diffusion chronometry'*-". Early
applications of diffusion chronometry include the
extraction of cooling-rate information from meteorites

and lava lakes'®?’, as well as the development of an ana-
lytical solution to the diffusion equation to constrain the
cooling histories of metamorphic rocks”'.

Owing to the increasingly precise experimental and
improved theoretical constraints on the diffusion coefficient
of key elements in volcanic minerals (such as Fe-Mg in
olivine) and melts, the application of diffusion chrono-
metry to magmatic and volcanic processes is now
possible?’. Concurrently, continued development of
multiple analytical techniques has enabled precise and
high-resolution analysis (typically between 100 um
and <1 um) of the elemental and isotopic composition
of volcanic minerals and glass to become routine®-*".
Temporal and rate information derived from diffusion
chronometry (and other methods of constraining mag-
matic time) enable quantification of storage and trans-
port timescales in the crust, offer new insights into the
relationship between magmatic processes and geophys-
ical unrest signals, and provide critical time information
for hazard mitigation at dormant volcanoes (FIC. 1).

In this Review, we discuss the techniques that are
commonly used to constrain the timescales of mag-
matic processes, particularly U-Th-Ra dating of young
zircons and some silicates’***, and summarize the basics
of diffusion chronometry. In addition, we highlight the
applications of diffusion chronometry in both mafic and
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Key points

¢ Diffusion modelling of the chemical gradients in crystals can be used to extract
invaluable time information from magmatic systems.

e Crystals from mafic volcanoes record the timescales of magma and transfer towards
eruption that correlate with surface-monitoring data.

¢ Crystals from silicic volcanoes record timescales of magma remobilization and storage
on the order of decades to hundreds of years, much shorter than U-Th dating of zircons.

e Further studies that integrate diffusion chronometry, using a wide range of elements
and minerals, with thermal models of magmatic systems are required to understand
the timescales of magma storage and remobilization.

Classical nucleation theory
Thermodynamic formalism
where the free energy of
formation of a mineral or
bubble nucleus of critical

size overcomes the energy
associated with creating
anew interface.

silicic systems. The applications reviewed here demon-
strate that diffusion chronometry — in combination
with radiogenic dating via the U-Th-Ra disequilibria
series — provides a detailed, though currently debated,
image of magma residence in the crust prior to erup-
tion. We finish by summarizing the main challenges
and opportunities that are associated with the continued
development of diffusion chronometry.

Approaches to obtain timescales

Various techniques have been developed to enable
the timescales of magmatic processes to be recovered.
Experimental calibrations of the kinetics of crystalli-
zation and bubble nucleation, as well as the U-Th-Ra
disequilibrium-series method, have been successfully
applied to magmatic systems for more than 30 years*-'.
Below, we summarize these approaches and note some
of their advantages and disadvantages.

Mineral and bubble textures
As magma decompresses towards the surface, water loss
drives nucleation and growth of crystals and bubbles in
the melt. Textural analysis of bubbles and/or crystals
formed by decompression can be used to determine
magma-ascent rates prior to eruption’. For example,
microlites, which are small (typically <100 um) crystals
in the groundmass of volcanic products, can form by
both cooling and decompression-induced degassing of
magma®. Microlite textures (that is, their size, num-
ber, shape and distribution) have been used to extract
information on the timescale of ascent and/or of the
cooling of magmas from storage to the surface. Most
texture-based techniques require experimental calibra-
tions of crystal nucleation and growth rates, which have
been done on a variety of melt compositions over the
last four decades (reviewed in REF*). Experimental data
confirm that microlite nucleation and growth rates are
dependent on the cooling and/or decompression rate
of magma®. However, magma-decompression experi-
ments also reveal that microlite-growth rates may vary
by several orders of magnitude during magma storage
and ascent”. Hence, crystal-growth rates need to be con-
sidered with caution when used to estimate timescales
of magma ascent and/or cooling. Nevertheless, under
conditions of no decompression and low undercool-
ing at depth, crystal-growth rates vary within only one
order of magnitude™ and the total growth duration can
be calculated more robustly.

Magma-decompression rates can also be calculated
on the basis of vesicle textures in erupted pyroclasts,

which can be converted into ascent rates if the crustal
pressure gradient is known or some reasonable assump-
tion can be made™. Bubble nucleation occurs owing to
the decrease in volatile solubility associated with magma
decompression. Nucleation rates are largely controlled
by the magnitude and duration of decompression,
as well as the rate at which volatiles can diffuse to a bub-
ble nucleus®. Building on the classical nucleation theory,
relationships between the number of bubbles and
decompression rates have been calibrated for vari-
ous magma compositions’’. Therefore, the number
of vesicles per unit volume melt in erupted pyroclasts
can be used to calculate magma-decompression rates.
However, it is necessary to assume that bubbles nucleate
either homogeneously (without mineral substrates) or
heterogeneously (aided by a mineral substrate), and the
assumption made will greatly alter the values retrieved
by this method*. As a result, there are still important
limitations to the use of vesicle textures as a measure of
magma-ascent rates.

Insights into the timescales of magmatic processes
can also be derived by measuring the thickness of crystal-
growth rims. Rim-thickness measurements offer a
powerful method for constraining the approximate
timescales of magma mobilization prior to eruption,
provided that continuous crystal growth during low
undercooling can be identified based on crystal shape
and composition**’. Similarly, the stability of hydrous
minerals, such as amphibole, are sensitive to the amount
of water in the melt and, therefore, to ambient pressure.
In deep-seated magma-storage regions, water-rich mag-
mas stabilize hydrous minerals*'. However, as magmas
ascend towards the surface, pressure decreases, water
exsolves from the melt and hydrous minerals become
unstable. Breakdown of amphibole, induced by decom-
pression and H,O loss, results in the formation of reac-
tion rims formed from pyroxene, plagioclase, Fe-Ti
oxides and melt. Experimental calibrations can then be
used to convert reaction-rim thicknesses into the time
available for magma ascent®. For example, reaction-rim
measurements have been used to calculate decompres-
sion rates of 0.001-1 MPas™' for the 1980 eruption
of Mount St Helens*, the 1989 eruption of Mount
Redoubt* and the 1997 eruption at Soufriere Hills vol-
cano*, which display a wide range of eruption styles.
However, once the thickness of the rim becomes large
enough to preclude further reaction with the surround-
ing melt, the assumption that the thickness of the min-
eral reaction rim is linearly proportional to time could
result in the total ascent time being underestimated.

U-series short-lived isotopes

Chronometers based on textural analysis of bubbles
and/or mineral phases can be used to constrain the rel-
ative timescales of magmatic processes, independent of
the age of the rock and/or process that they track. By con-
trast, the decay of radiogenic isotopes provides a mecha-
nism to track the absolute age of magmatic processes
(such as a crystallization age). Radiometric dating of
minerals and rocks has been widely used to infer rates
of several geological processes’ . However, analysis of
radiogenic isotopes from the U-Th-Ra disequilibria series
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Fig. 1| Schematic of a basaltic magma system below a volcano. A combination of phase equilibria, thermodynamic
models and crystal zoning patterns can provide insights into the architecture of sub-volcanic plumbing systems. Diffusion
chronometry (modelling the re-equilibration of chemical gradients within crystals) enables the timescales of magma
transport through the reservoir(s) (in addition to other magmatic processes that lead up to eruption) to be constrained.
The zoning patterns of olivine (illustrated using Mg as proxy) can develop during the interaction of multiple magma
batches. The plots show changes in Mg along analytical profiles collected in the olivine at different steps. The initial
olivine crystal (panel a) is carried by a mafic (high Mg) magma that is injected into a less mafic (lower Mg) magma reservoir
(magma recharge event). The olivine grows a lower Mg rim (panel b), which is then modified by diffusion through time
(panel c). If the diffusivity of Mg in olivine is known, petrologists can model diffusive re-equilibration to constrain the time
between magma mixing and eruption (where diffusion effectively stops).

in bulk-rocks, mineral separates and zircons enabled
greater resolution of the timescales of magmatic pro-
cesses. Crystallization of minerals with different U-Th-Ra
partition coefficients leads to the fractionation of elements
in the U-Th-Ra disequilibrium series, resulting in devia-
tion from secular equilibrium and the start of the radiogenic
clock**”. Commonly used systems include the decay of
28U to 2'Th and *°Th to **Ra, which have half-lives on
the order of 75,000 years and 1,600 years, respectively,
as they can access the timescales of processes operating
over hundreds to hundreds of thousands of years™.

The majority of studies that have investigated the use
of U-Th-Ra disequilibria in magmatic systems have used
zircons to constrain the residence times of large-volume
(10-1,000 km?), silica-rich magma bodies beneath
caldera-forming volcanic systems. Timescales derived
from zircon ages are relatively long, on the order of tens
to hundreds of thousands of years”*~*. Timescales can
also be derived from the analysis of Ra-Th isotopic dis-
equilibria in bulk aggregates of feldspar grains®”*, which
return times of several hundred to thousands of years
for silica-rich systems (for example, dacites of Mount
St Helens volcano)®. U-Th-Ra disequilibria series pro-
vide absolute crystallization ages for the volcanic crystals

under analysis. However, crystal ages are not always eas-
ily related to causative processes leading up to eruption
and, as multiple grains need to be aggregated to obtain a
precise age, uncertainty is introduced by amalgamating
crystals and crystal zones with different ages. As a result,
it is often difficult to unambiguously interpret the data as
a mineral-crystallization age®. The issues and uncertain-
ties presented by both mineral-reaction chronometers
and the U-Th-Ra decay series highlight the need for
new methods that can access short-timescale processes
(hours to centuries) and relate the recovered timescales
to causative magmatic processes.

Basics of diffusion chronometry

Diffusion chronometry, which uses re-equilibration of
chemical disequilibria within volcanic minerals and/or
glass to constrain the timescale of magmatic processes,
displays several advantages compared with the mineral-
reaction chronometers and the U-Th-Ra disequilibria-
series approach. For example, chemical re-equilibration
can be used to relate timescales to specific, albeit inter-
pretative, magmatic processes and can constrain processes
acting on short timescales (hours to days), such as magma
ascent prior to eruption.
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Chemical zoning patterns preserved in volcanic crys-
tals are a unique record of magmatic processes that can
provide insights into the timescales of magmatic pro-
cesses and, possibly, eruption triggers*>*>*"-*2, Gradients
in the composition (and, thus, the chemical potential)
of volcanic crystals can result from crystallization,
which causes melt differentiation and the development
of crystal zonation, or open-system processes such as
magma mixing and mingling. The formation of chem-
ical gradients in crystals and/or melts drives the diffu-
sion of molecules or elements during magma storage at
high temperatures as the system attempts to return to
equilibrium (FIC. 1). If the diffusivities (at magmatic tem-
peratures) of the elements of interest are known?, the
timescale of diffusive re-equilibration can be calculated
using FicK’s second law of diffusion or more sophisti-
cated models'”** (BOX 1). As a result, diffusion chronom-
etry can provide critical information regarding the
storage time of crystals at magmatic temperatures'”>.

Box 1| Terms and definitions in Fick’s second law

If gradients in chemical composition are present within a crystal or melt, Fick’s second
law can be used to obtain the time (t) that a crystal spends at a given temperature. Fick’s
second law, for a single dimension and for a diffusion coefficient (D) that is independent
of direction in space (x) or concentration (C), is:

2
ac_po'c
ot ox?

This equation can be solved with numerical methods (such as finite differences) or, in
certain cases (see the figure), analytically. One of the most common analytical solutions
uses the error function'’*31%%:

(C1 -

C=C,+ ) *Erfc[

e
2-/Dx t

If the initial conditions, boundary conditions and diffusion coefficient of the element
of interest are known, the time can be obtained by fitting a model to the concentration
profile**. Boundary conditions control whether the crystal exchanges matter with its
surroundings (open to flux) or not (isolating boundary). The initial condition refers to the
shape of the compositional profile before diffusion is considered. The complementary
error function (Erfc) solution above is for a planar source and infinite media'®. In this
case, the diffusion model can be run for a range of different times and the misfit between
the model and the data can be measured at each time interval (using, for example, the
mean-square-root method)''’. Therefore, the misfit at each time step can be used to
determine the best model time. Some of the diffusion models can be carried out using
user-friendly software''°.
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Furthermore, as some elements possess very differ-
ent diffusivities, it is possible to investigate processes
operating over a wide range of timescales, from sec-
onds to hundreds of thousands of years, using diffusion
chronometry (FIC. 2).

Measuring chemical zoning patterns

To extract time information from minerals and glass, it
is critical to be able to measure their major, trace or iso-
topic composition with a high level of precision (typically
>10 %) and at a high spatial resolution (typically <1-5um).
Huge improvements in the spatial resolution, dimen-
sion, precision and speed at which it is possible to
determine the in situ elemental, and, in some cases, the
isotopic, composition of minerals and glasses enable
diffusion chronometry to be applied to a wide range of
magmatic processes, utilizing multiple elements with
different diffusivities. New developments include the
availability of: nanoscale secondary-ion mass spectrom-
etry (NanoSIMS), which can constrain element concen-
trations at sub-micrometre spatial resolution and parts
per million concentration levels™; two-dimensional
mapping of entire crystals using laser ablation induc-
tively coupled plasma mass spectrometry (FIG. 3), which
enables concurrent high-resolution and high-precision
analysis of multiple trace elements**>**; the use of femto-
second lasers, which can be coupled to mass spectrom-
eters to determine zoning of major element isotopes
(such as Mg isotopes in olivine)™; the atom probe, which
can achieve nanometre-scale resolution”; and the use of
computed tomography scanning to reconstruct zoning
in three dimensions®**. Development of other tech-
niques, such as scanning electron microscope imaging
and X-ray fluorescence microscopy synchrotron map-
ping, have improved the sensitivity and speed of analy-
sis, which enable the collection of elemental images for
hundreds of crystals®-*. Increased analytical capabili-
ties enable access to multiple elements and timescales
in a single crystal, as well as in a large population of
crystals, and allow diffusion versus crystal-growth
zoning models to be tested (see below). Furthermore,
analytical developments, alongside new computational
methods, enable the random sectioning effect of using
petrographic thin sections (taking random 2D planes
of 3D crystals), and the representativity of the crystal
population, to be assessed*.

Multi-element compositional maps obtained via
laser ablation inductively coupled plasma mass spectrom-
etry, especially in minerals like clinopyroxene, exemp-
lify the analytical progress that has been made (FIC. 3).
Clinopyroxene incorporates a wide spectrum of major
and trace elements with different physical properties,
ranging from fast-diffusing, low-charge cations (Li, Ni),
to slow-diffusing, high-charge cations (Cr, Zr). The
wide range of elemental diffusivities means that multi-
ple elements can be exploited simultaneously to obtain
a more accurate picture of the variety of processes and
timescales that can be recorded in a single crystal®>***.
In principle, if they record the same process, and the
respective diffusion coefficients have been properly cali-
brated, different elements measured in the same crystal
should give comparable diffusion timescales.
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a The potential of diffusion chronometry
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Fig. 2 | The potential and current applications of diffusion chronometry. a | The range of timescales that can

be obtained from different elements and minerals for a specified temperature (T=1,200°C and 825 °C for basalt-
hosted and rhyolite-hosted minerals, respectively), pressure (P), oxygen fugacity (fO,; here, corresponding to the
quartz-fayalite-magnetite (QFM) buffer) and diffusion length scales. A wide range of timescales can now be accessed
by diffusion chronometry due to the availability of more precise diffusion coefficients and the increased spatial
resolution at which chemical gradients can be measured in natural crystals. Diffusion timescales are shown for:

H (REF.''Y), Be (REF.''9, Li (REF.*) (slow diffusion mechanism), Ni (REF.'*), Fe-Mg (REF.*"), Cr (REF.***), Ca (REF.'**) and P (REF.**%)
in olivine; Mg (REF.'"), Sr (REF.**¥), Ba (REF.*%) and Ca-Na (REF.**%) in plagioclase; Fe-Mg (REF.**!) in orthopyroxene (Opx);
H (REF'*?) and Fe-Mg (REF.'”%) in clinopyroxene (Cpx); Ti (REF.'**) and Al (REF.'?*) diffusion in quartz; and Li (REF.%") in zircon.
b | Compilation of mixing-to-eruption timescales that have been obtained for different volcanoes worldwide. Symbols
represent different minerals and the symbol position represents the average mixing-to-eruption timescale recorded
by that mineral system; symbol colours correspond to magma compositions. Timescales of magma recharge and/or
mixing prior to eruption at basaltic volcanoes generally span weeks to a few years, whereas decadal to centennial
magma-mixing timescales are more typical of volcanoes erupting more evolved magma. Volcanoes used in this
compilation include: Laki'**; Novarupta'’’; El Hierro'?*; Eyjafjallajokull®’; Etna’®%%12°13% Piton de La Fournaise'*!

(Pd. Fournaise); monogenetic eruptions®#3213; Ambae'**; Shishaldin®; Kilauea’’’¢; Iraz(®****; Llaima’’; Merapi**®;
mid-ocean ridge basalt"*’** (MORB); Laguna del Maule'*® (L.d. Maule); Stromboli*>***; Mt St Helens'*; Yellowstone®*;
Vesuvius'*'*%; San Pedro***; Taupo Volcanic Zone®***" (VZ); Santorini®*****%; Long Valley®; Toba'*’; Okataina
Volcanic Centre'* (VC).
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Point defects

Defects in the lattice structure
of solid media that can
represent missing atoms
(vacancies) or extra atoms
(interstitials).
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Fig. 3 | Multi-element chemical map of a clinopyroxene megacryst from Stromboli volcano. The clinopyroxene
megacryst (characterized in REF.>*) displays a range of zoning patterns, including oscillatory and sector zoning. Low-charge
elements (such as Li and Ni) typically show blurred (diffusion-influenced) zoning patterns, whilst high-charge cations (such
as Crand Zr), which diffuse more slowly than low-charge elements in the crystal structure, preserve sharp compositional
contrasts that are indicative of protracted processes. Whole-crystal maps were obtained simultaneously in a single,

13-h analytical session with laser ablation inductively coupled plasma quadrupole mass spectrometry (LA-ICP-QMS****;
panels a-h). A fraction of the crystal (defined by the black box in panel h) was then mapped via laser ablation inductively
coupled plasma time-of-flight mass spectrometry (LA-ICP-TOFMS)>>, which records full mass spectra (from 2*Na to 2%U)

in comparatively short analytical times (less than 1 h in this example; panel i). Adapted from REF.**?, CC-BY-4.0

(https://creativecommons.org/licenses/by/4.0/).

Extracting time from chemical zoning

A key requirement for successful diffusion chronometry
is the availability and reliability of diffusion coefficients
in silicate systems. Diffusion coefficients are typically
experimentally determined and there has been a surge
in the number and precision of diffusion coefficients
available for most silicate mineral groups™. Nevertheless,
there are still very limited data sets for minerals such as
amphibole, alkali feldspar and biotite. Moreover, varia-
bles in addition to temperature, such as pressure, oxygen
fugacity, water fugacity and the concentration of impuri-
ties, control diffusion coefficients in silicate materials™.
As aresult, there is a need to develop theoretical models
that incorporate a more mechanistic and detailed view
of how elements diffuse through the crystal lattice. Such

models would enable experimental diffusivities to be
extrapolated over a wider range of values for all relevant
parameters with more confidence®.

As an example, the diffusion coefficient for the cou-
pled migration of Fe and Mg in olivine ([{Fe,Mg},SiO,];
D S_Mg) is controlled by the concentration and type of
point defects that are present, which are mainly depend-
ent on temperature®’. Nevertheless, other variables, such
as pressure, crystallographic orientation, major element
composition, oxygen and water fugacity, and the con-
centration of certain trace elements (such as Fe**), influ-
ence D Foel_M (REF®Y). Therefore, a formulation of Dr_oel_Mg
based on theoretical models that incorporate all of these
effects provides a more reliable application to natural
systems®>*'. In addition, there is increasing evidence
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Anisotropic diffusion
Diffusion coefficients in
crystals may vary according to
crystallographic axes, owing
to the different arrangement

of atoms in non-cubic minerals.

Plutonic bodies

Magmatic environments below
the Earth’s surface (within the
crust), where magmas cool
slowly and form plutonic rocks,
such as granites.

that some elements, especially single-charged cations
with small ionic radii, such as H* and Li* in olivine®>®
and Li* in zircon®, have multiple diffusion mechanisms.
All different diffusion mechanisms must be considered
when modelling diffusion in natural crystals.

With knowledge of the diffusion coefficient of the
element of interest, as well as the presence of a com-
positional gradient within a mineral or glass, we can
use Fick’s second law of diffusion to obtain timescales
for a given temperature (BOX 1). For non-ideal systems
(such as Mg and Sr in plagioclase, whose partitioning
behaviour is dependent on the major-element composi-
tion of the crystal)**®, more sophisticated equations are
required to account for gradients in chemical potential,
rather than the measured concentrations. As chemical
zoning patterns are typically the combined result of
crystal growth and diffusion at a variety of temperatures,
the assumption that chemical zonation is the result of
diffusion alone is a simplified view of natural systems.
However, the importance of diffusion versus growth can
be tested in a variety of ways, which include: modelling
anisotropic diffusion of elements in two dimensions; mod-
elling diffusion of multiple elements with different dif-
fusivities and crystal-melt-partitioning relationships’"’;
and integration of magma differentiation and dlffusmn
models™"" (see FIG. 4 for an example in olivine). In addi-
tion, uncertainties and/or inaccuracies in the initial con-
ditions (BOX 1; the geometry of the initial concentration
profile) can result in significant errors in the estimated
timescales. Uncertainties in the initial conditions can,
however, be overcome by comparing the influence of
growth and diffusion on chemical zoning patterns,
and specifically through comparing slow-diffusing and
fast-diffusing elements in a single crystal® (such as
using Ba and Sr zoning in sanidine to estimate the initial
concentration profile of Mg)™".
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The choice of temperature used in diffusion model-
ling also has a large influence on the timescales derived
from this method, owing to the strong relationship
between temperature and the diffusion coefficient for
a particular element. For some systems, such as olivine
in basalt, the temperature of the system can be calcu-
lated using the composition of the crystal of interest,
which has been shown to be practical and realistic for
most situations™. In other cases, it might be possible
to account for the large temperature gradients in mag-
matic systems via calculation of multiple temperatures
from mineral-based thermometry (such as clinopyro-
xene crystals from Stromboli volcano)**”>. However, it
is difficult to constrain the complex thermal histories
of plutonic bodies that have experienced prolonged fluc-
tuations in temperature and composition over time’’.
Moreover, given the errors associated with geothermom-
eters (=50°C) and/or phase-equilibria studies (typically
<25°C), the timescales obtained from diffusion chronom-
etry are typically only accurate to about half an order of
magnitude'”>.

The uncertainties outlined above relate to the accu-
racy with which intrinsic parameters of the natural sys-
tem (such as temperature and/or the initial concentration
profile in zoned crystal) can be estimated. However, there
are other, potentially very important, errors associated
with the experimental calibration of the diffusion coeffi-
cient (such as the activation energy and pre-exponential
factor)*. Nevertheless, for comparison of results obtained
using the same element and mineral, the relative time-
scales between individual crystals or samples should be
accurate. The use of Bayesian statistics can improve the
robustness of the time estimates™.

Despite the seemingly large errors, and the large
range of timescales at which various magmatic pro-
cesses operate, the results from diffusion chronometry
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Fig. 4 | Comparison of the effects of diffusion and crystal growth. Concentration profiles of Ni and Fo (Mg/[Mg+Fel,

using Mg and Fe atoms of per formula unit) can be used to distinguish between growth (13% fractional crystallization (FC))
and diffusion (40 months at 1,200°C) in olivine phenocrysts. a | Concentration gradients obtained after diffusion or growth
in modelled crystals are depicted as colour gradients (transects are shown as dashed lines). Note that pure growth zoning
preserves sharp concentration contours, while diffusion yields more rounded contours. b,c | The zoning patterns that
would result from FC and diffusion. Diffusion and growth have very different effects on the NiO zoning that is present.

Fo diffuses faster than Ni and shows a gradient that has progressed further towards the core.d | On a plot of Fo versus Ni,
the diffusion and growth mechanisms create different zoning patterns that can be used to decide whether a given
compositional profile in olivine is dominated by growth or diffusion.
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Geothermobarometry
Calculation of the pressure and
temperature of crystallization
using experimentally calibrated
models and the composition of
natural mineral—glass or
mineral-mineral pairs.

Sub-Plinian

Explosive eruption with similar
dynamics to Plinian events but
of lower intensity and eruptive
column height.

Deep LP EQs start
v

provide critical, first-order constraints on the rate of
magmatic processes that cannot be obtained by any
other method. By combining diffusion chronometry
with other petrological and/or geochemical approaches,
such as geothermobarometry” thermal modelling
of magma intrusion and reservoir cooling, and the
absolute dating of crystals, we can further constrain
the timescales governing the growth and evolution of
magmatic systems.

Insights from diffusion chronometry

Diffusion chronometry has been widely applied to vol-
canic rocks to characterize the timescales of magma
storage, mixing and transport towards eruption. In this
section, we discuss these applications focusing on two
broad topics, magma replenishment and eruption of
mafic volcanoes, and the timescales of remobilization
of large silicic magma bodies in relation to the timescales
derived from dating magmatic zircons.

Mafic magmas and volcano monitoring

Mafic magmas (such as basalt and basaltic andesite)
and their associated olivine crystals have been the focus
of many diffusion-chronometry studies. Especially,
linking normal, reverse and complex zoning of Mg-Fe,
Ni, Ca and Mn concentrations in olivine crystals with
magma-intrusion events has enabled the time between
magma replenishment and transfer of crystals between
different magmatic environments to be quantified.
Using this method, the timescales of magmatic pro-
cesses have been investigated in highly active, vol-
canic systems such as Etna (Italy), Llaima (Chile) and
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Fig. 5 | Correlation of diffusion chronometry with monitoring data. A histogram

of timescales obtained from modelling Fe-Mg zoning patterns of olivine from the 1999
mafic explosive eruption of Shishaldin volcano (Alaska). The grey bars represent the time
estimates from olivine-based diffusion chronometry, which have been recalculated with
regards to the eruption time and, thus, give absolute times. The yellow squares represent
the timing of the three most probable mixing events reported in the study in which this
histogram was originally reported®’. Key observations from the monitoring data that
relate to the eruption include the onset of deep, long-period (LP) earthquakes (EQs)
that may track the arrival of magma at depth (mixing event 1), later followed by the
appearance of thermal anomalies and a magnitude 5.2 earthquake (M5.2 EQ) about 2
months before the eruption (corresponding to magma-mixing events 2 and possibly 3).
Adapted with permission from REF.*, Elsevier.

Kilauea (Hawaii)’*”’. Olivine has several advantages
for diffusion-chronometry studies, including the pres-
ence of experimentally characterized diffusion coeffi-
cients® for major, minor and some trace elements, and
the development of theoretical models of point-defect
concentrations®’. Moreover, analytical advances allow
the routine high-resolution, and multidimensional,
analysis of multiple major and trace elements in olivine
crystals™. It is, therefore, possible to model the diffu-
sion of multiple elements with different diffusivities in
a single crystal, which (among other benefits) enables
the relative effects of growth and diffusion to be eval-
uated’! (FIC. 4). As a result, olivine has been dubbed the
Drosophila (that is, the fruit fly that has been key in
genetics research) of experimental and natural studies
of diffusion in silicates'®.

Diffusion-chronometry studies that have used oli-
vine analysis to focus on active mafic volcanoes typi-
cally find short timescales of days to about a decade
between magma intrusion (or magma mixing) and
transfer between reservoirs before eruption. The esti-
mated timescales are on the same order of magnitude
as the eruption frequencies at such volcanoes®'. It can,
therefore, be hypothesized that magma intrusion and
magma mixing times revealed by crystal clocks are a
robust record of the vigour and steady-state nature of
regularly active mafic systems, where most eruptions
are driven by frequent intrusion of new magma. We do
not, however, have enough data to perform statistically
meaningful tests of the relationship between eruption
frequency and characteristic magma-replenishment
rates. In future, diffusion chronometry, in conjunction
with volcanic-monitoring data and/or eruptive frequen-
cies, could provide critical information for deterministic
models of eruption forecasting.

Correlation of diffusion chronometry to volcano-
monitoring signals. If the date of a volcanic eruption is
known, the relative timing of pre-eruptive magmatic
processes that are constrained via diffusion chronom-
etry can be recalculated into absolute times. The
absolute times can then be converted into a time series
of, for example, magma-intrusion events and compared
directly with time series of geophysical or geochemi-
cal monitoring data (such as seismicity, deformation
or changes in the gas chemistry and/or flux)’**%.
Associating temporal information of the magmatic pro-
cesses documented by crystals with available monitoring
data enables causative links between the process happen-
ing within a volcano and a given monitoring signal to
be identified. Importantly, information obtained from
the study of past eruptions can be translated into the
assessment of volcanic hazards in the future.

Indeed, a recent study of the 1999 sub-Plinian basal-
tic eruption from Shishaldin volcano in Alaska suc-
cessfully correlated volcanic-monitoring signals with
timescales derived from diffusion chronometry*
(FIC. 5). By studying zoning patterns in olivine crystals,
three main magma-mixing events were identified.
Integration of depths obtained from melt inclusions,
seismicity and modelling of Fe-Mg zoning in the oli-
vine revealed that the first mixing event (deep magma
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Monogenetic volcanic fields
Areas in which volcanoes

are built by a single eruption.
They are typically small

cones of a few tens to a few
hundred metres tall, basaltic in
composition and formed over
time frames of weeks to years.
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Fig. 6 | Use of melt embayments to determine timescales of magma decompression. a| Phenocryst growth can form
ameltinclusion or a melt embayment with a volatile content corresponding to the initial volatile content of the external
melt (here, 4wt% H,O at 100 MPa). During ascent, the outside melt will lose volatiles, owing to degassing. Meanwhile,
the embayment lags behind, does not vesiculate and re-equilibrates by diffusion. The red curve shows a concentration
gradient measured for fast decompression (short total duration), whereas the orange curve shows the profile expected
from slower decompression. b | Example of decompression rates extracted by REF“! for an olivine embayment within

a Hawaiian basalt. The correspondence in decompression rates obtained from several volatiles (H,0, CO, and S) with
different diffusivities helps to confirm that the result is robust. Part b adapted from REF.*%, Springer Nature Limited.

interactions at ~20-km depth) occurred as early as
~300 days before eruption, coinciding with the onset
of long-period earthquakes. The next magma-mixing
event occurred ~60-50 days before eruption, after a
thermal anomaly and preceding a regional earthquake
of M5.2 that was associated with volcano tectonic
swarms <7 km below the summit crater. The last mix-
ing event happened alongside the start of the eruption,
suggesting that the eruption itself induced mixing, an
observation that had previously been made on Etna®.
Furthermore, the progressive shallowing of magma
interactions towards the surface (revealed by volcanic
seismicity) was matched by the calculated entrapment
depths of the olivine-hosted melt inclusions. Therefore,
diffusion chronometry, together with monitoring data,
provides a robust and integrated method for under-
standing the progressive movement of magma towards
the surface and eruption. A similar time-depth evolu-
tion of magma towards the surface was also recorded
at Llaima volcano (Chile)”. Further studies integrat-
ing diffusion chronometry with volcanic-monitoring
data could inform conceptual models of the lead-up
to eruption that will aid future risk mitigation from
volcanic hazards.

Timescales and processes in dormant and poorly mon-
itored volcanoes. Diffusion chronometry also provides
important information on volcanic systems for which
no monitoring data exist. For example, the application
of diffusion chronometry, combined with petrolog-
ical observations and barometric estimates, to prior
eruptions from monogenetic volcanic fields®>* is critical
because both the location and the timing of monogenetic
eruptions are hard to forecast®. Analysis of major-
element and minor-element zoning in olivine crystals

from past monogenetic eruptions reveal magma mixing
and mobilization on timescales that range from years to
months prior to eruption; however, the final ascent of
magma to the surface from the last reservoir might be
notably shorter than this timescale®>**.

To investigate magma-ascent rates, several studies
have focused on the zoning of fast-diffusing volatile
elements (such as H and Li) in minerals or melt embay-
ments. As magmas ascend, volatiles (such as H,0, CO,
and S) that were dissolved within the ascending magma
become insoluble and exsolve into a separate vapour
phase. Volatile exsolution creates a large chemical gra-
dient between the ascending magma and the composi-
tion of crystals and melt embayments formed at higher
pressures within the volcanic plumbing system (FIG. 6).
The chemical gradient that is generated drives diffusion
of volatile species into the carrier melt and/or vapour
phase, resulting in the loss of volatiles from the crys-
tals and melt embayments. As volatiles migrate from
the interior of the crystal or embayment to the outside
melt, concentration gradients are generated, which can
be leveraged to extract timescale information through
diffusion chronometry (FIG. 6). Identification and model-
ling of H zoning in phenocrystic or xenocrystic olivine
hosted in mafic magmas®***° (from Pali-Aike, Chile, and
Cerro Negro, Nicaragua) return magma-decompression
rates on the order of 0.01-0.1 MPas™'. In addition,
magma-ascent and/or magma-decompression rates
derived from modelling H,0, CO, and S diffusion in
olivine-hosted embayments from Kilauea volcano yield
a comparable range of decompression rates’’, between
0.05 and 0.5MPas™ (FIG. 6).

In summary, quantification of the characteristic
timescales between magma intrusion, transport and
eruption at undermonitored or dormant volcanoes
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provides important information for potential hazard-
management efforts. As a result, diffusion chronometry
can identify the time frame available for emergency
planners to prepare for an upcoming eruption or for the
reawakening of a given volcano.

Ages and diffusion in silica-rich magma
Large-volume (10-1,000 km?), explosive, dacitic-to-
rhyolitic eruptions from caldera-forming systems have
been widely studied, owing to their influence on climate
and evolutionary biology”. Diffusion chronometry, in
combination with other techniques such as U-Th dat-
ing of magmatic zircons, has the potential to address
several key challenges associated with the generation
of large silicic eruptions, including the rate at which such
large amounts of melt can be generated and how fast can
it be remobilized prior to eruption”. Answering these
questions is also critical for understanding the rate of
formation of the Earth’s crust.

The diverse mineralogy of most silicic systems enables
diffusion chronometry to be applied to a range of min-
erals and elements, including: Ba, Sr and Mg in plagio-
clase; Ba and Sr in sanidine; Ti in quartz; and Fe-Mg in
pyroxenes. Typically, most studies have focused on the
rims of the crystals and report timescales that range from
a few decades to a few hundred years™’*** (FIG. 2b).
Importantly, a few studies have combined results from
multiple elements in different minerals to obtain sev-
eral independent timescale estimates. For example, in
one study, the zoning patterns of Ba-Sr in sanidine, Ti
in quartz and Fe-Mg in orthopyroxene from the Bishop
Tuff were investigated™. It is found that timescales were
in the ranges 1-10 years for Fe-Mg in orthopyroxene,
10-100 years for Ti in quartz and 100-1,000 years for
Ba-Sr in sanidine (FIG. 7). Interestingly, the timescales

derived from multiple elements and/or minerals are
commonly anticorrelated with their diffusivities (such
that fast-diffusing elements record shorter timescales),
which might provide insights into the cause of the dis-
crepancy between the calculated timescales. For exam-
ple, in a scenario where a magmatic system experiences
several periods of magma recharge and/or heating,
slow-diffusing elements might record the accumulated
time of all events. Fast-diffusing elements, on the other
hand, might re-equilibrate following each event and, thus,
only record the final thermal or chemical perturbation
to the system prior to eruption. Nevertheless, the origin of
the different timescales remains far from certain, and it is
unclear whether the wide range of estimated timescales
is simply related to uncertainties in the diffusion coeffi-
cient of each element. Regardless, the timescales derived
from this approach imply that the 600 km?® of magma
that formed the Bishop Tuff was remobilized within a
few decades to millennia prior to eruption.

Similarly to olivine-hosted melt embayments in mafic
systems, magma-decompression rates can be obtained
for explosive silicic eruptions by modelling H,O diffu-
sion in quartz-hosted embayments (FIC. 6). Diffusion-
based decompression-rate estimates from rhyolites that
fed large explosive eruptions at Yellowstone (USA), Long
Valley (USA) and Taupo (New Zealand) calderas range
between 0.01 and 0.1 MPas™ (REFS*”*). The decom-
pression rates estimated via volatile diffusion in melt
embayments are typically an order of magnitude lower
than those estimated by comparing bubble-nucleation
models with the measured number of vesicles in natu-
ral pyroclasts (0.1-10 MPas™' (REFS*>*")). The discrep-
ancy between the two methods could be related to the
non-linearity of magma-ascent rates from depth to
the surface: melt embayments might provide a more robust
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Fig. 7 | Diffusion timescales obtained from different minerals in silicic systems. a| A summary of diffusion timescales
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record of the slower initial ascent and degassing, with
bubble textures preserving the last moments of acceler-
ating decompression shortly prior to fragmentation’.
Therefore, diffusion chronometry can provide insights
into the timescales of magma mobilization, and final
magma ascent, prior to large silicic eruptions.

In addition, radiogenic dating of magmatic zircons
has been used to study the same deposits that were
studied by diffusion chronometry’**'®’, and the results
indicate that the zircons are typically several hundreds of
thousands of years old. The difference in the timescales
derived from diffusion chronometry and radiogenic
dating of magmatic zircons could, in part, result from
the use of different crystals for each method. However,
a recent study” applied both techniques to the same
zircon crystals and still found that U-Th disequilibria
gave much longer timescales (tens of thousands of years)
than diffusion chronometry. As a result, the two time-
scales are likely to track different processes within large
silicic systems, and it is necessary to consider what these
processes might be.

Several interpretations have been put forward, in
the Bishop Tuff and in other large, silica-rich systems,
to explain the difference in recorded timescales. One
possible interpretation is that diffusion chronometry
tracks the time of the last event to perturb the system,
such as magma remobilization and/or replenishment
shortly prior to eruption, whereas U-Th ages in zircon
track the time needed for magma to accumulate'*"'*.
However, since diffusion is temperature-dependent, the
concentration gradients in the crystals might remain
frozen during prolonged residence close to the solidus
temperature, where diffusion is markedly slower than at
eruptive temperatures and the diffusion clock effectively
stops”. As a result, diffusion chronometry only tracks
the time spent at higher temperature and the diffusion
timescales, which are calculated at eruption temperature,
might underestimate the total amount of time that the
crystals are present in a magmatic environment. By con-
trast, zircon ages are not sensitive to temperature fluc-
tuations (unless the crystal dissolves) and likely provide
a more robust measure of the total residence time of the
crystals in magmatic systems. The interpretation pre-
sented above is commonly referred to as ‘cold storage™”,
but it is not universally accepted. For the same data
sets, several authors have also suggested a ‘hot-storage’
model'”, where magma is stored at high temperatures
during most of the prolonged (>100,000 years) magma
system history before eruption'” (see discussion in
REF.'”). Nevertheless, the discrepancy between the
times recorded by diffusion chronometry and the times
recorded by U-Th series in zircons likely reflects ther-
mal fluctuations experienced by the magma reservoir.
Given the large volumes of magma that may be present
in these sub-volcanic systems, crystals are likely to have
experienced complex thermal histories that are difficult
to deconvolve by diffusion chronometry alone.

Zircon is less susceptible than most other silicates to
dissolution and reprecipitation during changes to the
temperature and/or composition of the system'*. Hence,
zircons can be retained within the same system through-
out several episodes of recharge and magmatism, and,
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thus, record ancient information with respect to the for-
mation and growth of large silicic systems over tens to
hundreds of thousands of years, rather than information
on the eruption that carried the crystal to the surface.
As a result, zircon-crystallization ages have far-reaching
implications for the timescales that are required to accu-
mulate large silicic magma bodies in the shallow crust
prior to eruption. However, despite the large number
of geophysical and tomography studies that have been
carried out on silicic volcanoes, shallow accumulation
of large silicic magma reservoirs has only been docu-
mented in a small number of cases (such as Laguna del
Maule'” in Chile and Uturuncu'® in Bolivia). Therefore,
it is possible that, although magma storage lasts for tens
of thousands of years, remobilization and melting of
crystal-rich magmas, and the transfer of melts to shallow
reservoirs, happens very quickly (within a few decades
prior to eruption)®. Placing accurate and robust con-
straints on the duration of storage of large silicic magma
bodies at shallow depths within the crust has implica-
tions for volcanic monitoring and hazard assessments
associated with large explosive eruptions. In particular,
itis crucial to understand whether the detection of shal-
low magma bodies via geophysical and/or tomographic
methods indicates that an eruption may be imminent.

Summary and future perspectives

Diffusion chronometry can provide important con-
straints on the timescales of magmatic processes that
precede an eruption. However, its application to a wide
range of magmatic processes depends on the availa-
bility of accurate and precise diffusion coefficients for
the elements of interest. Recent experimental studies
have increased the availability and precision of diffu-
sion coefficients relevant to magmatic processes (such
as Fe-Mg in olivine). Nevertheless, few data sets incor-
porate the influence of oxygen fugacity, water fugacity
and point defects on element diffusivities. Additional
experiments and theoretical models that address the
influence of different variables (such as oxygen fugac-
ity) on the concentration of point defects, and, there-
fore, on the diffusivity of the element and mineral in
question, are thus required. Nonetheless, in situations
where the diffusion coefficient of the element of interest
is well known, recent advances in the spatial resolution
and precision of elemental and isotopic analyses in min-
erals and glass allows the timescales of a wide range of
magmatic processes to be estimated.

In mafic systems, the timescales derived from dif-
fusion chronometry (using olivine crystals) from
well-monitored eruptions can be correlated with
volcanic-monitoring data, including seismicity and
deformation. Correlation of the various data streams is
encouraging for future applications of diffusion chronom-
etry and enables the construction of more detailed
models of the processes that occur beneath volcanoes
prior to eruption. However, more work is required to
utilize such information in eruption-forecasting models.
Specifically, there is typically a disconnect between the
crystals used to obtain diffusion timescales and those
used to establish magma-storage depths (via geothermo-
barometry or melt-inclusion-entrapment pressures),
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which must be overcome to allow better integration of
diffusion chronometry with monitoring data.

Only a limited number of studies have applied diffu-
sion chronometry to multiple minerals and elements from
the same sample. In such studies, the timescales extracted
from each mineral and/or element are often markedly
different (FIG. 7). Typically, there tends to be a negative
correlation between the timescales obtained and the
diffusion rate of the element under consideration (such
that slower-diffusing elements provide longer timescale
estimates). Although this variation could indicate dis-
crepancies in the calibrations of the different diffusion
coefficients, it is also possible that it could reflect a limita-
tion of the diffusion approach for long-lived systems that
undergo complex thermal and compositional fluctuations.
For example, fast-diffusing elements might re-equilibrate
multiple times, and we are only able to recover the last dis-
equilibrium event, whereas slow-diffusing elements might
record a longer, more protracted, history of the magmatic
system. Advanced models that link fluid dynamics, ther-
mal evolution of magma reservoirs and acquisition of
multi-element data sets at the crystal scale might be able
to address the uncertainties outlined here.

Finally, there is a large discrepancy between the
timescales recorded by diffusion chronometry and U-Th
disequilibria dating in magmatic zircons from large
silicic eruptions. Although timescales from diffusion
chronometry and U-Th disequilibria can be obtained in
a single zircon, it is puzzling why diffusion chronometry
records shorter timescales than U-Th disequilibria.
The thermal history of the magma reservoir is one of the
key factors that might help to explain this discrepancy.
It is unclear if most crystals are stored at temperatures
close to the solidus before eruption, so that the diffusion
clock basically stops, or if they crystallize immediately
before eruption. Combining new data sets (including
diffusion-chronometry and zircon-dating approaches)
with detailed thermal models of magma reservoirs will
provide a more detailed image of the growth and amal-
gamation of large silicic magma bodies within the crust.
Thus, combining diffusion chronometry with other
techniques could help to interpret geophysical images
of magma reservoirs in the shallow crust and contribute
to a better assessment of volcanic hazards.
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