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Abstract: The quality of the numerical age estimates used to establish the eruption chronology of a volcanic
field is a critical control on the dependability of temporal hazard assessments. However, researchers
involved in hazard assessment and modelling may be unfamiliar with dating methods and their com-
plexities, which are needed to assess the quality of published ages. This paper aims to increase the
awareness regarding the quality of geochronological data by providing brief introductions to the prin-
ciples and applications of the dating methods applicable to Quaternary volcanism. The numerical
dating methods included in this review are as follows: 40K / 40Ar and 40Ar / 39Ar dating, radiocarbon
dating, uranium-series-related dating, cosmogenic nuclide exposure dating, and luminescence dating,
as well as tephrostratigraphy and annual layer counting. First, the physical phenomena utilised by
each method to provide age estimates are presented and then concerns related to the application of
these methods are discussed, including necessary calibration steps and possible sources of error. This
is followed by examples of the application of each of the methods.

Kurzfassung: Die Qualität numerischer Altersabschätzungen, die für zeitliche Einordnung von Ausbrüchen eines
Vulkanfeldes genutzt werden, spielt eine kritische Rolle für die Zuverlässigkeit der zeitlich-
aufgelösten Gefährdungsbeurteilung. Oft fehlt Forschenden, die in die Gefährdungsbeurteilung und
-modellierung involviert sind, ein eingehendes Verständnis für die genutzten Datierungsmethoden
und deren Komplexität. Dieses Verständnis ist jedoch Voraussetzung, um die Qualität publizierter
Alter einschätzen zu können. Die vorliegende Arbeit soll das Bewusstsein bezüglich der Qualitätsfak-
toren geochronologischer Daten schärfen, indem die Prinzipien und Anwendungen von Methoden zur
Datierung quartären Vulkanismus zusammenfassend vorgestellt werden. Hierbei handelt es sich um
Datierungsmethoden mittels 40K / 40Ar und 40Ar / 39Ar, Radiokohlenstoff, Uranzerfallsreihen, kos-
mogener Nuklide und Lumineszenz, sowie Tephrastratigraphie und Zählung von Jahreslagen. Zuerst
werden die physikalischen Hintergründe der einzelnen Methoden vorgestellt. Im Anschluss werden
Probleme bei der Anwendung diskutiert, inklusive notwendiger Schritte zur Kalibrierung und poten-
tielle Fehlerquellen diskutiert und Anwendungsbeispiele vorgestellt.
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1 Introduction

Volcanism is widespread across the Earth in a variety of
forms. In many cases human societies have developed near
volcanoes, often due to benefits such as fertile soil (Small and
Naumann, 2001). Proximity to volcanoes, however, comes
with the hazard of periodic sudden destruction from ballistic
projectiles, ashfall, pyroclastic surges, lava flows, and lahars.
An understanding of the time frame and recurrence rate of
volcanic activity is critical for assessing the risk posed by
these volcanic hazards. Forecasting the risk of these haz-
ards is of particular concern to urban areas located near
or within volcanic fields such as Auckland (New Zealand),
Mexico City (Mexico), Naples (Italy), and Clermont-Ferrand
(France). Furthermore, long-term forecasting of volcanism is
necessary for critical decisions such as the locations of nu-
clear waste repositories (e.g. Connor et al., 2000).

To consider the temporal element of hazard forecasting,
the sequential eruption order and the ages of the eruptions are
needed. From this information, the recurrence rate of erup-
tions, i.e. the duration of time between successive eruption
events, can be calculated. Numerical age estimations for indi-
vidual eruptive centres are thus crucial for long-term tempo-
ral eruption forecasting. Unfortunately, most volcanoes lack
chronologic data, or the available data are of questionable
quality (Le Corvec et al., 2013). For example, a survey of
the southwestern USA found that out of over 2000 identified
Quaternary volcanoes, in 37 distinct fields, only around 25 %
have been dated (Valentine et al., 2021). While this percent-
age might seem low, it is relatively good on a global scale,
with many Quaternary volcanic fields for which barely any
eruption chronologies exist (Brown et al., 2015). Further-
more, many ages are published without analytical informa-
tion or error estimates, and/or were determined using older
dating methods that have been found to be erroneous. These
are factors that considerably affect the reliability of the age
estimates and that of the calculated recurrence intervals be-
tween eruption events.

As most researchers who use chronological information
for further analysis, including those interested in forecasting
volcanic hazards, may not be familiar with geological dating
methods, the objective of this paper is to provide a brief in-
troduction to the methods currently available for dating vol-
canic eruptions. Extra attention is given to common problems
encountered with these methods and special considerations
that may be needed in volcanic settings. We will focus on
numerical dating methods available for volcanic products of
Quaternary age, as these are the most pertinent for hazard
assessments. Additionally, the temporal record of volcanic
products is skewed towards younger epochs due to the ero-
sion potential of their landforms. Our intention is that readers
will become familiar with the dating tools available to them

for future campaigns and will be able to evaluate the reliabil-
ity of existing ages.

2 Dating Quaternary volcanism

The dating methods presented in this review are applicable
to all kinds of volcanism, on the condition that suitable sam-
ple materials are produced. To facilitate the discussion of the
full range of methods, dispersed volcanism and the resulting
volcanic fields will be the focus of this review. This is due
to the diversity of landforms and volcanic products associ-
ated with volcanic fields (Fig. 1). These landforms are gen-
erally the result of a single small batch of magma (typically
< 1 km3) ejected through a simple conduit during a single
short (< 100 a) eruption period (Cañón-Tapia, 2016; Smith
and Németh, 2017). Each batch of magma ascends along a
new conduit to erupt at a new location, thus building a spa-
tially distributed field of volcanoes. Each of these individual
systems operates on its own timescale but is likely influenced
by the dynamics of the greater system. While the eruption of
an individual volcano in a field is short, the lifetime of a field
may span millions of years, even exceeding the lifetime of
composite volcanoes (Nemeth, 2010). Volcanic fields pose an
increased hazard risk because of their dispersed nature; each
new eruptive centre will erupt in a new location. Thus, spa-
tiotemporal models of activity for the entire volcanic field are
needed for hazard forecasting (Valentine and Connor, 2015).

In this review, the numerical dating methods most used
for Quaternary volcanism are presented (Fig. 2). We refrain
from discussing relative and maximum semi-quantitative ap-
proaches such as morphometric analysis (e.g. Vörös et al.,
2021, 2022). We also refrain from discussing approaches
based on utilising changes in the magnetic field of the Earth,
as these do not directly provide numerical ages and have re-
cently been reviewed by others (Ort et al., 2015; Lerner et
al., 2022). The numerical methods presented are all based on
phenomena either directly or indirectly related to radioactiv-
ity and nuclear physics. This is because radioactive decay is
one of the few natural processes occurring at constant rates
over geological timescales. Four out of the six methods di-
rectly date volcanic products: potassium/argon (40K / 40Ar)
and argon/argon (40Ar / 39Ar) dating, uranium-series-related
dating (U-series), cosmogenic nuclide exposure dating, and
luminescence dating. In contrast, radiocarbon dating is used
to date organic material found within volcanic deposits or to
provide maximum and minimum ages for eruptions by dating
organic material bracketing volcanic deposits.

Volcanoes produce a variety of deposits and landforms
that can be used for dating (Fig. 1). Scoria cones and lava
flows are locations where sample materials like massive lava
for 40K / 40Ar and 40Ar / 39Ar, U-series dating, and cosmo-
genic nuclide exposure dating can be found. In, and under,
lava flows it is also possible to find organic material burnt
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Figure 1. General schematic of a volcanic field and the related landforms. Locations where potential samples for dating can be found are
indicated by the coloured dots.

Figure 2. Applicable dating ranges for the methods covered in this review presented as bars on a logarithmic scale. Dashed portions of
the bars represent ranges where ages should be approached with caution. The red points indicate the half-life of the associated isotope in
relationship to the dating range.

by the lava that can be dated through radiocarbon methods.
More evolved magmas with trachytic and rhyolitic compo-
sitions produce lava domes and pyroclastic flows, which can
be dated through U-series, cosmogenic nuclide exposure, and
40K / 40Ar and 40Ar / 39Ar methods, depending on the miner-
alogical composition of the resulting lavas. Pyroclastic surge
deposits also potentially contain organic material that was
present in the path of the surge during eruption and was
picked up by the flow. Later deposited, these can be dated
through radiocarbon methods. Other locations where sample
material for dating measurements can be found are at quar-
ries, roadcuts, pond sediment cores (both proximal and dis-
tal), and the sediment infill of maar or tuff ring craters. Ex-
posed rock faces in these craters can also be dated through
cosmogenic nuclide exposure dating to provide a formation
age for the maar or tuff ring.

The components of the deposits described in the previ-
ous paragraph can be divided into three main categories: ju-
venile, accessory, and accidental. Juvenile components are
those that solidify directly from magma, including lava and
tephra fragments erupted into the air. As all magmas are

only partially melt, juvenile rocks will be composed of phe-
nocrysts – crystals formed from the melt – surrounded by a
glassy matrix representing the melt at the time of eruption.
Silicate minerals crystallise out of a melt based on their in-
dividual phase dynamics in a sequence known as Bowen’s
reaction series (Bowen, 1922). This series starts with min-
erals rich in iron and magnesium (olivine and pyroxene),
and ends with pure silica oxide (quartz). A side branch of
this reaction series describes the crystallisation sequence of
feldspars from calcium (Ca)-rich feldspar to sodium (Na)-
rich and finally potassium (K)-rich feldspar. In addition to
these main mineral phases, small amounts of minor miner-
als like zircon and apatite also crystallise from the melt. The
lavas resulting from various melts follow a similar pattern:
the initial lavas from unevolved magmas, such as basalt, are
rich in iron and magnesium, while more evolved (i.e. dif-
ferentiated) magmas produce silica-rich lavas like trachyte
and rhyolite. The juvenile components of volcanic deposits
are the target dating material for 40K / 40Ar and 40Ar / 39Ar,
U-series, and, to some extent, cosmogenic nuclide exposure
and luminescence dating. Accessory components are rocks
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or minerals of non-volcanic origin that are brought to the
surface during an eruption. This category includes xenoliths,
fragments of the magma chamber or conduit walls that broke
off and were subsequently transported to the surface during
an eruption. These xenoliths experience various degrees of
thermal alteration while entrained in the magma. They can
often be found inside volcanic bombs or in lava flows (Fig. 1)
and can be used as sample material for luminescence dating.
Accidental components are rock fragments or minerals that
have no relation to the magma but rather were incorporated
into a volcanic deposit during explosive activity. These acci-
dental components are particularly common in deposits from
phreatic eruptions and can be found in tuff rings where they
can potentially be used as sample material for luminescence
dating.

There are two issues that affect all the dating methods pre-
sented in this section: proper age reporting and the reference
datum. The question of how ages should be correctly re-
ported remains unresolved between the different dating com-
munities. As explained further below, age determinations are
mainly based on applying rather complex approaches with
many pitfalls. Advances in technology and analytical proce-
dures have led to improvements regarding the precision, i.e.
the reported age uncertainties, and the accuracy of the results
(see Schoene et al., 2013). The latter stands for how close a
reported age represents the real age of a deposit or an event.
Systematic offsets between the apparent and real age are
mainly not known (if known, one could usually correct for
the reason), hence, even an age reported with a high precision
might not necessarily be correct. To allow specialists to eval-
uate the quality of a result and identify potential problems,
detailed reporting of sampling, analytic procedures, and the
equipment used is required. Making this information avail-
able may allow corrections to be carried out, even decades
after the information was initially published. Guidelines exist
for most of the methods presented here (radiocarbon: van der
Plicht and Hogg, 2006; Millard, 2014; 40Ar / 39Ar: Renne et
al., 2009; U-series: Dutton et al., 2017; cosmogenic nuclides:
Dunai and Stuart, 2009; luminescence: Mahan et al., 2022).

The other issue is the reference datum, as there is no com-
mon fixed year of reference. For most methods, the age re-
ported refers to the year of sampling or measurement, which
is not necessarily reported in the related studies. The ra-
diocarbon dating community has defined 1 January 1950 as
“present”, and ages are usually reported as “BP” (“before
present”; see van der Plicht and Hogg, 2006). When reporting
ages for Pleistocene eruptions, this issue is secondary consid-
ering the overall range of dating uncertainties, but it becomes
relevant on historic timescales (see Duller, 2011). A common
solution to make ages comparable between methods is to use
the AD/BC (Anno Domini/Before Christ) or CE/BCE (Com-
mon Era/Before Common Era) scale. However, converting
ages to this scale requires that the reference year is properly
reported. Finally, there is no consensus regarding the abbre-
viation with which ages are reported. Commonly found are

“y”, “yr”, “yrs” (for years) but, more recently, many jour-
nals (e.g. Grün, 2008) follow The International System of
Units (SI) and use the “a” (lat. annum= year), in combina-
tion with prefixes k (kilo= one thousand), M (mega= one
million), and G (giga= one billion).

3 40K/ 40Ar and 40Ar/ 39Ar dating

Both 40K / 40Ar and 40Ar / 39Ar dating methods are based
on the radioactive decay of potassium-40 (40K) to the sta-
ble noble gas argon-40 (40Ar) in potassium-bearing minerals.
In 1940, this decay was first utilised for chronological pur-
poses (Aldrich and Nier, 1948), constituting the beginning of
the 40K / 40Ar dating method. When minerals are held at el-
evated temperatures, gases such as Ar are purged from the
mineral. After a K-bearing mineral cools, gaseous 40Ar pro-
duced by the decay of 40K (half-life (t1/2)= 1250 Ma) be-
comes trapped within the crystalline lattice. As the decay
of 40K occurs at a constant rate, the ratio of 40Ar to 40K
provides an indication of the time elapsed since the mineral
cooled below a closure temperature. This closure tempera-
ture is dependent on diffusion processes in crystals, which
in turn vary with mineral type, cooling rate, compositional
variation, and structural state. It is better considered as a clo-
sure temperature range, with high cooling rates resulting in
higher and narrower ranges, while slower cooling rates re-
sult in lower and broader temperature ranges (Snee, 2002).
Closure temperature ranges are approximately 580 to 480 °C
for amphibole (Harrison, 1982), 340 to 280 °C for biotite
(McDougall and Harrison, 1999), and ≥ 300 to ≤ 150 °C for
K-feldspar (McDougall and Harrison, 1999), with the upper
and lower limits representing fast (1000 °C Ma−1) and slow
(5 °C Ma−1) cooling rates, respectively. To overcome issues
inherent to 40K / 40Ar dating (discussed in greater detail be-
low), Merrihue (1965) and Merrihue and Turner (1966) de-
veloped the method known as 40Ar / 39Ar dating. Both meth-
ods are still in use today, often in tandem, and are particularly
applicable to the dating of lava.

3.1 Procedures, problems, and applications
40K / 40Ar and 40Ar / 39Ar dating methods both target K-rich
sample materials. They are performed on whole-rock sam-
ples, groundmass, and individual phenocrysts. Due to the
long half-life of 40K, these methods can provide ages for
rocks as old as 3 to 4 Ga (Kelley, 2002). The younger limit
of 40K / 40Ar can be estimated at ∼ 1.5 ka, as the analyti-
cal precision of the method decreases and the errors associ-
ated with the age are large (Scaillet and Guillou, 2004). The
type of material being dated has an impact on this younger
limit of dating. Low-K feldspars, such as plagioclase, would
produce larger uncertainties and thus an older minimum age
limit, while sanidine (a high-K feldspar) would tend to result
in better analytical precision and can provide younger ages.
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One of the additional sources of uncertainty with
40K / 40Ar dating is that these two elements (40K and 40Ar)
are in different physical states: solid and gas. Therefore, two
aliquots of the sample are measured separately at different
facilities, leading to biased results in non-homogeneous sam-
ples. Flame photometry, isotope dilution, or atomic absorp-
tion spectrometry are used to measure K, while the Ar iso-
tope ratios are measured through mass spectrometry (Kel-
ley, 2002). The 40Ar / 39Ar dating method was developed
to avoid the need to measure two aliquots of sample. This
approach converts 39K to 39Ar by neutron irradiation at a
nuclear reactor and then measures all the different isotopes
of Ar simultaneously with mass spectrometry (Merrihue and
Turner, 1966). This indirect way of measuring 40K through
39ArK, with the K subscript denoting the K origin, is feasi-
ble, as the natural abundance of all K isotopes is well known
and does not change: 39K= 93.2581 %, 41K= 6.7302 %, and
radioactive 40K= 0.0117 %.

By measuring the Ar isotopes, the ratio between radio-
genic 40Ar (designated 40Ar∗) and 39Ar produced by neutron
irradiation (39ArK) can be calculated. This ratio is propor-
tional to 40Ar∗ / 40K and is further related to the 40K / 40Ar
age of the rock (McDougall and Harrison, 1999). The age
is calculated by comparing the 40Ar∗ / 39ArK of the sam-
ple to that of a standard of well-known age. This standard
should be irradiated simultaneously with the sample to deter-
mine the neutron flux received by the sample. The standard
is thus called the neutron flux monitor and is used to calcu-
late the “J parameter”, which is dependent on the duration
of irradiation, the neutron flux, and the neutron cross-section
(Mitchell, 1968). Ages can finally be calculated for the sam-
ple through Eq. (1):

t =
1
λ

ln
[

1+ J
40Ar∗

39ArK

]
, (1)

where t is the age (in a), λ is the total 40K decay constant
(5.54× 10−10 a−1), and J is the previously described J pa-
rameter.

Early 40Ar / 39Ar dating utilised a method in which the
sample was completely fused, meaning all gases were re-
leased and analysed simultaneously, without the possibility
of identifying samples that were thermally disturbed after
crystallisation. Turner et al. (1973) proposed a dating proto-
col with step heating, representing a breakthrough for identi-
fying thermal disturbances in the crystallisation history of a
sample. Accordingly, an ideal sample produces the same age
(within error) during all the heating steps, constituting what
is known as a “plateau age”. Examples of ideal and prob-
lematic samples can be found in Fig. 3a, b. The plateau age
can be resolved using at least three contiguous heating steps
which together represent more than 50 % of the total 39Ar
released (McDougall and Harrison, 1999).

Two of the main assumptions in 40Ar / 39Ar dating are that
the system has remained closed since eruption, meaning neg-

ligible loss of 40Ar to weathering or thermal alteration, and
the absence of inherited 40Ar from xenoliths. These assump-
tions can be evaluated through petrographic observation of
the sample. Another important assumption is that all the mea-
sured 40Ar is derived from 40K decay (McDougall and Har-
rison, 1999). 40Ar is the most abundant isotope of argon and
is thus also abundant in the atmosphere. Therefore, the total
40Ar measured in a rock or mineral can potentially have both
a radiogenic (40Ar∗) and an atmospheric 40Ar component.
The 40Ar / 39Ar method overcomes this problem by measur-
ing 36Ar and calculating the atmospheric 40Ar / 36Ar ratio,
which is then compared to the present-day 40Ar / 36Ar value
of 295.5± 0.5 (Nier, 1950). However, during the irradiation
process, 36Ar isotopes can be produced from calcium (Ca);
hence, the 40Ar / 36Ar ratio alone is not a reliable solution.
An additional isotope, 37Ar (a non-naturally occurring iso-
tope also produced from irradiation of Ca), must be measured
to account for the 36Ar produced by irradiation from Ca (Mc-
Dougall and Harrison, 1999).

After measuring the Ar isotopes and applying corrections
to 40Ar and 36Ar, several argon isotopic ratios can be derived
such as 36Ar / 40Ar and 39Ar / 40Ar. An isochron diagram
plots the isotopic ratios from the individual heating steps in
a binary plot (Fig. 3c, d). A regression line is fitted to these
ratios, with the y intercept constituting the air composition.
The air composition ratio ideally should be within error of the
reciprocal of 40Ar / 36Ar= 295.5± 0.5, the present-day ratio
(Nier, 1950). The x-intercept value is related to the amount
of radiogenic argon, which is proportional to the age of the
sample.

One additional consideration for 40Ar / 39Ar dating is the
loss of 39Ar through atomic recoil during irradiation. This
phenomenon occurs when the momentum from the conver-
sion of 39K to 39Ar displaces the 39Ar atom by up to 0.08 µm,
potentially releasing it from the crystalline lattice (Turner
and Cadogan, 1974). This effect, which results in an age
overestimation, is most significant on fine-grained sample
materials (e.g. clay) where there is the greatest potential for
recoil to result in the escape of 39Ar (Kelley, 2002).

3.2 40K/ 40Ar and 40Ar/ 39Ar dating in volcanic
contexts

In the volcanic context, radiogenic 40Ar accumulates in
cooled volcanic products, particularly in massive lava and
the crystal components of ash. These methods are impor-
tant for dating volcanic deposits due to the long half-life of
40K (1250 Ma) and the high abundance of K-rich minerals in
several volcanic deposits. The 40Ar / 39Ar step heating tech-
nique is applied to K-bearing minerals in lava and is a reliable
tool for dating eruptions.

Due to an observed tendency for anomalously high lev-
els of atmospheric 40Ar, caution should be exercised when
dating ignimbrites, altered lavas, and glasses (Chernyshev
et al., 2006). When dating whole-rock lava or groundmass
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Figure 3. 40Ar / 39Ar step heating spectra results (a, b) and inverse isochrons (c, d) for two basalt samples from lava flows in the Payenia
Basaltic Province, Argentina. Heating steps contributing to the plateau are shown in red and rejected steps in blue. Sample 1 shows all heating
steps in agreement (a) and a well-defined isochron (c), while sample 2 shows a deviation in the higher temperature heating steps (b) and a
poorly defined isochron (d) (modified from May et al., 2018).

samples, special pre-treatment steps may be needed to re-
move phenocrysts and xenocrysts that could contain inher-
ited 40Ar (Guillou et al., 1998). Issues with atomic recoil
of 39Ar have also previously been documented for samples
of basaltic lava (Baksi, 1994; Féraud and Courtillot, 1994).
Nonetheless, approaches have been developed that allow rea-
sonable ages to be calculated for basaltic samples that display
nuclear recoil (Fleck et al., 2014). In recent years, a few ap-
proaches have been explored to extend the capabilities of the
method and improve its precision. One example of this is im-
provements in analytical instrumentation through ultra-high-
precision multi-collector mass spectrometers (Phillips and
Matchan, 2013; Phillips et al., 2017). New methodologies
such as single-grain age determination and using statistics to
determine a normal distribution of ages have also been devel-
oped (Savelkouls et al., 2026; Schaen et al., 2020). However,
performing single-grain 40Ar / 39Ar chronology requires a
good understanding of the grain’s history. Despite these ad-
vances, the problem of accurately dating young basaltic ma-
terial remains.

3.3 Examples of 40K/ 40Ar and 40Ar/ 39Ar dating
applied to volcanism

40K / 40Ar and 40Ar / 39Ar dating methods have been widely
applied to the dating of lava flows. An example is the dating
of nine lava flows in the Payenia Basaltic Province in central
western Argentina by May et al. (2018). These lava flow sam-
ples were collected from fresh-looking basaltic flows. Two
of the samples, sample 1 and sample 2, will be discussed
further. Whole-rock samples of the basalt were crushed, and
careful steps were taken to completely remove phenocrysts
and xenocrysts from the sample. After irradiation, the Ar iso-
topes were measured through six heating steps. As shown in
Fig. 3a, the step heating of sample 1 produced reliable results
with a defined plateau. In addition, the inverse isochron graph
(Fig. 3c) associated with sample 1 presents a (40Ar / 36Ari)
value of 292.4± 5.7 (2σ ), which is within error of the at-
mospheric value (295.5± 0.5; Nier, 1950), emphasising the
reliability of the results (May et al., 2018). However, the
step heating results for sample 2 (Fig. 3b) indicate that it is
possibly very young and close to the younger limit of the
method for basic volcanic material. This interpretation is de-
termined from four factors: (a) the plateau age could only
be derived from three consecutive heating steps, which is
not ideal; (b) the resolved age presents a large error; (c) the
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inverse-isochron-constrained 40Ar / 36Ari value is imprecise:
288.2± 23.3 (2σ ) presenting a large uncertainty (Fig. 3d);
and (d) the possibility of excess argon cannot be discarded.

Another example of the improvements presented by
40Ar / 39Ar dating in comparison to 40K / 40Ar dating is the
research from Matchan and Phillips (2011) on the Newer
Volcanic Province in southeastern Australia. Basalt samples
were extracted from lava flows around Mount Rouse and
Mount Warrnambool that had previously been studied with
40K / 40Ar dating (McDougall and Gill, 1975; Gill, 1981).
Like the previous example, careful steps were taken to avoid
rock fragments that were altered or contained phenocrysts
and xenocrysts that may introduce excess Ar. The Ar isotopes
were measured through seven steps of heating tailored to fit
the individual samples. The 40Ar / 39Ar ages were mostly
concordant with the previous 40K / 40Ar ages; however, the
newer 40Ar / 39Ar chronology produces more precise results.
Some of the 40Ar / 39Ar ages were found to be significantly
younger than the 40K / 40Ar ages, which demonstrates the
ability of 40Ar / 39Ar dating to avoid issues with excess Ar.

A final example of 40Ar / 39Ar dating that displays the lim-
its of this method is the dating of Mt. Vesuvius deposits by
Renne et al. (1997). These authors sampled pumice from de-
posits associated with the 24 August 79 CE eruption docu-
mented by Pliny the Younger. In contrast to the previous two
examples, instead of dating the groundmass of basaltic lava,
they targeted millimetric sanidine phenocrysts from the al-
kaline pumice. After irradiation, the sanidine crystals were
step-heated with a broad-beam CO2 laser. Despite showing
dispersed ages in the lowest energy steps, in the higher en-
ergy steps an age from 2 to 3 ka emerged. When plotted
on an isochron diagram, these data produced an age esti-
mate of 1.925± 0.094 ka. Using the publication year, 1997,
as the reference year, this age agrees well with the histor-
ically recorded age. Despite this positive result, there were
clear indications of excess Ar in the sample, particularly in
the lower steps. Nonetheless, attempts to correct for this ex-
cess by excluding the first two heating steps resulted in the in-
distinguishable age estimate of 1.927± 0.102 ka. This exam-
ple shows that with careful application, modern 40Ar / 39Ar
approaches can successfully be used to date late Holocene
deposits.

4 Radiocarbon dating

Radiocarbon dating is based on the phenomenon of organic
substances incorporating the radioactive isotope 14C into
their tissue during their lifetime (for reviews, see Hajdas,
2008; Hajdas et al., 2021; Wood, 2015). Upon the demise
of the organism, the uptake of 14C stops and those isotopes
present in the remnants decay to 14N with a half-life of
5.73 ka. As a result, the ratio of 14C to the stable isotope 12C
within a sample will continuously decrease. By measuring
and analysing the ratio of parent to child isotope, the time

elapsed since the organism died, and thus the age of the de-
posit, can be determined. One of the most important break-
throughs in geochronology was the publication by Libby et
al. (1949), which first presented age estimates based on the
radiocarbon content of a sample.

4.1 Procedures, problems, and applications

Two different approaches exist to measure the concentration
of 14C in a sample. Originally, this was done by beta count-
ing, i.e. using devices that measure the number of β particles
emitted by radioactive decay of a sample. In the literature,
this method is sometimes referred to as “conventional” radio-
carbon. A relatively large amount of sample material (some
grams) is required for this method, and for one sample it
usually takes days of measurement to obtain robust counting
statistics. The introduction of accelerator mass spectrometry
(AMS) in the late 1970s revolutionised radiocarbon dating
(Muller, 1977), as much smaller samples can now be mea-
sured at high levels of precision (< 1 %) in a few minutes
(Linick et al., 1989). As 50 % of the 14C remaining in the
sample has decayed after each half-life, the detection limit
is reached after approximately 10 half-lives, with only 0.1 %
of the original 14C remaining. Consequently, the upper limit
for radiocarbon dating is around 55 ka (Hajdas et al., 2021).
This 55 ka upper limit of radiocarbon dating is also practi-
cally established by the extent of the available calibration
curves (discussed below). Radiocarbon ages as young as a
few decades can be determined for certain material (see re-
view by Geyh, 2001). However, it must be highlighted that
caution is required in the sampling, storage, and prepara-
tion of samples to avoid contamination (e.g. Wohlfarth et al.,
1998). This applies to bone material (e.g. Cersoy et al., 2017;
Talamo and Richards, 2011) and especially for old samples
(> 30 ka), as contamination can easily lead to offsets of sev-
eral thousand years.

A general issue in radiocarbon dating is the fact that the
primary production of the isotope 14C in the atmosphere has
not been constant over the last 55 000 a. This requires the ra-
diocarbon age determined in the laboratory to be calibrated
using atmospheric 14C production rate curves that have been
constructed from independently dated archives (Fig. 4). The
establishment of such calibration curves began with Stuiver
et al. (1986a), and the present curves cover a range from
0 to 55 000 cal BP (Heaton et al., 2020; Hogg et al., 2020;
Reimer et al., 2020). These curves are based on tree rings
with annual to decadal precision ages up to∼ 13.9 ka. Above
this age, the curves are based on floating tree-ring chronolo-
gies, varved lake sediments, speleothems, ice core data, ma-
rine sediments, and corals. Because 14C production is not
uniform globally, separate curves have been established by
international efforts for the Northern (IntCal20; Reimer et
al., 2020) and Southern Hemispheres (SHcal20; Hogg et al.,
2020). It has also been necessary to establish a calibration
curve for marine samples due to differences in atmospheric
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Figure 4. Example of a radiocarbon age calibration for a charcoal
sample from Puy Chopine in the Chaîne des Puys volcanic field,
France (McCreary, 2020). The probability distribution of the uncal-
ibrated radiocarbon age is plotted on the y axis in red. This distri-
bution is mapped onto the IntCal20 calibration curve (Reimer et al.,
2020) in blue to determine the probability distribution of the cali-
brated age range in grey. The bar below the grey distribution rep-
resents the 95.4 % (2σ ) confidence interval of the calibrated date.
This example shows the effect of a small plateau in the calibration
curve on the precision of the calibrated age.

and oceanic 14C concentrations (Marine20; Heaton et al.,
2020). While calibrated radiocarbon ages might be associ-
ated with an uncertainty of less than 2 %, there are several
“age plateaus” present in the calibration curve which cause
much higher uncertainties (see Guilderson et al., 2005). Such
a plateau, known as the Hallstatt plateau, covers the Golden
Age of Greece (5th century BCE), for which calibrated ra-
diocarbon ages may have an uncertainty of several hundred
years (i.e. > 10 %) (Hamilton et al., 2015; Jacobsson et al.,
2018; Reimer et al., 2020).

Radiocarbon ages can also differ from the real age if the
sample material was affected by reservoir effects, i.e. the
initial 14C / 12C ratio incorporated by the material did not
represent that of the atmosphere. This occurs particularly in
ocean water, where CO2 depleted in 14C is taken up by organ-
isms (Craig, 1957; Gordon and Harkness, 1992; Mangerud,
1972). It is important to note that the marine reservoir effect
is highly dependent on local conditions and may change with
time (e.g. Alves et al., 2018; McNichol and Lindauer, 2022).
To correct for this effect, the local parameter 1R that repre-
sents the offset compared to the real age of a sample must be
determined (Stuiver et al., 1986b; Stuiver and Polach, 1977).
This correction typically accounts for several hundred years.
There is also a known freshwater reservoir effect that results
in radiocarbon age overestimations for samples that devel-
oped in lakes and rivers influenced by so-called “hardwater”
(Deevey et al., 1954; MacDonald et al., 1987; Philippsen,
2013). This hardwater is rich in dissolved carbonates from

calcium carbonate rocks in the surrounding geology that are
either depleted in 14C or completely lacking 14C (in this case
known as “dead carbon”) due to their older age. Philippsen
(2013) reported radiocarbon age differences as high as 2 ka
among modern samples from the same river due to this fresh-
water reservoir effect. Volcanic and hydrothermal settings as-
sociated with degassing of magmatic CO2, which completely
lacks 14C, also present reservoir effects that result in age
overestimation (Calderoni and Turi, 1998).

All the above highlights that caution is required when us-
ing published radiocarbon dating results. In the early years of
radiocarbon dating (up to the 1980s), most of the previously
mentioned problems were poorly understood or simply un-
known. This applies particularly to contamination and reser-
voir effects. While data published before 1980 should be ap-
proached with caution, they can potentially be used when de-
tails regarding preparation and measurement procedures are
provided (e.g. Millard, 2014). This includes the uncalibrated
radiocarbon ages (in 14C yr BP) to which the most up-to-date
calibration can be applied. Furthermore, it is mandatory that
the nature of the dated material (wood, shell, bone, peat, etc.)
is noted and its stratigraphic context is clearly documented.

4.2 Radiocarbon dating in volcanic contexts

In the volcanic context, it must be noted that products of
the eruption itself are not dated by radiocarbon. Instead, or-
ganisms killed or covered by the event are dated as a proxy.
Hence, detailed documentation of the stratigraphic context is
needed to establish whether the sample material was recov-
ered directly from volcanic products or from strata below or
above the volcanic material. In the most ideal case, the death
of the organic material is coincident to the eruption itself.
This sample material would thus be sampled directly from a
volcanic stratum with evidence that it had been burnt during
an eruption. Examples of this kind of material are remains
of trees burnt by lava flows and charcoal samples from pyro-
clastic flow deposits (Lockwood and Lipman, 1980). These
are both good sample materials for radiocarbon dating, par-
ticularly when younger than 25 ka (Higham et al., 2009).

In situations where volcanic material is covering older de-
posits or is covered by younger deposits, the results would
pre- or post-date the eruption. Ideally, the volcanic deposit
will be closely bracketed by organic material on both sides
that can be dated to obtain a narrow range between the max-
imum and minimum age. The potential sample materials for
this type of dating are palaeosols beneath lava flows, and peat
or gyttja strata observed in sediment, often found far from the
source volcano (Juvigné et al., 1996). It should be noted that
these are not ideal sample materials for radiocarbon dating
due to their high potential for contamination and often low
carbon content (Evin, 1992; Juvigné et al., 1996; Shore et al.,
1995). In cases where these materials have been used for ra-
diocarbon dating, supplementary palynological data can help
to confirm the accuracy of the resulting ages.
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In addition to these sample material considerations, in vol-
canic contexts a special type of reservoir effect has been as-
sociated with the degassing of magmatic CO2 (Calderoni and
Turi, 1998). This 14C-free CO2 can be absorbed into the sam-
ple material, thus producing an age overestimate. This mag-
matic CO2 affects soil humic acid fractions and is able to di-
lute the uptake of atmospheric 14C by leaves in these settings.
This reservoir effect is highly sensitive to spatial variations,
as exemplified by a 5 ka range for radiocarbon ages measured
from modern tree leaves sampled from the Solfatara crater
in the Campi Flegrei, Italy (Calderoni and Turi, 1998). Sam-
ples that have been exposed to magmatic degassing over time
should thus be closely investigated for contamination. For the
First Millennium Taupo eruption in New Zealand, Holdaway
et al. (2018) showed that radiocarbon ages could be overes-
timated by up to 200 a, in this case more than 10 % (Hogg et
al., 2019; Holdaway et al., 2019).

4.3 Examples of radiocarbon dating applied to
volcanism

Radiocarbon dating has established reliable eruption
chronologies for many volcanoes and volcanic fields around
the globe. One example of this is Vulcano, the southern-
most Aeolian Island (Italy), for which a detailed eruption
history between 900 and 1600 CE is available. Malaguti et
al. (2022) present a revised chronology for eruptive activity
in this period based on radiocarbon dating in combination
with stratigraphic and palaeomagnetic analyses. They exca-
vated twenty 2–3 m deep trenches around the La Fossa and
Vulcanello cones, which allowed them to collect five differ-
ent charcoal samples for radiometric dating. These samples
were measured by AMS, after pre-treatments with HCl to re-
move absorbed carbonates and a special acid-base-acid pre-
treatment for charcoal as described by Brock et al. (2010).
After calibration using the IntCal20 calibration curve, the in-
tegration of these ages with tephrostratigraphic and palaeo-
magnetic data helped to reveal that the La Fossa caldera ex-
perienced at least 19 eruptions from 900 to 1550 CE, which
reflects one event per 35 a. This rate is much higher than the
previously expected average reoccurrence rate of 130 a.

Another example of radiocarbon dating of volcanism is
the work done on Mt. Fuji by Obrochta et al. (2018), which
highlights the importance of precise chronologies for haz-
ard assessments. Mt. Fuji, adjacent to the Tokyo metropoli-
tan area, Japan, has been hazard mapped based on a chronol-
ogy constrained by ages that are out of stratigraphic or geo-
graphic order. To overcome this, Obrochta et al. (2018) con-
structed a Holocene eruption history for Mt. Fuji through ra-
diocarbon dating of lacustrine sediments in combination with
tephrochronology. This study reported a refined 8 ka eruption
history revealing previously unknown eruptions. They per-
formed high-density radiocarbon dating on terrestrial macro-
fossils and bulk organic material from sediment cores sam-
pled from Lake Motosu at the northwestern base of Mt. Fuji.

The samples were measured with AMS and calibrated with
the IntCal13 calibration curve. The impact of older carbon
in the lake water on the bulk organic matter samples, one of
the previously described reservoir effects, was mitigated by
dating the bulk organic matter sampled at two depths cor-
responding to tephra of known age. These ages were used
to reverse calibrate the other ages based on a methodology
described in Lougheed et al. (2017). This use of lacustrine
sediments allowed for closely spaced events to be clearly dif-
ferentiated in the eruption chronology.

The final example of radiocarbon dating presented here is
the eruption of the Santorini volcanic system in the Aegean
Islands, Greece. Known as Thera in ancient Greek, the erup-
tion chronology of this volcano is probably the most promi-
nent controversy regarding the dating of a volcanic event.
Since Marinatos (1939), this eruption has been suggested
as a cause for the decline of the Minoan advanced civili-
sation during the Late Bronze Age, an important issue for
understanding the history of the Mediterranean. Tradition-
ally, the timing of the large eruption of Thera was placed ca.
1520 BCE, based on historical ages available from the Mi-
noan and Egyptian cultures (e.g. Bietak, 2003; Ritner and
Moeller, 2014). However, since the 1970s this age has been
repeatedly challenged by radiocarbon dating, which has pro-
duced ages some 100 to 150 a older (Bronk Ramsey et al.,
2004). Based on more than 100 radiocarbon samples, mostly
short-lived organic material like seeds and grains, and com-
plex statistical analyses, Bronk Ramsey et al. (2004) de-
rived a likely age of 1663 to 1599 BCE for the Thera erup-
tion. This age estimate was confirmed and narrowed down
by the dating of an olive branch from Thera itself to 1627
to 1600 BCE (Friedrich et al., 2006). Since then, dozens of
articles attempting to explain the offset and/or supporting
the older radiocarbon-dated or archaeological-derived erup-
tion age have been published (e.g. Bietak, 2014; Bruins and
Plicht, 2025; Manning, 2022). The impact of magmatic CO2
degassing on these radiocarbon ages has been considered
as one possibility for the age discrepancies (Pearson et al.,
2018). In recent years, potential anomalies in the calibration
curve for the period of interest have been investigated to ex-
plain the apparent offset. However, this has provided support
for both the younger and older age interpretations of the erup-
tion (Friedrich et al., 2020; Manning et al., 2020; Pearson et
al., 2018, 2023; Erdil et al., 2026). This situation is a good
example of the complications to age interpretation that result
from imperfect calibration curves.

5 Uranium-series-related dating

The principles of uranium (U) and thorium (Th) decay series
dating started to be understood at the end of the 19th cen-
tury when Henri Becquerel, Marie Curie, and Pierre Curie
discovered radioactivity and the radioactive properties of U
and Th (Becquerel, 1896; Curie, 1903). Two isotopes of U

https://doi.org/10.5194/egqsj-75-131-2026 E&G Quaternary Sci. J., 75, 131–162, 2026



140 W. McCreary et al.: Review of numerical methods for dating Quaternary volcanism

(238U and 235U) and one isotope of Th (232Th) are parent
isotopes of three complicated decay chains that end with sta-
ble child isotopes of lead (206Pb, 207Pb, and 208Pb, respec-
tively; Fig. 5). These decay chains are composed of a va-
riety of intermediary radionuclides produced through alpha
or beta particle emission. These intermediate radioisotopes
have half-lives ranging from a fraction of a microsecond to
245 ka, all of which are much shorter than the half-lives of
the three parent U and Th isotopes. The relative abundance
of these intermediate child isotopes is controlled by the de-
cay rate of the parent isotope (i.e. the production rate of the
child isotope) and the decay rate of the child isotope itself. In
radioisotope systems where the half-life of the parent isotope
is much longer than that of the child isotope, a steady state is
achieved where the decay rate of the child equals its produc-
tion rate. This steady state, known as secular equilibrium, is
established after roughly six child isotope half-lives (Bour-
don and Sims, 2003). After about 1 Ma, all intermediate iso-
topic systems of the U–Th decay chains will have reached a
state of secular equilibrium, assuming the system remained
closed. This state is known as complete secular equilibrium
and allows the intermediate isotopes to be ignored. Radio-
metric dating using the U–Th parent and stable child Pb iso-
topes on samples with complete secular equilibrium is known
as U–Th–Pb dating. U–Th–Pb dating is used to date some
of the oldest rocks on Earth, due to the very long half-lives
of the initial U–Th parent isotopes. The lower limit of these
dating methods is determined by the time needed to establish
complete secular equilibrium (∼ 1 Ma).

If there is secular disequilibrium somewhere in the U–Th
decay chains, this disequilibrium can be analysed to obtain
geochronological information on timescales from a few hun-
dred years up to 600–700 ka, depending on the intermediate
isotopes used and if the system remained closed (Cheng et
al., 2013). Disequilibrium can occur in any of the interme-
diary isotopic systems due to a variety of phenomena. Geo-
chemical differences between parent and child isotopes re-
sult in their fractionation during geological processes such
as crystallisation, partial melting, and weathering. For exam-
ple, U is water soluble in its U+6 oxidation state, while Th
is completely insoluble. This means that any carbonate rocks
that precipitate from water will be in secular disequilibrium,
because they will lack the intermediate child isotope 230Th in
the 238U decay chain. In this case, the degree of disequilib-
rium between 234U (t1/2= 246 ka) and 230Th (t1/2= 75 ka)
can be used to determine the amount of time elapsed since
precipitation of the carbonate. The intermediate isotopes of
most interest for disequilibrium dating are 234U, 230Th, and
226Ra in the 238U decay chain, and 231Pa in the 235U decay
chain (Bourdon et al., 2018).

U–Th–Pb dating and U–Th series disequilibrium dating
are not the only ways to obtain chronological information
from the nuclear physics of U and Th. Geochronological
methods using by-products of these decay chains have also
been developed. One of these methods is “fission track dat-

ing”. In addition to alpha decay to 234Th, 238U also decays
at a known and constant rate through spontaneous fission
into two lighter nuclei. These “child” nuclei damage the crys-
talline lattice they pass through after fission, leaving behind
what is known as a fission track that can be made visible by
etching a polished surface of a mineral. In U-rich minerals
such as zircon, apatite, and glass, the density of fission tracks
and the U content of the mineral can be measured to deter-
mine the amount of time passed since the crystal cooled be-
low a known closure temperature, above which the tracks are
annealed. As was the case for Ar, this closure temperature is
also mineral dependent and should be thought of as a range
instead of a specific temperature. This range is 320 to 210 °C
for zircons (Yamada et al., 1995) and 125 to 60 °C for apatite
(Gleadow and Duddy, 1981). The comparable range for glass
varies greatly by composition and water content, with clo-
sure temperatures nearing the ambient range in some cases
(Lakatos and Miller, 1972). As these fission tracks are ther-
mally sensitive, they can also be used to decipher the thermal
history of a rock. While fission tracks can be detected on a
practical level after 100 ka, their use for dating is most reli-
able and widely used in the range from one to hundreds of
Ma (Fleischer et al., 1964).

Another by-product of the U–Th decay series that can be
used for dating is radiogenic helium (He) produced by alpha
decay. Alpha particles (positively charged particles consist-
ing of two neutrons and two protons) released during alpha
decay are essentially nuclei of 4He atoms. As soon as an al-
pha particle is stopped, it captures two electrons, thus becom-
ing an atom of radiogenic He gas trapped in a mineral. The
potential for this radiogenic He to escape from the crystal is
controlled by the atomic-recoil distance, crystal morphology,
and thermally dependent diffusion processes. Similarly to the
40K / 40Ar and 40Ar / 39Ar dating method, this accumulation
of He in a crystal can be used to determine the time elapsed
since the mineral cooled below a closure temperature of 290
to 210 °C for zircons in volcanic rocks (Danišík et al., 2017).
This method is known as (U–Th) /He dating. He is unique as
a child product of the U–Th series because it is produced by
several parallel decay steps. For samples in complete secu-
lar equilibrium, there are relatively simple equations that can
be used to obtain ages (Wolf et al., 1998). In samples where
there is potential disequilibrium in the system, analysis of
the disequilibrium is needed to properly model the He pro-
duction rate and therefore obtain a reliable age (Farley et al.,
2002). This method has found a variety of applications, most
commonly on zircons, in the field of thermochronology due
to the thermal sensitivity of He diffusion processes (Farley,
2002; Reiners et al., 2004).

5.1 Procedures, problems, and applications

The dating of lavas through 230Th–238U disequilibria was
developed in the late 1960s with the internal isochron
method (Allegre, 1968; Kigoshi, 1967). Due to differences

E&G Quaternary Sci. J., 75, 131–162, 2026 https://doi.org/10.5194/egqsj-75-131-2026



W. McCreary et al.: Review of numerical methods for dating Quaternary volcanism 141

Figure 5. Decay chains of the 238U, 235U, and 232Th isotopes. The half-lives of the isotopes are printed below each isotope. Black arrows
indicate alpha decay, while red arrows indicate beta decay. The dashed arrows represent minor decay branches that account for less than 2 %
of the isotope’s total decay. All half-life values are taken from Haynes (2016).

in U and Th partition coefficients, minerals in a volcanic
rock will crystalise with different (238U / 232Th) ratios but
will have the same initial (230Th / 232Th) ratios. If the ra-
tios for individual mineral phases are plotted together in a
(230Th / 232Th) vs (238U / 232Th) diagram, they should form
a line, known as an internal isochron (Fig. 6). The slope of
this isochron (m) can be used to obtain a crystallisation age
for the sample through Eq. (2):

t =
ln(1−m)
λ230

, (2)

where λ230 is the decay constant of 230Th. At t = 0, the points
would form a horizontal line with a y intercept representing
the (230Th / 232Th) for the system as a whole. At t =∞, the
slope will be equivalent to the “equiline” representing secular
equilibrium.

The ideal sample material for U-series disequilibrium dat-
ing is lava that shows no signs of weathering or secondary
alteration (Danišík et al., 2017). To create an isochron, it
is necessary to measure at least two mineral phases (e.g.
quartz, glass, olivine, or amphibole) from the same rock
but ideally more (Taddeucci et al., 1967). The range of the

Figure 6. 230Th / 238U isochron diagram constructed from five
mineral phases (Ap= apatite, Kfs=K-feldspar, Gr= groundmass,
Bt= biotite, Z= zircon). The slope of the red isochron is used to
calculate the crystallisation age of 12.1± 1.0 ka. The dashed line
represents the initial 230Th / 232Th ratio for all phases at the time of
crystallisation, which corresponds to the whole-rock 230Th / 232Th
ratio. Plot reproduced from data published in Condomines (1997).

238U / 232Th ratio in a mineral impacts the precision of its
measurement. For this reason, zircon, an accessory mineral
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in juvenile volcanic rocks with a high 238U / 232Th ratio, is
valuable for disequilibrium dating (Cerrai, 1965; Fukuoka
and Kigoshi, 1974). In the early days, 230Th–238U disequilib-
rium measurements required relatively large amounts of sam-
ple material, 1 to 3 g of each mineral, prepared as mechan-
ical mineral separates or isotope dilutions (Taddeucci et al.,
1967). U and Th isotope abundances were then directly mea-
sured through mass spectrometry, or the 230Th / 232Th and
238U / 232Th activity ratios were measured by alpha spec-
trometry (Condomines, 1997). Technological advancements
in the field of mass spectrometry, for example, the devel-
opment of thermal ionisation mass spectrometry (TIMS),
secondary ion mass spectrometry (SIMS), laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS)
and the sensitive high-resolution ion microprobe (SHRIMP)
have greatly improved the measurement of isotope ratios
for analysing disequilibrium and have even facilitated nearly
non-destructive measurements on individual crystals.

The zircon double dating (ZDD) technique was developed
to better understand differences in crystallisation and erup-
tion ages for Quaternary volcanism (Danišík et al., 2012,
2017; Schmitt et al., 2006, 2011). This technique dates ac-
cessory zircons in lava with both 230Th / 238U disequilibrium
and (U–Th) /He dating to provide eruption ages in the range
from 2 to 1000 ka (Danišík et al., 2017). Since He only ac-
cumulates in rapidly cooled volcanic zircons after they cool
below 210–290 °C, the (U–Th) /He age is a good approxi-
mation of the eruption age (Danišík et al., 2017). However,
because disequilibrium in the U–Th decay series has an im-
portant impact on He production rates, ages are often under-
estimated by the (U–Th) /He method (Danišík et al., 2017).
230Th / 238U disequilibrium dating contributes to ZDD by
quantifying the amount of disequilibrium in the system, thus
facilitating the necessary corrections to the (U–Th) /He age.
ZDD has the advantage that both dating methods can be ap-
plied to the same zircon crystals. First, nearly non-destructive
microprobe methods like SIMS, SHRIMP, or LA-ICPMS are
used for U–Th disequilibrium dating. Then, a morphologi-
cal and U–Th zonation characterisation of the zircon crys-
tal is performed to allow for a later atomic-recoil correction
to the (U–Th) /He age. Finally, whole-grain bulk analysis
of U, Th, and He is performed on the zircon. This entails a
degassing of the crystal at ∼ 1250 °C under ultra-high vac-
uum to extract He that is measured through noble gas mass
spectrometry. This measurement step can be a challenge if
the levels of He in the zircons are near the detection limit,
creating a lower limit to ZDD (Danišík et al., 2017). De-
spite this, ZDD ages as young as 2 to 2.5 ka have been ob-
tained for zircons from volcanic products (Marsden et al.,
2021; Schmitt et al., 2013). The remaining zircon is then
completely dissolved in acid to measure U and Th through
isotope dilution and ICPMS. The bulk abundances of He,
U, and Th are then used to calculate a “raw” (U–Th) /He
age. This raw age is corrected for both atomic recoil loss
of He and for disequilibrium effects. The He atomic-recoil

correction can have a significant impact, with corrected ages
often being up to 30 % higher than the raw age (Farley et
al., 1996). The correction for U–Th disequilibrium can be
performed through Monte-Carlo simulation with the atomic-
recoil-corrected (U–Th) /He age, the U–Th disequilibrium
crystallisation age, and two parameters that describe the
zircon-melt fractionation of 230Th and 231Pa in relation to
U as inputs. While ZDD has only been explored for a few
decades, it is a promising method for future dating campaigns
of volcanic landforms.

5.2 U-series dating in volcanic contexts

The preferred isotopes for studying magmatic processes are
the child products of the 238U and 235U decay chains. These
isotopes help to elucidate information about crustal residence
time and the timescale of melt transportation (Condomines
et al., 2003). The main processes that cause secular dise-
quilibrium in magmatic systems are partial melting, magma
differentiation, and fractional crystallisation. When mantle
rock, assumed to be in secular equilibrium, undergoes partial
melting, fractionation occurs between the parent and child
isotopes. This is because the isotopes have different parti-
tion coefficients between the mineral phase and the melt. For
example, compared to 234U, 230Th has a greater affinity to
transition from the mineral phase of the rock into the melt.
Thus, lava formed from the melt will have a glassy matrix
in secular disequilibrium due to a surplus of 230Th, while
the phenocrysts will be in various degrees of disequilibrium
due to a lack of 230Th. Furthermore, phenomena such as hy-
drothermal alteration (Villemant et al., 1996) and fluid addi-
tion (Turner et al., 2003) also result in secular disequilibrium.
Following these processes, the disequilibrium between iso-
topes of the same decay chain can be quantified, and the type
of perturbation the system received to produce the observed
disequilibrium can be inferred.

It is important to remember that the isochron method of
230Th / 238U disequilibrium dating only provides crystallisa-
tion ages. While crystallisation ages can correspond with the
eruption age, there are published 230Th / 238U disequilibrium
crystallisation ages much older than eruption age estimates,
indicating an extended residence time in the magma cham-
ber before eruption (see Bourdon et al., 1994; Volpe and
Hammond, 1991). For this reason, it is recommended that
230Th / 238U disequilibrium ages for volcanic samples be in-
terpreted as maximum ages for eruptions. For a more detailed
discussion of the ways U-series dating of accessory minerals
can be used to quantify a variety of volcanic processes, read-
ers are directed to Schmitt (2011).

5.3 Examples of U-series dating applied to volcanism

U-series dating methods have been applied to volcanism
from the early development of U–Th–Pb dating and U–Th
disequilibrium dating to the development of the ZDD ap-

E&G Quaternary Sci. J., 75, 131–162, 2026 https://doi.org/10.5194/egqsj-75-131-2026



W. McCreary et al.: Review of numerical methods for dating Quaternary volcanism 143

proach in the early 21st century – to varying degrees of suc-
cess. One representative example of disequilibrium dating
is the use of 230Th / 238U disequilibrium in accessory min-
erals to date trachytic lava from the Puy de Dôme, France,
by Condomines (1997). The Puy de Dôme, a trachytic dome
volcano, is the highest summit in the Chaîne des Puys vol-
canic field and has a complex formation history. Before
Condomines (1997), Puy de Dôme products had been dated
through radiocarbon and luminescence methods (Faïn et al.,
1988, 1991; Juvigné and Gewelt, 1987). In his study, Con-
domines (1997) sampled trachytic lava from the first phase
of dome construction, which contained phenocrysts of oligo-
clase, sanidine, biotite, and clinopyroxene, as well as inclu-
sions of apatite and zircon in the groundmass. The lava was
separated into the following fractions for dating: ground-
mass, sanidine, biotite, apatite, zircons, and a whole-rock
sample containing all the previously mentioned fractions.
After chemical treatments to digest the fractions into solu-
tions, the U and Th abundances were measured with mass
spectrometry and the 230Th / 232Th and the 234U / 238U ac-
tivity ratios were measured with high-resolution alpha spec-
trometry. The 234U / 238U activity ratios of all fractions in-
dicated equilibrium levels, which allowed direct analysis of
the disequilibrium between 238U and 230Th. An isochron dia-
gram plotted from these five fractions presents a well-defined
isochron (Fig. 6). The slope of this isochron gave a crystalli-
sation age of 12.1± 1.0 ka (1σ ) for the lava, and the inter-
cept with the equiline indicates an initial 230Th / 232Th ra-
tio of 0.844± 0.004. While this age corresponds to the crys-
tallisation of the various phenocrysts, it agrees with previ-
ous luminescence and radiocarbon ages for Puy de Dôme
deposits (TL: 10.8± 2, 9.8± 1, and 9.7± 1 ka; Faïn et al.,
1988, 1991; 14C: 9.79± 0.275 BP or 11 819–10 683 cal BP;
Juvigné and Gewelt, 1987), despite being slightly younger
estimates. Assuming the luminescence and radiocarbon ages
are reliable, these results support an eruption age from 12 to
11 ka and a short interval of not more than a few centuries
between crystallisation and eruption.

The disadvantage of U–Th disequilibrium dating is that it
only provides crystallisation ages, which in some cases could
be quite different from eruption ages. The ZDD approach
overcomes this issue by using the results of U–Th disequi-
librium analysis to improve the results of (U–Th) /He dat-
ing. An early application of this approach was performed by
Schmitt et al. (2006) to date the Las Tres Vírgenes volcano
in Baja California, Mexico, which was thought to be histor-
ically active due to present-day hydrothermal activity. They
sampled pumice from the La Vírgen tephra that was care-
fully selected, cleaned, and crushed to avoid unwanted ma-
terial. In addition to a whole-rock fraction of the pumice, in-
dividual zircon grains were isolated. Non-destructive SIMS
was performed on individual grains with an ion microprobe
capable of focusing on a ∼ 35× 30 µm spot. The La Vír-
gen tephra whole-rock U and Th concentration was anal-
ysed with TIMS, and the 230Th / 232Th ratio was measured

with SIMS. The whole-rock results were in secular equilib-
rium and were therefore also analysed for U–Th–Pb dating.
In contrast, many of the zircons were not in equilibrium and
could be used to construct an isochron diagram. The slope of
the resulting isochron was calculated through two methods
that yielded similar results within uncertainties: U–Th dise-
quilibrium ages of 121± 12 or 118± 15 ka. These ages relate
to when crystallisation of the zircons stopped. To complete
the (U–Th) /He dating, the U, Th, and He abundance of eight
zircons was measured through isotope dilution and noble gas
mass spectrometry. The resulting average (U–Th) /He age
for the eight zircons was 29± 2 ka, but this is merely a min-
imum age estimate as it does not account for disequilibrium
of 230Th in the system due to fractionation between Th and
U during zircon crystallisation. To resolve this, the SIMS and
TIMS U /Th values for the zircons and whole-rock samples
were used to calculate mineral-melt partitioning coefficients
and the residence time of the zircons in the magma before
eruption. These coefficients, along with the U–Th disequi-
librium and (U–Th) /He ages and uncertainties, were then
used to correct for the disequilibrium and the residence time
of the zircons in the magma. In this case, the average of
the corrected (U–Th) /He eruption ages for the zircons was
36± 6 ka. This age contrasts with the previously published
radiocarbon age of 6516± 75 BP for a single piece of car-
bonised wood from the middle of the tephra (Capra et al.,
1998) and a reference in an 18th century map to a 1746 erup-
tion (Ives, 1962) However, the ZDD age is supported by a
3He cosmogenic nuclide exposure age of > 26± 4 ka for a
basaltic lava flow overlying the La Vírgen tephra (Hausback
and Abrams, 1996). As the radiocarbon age is based on only
one sample, there are several possible explanations why it is
so young, such as sample alteration. It is also possible that the
sample is from a wildfire and only became entrained in the
tephra after a reworking event like a landslide. The historical
records also have the potential to be misinterpretations of a
steam release from the hydrothermal activity, debris from a
landslide, or even smoke from a wildfire. For these reasons,
and the support of the 3He cosmogenic nuclide exposure age,
this ZDD age is considered reliable.

6 Cosmogenic nuclide exposure dating

Cosmogenic nuclide exposure dating is a geochronological
technique used to determine the exposure age of rocks and
sediments on Earth’s surface. This technique is based on
the production and accumulation of isotopes called terres-
trial cosmogenic nuclides (TCNs) in minerals and sediments
showered by cosmic-ray-derived particles known as “sec-
ondary cosmic ray particles” (see reviews in Lal, 1991; Gosse
and Phillips, 2001; Ivy-Ochs and Kober, 2008; Dunai, 2010).
When high-energy cosmic rays interact with atoms in the at-
mosphere, both TCNs and secondary ray particles are pro-
duced. These secondary ray particles, mostly neutrons and
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Figure 7. Schematic illustrating the production of TCNs (3He,
10Be, 21Ne, 36Cl) in the atmosphere and in lava by cosmic rays.

muons, cascade down to the surface of the Earth, produc-
ing more TCNs and secondary ray particles with each colli-
sion (Fig. 7). When this cascade of secondary ray particles
reaches the Earth’s surface, they produce TCNs inside ex-
posed minerals through interactions with “target” elements
present in the mineral. The resulting TCNs take the place of
the target element in the crystalline lattice. Through measur-
ing the concentration of TCNs accumulated over time in a
rock sample and estimating the location-specific production
rate of TCNs, it is possible to estimate the surface exposure
time of the rock.

6.1 Procedures, problems, and applications

There are several TCNs used for cosmogenic nuclide expo-
sure dating. These TCNs can be either long-lived radionu-
clides (e.g. 10Be, 14C, 26Al, 36Cl) or noble gases (e.g. 3He,
21Ne). An overview of the characteristics of the main TCNs
used for cosmogenic nuclide dating is reported in Table 1.
The main types of interaction that produce these TCNs are
spallation by neutrons, muons, and neutron capture. For ex-
ample, secondary ray particles that interact with a quartz
crystal can produce beryllium-10 (10Be) through spallation
of oxygen atoms in the quartz (Fig. 7). TCN concentra-
tions are measured by mass spectrometry (AMS, for radionu-
clides; noble gas spectrometry for noble gases).

In addition to the concentration of TCNs, the rate at which
the TCN is produced (the so-called production rate) and the
rate at which unstable TCNs decay (half-lives of radionu-
clides) must also be known. Production rates vary depend-
ing on the nuclide considered and on the sample location.

Rates are higher at high altitudes and high latitudes due to
reduced atmospheric shielding and at high latitudes due to
an increased flux of cosmic rays resulting from the geometry
of the Earth’s magnetic field. Scaling schemes have been de-
veloped to model the production rate at a sampling site based
on the production rate derived at the closest neighbouring
calibration site. These scaling schemes have been refined in
recent years following an improved understanding of TCN
production pathways (Balco et al., 2009; Lifton et al., 2014;
Martin et al., 2017). This refinement, however, has led to po-
tential discrepancies between original and rescaled ages.

TCN production rates also decrease with depth into a rock
or sediment, since the flux of secondary cosmic ray particles
(neutrons in particular, muons to a lesser extent) is attenu-
ated with depth. Consequently, erosion leads to a decrease in
the TCN concentration of the sampled surface, potentially re-
sulting in age underestimation. Rock surfaces unaffected by
erosion should therefore be targeted for dating. When this is
not possible, a correction for erosion should be included if
independent erosion estimates are available.

Two additional issues regarding cosmogenic nuclide dat-
ing are (a) inheritance of nuclides from previous exposure
periods (see Ivy-Ochs et al., 2009) and (b) the interruption
of surface exposure by periods of surface shielding (e.g.
Delunel et al., 2014). Such complex exposure histories can
lead to age over- and underestimation, respectively. These is-
sues can potentially be resolved by studying combinations of
radioactive TCNs with different half-lives (10Be–26Al, e.g.
Fabel et al., 2002; 14C–10Be, e.g. Hippe, 2017; 10Be–21Ne,
e.g. Balco et al., 2014). Paired radionuclides will be in dis-
equilibrium after a period of surface shielding due to their
differential decay rates. This disequilibrium can give infor-
mation about nuclide inheritance or interrupted surface ex-
posure (Hippe, 2017).

The upper and lower age limits for cosmogenic nuclide
dating depend on both methodological and geological fac-
tors. The lower limits are set by analytical sensitivity (i.e.
the minimum TCN concentration sufficient for robust quan-
tification). Exposure ages of a few hundred years can be de-
termined when working with 3He, the TCN with the high-
est production rate and a low detection limit (Table 1; Blard,
2021). Upper age limits are constrained by the radionuclide
decay rate and by the erosion rate of the investigated rock sur-
face. The concentration of a TCN in a rock surface increases
with exposure until saturation. For stable TCNs, saturation
occurs when there are no more atoms of the target element to
produce new TCNs. In the case of radioactive TCNs, satura-
tion occurs when an equilibrium in the production and decay
of the TCN is reached. The exposure time needed to reach
this saturation equilibrium level corresponds to ca. three to
four half-lives of the considered radionuclide. This conse-
quently sets the maximum exposure age that can be deter-
mined for the corresponding TCN. Depending on the TCN
considered, upper age limits vary between ca. 50 ka for 14C
and several millions of years for 3He and 21Ne. The oldest
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Table 1. Details about the main cosmogenic nuclides used for exposure dating. Information from Dunai (2010) and von Blanckenburg and
Willenbring (2014).

TCN Half-life Main target
elements

Main target mineral Interaction + contribution (%) Production rate at
SLHLa (atm g−1 a−1)

3He Stable All major
elements+ Li

Olivine, pyroxene,
He-retentive minerals

Spallation: 100
Li: thermal neutron capture

75 to 120

10Be 1.4 Ma O, Si Quartz (rarely
pyroxene and olivine)

Spallation: 96.4
Muon: 3.6

4 to 5

14C 5720 a O, Si Quartz Spallation: 82
Muon: 18

18 to 20

21Ne Stable Mg, Al, Si Quartz, pyroxene,
olivine

Spallation: > 96.4
Muon: ≤ 3.6

18 to 21

26Al 0.7 Ma Si Quartz Spallation: 95.4
Muon: 4.6

35

36Cl 0.3 Ma K, Ca, 35Cl,
(Fe, Ti)

Carbonates, feldspar,
whole rock

K: spallation 95.4; muons 4.6
Ca: spallation 86.6; muons 13.4
Fe, Ti: spallation presumed 100
Low-energy neutron capture
produces 36Cl from Cl and K.

70 (Ca), 200 (K)b

a SLHL: production rate at sea level and high latitude. b 36Cl production rate depends on concentration of Ca, K, and 35Cl in minerals.

known exposure ages (> 10 Ma) so far were obtained with
3He (Balter-Kennedy et al., 2020).

6.2 Cosmogenic nuclide dating in volcanic contexts

The development of cosmogenic nuclide dating over the last
decades has allowed the establishment of chronological con-
straints on many fields of Earth sciences, including volcanic
systems (Bromley et al., 2019; Espanon et al., 2014; Fen-
ton et al., 2004). Volcanic products are well suited for cos-
mogenic nuclide dating since their newly formed surfaces
are not affected by nuclide inheritance. One difficulty lies
in identifying the original post-eruptive surface. This can be
recognised based on the presence of eruptive features (e.g.
spatter, glassy texture of cooling rinds on flows, smooth sur-
faces of pahoehoe flows), the preservation of which indicates
minimal erosion (Phillips, 2003). Another factor complicat-
ing cosmogenic nuclide dating of volcanics is the scarcity
of production rate calibration sites for TCNs. When evalu-
ating a cosmogenic nuclide age for a volcanic eruption, it
is important that the calibration site for the production rate
is geographically close enough to the eruption location to be
meaningful. This highlights the need for new calibration sites
to reduce potential inaccuracies in the spatial scaling of the
production rate (Espanon et al., 2014; Blard, 2021).

Depending on the minerals and landforms targeted, differ-
ent TCNs have been employed to constrain the chronology
of volcanic eruptions. The TCNs 3He and/or 21Ne are used
on olivine and pyroxene minerals in lava flows (e.g. Fen-
ton et al., 2009; Gillen et al., 2010; Espanon et al., 2014;

Doll et al., 2024). The high production rate of 3He makes
it ideal for dating young lava flows (i.e. Late Holocene to
historical; Heineke et al., 2016; Doll et al., 2024). For both
3He and 21Ne, it is important to determine the contribution
from non-cosmogenic sources of these isotopes (i.e. mag-
matic, radiogenic, and atmospheric) to the total concentration
of 3He and 21Ne measured. Establishing these contributions
enables a reduction of the uncertainty in the obtained expo-
sure ages (Blard, 2021; Niedermann, 2002). Nonetheless, the
combined application of 3He and 21Ne has shown great po-
tential in the exposure dating of lava flows, since age inter-
comparison allows for the identification of outliers (Espanon
et al., 2014; Fenton et al., 2009; Gillen et al., 2010).

Surface exposure of volcanic rocks lacking olivine and py-
roxene (i.e. silicic lavas) can be dated through 36Cl by sam-
pling phenocrysts of Ca-rich feldspar (e.g. Bromley et al.,
2019) or bulk rock samples (e.g. Alcalá-Reygosa et al., 2018;
Phillips, 2003). 36Cl is applicable to a wide range of minerals
and rock types, as it is produced from several target elements
(Table 1). Since the TCN production pathways vary depend-
ing on the concentration of the target elements, estimation of
the 36Cl production rate is complex (Schimmelpfennig et al.,
2011). Furthermore, the low-energy neutron capture which
produces 36Cl from 35Cl is difficult to estimate in bulk rock
volcanic samples, which often contain high Cl concentrations
in the glass matrix of the lava (Schimmelpfennig et al., 2009).

Lastly, 10Be cosmogenic nuclide dating has also been em-
ployed to date volcanic activity through non-volcanic sam-
ple material. For example, 10Be exposure dating has been
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applied to quartz-bearing xenoliths (Heineke et al., 2016).
Alternatively, silicic rocks exposed in the walls of volcanic
landforms, such as maar craters, can be dated with 10Be
to provide a minimum age for the maar (Valentine et al.,
2019). Using 10Be in quartz presents the advantages of
well-understood 10Be production pathways, as well as well-
established extraction and measurement procedures. Recent
investigations have also shown progress in laboratory extrac-
tion procedures and production rate estimation of 10Be in
pyroxene (Balter-Kennedy et al., 2023). This development
highlights the potential of using this nuclide–mineral pair to
exposure date mafic rocks.

6.3 Examples of cosmogenic nuclide dating applied to
volcanism

Examples of cosmogenic exposure dating applied to volcan-
ism exist for a wide range of products and landforms. One
of the most common examples is the surface exposure dating
of lava flows. An example of this is the efforts by Espanon
et al. (2014) to date two volcanoes in the Llancanelo and
Payún Matrú volcanic fields, Mendoza, Argentina. These au-
thors measured the accumulation of 3He and 21Ne in olivine
separates from five samples of basalt: three from the surface
of a lava flow and two from volcanic bombs believed to be
undisturbed since eruption. The Mg content of the olivine
was measured through X-ray fluorescence analysis, while He
and Ne were measured through noble gas mass spectrome-
try. The combined application of measurement to 3He and
21Ne increased the confidence in the resulting ages as the
two nuclides are stable, have similar characteristics, and can
be measured from the same sample. The ages obtained for
these samples confirmed eruptive activity as recent as 5 ka in
the Payún Matrú volcanic field. However, their analysis was
challenging due to the limited number of 21Ne production
rate calibration sites available, forcing Espanon et al. (2014)
to use a production rate derived from a Northern Hemisphere
calibration site. Very few production rate calibration sites are
in the Southern Hemisphere, and scaling schemes often as-
sume similar cosmic-ray fluxes in both hemispheres. This is-
sue increases the uncertainty in the resulting ages because the
Earth’s geomagnetic field is not a perfect dipole (Cox, 1962;
Laundal et al., 2017).

For a variety of reasons, the careful consideration of the
volcanic material for dating is very important. An example
of this is the dating of a Holocene eruption in the Kula vol-
canic field in western Türkiye. 3He and 10Be exposure dat-
ing were applied to olivine in basalt and to quartz-bearing
xenoliths, respectively. In this case, the selection of sampling
material was essential to rule out the presence of inherited
10Be in the quartz. The xenoliths analysed by Heineke et al.
(2016) were selected because they were located on top of the
cone, had a rounded shape, and displayed a lithology distinct
from the surrounding volcanic material. They also presented
direct contact to lava. These are all indications that the xeno-

liths originated from the basement beneath the cone and were
entrained by rising magma during the eruption, thereby ex-
cluding significant 10Be inheritance.

A final example of the importance of sample selection
is the 36Cl nuclide dating of late Holocene lava flows from
the Pico de Orizaba volcanic complex in the eastern portion
of the Trans-Mexican Volcanic Belt (Alcalá-Reygosa et al.,
2018). Samples of dacitic lava were collected from the top
of two lava flows on the flanks of Pico de Orizaba, Mex-
ico’s highest stratovolcano. Blocks with protruding geome-
tries were preferred due to a reduced risk of snow shielding.
Due to the lack of adequate phenocrysts, 36Cl produced in
situ was measured for bulk rock samples of the lava. These
samples contained high Cl concentrations (250–400 ppm),
resulting in ∼ 60 %–70 % of the total 36Cl production being
derived from neutron capture on 35Cl. Because the flux of
low-energy neutrons responsible for this reaction is highly
sensitive to environmental factors such as hydrogen con-
tent, snow cover, and surface geometry, the production rate
was difficult to constrain. This resulted in relatively large
uncertainties for the ages produced by these measurements
(∼ 17 %–20 %). For this reason, it is generally preferable to
measure 36Cl on Ca- and/or K-rich minerals (e.g. feldspars
or clinopyroxenes), rather than in bulk rock samples (Schim-
melpfennig et al., 2009).

7 Luminescence dating

This group of methods uses mineral luminescence to deter-
mine the time elapsed since crystallisation, last exposure to
sunlight (i.e. elapsed time since burial), or heating above am-
bient temperatures (for a sufficient duration dependent on
temperature) for rocks, sediments, or archaeological sam-
ples. Luminescence is the emission of light from a mineral,
mainly quartz or feldspar, upon stimulation by heat or light
(see Aitken, 1985, 1998). This signal (i.e. the latent light
emitted) gradually accumulates over time in mineral grains
through trapped charge excited by environmental radiation
from radioactive decay and cosmic rays. In contrast, the sig-
nal is rapidly reset to a zero level by heat or light. Randall
and Wilkins (1945) proposed that the signal emitted is energy
released as photons due to electrons returning to a ground
state after being confined at defects in the crystalline lattice,
known as “traps”. A significantly simplified diagram of these
phenomena can be found in the upper two panels of Fig. 8.
Daniels et al. (1953) established the usefulness of this phe-
nomenon for dating through identifying the relationship be-
tween luminescence signal intensity and the absorbed radia-
tion dose. The intensity of a sample’s natural luminescence
signal can be converted into the amount of environmental ra-
diation absorbed, known as the palaeodose or equivalent dose
(De), through comparison to the signal intensity resulting
from artificial irradiations of the sample. Finally, an age esti-
mate can be calculated by dividing the De value (calculated
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Figure 8. Upper two panels: Energy level diagrams illustrating the
accumulation and release of a luminescence signal. Path (a) in the
signal accumulation panel displays an electron becoming excited
into the conduction band from the valence band by ionising radi-
ation. Most excited electrons immediately dissipate this energy by
recombining with a hole in the valence band, as indicated by path
(a′). Alternatively, some excited electrons migrate through the con-
duction band to localised energy levels slightly below the conduc-
tion band known as electron traps (1 and 2). Trap 1 is shallower
than trap 2, meaning it requires less energy to release the trapped
electrons and is less thermally stable. When an excited electron is
trapped, it leaves behind a hole in the valence band, which can mi-
grate to hole traps that occupy an energy state slightly above the
valence band (3). The signal stimulation panel displays how light
or heat are able to stimulate the trapped electron back into the con-
duction band, from where it can recombine with a hole at the hole
trap. In this process, a photon is released, which contributes to the
luminescence signal. Lower panel: a representative dose response
curve used to interpolate theDe through a SAR protocol. The insert
is an example of a luminescence decay curve.

in Gray; 1 Gy= 1 J kg−1) by the dose rate, i.e. the amount of
radiation exposure per year at the sampling location. All lu-
minescence dating methods share the same fundamental age
equation – Eq. (3):

Age [a] =
De [Gy]

dose rate [Gya−1]
. (3)

7.1 Procedures, problems, and applications

The measurement of two variables is required for lumines-
cence dating: the De and the dose rate. The dose rate can be

measured in situ when sampling with dosimeters or portable
gamma-spectrometers. More commonly, samples are col-
lected and measured to calculate the dose rate from the activ-
ities of radioactive elements in the target mineral (the internal
dose rate) and in the surrounding material (the external dose
rate). These measurements are usually made through high-
resolution gamma spectrometry, neutron activation analy-
sis, counting techniques (alpha, beta, gamma), or inductively
coupled plasma mass spectrometry. For the external dose rate
calculation, additional estimates of cosmic ray exposure and
the average moisture content throughout time are also needed
(Aitken, 1985). The dose rate calculation is often the more
complicated component of a luminescence age and is the ma-
jor source of systematic error (Mahan and DeWitt, 2019).

The De is obtained by comparing the sample’s natural lu-
minescence intensity to the intensity of the signal after ir-
radiations of known amount. The most common approaches
to determine the De in this context are extrapolation or in-
terpolation. To extrapolate the De, varying amounts of lab-
oratory radiation are added to the natural dose of multi-
ple aliquots of the same sample (multiple aliquot additive
dose (MAAD) protocols). Alternatively, the De can be in-
terpolated by regenerating the luminescence signal in single
aliquots at varying doses after first measuring the natural sig-
nal (single aliquot regenerative (SAR) dose protocols: Fig. 8;
Murray and Wintle, 2000). Both approaches can be applied
regardless of the luminescence stimulation method used.

There are several well-established methods to stimulate
mineral luminescence forDe determination. The first of these
is thermoluminescence (TL), which uses gradual heating of
the sample to 500 to 600 °C to stimulate the luminescence
signal from thermally sensitive traps. In the 1980s, doubt
was cast upon sediment dating using TL because of sev-
eral TL age overestimates due to incomplete resetting of
the signal (see Mahan and DeWitt, 2019). The two remain-
ing methods of stimulation for luminescence, developed in
the late 1980s, use illumination to release electrons from
light-sensitive traps. For the measurement of quartz, visible
light (wavelength ∼ 470 nm) is used for stimulation, and the
method is referred to as optically stimulated luminescence
(OSL; Huntley et al., 1985). For feldspar, a similar method
called infrared stimulated luminescence (IRSL) is applied,
which utilises infrared light (wavelength ∼ 850 nm) as stim-
ulation (Hütt et al., 1988). For both OSL and IRSL, a pre-
heat step is necessary to release electrons from unstable traps
that were filled by laboratory irradiation (Wintle and Murray,
1998; Duller, 1994).

These measurement procedures are not without issues.
The first issue to consider is a potential change in the sensi-
tivity of the sample after repeated measurement cycles. The
intense thermal treatments used in TL, the preheats used for
OSL and IRSL, and even laboratory irradiation itself, all have
the potential to change a sample’s sensitivity to irradiation.
This change in sensitivity could pose a significant obstacle
to obtaining a meaningful De by comparing the natural lu-
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minescence of a sample to regenerated luminescence signals
with higher or lower sensitivity. Consequently, early TL work
used MAAD approaches in which the aliquots are only irra-
diated and heated once in the measurement process. MAAD
approaches, however, have greater random errors due to lu-
minescence variability between individual aliquots. In re-
sponse to these issues, Duller (1995) and Murray et al. (1997)
developed SAR methods for feldspar IRSL and quartz OSL,
respectively. These developments allow for the measurement
and correction of sensitivity changes over repeated cycles
of luminescence regeneration through the implementation of
normalisation to a constant test dose response. Murray and
Wintle (2000) incorporated these improvements into a single
protocol that includes quality assurance tests and rejection
criteria for individual aliquots if the sensitivity correction is
not sufficient.

The second potential issue that needs to be considered is
known as “partial resetting”. This issue occurs when the nat-
ural luminescence signal of a sample is not completely and
uniformly reset before burial (or another event that is dated).
When undetected, this results in an age overestimation. Par-
tial resetting is most common in fluvial or glacial settings
where the transportation distance is short, and the water is
potentially too turbid for all sediment grains to be completely
reset by sunlight. Yet, it could occur in any situation where
the cause of signal resetting is insufficient in either strength
or duration. This issue can be mitigated by implementing lu-
minescence protocols that measure theDe of single grains of
the sample (Olley et al., 1999). If there has been partial re-
setting, the De values will have an asymmetrical spread with
a low population reflecting full resetting, and a higher gradu-
ally increasing population representing grains that were only
partially reset. By evaluating the lower population of the De
values, an age can be calculated by modelling the minimum
age (Murray et al., 1995; Galbraith and Roberts, 2012).

The third issue facing luminescence dating, particularly of
feldspars, is a phenomenon known as “anomalous fading”.
Wintle (1973, 1977) was the first to observe this phenomenon
when she noticed a decrease in TL intensity after storage for
short periods of time following irradiation. Spooner (1992)
identified the same issue in feldspars measured through IRSL
methods. This decrease in intensity is due to an athermal loss
of signal over time from traps that should be stable on ge-
ological timescales. The proposed mechanism for this loss
is electron quantum tunnelling (Visocekas, 1985; Visocekas
et al., 1998; Guérin and Visocekas, 2015). The consequence
of this fading is an age underestimation. Methods have been
developed to quantify the rate of fading through laboratory
storage tests, and corrections can be applied (Huntley and
Lamothe, 2001; Auclair et al., 2003; Kars et al., 2008). How-
ever, some of the necessary assumptions underlying these
corrections limit their use to samples younger than 50 ka in
age with moderate to low fading rates (Huntley and Lian,
2006). Alternatively, the impact of anomalous fading can be
reduced or eliminated by various preheating steps or by fo-

cusing on specific components of the luminescence signal
which do not fade (Thomsen et al., 2008). The most success-
ful examples of this approach are the post-IR IRSL (pIRIR)
and multi-elevated-temperature post-IR IRSL (MET-pIRIR)
dating protocols (Thomsen et al., 2008; Buylaert et al., 2009,
2012; Thiel et al., 2011; Li and Li, 2011, 2012). In these
protocols, aliquots are first measured with a low temperature
(50 °C) IRSL step to remove fading components, and then a
stable signal of the same aliquot is measured with IRSL at
higher temperatures (180, 225, or 290 °C). These methods,
which have been applied similarly to single aliquots and sin-
gle grains, have rejuvenated research into feldspar as a target
material for luminescence dating.

Luminescence dating is predominately used to obtain
burial ages for sediments of various kinds. Current SAR pro-
tocols allow the De to be measured for several aliquots of
the same sample, with subsequent statistical treatments of
inter-aliquot differences yielding final De values with un-
certainties < 5 % (Mahan and DeWitt, 2019). The overall
uncertainties for luminescence ages are usually quoted at 1
standard deviation and often range from 15 % to 20 % of the
age for TL and from 5 % to 10 % for OSL or IRSL (Mahan
and DeWitt, 2019). The lower limit of the luminescence dat-
ing range is decided only by the sensitivity of the devices
measuring the signal and can be as low as 10 a (Ballarini et
al., 2007). The upper limit of the dating range is determined
by the dose rate and a saturation level of trapped electrons
that differs between minerals. For conventional quartz OSL,
this upper limit is typically around 150 to 200 ka, whereas
for feldspar it ranges between 200 and 300 ka. However, the
dose rate can significantly shift these limits. High dose rates
in loess can cause quartz to saturate after 50 to 100 ka (e.g.
Avram et al., 2020; Buylaert et al., 2007), while in settings
with exceptionally low dose rates, ages of up to ∼ 1 Ma can
be obtained (e.g. Blechschmidt et al., 2009; Huntley et al.,
1993; Rhodes et al., 2006). In addition to the age estimate
and its confidence interval, luminescence publications will
ideally be reported with the following information: a profile
description of the sample site, both the internal and external
dose rates for the sample and the values used to calculate
them, a brief description of the luminescence measurement
protocol used, the De value, and any information regarding
fading rates and corrections. For more detailed discussions of
luminescence methods and their applications to a wide range
of geological contexts, readers are directed towards the re-
views by Mahan and DeWitt (2019) and Tsukamoto (2025).

7.2 Luminescence dating in volcanic contexts

Volcanic contexts produce several sample materials for lumi-
nescence dating. The first of these are juvenile phenocrysts
of quartz or feldspar, as well as glass, contained in lava or
tephra (Fattahi and Stokes, 2003). The luminescence signal
in these crystals starts at zero and will begin to accumulate af-
ter cooling to ambient temperatures, allowing luminescence
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methods to estimate the time of eruption. In general, these
materials should be approached with caution for lumines-
cence dating, due to their propensity for severe anomalous
fading (feldspar: Wintle, 1973; Huntley and Lamothe, 2001;
Guérin and Visocekas, 2015; and quartz: Bonde et al., 2001;
Tsukamoto et al., 2007). Nonetheless, specific protocols have
been developed that measure non-fading emissions or those
that fade at rates low enough to be corrected. For volcanic
feldspar, these are the far-red TL emissions (∼ 710 nm) and
pIRIR emissions measured at 300 °C (e.g. Visocekas et al.,
2014; Tsukamoto et al., 2014; Biswas et al., 2013, 2015).
For volcanic quartz, ages as old as 1.2 Ma have been mea-
sured through the red TL emissions (RTL, 620–630 nm) and
isothermal RTL SAR protocols (Fattahi and Stokes, 2000;
Tsukamoto et al., 2007; Ganzawa and Maeda, 2009). Vol-
canic glass has also been used for dating, particularly the
2–11 µm fraction (Berger, 1991, 1992), but further research
is needed to establish the widespread applicability of this
method. For more detailed discussions about dating these
materials, please see the thorough discussion provided by
Fattahi and Stokes (2000) and Bösken and Schmidt (2020).
Additionally, juvenile zircon and olivine have been explored
for luminescence dating, with inconclusive results (Clark-
Balzan et al., 2021; Faïn et al., 1988).

As an alternative to juvenile material, quartz and feldspar
of non-volcanic origin found in or adjacent to volcanic de-
posits are appealing target materials, as they are less likely
to suffer from anomalous fading (Rufer et al., 2012). Exam-
ples of this kind of material are xenoliths contained within
lava in scoria cones or flows (Shitaoka et al., 2014), xeno-
lithic quartz crystals in basaltic tephra (Miallier et al., 1982;
Sanzelle et al., 2000), baked rock or sediments below lava
flows (Forman et al., 1994; Pilleyre et al., 1992; Robertson
et al., 1996; Schmidt et al., 2017a), and finally fragments of
crystalline basement contained in phreatic and phreatomag-
matic deposits (Zöller and Blanchard, 2009; Preusser et al.,
2011; Schmidt et al., 2017b). For these products, any pre-
existing luminescence signal in the xenolithic material would
be thermally reset by heat from the surrounding magma dur-
ing transportation to the surface. The heating of xenoliths
surrounded by magma was numerically modelled by Rufer
et al. (2012) who found that the core of a 7 cm× 7 cm hand
sample of granite surrounded by 800 °C (at the lower end of
the range for magma/lava temperatures) would reach temper-
atures above 450 °C after only 260 s. They further tested this
model in the laboratory and found that feldspars from both
the surface and the core of a granite cube had their lumines-
cence signals completely reset after 30 min. Thus, xenoliths
allow direct dating of the eruption event. This signal resetting
by heat is also the case for material baked under lava flows
to depths of 30 cm (Pilleyre et al., 1992; Robertson et al.,
1996). It is nonetheless recommended that these materials be
measured with protocols that target non-fading signals (i.e.
pIRIR) and are tested for fading. This is because of possible
alteration to their luminescence behaviour due to pyrometa-

morphism at high temperatures. The resetting of the lumi-
nescence signal in country rock fragments from phreatic and
phreatomagmatic deposits is not by heat but rather by ther-
mally assisted mechanical stress from the shock of the explo-
sion (Zöller et al., 2009; Preusser et al., 2011; Rufer et al.,
2014). This is one of the few volcanic contexts where partial
resetting could be encountered. The efficacy of this resetting
is still debated, with some studies showing incomplete reset-
ting of the signal (Preusser et al., 2011). For a more thorough
discussion of these target materials and their potential issues,
readers are directed to Rufer et al. (2012) and Bösken and
Schmidt (2020).

7.3 Examples of luminescence dating applied to
volcanism

As presented above, luminescence dating methods can be ap-
plied to a wide range of volcanic products and deposit types.
One relatively common application of luminescence meth-
ods is dating non-volcanic sediments baked under lava flows.
An example of this is a study by Pilleyre et al. (1992) on the
use of the RTL peak at 380–395 °C to date quartz from sed-
iments under the Tartaret, Boisséjour, and St Jacques lava
flows in the Chaîne des Puys volcanic field, France. The
RTL of quartz grains extracted from baked sediments under
the respective lava flows were measured with a MAAD ap-
proach. For all samples, two dose response curves were de-
rived which facilitated the calculation of a sensitisation fac-
tor for the extrapolated De value. The samples from Bois-
séjour and St Jacques both produced a large TL peak start-
ing at 200 °C that overlapped with the high-temperature RTL
peaks used for dating. This TL peak was removed with a 10 s
preheat at 330 °C before performing the RTL measurements.
The dosimetry for these samples was performed through
flame photometry, in situ gamma dosimetry, and alpha count-
ing. The resulting ages for the Boisséjour and St Jacques lava
flows, 72± 7.5 and 60± 7 ka, respectively, agree with previ-
ously published TL ages for plagioclase feldspars from these
lava flows (Guerin, 1983). The RTL age of 13.7± 0.8 ka for
the Tartaret lava flow is older than previous radiocarbon ages
for “black sediments” that are now known to produce age
underestimates (Brousse et al., 1976; Camus et al., 1973).

In contrast to the previous example, luminescence meth-
ods can also be applied directly to juvenile volcanic prod-
ucts, despite their previously discussed susceptibility to
anomalous fading. Anomalous fading is nearly ubiquitous in
feldspar, but for quartz it has only been observed in volcanic
products. A good example of this is Tsukamoto et al. (2007),
who used OSL and isothermal RTL to measure volcanic
quartz from Japan. These authors sampled juvenile quartz
from two rhyolitic pyroclastic surge deposits on Kozu Island
in the Izu Archipelago south of Tokyo and from a tephra in
northern Nagano, central Japan. Radiocarbon ages related to
the pyroclastic surges provided age control to the 20–30 ka
range, while the position of the tephra in sequences around
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Tokyo have been correlated to marine isotope stage 11. The
dosimetry for these samples was calculated based on the con-
centration of U, Th, and K in bulk samples measured through
neutron activation analysis. Both OSL and isothermal RTL
were measured with suitable filter combinations to isolate
the ultraviolet and the red (630–670 nm) emissions, respec-
tively. SAR protocol measurements of the pyroclastic surge
deposits producedDe values that were found to be underesti-
mates based on the dose rate and the radiocarbon age control.
In response to this, a fading test that involved repeated OSL
measurements of the same dose (30 Gy) after seven differ-
ent time delays was performed. An average fading rate of
6.5± 0.5 % per decade was recorded for the OSL signal. At-
tempts to correct the previously measured De values were
made following the method of Huntley and Lamothe (2001),
but the correctedDe values were still less than half of the ex-
pected amount. The RTL of this sample was also measured
with a SAR protocol that yielded De values that were only
slightly lower than the expected value. Finally, they mea-
sured the samples with an isothermal RTL SAR protocol
that held the sample at stable temperatures between 300 and
400 °C for 500 s, allowing them to measure the decay of the
signal over time. This approach has the benefit of making
it easy to separate the isothermal RTL signal from thermal
background noise. The De values obtained through isother-
mal RTL resulted in age estimates of 28.5± 1.2 ka for the
pyroclastic deposits and 388± 25 ka for the tephra, which
both agree with the independent age control.

A final example of how luminescence approaches can be
used to date volcanic eruptions is the research by Preusser et
al. (2011) on maars in the Eifel, Germany. Maars are gener-
ally the result of phreatic eruptions, in which case it is be-
lieved the luminescence signal is reset by mechanical stress
from the explosive eruption style. Preusser et al. (2011) sam-
pled unconsolidated tephra deposits from phreatic eruptions
that consisted of fragmented Devonian sedimentary rock
from Ulmener Maar and Meerfelder Maar in the Western
Eifel. In addition, the authors sampled layers in the Laacher
See tephra that were also rich in Devonian basement frag-
ments. To determine De values, the quartz and feldspar frac-
tions were measured with modified SAR OSL and IRSL pro-
tocols, respectively. For Meerfelder Maar, the average IRSL
and OSL ages of 74.9± 5.0 and 74.9± 5.5 ka respectively
agree perfectly and fit previously published TL ages (Zöller
and Blanchard, 2009). The average IRSL of 11.6± 0.5 ka
for Ulmener Maar agrees well with the available radiocar-
bon and varve-counting-based age control, while the average
OSL age was slightly older at 14.2± 0.6 ka. Partial resetting
of the OSL signal was dismissed as a possibility, as the distri-
bution ofDe remained Gaussian. Differences in the signal re-
setting process due to mechanical stress between quartz and
feldspar were considered as a possible explanation for this
discrepancy. This mechanical resetting process is likely very
different from thermal or optical resetting. The tephra sam-
ples from Laacher See in contrast produced OSL De values

Figure 9. Schematic of geochemical fingerprinting of tephra layers
to their source volcano.

that were in saturation (i.e. not reset), and the IRSL De val-
ues showed a wide spread. The Laacher See is part of a more
complex eruptive system, and the samples contained a larger
percentage of juvenile volcanic material. This suggests that
the explosions from phreatomagmatic eruptions involved in
this tephra formation were not strong enough to reset the lu-
minescence signals. This maar tephra study, among others
mentioned above, demonstrates that luminescence methods
can be used to date volcanic deposits lacking juvenile mate-
rial, unlike U–Th or 40K / 40Ar and 40Ar / 39Ar approaches.

8 Tephrochronology and counting methods

While the bulk of volcanic material is deposited close to the
eruption centre, explosive eruptions can potentially spread
tephra over large areas. Much of the erupted tephra is re-
moved by erosion or weathering. However, some portions
end up in lakes, bogs, or oceans, or on ice masses, where they
can be preserved over long periods of time (e.g. Lowe, 2011;
Lane et al., 2017). Tephra layers like these are also frequently
found within dust deposits (i.e. loess: e.g. Busacca et al.,
1992; Matsu’ura et al., 2011; Zens et al., 2017). While many
tephra layers can be identified visually, individual volcanic
particles can be identified using microscopes. Such cryp-
totephra (typically with a grain size of 25–120 µm) can travel
thousands of kilometres. For identification and correlation to
a specific eruption, geochemical signatures need to be estab-
lished for each volcano/eruption and deposit (Fig. 9; Davies,
2015). While tephra layers are mainly used as marker hori-
zons for regional correlations in palaeoenvironmental stud-
ies (e.g. Hall and Pilcher, 2002; Wastegård, 2005; Blockley
et al., 2012; Davies et al., 2012), tephrochronology also has
great potential for reconstructing recurrence intervals of large
explosive eruptions (Ponomareva et al., 2015; Plunkett et al.,
2015).

As the dating of certain types of volcanic material is chal-
lenging, the advantage of tephra layers is that they can be
dated indirectly by determining the depositional age of the
material in which they are embedded. Some of the methods
mentioned above (radiocarbon, luminescence) can be used
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for this purpose, and age-modelling approaches help to re-
duce the overall dating uncertainty related to individual sam-
ples (e.g. Lacourse and Gajewski, 2020). Very precise ages
can be derived through the counting of annual layers that
occur in ice cores (e.g. Abbott and Davies, 2012) or varved
lake deposits (e.g. Lane et al., 2015). A key requirement of
layer counting is that there must be clear evidence for the
annual nature of the laminae. To obtain numerical chronolo-
gies, an anchor date is required, ideally by identifying the
topmost varve formed during the year of coring. Consecutive
layer counting can lead to dating uncertainties as small as
a few per mille, the uncertainty being related to ambiguous
laminations and hiatuses (Zolitschka et al., 2015). Two ex-
amples in the volcanological context are the Icelandic Vedde
Ash which has been dated to 12 140± 40 varve yr BP (with
1950 designated as “present”) using the varved lake sedi-
ments of Meerfelder Maar in western Germany (Lane et al.,
2013) and the Laacher See Tephra (Bogaard and Schmincke,
1985), which was dated to 12 880 varve yr BP (Brauer et al.,
1999) and 13 006± 9 yr BP by dendrochronology (Reinig et
al., 2021).

A similar method is dendrochronology, which uses tree
rings in large pieces of wood that grow at differing rates
depending on environmental conditions, thus producing a
characteristic pattern similar to barcodes (Biondi, 2014).
Analysing this pattern allows volcanic eruptions to be identi-
fied through disturbances to tree growth by erupted volcanic
products (e.g. Sheppard et al., 2008). However, in most cases
the disturbance cannot be related independently to a specific
eruption centre, therefore the method’s usefulness for dating
volcanism is limited.

9 Discussion and conclusions

The methods presented and reviewed in the present study are
currently the best available for dating Quaternary volcanism.
There are a few issues that should be of concern for all the
methods. The first of these issues is establishing a clear con-
nection between the sample being dated and an eruptive vent,
which is not always straightforward. It is therefore essen-
tial that researchers provide evidence connecting the sam-
ple material they are dating to a specific volcano whenever
possible. Four out of the five methods rely on measuring a
temperature-dependent variable in the sample; Ar or He gas
accumulation for 40K / 40Ar and 40Ar / 39Ar, uranium series,
and cosmogenic nuclide dating, along with trapped charge
for luminescence. For these samples, it is important to con-
firm that they have not experienced a secondary heating event
after being erupted, such as burial by a lava flow or a wildfire.
This is of particular concern when dating polygenetic volca-
noes due to the proximity of their products. A final concern
for all methods is the importance of sampling deposits that
have not been subsequently reworked or disturbed. The in-
clusion of detailed outcrop logs with published dates is of

considerable benefit for addressing these three issues. Some
of the methods are relatively easily applicable to a readily
available volcanic product (e.g. K-bearing minerals in lava
for 40K / 40Ar and 40Ar / 39Ar dating), while others require
less common sample material (e.g. organic material for ra-
diocarbon dating).

Several of the dating methods are based on relatively sim-
ple physical processes, but the proper measurement and cali-
bration of the related parameters often present complications.
All methods have their own advantages and disadvantages
(Table 2). Additionally, they provide ages for slightly differ-
ent phenomena related to volcanism; cooling below a certain
temperature for 40K / 40Ar and 40Ar / 39Ar, (U–Th) /He, and
luminescence dating, surface exposure for cosmogenic nu-
clide dating, and the death of an organism for radiocarbon
dating. For this reason, the best age estimates are those which
are reproducible through at least two or more of these meth-
ods. It is essential for those using the ages provided for fur-
ther research to understand the specific advantages and disad-
vantages of the methods. We advise against taking published
ages from these methods at face value. Instead, we recom-
mend that researchers perform a simple evaluation of ages,
with the issues highlighted by this review in mind, before
putting them to further use.

While some of the methods presented here were already
established for the dating of volcanic events in the middle of
the 20th century, all of these have seen substantial method-
ological improvements during the past decades. This has
made it possible to produce more reliable and accurate age
estimates for a wider range of volcanic deposits and products
than before (during the 20th century). For example, while
the underlying principle remains the same, the 40Ar / 39Ar
method is far superior for the dating of Quaternary volcanism
compared to the 40K / 40Ar method. Besides having a higher
precision, 40Ar / 39Ar dating allows single crystal samples
to be analysed with laser fusion or step heating, greatly im-
proving its accuracy. For radiocarbon, the introduction of
the AMS methodology and improved preparation procedures
has allowed much smaller samples to be measured in less
time. This goes as far as using compound-specific analysis
of fatty acids (Yamamoto et al., 2024). In addition, substan-
tial work has been done to improve the radiocarbon calibra-
tion curves. For uranium series dating, zircon double dating
has allowed the direct determination of the onset and dura-
tion of pre-eruptive zircon crystallisation. Furthermore, the
approach approximates the timing of cooling which in the
case of rapidly quenched tephra allows researchers to better
constrain the age of the eruption. Cosmogenic nuclide dating
was only established in the 1990s and already allows the di-
rect dating of landforms related to volcanic activity. While lu-
minescence dating of volcanic products has been tested since
the 1960s, its wide implementation has been hampered by the
presence of anomalous fading in minerals of volcanic origin.
This problem has been approached by using signals that are
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Table 2. Summary of the key characteristics of radiometric methods used to date volcanic events.

Method Material Dated event Age range Potential problems

40K / 40Ar,
40Ar / 39Ar

K-bearing minerals in
basaltic to felsic lavas

Cooling below ca.
500–150 °C

Some ka to∞ Ar diffusion, inherited/excess
Ar, atomic recoil

Radiocarbon Organic material in or
adjacent to volcanic
products

Death of organism,
may pre- or post-date
volcanism

Up to 55 ka Reservoir effects, reworking,
contamination, plateaus in
calibration curves

Uranium
series

Zircon and other
accessory minerals

Mineral crystallisation
(U–Th dis.), cooling
during ascent
((U–Th) /He)

Some ka to > 100 ka
(U–Th dis.); some ka to∞
((U–Th) /He) and ZDD);
1 Ma to∞ (U–Th–Pb)

Duration of crystallisation,
disequilibrium, atomic recoil

Cosmogenic
nuclides

Quartz, olivine,
pyroxene, carbonates,
feldspar, whole rock

Exposure at surface Centuries to > 10 Ma
(depending on TCN)

Inherited nuclides, erosion,
surface shielding, calculation
of regional production rates

Luminescence Quartz, feldspar Cooling to ambient
temperatures (below
ca. 300 °C)

Decades to some 100 ka Fading, partial resetting

less or even not affected by this phenomenon, in particular
RTL and pIRIR.

Despite the enormous efforts regarding methodological
developments, there are cases such as the age of the Thera
eruption where methodological issues remain unsolved. In
the future, developments in analytical equipment and proce-
dures will likely further improve the accuracy and precision
of the methods summarised in this paper. This, together with
a push for a general increase in the number of dated events
worldwide, will lead to an improved foundation for volcanic
hazard assessments.
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