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Abstract

Volcaniclastic rocks are commonly used to date sedimentary series since absolute ages
are routinely obtained from several geochronological methods. In this work, we present
five selected geochronological studies (U-Pb on zircon) on late Paleozoic to Mesozoic
volcaniclastic series from Asia, with the aim of discussing if absolute ages obtained on
volcaniclastic rocks can be used directly to date sedimentation. For all these
volcaniclastic series, volcanism and sedimentation are reputedly coeval and zircon
grains have been dated to obtained depositional ages. Nevertheless, among the five
volcaniclastic series, only two provide U-Pb/zircon ages that are demonstrably
representative of the sedimentation ages (Guandao Section, south China, and Luang
Prabang Basin, Laos). In the three other series (Wusu Section, northwest China, Chahe
and Daxiahiou sections, south China), U-Pb/zircon ages are not suitable to constrain
depositional ages. Perhaps more troubling, all the zircon grains collected from a volcanic
layer in the Wusu Section are shown to exhibit ages that are much older than the
sedimentation age of the deposits in which the volcanic layer is interbedded.

These five examples highlight two prerequisites that must be fulfilled in order to

date the deposition of volcaniclastic sediments using geochronological methods: (i) at



least some of the dated minerals must have crystallized during or just before one of the
last eruptions that provided the volcaniclasts, and (ii) volcanic activity and
sedimentation must have been coeval. Accurate sedimentation ages from radiometric
dates can only be assessed if these prerequisites are fully demonstrated. A reliable
method to verify this consists in systematically comparing the maximum depositional
ages obtained from a set of samples along a section with their relative position in the
section. Indeed, maximum depositional ages getting younger upwards in a section likely
demonstrate that the volcaniclasts were produced during sedimentation and contain
grains that crystallized immediately before each eruption. In such conditions, orders of
magnitude for time scales of reworking can be estimated. They relate to the episodic and
different rates of development of the volcanic edifices and fields, competing with the

time necessary for erosion, transport and sedimentation.
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1. Introduction

In volcanic environments, the products of volcanic activity can undergo various
processes of volcanic (vesiculation, fragmentation, eruption, degassing, thermal
fissuring, hydrothermalism), sedimentary (chemical weathering and mechanical
erosion, transport, deposition, diagenesis) and/or tectonic (faulting) nature, all
contributing to produce clasts. Along active-volcano slopes and in downstream

sedimentary basins, particles of volcanic origin (volcaniclasts) accumulate (Fig. 1), and



may be mixed in various proportions with “background” sedimentary particles
(epiclasts), resulting in singular sedimentary rocks termed “volcaniclastic rocks”.
Primary volcaniclastic rocks, such as pyroclastic deposits, comprise unreworked
volcaniclasts, whereas secondary volcaniclastic rocks are constituted by reworked
volcaniclasts (White and Houghton, 2006). The diversity of volcanic rocks on Earth, the
variety of eruption types (e.g., fragmentation styles of magma), along with the range of
mingling processes between magma and sediments (e.g., Jerram and Stollhofen, 2002;
Galerne et al., 2006; Martin and Nemeth, 2007), or mixing between volcaniclasts and
epiclasts through erosional, transport, weathering and diagenetic processes (e.g., Hulff,
2016; Zhu et al, 2017; Hong et al., 2018) can produce a very large variety of
volcaniclastic rocks.

Volcaniclastic rocks are estimated to roughly represent one quarter of the total
volume of sedimentary rocks deposited on Earth (Fisher and Schmincke, 1984). This
relative proportion might be underestimated, as an unknown amount of fine-grained
volcaniclastic rocks, commonly altered into clay, are often classified as shales (Fisher
and Schimcke, 1984; Ver Straeten, 2004). Regardless of the exact volume of
volcaniclastic rocks deposited on Earth, they predominated during the Paleoarchean
(Eriksson et al., 2005; Ernst, 2009) and represent a major input in sedimentary systems
throughout geological times (Ronov, 1972; Ross et al., 2005; Ernst, 2009).

In addition to their volumetric importance, volcaniclastic rocks and particles
carry valuable information to reconstruct the magmatic history and the evolution of any
given area (e.g., Lenhardt et al., 2011; Mattioli et al,, 2012; Yang et al., 2012; Gao et al,,
2013; Huff, 2016; Roverato et al., 2017; Hong et al., 2018). Indeed, because they often
represent topographic highs, volcanic edifices may be rapidly eroded and sometimes,

only the resultant volcaniclastic rocks may preserve relevant magmatic information.



Furthermore, in situ lava flows (or in situ well-characterized pyroclastic deposits),
interbedded within sedimentary layers, are relatively scarce in the sedimentary record.
In contrast, reworked volcaniclasts, directly sourced by volcanic eruptions or by the
erosion of volcanic rocks, accumulate in basins and are much more common in the
sedimentary record (e.g., Turbeville, 1991; Lenhardt et al.,, 2011).

Volcaniclasts, occurring either as polyphazed rock fragments (glass * crystals =
vesicles) or as individual fragments made by a single phase (glass or crystal), commonly
contain minerals suitable for radiometric dating, such as zircon. Consequently,
volcaniclastic rocks are widely used to provide radiometric ages for sedimentary series
and/or to calibrate the temporal extent of fossils (biozones) and generate
chronostratigraphic charts (e.g., Lehrmann et al., 2006; Ovtcharova et al,, 2006; Yu et al,,
2008; Shen et al,, 2011; Blanchard et al,, 2013; Rubidge et al., 2013; Gastaldo et al., 2015;
Metcalfe et al., 2015; Schoene et al,, 2015; Baresel et al, 2017). However, linking a
radiometric age obtained from a volcaniclastic rock with the age of sedimentation is not
straightforward. Lack of rigor in data interpretation may lead to misinterpretation of the
real age of the volcaniclastic rocks, and therefore to interpret maximum depositional
ages as sedimentation age (e.g., Young, 2014).

Assessing the contemporaneity between volcanism and sedimentation is
intrinsically related to the definition and the classification schemes available for
volcaniclastic rocks, which have been both debated for decades (e.g., Honnorez and
Kirst, 1975; Orton, 1996; Busby, 2005; White and Houghton, 2006; Waitt, 2007; Manville
et al., 2009, and references therein). These debates are rooted in the complexity of the
volcaniclastic processes themselves (e.g., Manville et al., 2009), but also in the difficulty
of demonstrating the contemporaneity between volcanic activity and sedimentation. For

instance, Orton (1996, pp. 521) proposed to define “syn-eruptive deposits” as “a direct



consequence of volcanic eruption. They [the syn-eruptive deposits] include not only
volcanic and contemporaneous sedimentary processes during the eruption but also
penecontemporaneous sedimentary processes following volcanism”. Such a definition
presents the advantage to be broad enough to include rocks that were formed under the
direct influence of volcanic activity, but becomes ambiguous with the notion of
“penecontemporaneity”, as the time lapse between eruption(s) and sedimentation is not
clearly defined. Additionally, it is notoriously difficult to establish that volcanic
eruptions and sedimentation were contemporaneous in ancient and/or in poorly
exposed volcano-sedimentary systems (e.g., Turbeville, 1991; Clayton et al., 1996; Orton,
1996; d’Atri et al.,, 1999; Bull and Cas, 2000; Sohn et al.,, 2008; Bernard et al., 2009;
Cassidy et al.,, 2014; Moorhouse and White, 2016; Roverato et al.,, 2017). Attempts to
establish differences between primary and secondary volcaniclastic rocks require
identification of the genetic processes responsible for the formation of the volcaniclasts.
Such identification is often ambiguous or even impossible, especially for ancient
volcaniclastic deposits (Waitt, 2007).

To assess when volcaniclastic rocks can be used to constrain sedimentation ages,
in the present work we explore the significance of radiometric ages obtained on
minerals assumed to be volcanic in origin. We specifically focus on U-Pb dating on
zircon, because of the ubiquity of this mineral in volcaniclastic rocks and the relative
ease to obtain U-Pb zircon ages with reasonable precision and accuracy (e.g., Gehrels,
2012). However, much of the following also applies to any other geochronological tools
(e.g., K-Ar and #9Ar/3°Ar method on plagioclase; Marzoli et al., 2011; U-Th/He on zircon;
Saylor et al., 2012; von Eynatten and Dunkl, 2012) and/or minerals (e.g., apatite; Chew

et al, 2011), as long as these systems were not affected by subsequent geologic events.



A few critical examples, selected from the literature and complemented by new
data, are used to illustrate what can (and in some cases, what cannot) be inferred from
the dating of volcaniclastic rocks. Although much of the issues raised by the dating of
such rocks have been addressed in previous studies (e.g., Lehrmann et al., 2006; Lexa et
al., 2010; Saylor et al., 2012; Wotzlaw et al., 2014), the present work attempts to present
them in a coherent workflow combining field and analytical data in order to reduce mis-

and over-interpretation of obtained ages.

2. Terminology

2.1. Volcaniclastic rocks terminology

The terminology currently used to classify volcaniclastic rocks relies primarily on the
origin and depositional mechanisms of the particles that compose them (e.g., White and
Houghton, 2006). The two main components occurring in volcaniclastic rocks are
volcaniclasts and “background” detrital clasts. The terminology applied to the particles
that are volcanic in origin may be confusing, especially for dating purposes. Indeed, the
word “volcaniclast” may apply to any particle fragmented by a volcanic action, and are
commonly named according to the mechanism of fragmentation. Clasts produced by
explosive eruptions are referred to as pyroclasts, and are further subdivided into
juvenile (derived directly from erupting magma), lithic (formed by the fragmentation of
pre-existing rock) and composite (formed by mingling of magma with a clastic host)
types (White and Houghton, 2006). The main other types of volcaniclasts are
hydroclasts that form by magma-water interaction, and autoclasts produced by

mechanical friction of moving lavas (e.g., Orton, 1996). Volcaniclasts may therefore be



used to describe particles of different origins (both in terms of age and provenance)
found in the same volcaniclastic rock, including volcanic but also non-volcanic ones.

Different definitions have also been proposed for the epiclastic particles.
Epiclasts are sometimes defined as reworked fragments of volcanic origin (e.g., Fisher
and Schmincke, 1984). In other studies, “epiclast” is used to refer to any particle
deposited by “normal” sedimentary processes, irrespective of the origin of the clasts
(e.g., Schmid, 1981; Orton, 1996), which may or may not be specified (“volcanic” or
“non-volcanic” epiclasts; Schmid, 1981).

To avoid a definition requiring an a priori knowledge of the processes accounting
for the formation of the volcaniclasts, we hereafter use a definition partly derived from
the one of Le Maitre et al. (2002, after Schmid, 1981) for pyroclastic and mixed
pyroclastic-epiclastic deposits (Table 1). However, in order to be as descriptive as
possible, and following Best and Christansen (2001, after Fisher and Smith, 1991), we
use the term “volcaniclast”, instead of “pyroclast”. Indeed, Le Maitre et al. (2002) define
a “pyroclast” as a particle that has not been reworked. As the reworked character of a
clast is difficult to assess, especially in ancient and/or poorly exposed deposits, a strict
application of Le Maitre et al.’s (2002) nomenclature may be tendentious. Thus, the term
“volcaniclast”, here defined as any fragment (rock or individual crystal) of volcanic
origin (whatever its shape and weathering), is preferred, unless the pyroclastic nature of
the deposit can be confidently established. Any fragment exhibiting a non-volcanic
texture (i.e., that of an intrusive, a metamorphic or a sedimentary rock) is hereafter
considered as an epiclastic particle.

Importantly for dating purposes, the present definition makes no assumption
regarding the contemporaneity between volcanic activity and sedimentation.

Consequently, any sedimentary rock made up of at least 25 vol. % volcaniclasts is



considered as volcaniclastic, even though the volcanism may significantly predate
deposition of the sediments. Our definitions herein diverge from other classification
schemes that require that volcanic activity and deposition of volcaniclasts were coeval

(e.g., Orton, 1996; White and Houghton, 2006).

2.2. Volcaniclastic minerals terminology

Crystals from the same mineral species found in a volcaniclastic rock can have different
origins and sources. Because of their ubiquity in various rocks and their ability to
survive numerous sedimentary (e.g., Fedo et al., 2003; Thomas, 2011) and/or orogenic
(e.g., Yakymchuk and Brown, 2014) cycles, zircon crystals provide a typical example of
such minerals. Individual crystals enclosed within epiclasts are hereafter referred to as
epicrysts, and different zircon epicryst populations may coexist in epiclasts. In addition,
because of different histories and conditions for the melts residing in the magmatic
plumbing system, volcaniclasts can also contain different populations of zircon grains
(e.g., Charlier et al., 2005; Davidson et al., 2007; Miller et al., 2007; Bahlburg and Berndt,
2016).

Among the minerals contained in volcaniclasts, the autocrysts have to be
distinguished from the antecrysts. The autocrysts correspond to the crystals that directly
crystallized from the magma just before a given eruption (Davidson et al., 2007; Miller et
al., 2007). The antecrysts are older than the autocrysts and crystallized during an earlier
evolution stage of the same magmatic system. They have therefore been incorporated
into the host magma before eruption (Davidson et al., 2007; Miller et al., 2007). In this
context, the more common term xenocrysts refer to the crystals that were incorporated

into the magma by assimilation of its surrounding host rocks (e.g., Best and Christansen,



2001). The inherited grains are different, as they are defined as grains that underwent at
least one anatexis episode of the magma source rock (Harrison et al, 1987, and
references therein; Miller et al.,, 2007). It is also relatively common that a zircon grain
exhibits a complex zoning and/or a core-rim texture (e.g., Pidgeon et al., 1992; Corfu et
al., 2003, and references therein), exposing different domains that recorded different
geologic events with different ages. For a volcaniclastic zircon grain in
unmetamorphosed deposits, a rim overgrowth can typically be interpreted as the
autocrystic domain, while the core may witness an antecrystic, xenocrystic or inherited
history.

These notions of auto-, ante-, xenocrysts and inherited grains are only relative as
they refer to the time of a specific magmatic event (a given volcanic eruption for our
purpose). However, individual volcanoes as well as volcanic fields generally remain
active over periods of several million years as magmatic systems are built by multiple
increments (e.g., de Saint Blanquat et al., 2011, and references therein). Therefore, the
host rocks for the last magmatic increments may correspond to earlier intrusions or
volcanic deposits, such that the distinction between xenocrysts and antecrysts can be
difficult to achieve (Miller et al., 2005). As exemplified later it may also be difficult to

distinguish autocrysts from antecrysts (see also Miller et al., 2007).

2.3. Geochronological terminology and concepts

In recent years, a distinction has been made between a date and an age. A date
corresponds to a number, expressed in years, directly calculated from an isotopic
radioactive parent/radiogenic daughter ratio using the corresponding decay equation

(Schone et al,, 2013; Horstwood et al,, 2016, and references therein). This date becomes
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an age only if geological significance (magmatic, metamorphic, hydrothermal, etc.) is
given to it. Therefore, in some cases, a date can remain a date (i.e., with no meaning) if
no logical explanation can be proposed for its significance (Horstwood et al.,, 2016). In
some publications, a date can also be referred to as an apparent age.

A radiometric age, in an igneous context, corresponds to the time when a mineral
cooled down below the so-called closure temperature (Dodson, 1973), except if this
mineral was formed at a temperature lower than its closure temperature, in which case
the obtained date corresponds to the time when the grain crystallized. This closure
temperature is the temperature when there is no more significant diffusion of the
isotopes out of the system. For a given geochronometer (U-Pb, Rb-Sr, K-Ar, etc.), each
mineral bears its own closure temperature. In pristine (non-metamict) zircon grains of
typical size (up to a few mm), the closure temperature for the U-Pb system is above
900°C (Cherniak and Watson, 2001), often significantly above magma solidus
temperatures. For volcanic rocks, due to the rapid cooling of the lava, geochronological
systems exhibiting low closure or annealing temperatures (e.g. U-Th/He on zircon;
Saylor et al,, 2012) can also be used to date an eruption.

Given the high closure temperature of the U-Pb system in zircon, the dates
calculated from U-Pb isotope ratios in zircon grains are commonly interpreted as zircon
crystallization ages. Such a high closure temperature implies that inherited or
xenocrysts zircon grains incorporated in the magma are generally not reset and
preserve their crystallization age. Besides, if a rim crystalizes onto the xenocrystic core
of a zircon grain, the rim and the core record distinct geological events, resolvable by in
situ analyses (e.g., Zimmermann et al., 2018, and references therein).

In sedimentary rocks (including volcaniclastic rocks), the date given by the

youngest zircon population is referred to as a maximum depositional age (e.g., Fedo et al,,
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2003; Dickinson and Gehrels, 2009; Spencer et al., 2016, and references therein). Such
an age has to be considered as maximum, since the zircon grains crystallized before
their incorporation into the volcaniclastic rocks. Thus, the U-Pb ages obtained from
zircon grains are older (if the system effectively remained closed, without subsequent

Pb loss) than the real sedimentation ages of the deposits containing them.

3. Assessing the contemporaneity between volcanism and sedimentation

3.1. Sedimentological analyses
Classical sedimentological analyses, from outcrop to hand sample scale, constitute the
first step to document the presence and the potential reworking of volcaniclastic
particles. Such analyses involve the reconstruction of depositional environments by
sedimentary facies analyses. Petrographic analyses further document the diversity,
relative proportions, shapes and weathering of the volcaniclastic and epiclastic
components that may help to establish the potential reworking of the volcaniclasts.
Contemporaneity between volcanism and sedimentation is straightforward to infer
when, for instance, interbedded lava flows or pyroclastic deposits, angular volcaniclasts,
volcanic bombs and/or volcanic glassy shards are clearly identified. Conversely, well-
rounded volcaniclasts usually suggest reworking (e.g., Sohn et al., 2008). It should be
stressed that because volcanic edifices are subjected to erosion as they build up,
evidence for reworking of the volcaniclasts is not necessarily a definitive argument to
consider that volcanism and sedimentation were diachronous.

Assessing the potential reworking of the material composed of fine-grained

volcaniclastic rocks (tuffaceous siltstone and tuffaceous mudstone; Table 1) is
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challenging (e.g., Clayton et al., 1996; Cassidy et al., 2014). Different approaches, relying
on scanning and transmission electron microscopy (e.g., Clayton et al., 1996), magnetic
susceptibility and color spectrophotometry analyses (Cassidy et al., 2014) coupled with
geochemical investigations (Clayton et al.,, 1996; Wray and Wood, 1998; Yu et al,, 2007;
Cassidy et al, 2014; Hong et al, 2018) have been employed. As weathering and
diagenesis quickly convert volcanic ashes into clay minerals, X-ray diffraction (XRD)
analyses on the bulk and clay size fraction constitute an essential tool to assess the
volcanic or epiclastic origin of a given claystone (e.g., Clayton et al., 1996; Pellenard et
al,, 2003; Spears, 2012; Deconinck et al., 2014; Huff, 2016; Pellenard et al., 2017; Hong et
al,, 2018). As diagenetic reactions not only depend on the chemical composition of the
parent material (volcanic ashes) and the diagenetic grade, but also on the various
physical and chemical conditions to which the volcanic ashes were subjected, a large
variety of clay minerals can form (e.g., Hong et al.,, 2018; Gong et al., 2018). Devitrication
of volcanic ashes during the early stages of diagenesis generally produces smectite,
forming bentonite deposits in basic marine environments, where ionic activity is high
(e.g., Fisher and Schmincke, 1984; Pellenard et al.,, 2003; Huff, 2016). In well-drained,
acidic, continental environments, devitrification of volcanic ashes generally produces
kaolinite, forming tonstein deposits (e.g. Bohor and Triplehorn, 1993; Spears, 2012;
Pellenard et al., 2017). During burial diagenesis, smectite progressively transforms into
illite/smectite mixed-layers (IS) through the addition of non-exchangeable K* ions
forming rocks called K-bentonites (Huff, 2016). In terrestrial, coal-forming
environments, kaolinite from tonstein can recrystallize into illite and chlorite (e.g.,
Admakin, 2002). Assessing the potential volcanic origin of a given claystone layer thus

requires analysis of several samples throughout a sedimentary section in order to
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distinguish the epiclastic from the volcaniclastic clay layers (e.g., d’Atri et al.,, 1999;

Deconinck et al., 2014; Pellenard et al., 2017).

3.2. Maximum depositional ages and statistical representativeness of a dataset

As for any type of age, a maximum depositional age is the interpretation of a date that, in
order to be robust, requires the acquisition of several analyses. Out of all the analyses,
this maximum deposition age is calculated using the youngest dates. Generally, a single
analysis can only be considered as a date (or an apparent age) while several analyses are
required to define an age (e.g., weighted averages). A minimum of 3 different dates

obtained on distinct zircon grains overlapping in age at 2 0 has been demonstrated to

produce statistically robust maximum depositional ages (Dickinson and Gehrels, 2009).
The use of distinct individual grains reduces the risk of relying on data obtained on a
single exotic contaminant grain recovered during sample processing. An alternative
approach consists in calculating a maximum depositional age from repeated analyses of
the youngest grain (Spencer et al., 2016), or in the youngest domain of a grain, usually
its rim (e.g, Zimmermann et al, 2018). This requires in situ analyses such as Laser
Ablation - Inductively Coupled Plasma - Mass Spectrometry (LA-ICP-MS) or Secondary
lonization Mass Spectrometry (SIMS). To ensure that the youngest grain is not a
contaminant, reproducibility from a separate aliquot is then required (Spencer et al,,
2016).

As maximum depositional ages are calculated from analytical measurements,
uncertainties are associated with the obtained ages (e.g., Schoene et al,, 2013). For U-Pb

ages on zircon, typical relative uncertainties, at the 2 0 level, are of ca. 1-2% using LA-

ICP-MS (e.g., Tiepolo, 2003; Schaltegger et al., 2015), or SIMS analyses (e.g., Schaltegger
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et al., 2015). They drop below 0.1% using Chemical Abrasion - Isotopic Dilution -
Thermal lonization Mass Spectrometry (CA-ID-TIMS, hereafter abbreviated CA-TIMS)
and appropriate spikes (e.g.,, Mattinson, 2005; Schaltegger et al.,, 2015), although this
method does not allow for in situ analyses as the whole grain is digested into
hydrofluoric acid.

In a volcaniclastic sample, distinct populations of zircon grains (auto-, ante-,
xeno-, epicrysts and inherited grains), or distinct domains within an individual grain,
may be present, with very different relative proportions. Therefore, some of these
populations may be missing from the data set because of the sampling techniques used
to select the grains (handpicking for instance). As the representativeness of a dataset is
not a linear function of the number of analyzed grains (Vermeesch, 2005; Andersen,
2005), it is difficult to estimate how representative a dataset is from the number of
analyzed grains only. However, detection limits, which represent the relative
proportions of a zircon population that is likely to remain undetected, can be calculated
for a given sample (assuming a random sampling of the grains; Andersen, 2005).
Detection limits provide straightforward means to assess the representativeness of a
dataset. Their values depend on a chosen confidence level; usually the 50% and 95%
confidence levels are quoted (Andersen, 2005). In this work, detection limits will be
provided for datasets that have been filtered in order to eliminate analyses evidencing
subsequent perturbations of the isotopic systems. For the U-Pb system, the relevant
dataset corresponds to analyses concordant above a given threshold (e.g., Zimmermann
et al.,, 2018, and references therein).

Statistically, to produce robust maximum depositional ages, repeated analyses
are required (at least 3 analyses on 3 distinct crystals; Dickinson and Gehrels, 2009).

Figure 2 gives the detection limits for 3 grains at the 50% and 95% confidence levels

15



(Rossignol et al., 2016; see also Appendix A for further developments). Used for U-Pb
dating on zircon, such a graph indicates that there is a 50% chance to sample at least 3
grains belonging to a population representing only 5% of the total zircon content from a
dataset comprising 54 concordant grains (Fig. 2). To reach a 95% chance to sample at
least 3 grains of such population, the dataset should comprise 124 concordant grains
(Fig. 2). To obtain a geologically relevant maximum depositional age, this illustrates the
necessity to analyze a large number of grains, especially when the youngest population
exhibits a low relative proportion (as low as 0.25% in some volcaniclastic rocks, e.g.,

Burgess and Bowring, 2015).

3.3. Comparison between relative sedimentation ages and maximum depositional ages
The comparison between sedimentation age and maximum depositional ages of a set of
samples can result in different cases (Fig. 3). Each of these cases has contrasted
implications regarding the interpretation of maximum depositional ages.

In the first case (Fig. 3A), maximum depositional ages are getting younger
together with sedimentation ages, upwards in a normal volcaniclastic succession. This
trend indicates that the maximum depositional ages give a fair estimate of
sedimentation ages, because both of the aforementioned assumptions are fulfilled (Fig.
3A’). Such volcaniclastic rocks are usually characterized by volcaniclasts displaying
limited evidence of reworking and homogeneous textures.

In the second case (Fig. 3B), maximum depositional ages are getting older while
the relative sedimentation ages get younger. Such an inverse correlation indicates that
an older volcanic edifice (or complex) containing autocryst zircon grains, was

progressively eroded as sedimentation proceeded. Contemporaneity between volcanic
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activity and sedimentation can clearly be ruled out and the maximum depositional ages
are likely much older than the actual sedimentation age.

In the third case (Fig. 3C), all the obtained maximum depositional ages in the
volcaniclastic succession are comparable within uncertainties. Such a situation may
result from one or more of the following causes (assuming the maximum depositional
ages derive from autocrysts):

- uncertainties on the ages are too large,

- stratigraphic distances between the collected samples are too short and/or
sedimentation rates were too high with respect to the precision obtained for the
maximum depositional ages,

- volcanism and sedimentation were not coeval, i.e., the different volcaniclastic
layers originate from a unique, older volcanic edifice or layer.

The third case (Fig. 3C) may of course also occur when autocrysts are missing in the
youngest volcaniclastic layers, either because the magma composition just before the
eruption prevented zircon crystallization, or because of sampling bias (Fig. 2, e.g,
sampled zircon populations correspond to antecrysts).

In the last case (Fig. 3D), the maximum depositional ages are randomly
distributed along the sedimentary sequence. Such a situation likely results from
maximum depositional ages derived from zircon populations that are not autocrysts
(relative to the last eruptive episode). This situation may occur because:

- volcaniclastic rocks enclose only xenocrysts, inherited and/or epiclastic

zircon grains. If the volcaniclasts are devoid of autocrysts (or even
antecrysts), the resulting maximum depositional ages are likely to be much

older than the depositional age.
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- the autocrysts were missed due to an insufficient number of concordant
analyses (Fig. 2),
- volcanism and sedimentation were not coeval.
Both cases 3C and D can originate from a volcanic activity that was significantly
older than the sedimentation. Consequently, maximum depositional ages must be

considered as maximum only, as they are not always equivalent to sedimentation ages.

4. Time scale of reworking

4.1. Definition and rationale

In areas subject to active volcanism, the products generated during eruptions are
usually deposited after having been affected by a series of volcanic and sedimentary
processes, which commonly occur simultaneously and continuously over time. For
instance, pyroclastic flows and lahars constitute end-members of a complete spectrum
of volcaniclastic-rich sediment gravity flows (e.g., Orton, 1996; Freundt, 2003; Manville
et al., 2009, and references therein). When a pyroclastic flow enters a water body (lake,
sea), volcaniclasts are transported, sorted and winnowed. The resulting deposits can
exhibit mineralogical sorting (e.g., Clayton et al, 1996) and display sedimentary
structures (e.g., hummocky cross-stratification, bioturbation; d’Atri et al., 1999), similar
to those typically found in reworked volcaniclastic deposits (e.g., Bull and Cas, 2000).
However, most of the volcaniclasts that compose such volcaniclastics rocks were never
stored nor subsequently remobilized before being deposited, implying that some
volcaniclastic deposits made up of reworked volcaniclasts can provide valuable age

constraints. It is then necessary to evaluate the time span between the eruption and the
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deposition of volcaniclasts in their final position, hereafter referred to as the reworking
time scale and defined as follow:

At = tyoic — tsea
where At is the reworking time scale, t,,;. is the age of the youngest volcanic activity
recorded by a volcaniclastic sample and t,,; the sedimentation age of the sample (Fig.
4A).

As autocryst zircon grains crystallize only a few tens to hundreds kyr or less
before eruption (Wotzlaw et al, 2014), maximum depositional ages obtained from
autocrysts provide an effective estimate of t,,;.. Indeed, such time lapses between
crystallization and eruption are negligible relative to LA-ICP-MS and SIMS analytical
uncertainties. It is also negligible relative to the uncertainties from high precision CA-
TIMS analyses, but only for rocks older than 100 Ma (Wotzlaw et al., 2014). The
reworking time scale applies to any volcaniclastic rocks, irrespective of the duration of

reworking of the volcaniclasts up to their ultimate deposition (Fig. 4B).

4.2. Duration of reworking

Assessing the duration of reworking for a given volcaniclast requires defining the ages of
both the volcanic activity and sedimentation. As seen above, t,,;. can be inferred from
the maximum depositional ages obtained by U-Pb dating of autocryst zircon. In contrast,
tseq is often more difficult to precisely estimate. An estimation of t;,; can nonetheless be
obtained in a sedimentary sequence where the maximum depositional ages get younger
upwards (Fig. 3A). In this case, the sedimentation age for each sample is constrained by
two maximum depositional ages, i.e., that of the sample itself and that provided by the

sample located immediately above. An ambiguity may arise from the use of maximum
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depositional ages only, as they may be significantly older than sedimentation (e.g.,
Andersen, 2005). However, it is unlikely that a positive correlation linking maximum
depositional ages and relative sedimentation ages for several consecutive samples could
occur if volcanic activity and sedimentation were diachronous. Therefore, the situation
of Fig. 3A is suitable to give an estimate of sedimentation ages, as long as at least several
(the more, the better) consecutive samples yield maximum depositional ages getting
younger with the stratigraphy. The difference between two distinct maximum
depositional ages from two successive samples in the volcaniclastic sequence can
further provide an estimate of the reworking time scale (Fig. 5). The duration of the
latter partly depends on the sampling strategy, and cannot be smaller than the
uncertainties on the maximum depositional ages.

Inferences on the duration of reworking are complicated when two or more
successive volcaniclastic samples yield maximum depositional ages overlapping within
age uncertainties (Fig. 6). This can be the consequence of reworking durations much
shorter than the age uncertainties (Fig. 6A). Alternatively, overlapping uncertainties can
happen when a maximum depositional age is obtained from antecryst zircon grains (Fig.
6B), which can crystallize several Myr before the eruption (Miller et al., 2007). Another
hypothesis to account for such overlapping uncertainties is that significantly different
reworking durations were involved for each of the successive layers. This may induce a
temporally-limited, inverse correlation between two successive maximum depositional
ages and the corresponding relative sedimentation ages (Fig. 6C). Such an inversion is
likely to occur in volcaniclastic successions derived from volcanic rocks with variable
susceptibilities to mechanical erosion. For example, as any unconsolidated rock, a tephra
layer may be easily eroded and reworked, while under the same environmental

conditions, a massive lava flow, or a consolidated tuff, is more resistant to erosion. As a
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result, the volcaniclastic layers derived from the former will exhibit shorter reworking
times than those deriving from the latter. Typically, composite stratovolcanoes, which
are built up by alternating episodes of effusive and explosive eruptions, emit such
products with different erodibilities. Their dismantling is thus likely to provide
volcaniclastic successions characterized by temporally-limited time lapse showing
maximum depositional ages getting older upwards (Fig. 6C), which may be common in
the volcaniclastic rock records (e.g, Kataoka et al, 2009). These theoretical
considerations illustrate the importance of analytical uncertainties in the dataset, not
only to recognize syn-sedimentary volcanism (Fig. 3), but also to evidence that
reworking durations may significantly vary among the volcaniclastic layers forming a

single sedimentary succession.

4.3. Strategies to obtain reworking time scales

In volcaniclastic successions where maximum depositional ages overlap (Fig. 3C), it is
not possible to infer a sedimentation age (Fig. 6). It is therefore important to minimize
the uncertainties of maximum depositional ages, but also to adapt the sampling strategy
to the sedimentation rate of the studied volcaniclastic succession.

Minimizing the uncertainties of maximum depositional ages can be achieved
using the most accurate and precise analytical methods for radiometric measurements,
which is the CA-TIMS method for U-Pb isotopic measurements on zircon grains.
However, the CA-TIMS method does not allow for in situ analysis, requires important
laboratory infrastructures (e.g., ultra-clean laboratory), is time consuming and
expensive (e.g., von Eynatten and Dunkl, 2012), thus commonly providing far fewer

analyses than if the measurements were performed using, for example, LA-ICP-MS.
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Generally, about 10 grains are analyzed by CA-TIMS while hundreds to thousands of
grains can be dated using LA-ICP-MS (e.g., Pullen et al,, 2014). A balance must thus be
found between the goal of improving the precision of a given age and the necessity to
analyze enough grains to effectively date the youngest zircon population from each
sample. Indeed, if not enough grains are dated, the chance to miss a population,
including the youngest one, is very high, especially if an age population is defined by
only a few grains (Vermeesch, 2004; Andersen, 2005) (Fig. 2). However, this may be
partly counterbalanced by the structure of zircon populations in most geodynamic
settings where volcaniclastic rocks are common (Cawood et al., 2012). For example, the
dominant zircon population in volcaniclastic rocks deposited in suprasubduction
settings, such as foreland and backarc basins, is generally the youngest one (Cawood et
al, 2012), thus maximizing the chance to sample the youngest population even when
only a few grains are analyzed. Nonetheless, in some volcaniclastic rocks, autocrystic
zircon populations can have very low relative abundances (e.g., as low as 0.25% in
volcaniclastic rocks associated with the Siberian Traps; Burgess and Bowring, 2015), if
not absent altogether. A suitable approach consists in screening the ages of a large
number of detrital zircon grains using LA-ICP-MS dating. As this method is rapid and
consumes only a limited amount of each crystal, it is thus possible, once the youngest
concordant grains are identified, to analyze them again using CA-TIMS. Such an
approach has been successfully applied to different rock types (e.g., Zakharov et al,,
2017), including volcaniclastic rocks (Burgess and Bowring, 2015).

Another complementary strategy consists in adjusting field sampling to both the
expected sedimentation rates and the analytical precisions. Ideally, for a ca. 100 Ma old
volcaniclastic section deposited at a rate of ca. 100 m/Ma and that will be dated by LA-

ICP-MS (1% relative precision), an appropriate sampling spacing is ca. one sample every
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one hundred meters. Using CA-TIMS (0.1% relative precision), a denser sampling (ca.
one sample every ten meters) would result in smaller reworking durations. However, as
sedimentation rates in volcaniclastic environments are highly variable, ranging from a
few meters to thousands of meters per Ma (e.g., Allen et al., 2007; Xie and Heller, 2009;
Blanchard et al,, 2013), a pragmatic approach consists in undertaking a double sampling
strategy, by collecting samples at two different stratigraphic scales (for example, 5
samples distributed along a 500 m-thick portion of the section, and 5 other samples
distributed along a 50 m-thick portion of the section). Preliminary geochronological
analyses, at first performed on a limited number of samples, may help to assess the best
scale of investigation and select the appropriate samples. The preliminary results must
then be confirmed by dating the other remaining samples collected at the appropriate

stratigraphic scale.

5. Revised examples of dated volcaniclastic and volcanic sequences

To highlight the importance of verifying contemporaneity between volcanism and
sedimentation as well as assessing the duration of the reworking of volcaniclasts, five
examples, taken from late Paleozoic and early Mesozoic volcaniclastic rocks from Asia,
are presented (Fig. 7). Four examples (Daxiakou, Chahe and Guandao sections, China,
and the Luang Prabang Basin, Laos) are selected from the literature (Gao et al., 2013; Yu
et al,, 2008 and Shen et al., 2011; Lehrmann et al., 2006; and Blanchard et al., 2013 and
Rossignol et al.,, 2016, cf. Appendix B). The fifth example consists of a newly acquired
dataset (Wusu Section, China). X ray diffraction (XRD) analyses performed on the bulk
rock and the clay-size fraction (<2 um) on fine-grained volcaniclastic material (Appendix

C) are provided to complement those available for the Chahe Section (Yu et al., 2008).
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New U-Pb zircon dating results are also presented (Appendices D and E) for the Chahe
and Wusu sections.

There is a large number of studies from Asia using volcaniclastic rocks, because of
the ubiquity of these rocks, especially in reference sections documenting the Permian-
Triassic mass extinction and recovery in both marine and continental settings (e.g.,
Lehrmann et al,, 2006; Yu et al., 2008; Shen et al,, 2011; Baresel et al., 2017). Moreover,
some of these sections were studied to provide time calibrations for the international
chronostratigraphic chart (Cohen et al,, 2013). Notably, the boundary between the Early
and the Middle Triassic was calibrated using the dating results from the Guandao
Section (Lehrmann et al, 2006). The selected examples cover different analytical
techniques classically used to date zircon grains (ID-TIMS, including CA-ID-TIMS, and
LA-ICP-MS). They also correspond to a wide range of depositional environments,
including marine and terrestrial paleoenvironments. For consistency, all the maximum
depositional ages were recalculated following the procedure described in Rossignol et
al. (2016) from the published data compiled in Appendix B and from the new data
available in Appendix E. The recalculated maximum depositional ages are identical,
within uncertainties, to those reported in the original studies (except for example 1, for
which no maximum depositional age is reported in the original study). All the

uncertainties are quoted and depicted at the 95% confidence level (Table 2).

5.1. Example 1: maximum depositional ages of the tuff layers in the marine “Permian-
Triassic” Daxiakou Section, south China
To study the volcanism described as coeval with the Permian-Triassic mass-extinction

event, Gao et al. (2013) wundertook an integrated petro-geochemical and
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geochronological (LA-ICP-MS U-Pb dating on zircon) study of the volcaniclastic beds in
the marine Daxiakou Section, south China, (Fig. 7) that is believed to span across the
Permian-Triassic boundary. Ten clay layers, each being a few cm thick, of known
stratigraphic positions, were collected along the ca. 2 m-thick section and dated (Fig. 8).
The petrographic analyses performed on these samples indicate that the corresponding
layers were, before alteration into clay, almost exclusively made up of volcanic, mostly
dacitic, ashes (Gao et al,, 2013). Maximum depositional ages, which were not calculated
in the original work (Gao et al., 2013), are provided in Table 2.

Due to short stratigraphic distance between the sampled layers (a few dm, or
less) and to the relative uncertainties on the ages (ca. 1 %), most of the obtained
maximum depositional ages overlap (Fig. 8). The sample from the bottom of the section
gives the youngest maximum depositional age (Early Triassic), which is, surprisingly,
significantly different from the Permian to Triassic maximum depositional ages obtained
from 2 samples (b264 and b266, Fig. 8) above in the section. Compared to the
sedimentation ages, the maximum depositional ages do not get younger upwards in the
section, as expected when volcanism and sedimentation are coeval (Fig. 3A). As a whole,
they appear uncorrelated with the corresponding sedimentation ages (Fig. 3D) and, for
some of the samples (b249, b259-b and b264, Fig. 8), maximum depositional ages are
getting older upwards, suggesting reworking (Fig. 3B). In addition, five out of the six
samples that were collected below the supposed Permian-Triassic boundary (Gao et al,,
2013) give maximum depositional ages that are significantly younger (within
uncertainties) than the age of the boundary (Burgess et al., 2014) (Fig. 8).

Such an erratic distribution of the maximum depositional ages could result from a
sampling bias toward the youngest, autocrystic zircon populations in some of the

samples, and especially in those yielding the oldest maximum depositional ages. Only a
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few Myr separate the oldest maximum depositional ages from the youngest. The former
may thus have been derived from autocrysts from earlier eruptive episodes, or from
antecrysts. Correspondingly, a few samples (e.g., b255) exhibit a range of individual
concordant ages (Appendix B), indicating that the clay layers contain several distinct
zircon populations. Also supporting the hypothesis of missing zircon populations in
some of the samples are the relatively high values of the detection limits (the higher the
values, the higher the chances to miss a population; Fig. 2). For the sample set, the
detection limits for 3 grains range from 8.6% to 25.9% at the 50% probability level, and
from 19.0% to 50.7% at the 95% probability level (Table 2). Autocrystic zircon crystals
may thus be missing due to a sampling bias or due to their absence in the volcanic rock
that produced some of the samples.

Despite the erratic distribution of the maximum depositional ages, the Daxiakou
section may still have been deposited while volcanism and sedimentation were coeval,
as assumed in previous studies (Gao et al., 2013). However, the geochronological data do
not confirm, nor invalidate, this assumption (see Figs. 3D, 8). As such, the
geochronological data obtained in the Daxiakou Section should be considered as
maximum depositional ages and not as sedimentation ages. These maximum
depositional ages also indicate that the deposition occurred after the Permian-Triassic
transition (Fig. 8), ruling out the inferred contemporaneity of the marine Daxiakou beds

with the Permian-Triassic mass extinction (Gao et al., 2013).
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5.2. Example 2: the terrestrial “Permian-Triassic” ash layers from the Chahe Section, south
China

To investigate mechanisms that triggered the Permian-Triassic mass extinction, it is
fundamental to assess the contemporaneity between the terrestrial and the marine
extinction events (e.g., Twitchett et al., 2001; Shen et al,, 2011; Gastaldo et al., 2015;
Wang et al, 2018). For this purpose, reference outcrops in both the terrestrial and
marine environments must be accurately dated. Among the presently known Permian-
Triassic basins, only a few sections comprising volcaniclastic layers were deposited in a
terrestrial setting. The Chahe Section, south China, (Fig. 7) is one of those.

Before the present work, two layers (each 10 to 15 cm-thick; beds 66 and 68; Fig.
9) interbedded in a ca. four m thick portion of the section (Fig. 9) were described as
volcaniclastic (Yu et al, 2007; Gong et al, 2018, and complementary XRD analyses
presented in the Appendix C). Reinvestigating the Chahe Section, we report a new
volcaniclastic layer (bed 63; Fig. 9) made up of mainly R1-R3 type illite-smectite mixed-
layer, with a characteristic mineralogy of K-bentonite (Appendix C). All together, these
results suggest that the three claystone beds (beds 63, 66 and 68) likely correspond to
weathered ash layers deposited subsequently to explosive volcanic eruptions, as
established in the Chahe (Yu et al,, 2007; Gong et al.,, 2018) and neighboring sections
(Hong et al,, 2018; Gong et al.,, 2018).

New LA-ICP-MS U-Pb geochronological analyses on zircon grains were performed
on the newly identified volcaniclastic layer (bed 63, Fig. 9; Appendices D, E). Three
samples collected within an overlying volcaniclastic bed (bed 68; Fig. 9) have already
been dated by ID-TIMS (Yu et al, 2008) and high-precision CA-TIMS (with relative
uncertainties as low as 0.03%; Shen et al., 2011) methods. The dating results obtained in

these two studies yielded significantly different ages. As the detection limits for both
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studies are high (because of the use of TIMS methods), ranging from 8.3% for the
DL1(pL=05) to 90.3% for the DL3(pL=-0.95) (Table 2), the chances to have missed the youngest
population are high. Consequently, we undertook new LA-ICP-MS analyses on zircon
grains extracted from a fourth sample collected within the same bed (Appendices D, E),
for which we obtained much lower detection limits, ranging from 1.9% for the DL1(p1-0.5)
to 50.7% for the DL3(pL-095) (Table 2). In total, five samples have been dated in two
volcaniclastic layers from the Chahe Section (Fig. 9).

Four out of the five maximum depositional ages overlap within uncertainties (Fig.
9). This makes the apparent distribution of these maximum depositional ages
compatible with a volcanism coeval with sedimentation (see Fig. 3A), but the
overlapping uncertainties and the limited number of volcaniclastic samples suggest an
ambiguous situation (Fig. 3C, D). Indeed, there are, for now, only two beds yielding
maximum depositional ages. Furthermore, some other comparable stratigraphic
sections also located in the vicinity of Chahe, comprise volcaniclastic beds made up of
reworked ashes (He et al, 2004; Hong et al., 2018). The occurrence of a significant
proportion of antecrysts, and/or xenocrysts, and inherited and/or epicrystic zircon
grains in at least one volcaniclastic layer (sample CH 68, this work, Appendices D, E),
and the significantly different ages (within error) in bed 68 (Fig. 9) demonstrate a
mixing of different zircon populations. These different populations could result from a
significant reworking of the volcanic ashes before their final deposition for this sample.
This is consistent with XRD results, which reveal that sample CH68 contains more
vermiculite than CH63 (Appendix C). Vermiculite is not commonly associated with
tonsteins or K-bentonite and could mark reworking and mixing of ashes with epiclastic

background particles, as it is common in tuffites.
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It is not clear that the different ages obtained by U-Pb dating in claystone beds of
the Chahe Section correspond to sedimentation ages, neither that the dated layers
correspond to tuffs. As such, these ages should be considered as maximum depositional
ages. Together with the fact that numerous faults affected this section (Bourquin et al.,
2018a), the occurrence of only two dated layers explains why the exact location of the
Permian-Triassic boundary in this section is still strongly debated (e.g., Shen et al., 2011;
Yu et al.,, 2015; Zhang et al,, 2016; 2018; Bourquin et al., 2018a, b; Wang et al., 2018). In
this example, high precision dating (obtained by CA-ID-TIMS) is not sufficient in defining

the actual sedimentation ages of the layers.

5.3. Example 3: reworking time scale for the tuff layers from the Early-Middle Triassic
boundary in the marine Guandao Section, south China

Dating of the boundary between the Lower and the Middle Triassic is critical to
understand the rate of recovery of the biosphere following the Permian-Triassic mass
extinction (e.g., Chen and Benton, 2012). For that purpose, high precision ID-TIMS U-Pb
dating on volcaniclastic rocks from the marine Guandao Section, south China (Fig. 7) was
performed on zircon grains extracted from layers described as ash tuffs interbedded in
between pelagic carbonates beds (Lehrmann et al, 2006). The dates obtained by
Lehrmann et al. (2006) were interpreted as eruption ages, and therefore as depositional
ages. Consistent with their relative stratigraphic positions below and above the Lower-
Middle Triassic boundary, respectively, these ages were used to define the still accepted
age of the boundary at 247.2 Ma by linear interpolation (Lehrmann et al., 2006; Cohen et

al, 2013).
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The maximum depositional ages from the Guandao Section get younger together
with their relative sedimentation ages (Fig. 10). The lowermost sampled beds, which are
only 0.5 m apart, yield identical dates within uncertainties. Nevertheless, the overall
trend between sedimentation and maximum depositional ages provides evidence for
coeval sedimentation and volcanism, supporting the conclusions of Lehrmann et al.
(2006). ID-TIMS analyses yielded 15 to 16 concordant grains per sample and relatively
low detection limits, ranging from 4.2% for DL1pL=0.5) to 36.4% for DL3(pL-0.95) (Table 2),
suggesting that the youngest zircon populations were analyzed in each sample.
Following Lehrmann et al. (2006), these populations possibly correspond to autocrysts
from four successive eruptions and deposited, as time proceeded, within the pelagic
succession. However, the two lowermost samples yield overlapping maximum
depositional ages (Fig. 10). Consequently, it cannot be discarded that some zircon grains
have been reworked from a slightly earlier eruption, or are in fact antecrysts minerals
(see Fig. 6).

An estimate of the reworking time scale can be deduced from samples lying
below and above the Lower-Middle Triassic dated to 247.26 + 0.22 Ma and 246.82 *
0.23 Ma, respectively (Table 2). Taking uncertainties into account, the reworking is
constrained to be < 0.89 Myr. Such a duration (0.89 Myr) should probably be considered
as a safe uncertainty for the age of the boundary between the Lower and the Middle

Triassic (247.2 Ma; Lehrmann et al., 2006; Cohen et al., 2013).
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5.4. Example 4: coeval volcanism and sedimentation in the terrestrial Triassic tuffitic series
from the Luang Prabang Basin, Laos

The Luang Prabang Basin, located in Laos (Fig. 7), comprises a range of volcaniclastic
rocks (e.g., Blanchard et al., 2013; Rossignol et al., 2016). A rich fossil record has been
excavated in these rocks, documenting the dispersal of continental species and the
Triassic recovery subsequent to the mass extinction that took place at the end of the
Permian (Bercovici et al,, 2012; Blanchard et al.,, 2013).

Most of the volcaniclastic rocks, deposited in alluvial to fluvial environments,
display clear and unambiguous evidence for reworking, as shown by the occurrence of
well-rounded volcanic boulders and trough cross bedding (Blanchard et al., 2013). Some
layers contain almost exclusively volcaniclasts, many are volcaniclast-rich, while a few
beds contain only a small proportion of volcaniclasts. The volcaniclastic rocks thus
classify as tuffites and pyroclastic rocks (Blanchard et al., 2013; Rossignol et al., 2016).
The nature of the volcaniclasts is rather homogeneous in each of the individual layers.
Also noticeable is the occurrence of feldspar and apatite grains displaying angular
shapes, despite the fact that these mineral species are prone to be easily rounded, or
even destroyed, during transport (Morton and Hallsworth, 1999).

Maximum depositional ages for the five selected volcaniclastic samples were
obtained using U-Pb LA-ICP-MS dating on zircon grains along a ca. 400 m thick
succession (Blanchard et al., 2013; Rossignol et al., 2016) (Fig. 11). Although the oldest
of the maximum depositional ages overlap, a comparison with the relative
sedimentation ages shows that maximum depositional ages are getting younger
upwards (Fig. 11), indicating that sedimentation and volcanism were coeval. The low

detection limits, ranging from 1.7% for DLipL-05) to 38.6% for DL3(pL=0.95) (Table 2),
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suggest that the dominant populations, including the youngest ones, were effectively
dated.

The overlapping ages possibly suggest that some of the layers contain autocrysts
and that, therefore, some of the maximum depositional ages have been calculated from
antecrysts (see Fig. 6B). In the present example, however, the volcaniclastic beds exhibit
planar and trough cross stratification suggesting that the products of earlier eruptions
may have been reworked and accumulated by pure sedimentary processes instead of
resulting from direct volcanic eruptions (Blanchard et al., 2013; Rossignol et al., 2016).
In such a case, the case presented in Fig. 6C fits the available dataset. The maximum
durations of reworking that can be estimated using the non-overlapping ages range
from 5.9 to 7.4 Myr (Fig. 11). However, the overlapping ages also indicate that much
shorter durations could also be possible. Indeed, some andesitic to dacitic boulders
collected within the tuffitic layers yielded ages significantly older than the maximum
depositional ages of the tuffite deposits (Rossignol et al, 2016), indicating that the
Luang Prabang tuffites consist of a mixture of dismembered lava flows and tephra
layers. Because their erodibility is different, it can be expected that they provided

different reworking time scales.

5.5. Example 5: coeval volcanism and sedimentation in the terrestrial Jurassic tuffs from
the Wusu Section, northwest China

The Middle Jurassic Wusu Section from the southern Junggar Basin, northwest China
(Fig. 7), contains several dm- to m-thick volcanic tuffs, interlayered with coal,
sandstones and pebbly conglomerates, typical of alluvial plain deposits (Hendrix et al.,

1992; Hendrix, 2000; Yang et al., 2013; Heilbronn, 2014). The thick tuff layers do not
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show direct evidence of reworking and, in some locations, plant remains are preserved
(Fig. 12A). The layers contain a significant amount of angular quartz and few feldspars
fragments as well as glassy to cryptocrystalline lapilli that may show fluidal textures.
The mineralogical composition indicates the rhyolitic to dacitic nature of the layers. The
sequence along the section is known to be Middle Jurassic (ca. 174.1 Ma to ca. 163.5 Ma;
Cohen et al,, 2013) in age (Tang et al., 2014, and references therein). The Middle Jurassic
age of the section is well constrained from flora content (e.g., Li et al, 2014, and
references therein).

One of these tuff layers was sampled for U-Pb dating on zircon grains
(Appendices D, E). A total of 84 grains (84 analyses) were dated, among which 35
analyses are concordant, yielding fairly low detection limits, ranging from 2.0% for
DL1(pL=0.5) to 17.0% for DL3(pL=0.95) (Table 2). Despite such low detection limits, poorly
represented populations of grains could have been missed during grain sampling.

All the obtained individual zircon dates, ranging from ca. 960 to ca. 267 Ma, are
significantly older than the Middle Jurassic age of the section (Fig. 12B). The youngest
concordant grain gives a date of 267.3 + 6.9 Ma (Appendix E) and the main mode in age
distribution is centered at ca. 325 Ma (Fig. 12B). With no evidence for reworking in the
volcanic layers, these zircon grains are interpreted as xenocrysts and/or inherited
grains. Indeed, differences between the ages of volcanic eruptions and those of the dated
zircon grains indicate that neither autocrysts nor antecrysts were sampled. This might
relate to under-sampling (i.e., too few grains have been analyzed), a grain-size issue as
the autocrysts might have been too small to be recovered from the crushed rock, or
thermodynamical conditions preventing zircon crystallization in the magma prior to the

eruption.
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Nevertheless, these data would allow an estimation of a maximum depositional
age, which in this case, does not provide any new information. This example illustrates
the importance of identifying the autocrysts for dating purposes in volcanic and

volcaniclastic rocks.

6. Discussion: what can reliably be inferred from U-Pb dating of zircon grains

from volcaniclastic rocks?

For any volcaniclastic rock, it is possible to provide an age approaching the actual
depositional age only if it can be demonstrated that (i) the dated grains are autocrysts
that crystallized in the magma a short time before the eruption and (ii) volcanism and
sedimentation were coeval. As previously illustrated, both conditions must be achieved
together, which is sometimes complex to demonstrate.

Volcanic rocks do not systematically contain autocrysts. Indeed, during their
evolution, magmas are not permanently saturated in zirconium (Zr) to pertain zircon
crystallization. Direct techniques to identify autocrysts assume that thermodynamical
equilibrium is achieved between crystals and melts (e.g., Davidson et al, 2007).
However, identifying different age populations of crystals in samples is a useful indirect
means to evaluate if autocrysts are present. Indeed, discussing the potential autocrystic
nature of the crystals becomes possible from a series of maximum depositional ages
getting younger upwards, as it likely reflects the occurrence of autocrysts in the samples
(e.g., Guandao Section, south China, and Luang Prabang Basin, Laos). On the contrary,
autocryst-free volcaniclastic rocks likely result in an uncorrelated relationship between

sedimentation and maximum depositional ages (e.g., Daxiakou and Chahe sections,
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south China). If the absence of autocryst is proven, absolute dating of the sedimentation
using radiometric dating methods is impossible (e.g., Wusu Section, northwest China).

Contemporaneity between volcanism and sedimentation is also difficult to assess.
This is especially true for ancient volcaniclastic rocks because field and/or petro-
geochemical investigations give results that are often ambiguous regarding reworking. A
peculiar attention must be paid when dealing with fine-grained volcaniclastic sediments
(e.g., Clayton et al.,, 1996; Cassidy et al.,, 2014; Hong et al,, 2018). In the Daxiakou and
Chahe examples, the volcanic nature of the volcaniclasts is convincing, but the obtained
maximum depositional ages cannot exclude that the volcaniclasts were reworked.
Misidentification of the reworked nature of the volcaniclasts has evident consequences
for the interpretation of dates obtained from geochronological analyses. Consequently, a
date given by the youngest zircon population must only be considered as a maximum
depositional age, which may differ markedly from the sedimentation age (e.g., Andersen,
2005). Intuitively, reworking is not expected to provide maximum depositional ages
getting younger upwards in a section (Fig. 3B to D). However, such trend of ages getting
younger upwards can also be preserved in the case of reworking, as exemplified by the
volcaniclastic deposits from the Luang Prabang Basin. In such a case, it can therefore be
assumed that the time scales of reworking were shorter than the time lapses separating
successive eruptive events.

The absence of maximum depositional ages getting younger upwards in a section
may indicate that sedimentation and volcanism were not coeval. It may also occur when
volcanism and sedimentation were coeval, in which case the following additional
reasons may be involved, assuming a sufficient number of available samples (=3
samples required, 3 being the minimum required in order to identify any trend):

- unadapted dating method yielding age uncertainties that are too large;
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- inadequate field sampling strategy; samples were collected too close to each

other;

- an insufficient number of zircon grains were analyzed (Vermeesch, 2004;

Andersen, 2005) (Fig. 2; Appendix A).
For all the above-mentioned reasons, including the possible absence of datable
autocrysts in some of the samples and the possible reworked nature of the volcaniclasts,
it remains impossible to prove from the available datasets if volcanism and
sedimentation were coeval.

When a volcaniclastic rock comprises autocrysts that were likely produced
contemporaneously with sedimentation, a reworking time scale can be determined.
Different orders of magnitude for the calculated reworking time scales are observed
from the Guandao Section (south China) and the Luang Prabang Basin (Laos). They
range from ca. 1 Myr for the former to ca. 7 Myr for the latter. These different orders of
magnitude relate to source to sink sedimentary system issues. Upstream, the volcanic
systems produce source materials at different rates (e.g.,, Manville et al., 2009) ranging
from a few hours to a few million years. Upstream and downstream, erosion, transport
and sedimentation also occur at different rates and time scales, which do not necessarily
match those of the volcanic production. The interplay between these rates and time
scales accounts for the characteristics of the volcaniclastic deposits downstream, and
possibly for the different orders of magnitude of the reworking (Fig. 13).

Volcanic activity encompasses eruption events alternating with quiescent periods.
These cycles may be periodic or aperiodic (e.g., Hildreth and Lanphere, 1994; Denlinger
and Hoblitt, 1999) and occur over a range of time scales, or time units, lasting from
hours (e.g., Voight et al.,, 1998; Turner and Costa, 2007; Michaut et al., 2013) to millions

of years (Hildreth and Lanphere, 1994; Turner and Costa, 2007; de Saint Blanquat et al.,
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2011). They concern individual volcanoes (e.g., Voight et al., 1998), as well as larger
volcanic fields or provinces (e.g., Lewis-Kenedi et al., 2005). Depending on the time
scales of the cycles (eruptions and quiescent intervals), different volcaniclastic rock
units (Fisher and Schmincke, 1984; Orton, 1996; Manville et al., 2009) can be defined
downstream where the deposits are preserved (Fig. 13). The temporal link between
volcanic activities and the corresponding rock units preserved in a basin is however not
straightforward. Indeed, temporary storage before final deposition may increase
reworking time scales, which also depend on the erodibility of the volcanic rocks and the
transport distance between the source and the basin (e.g.,, Kataoka et al., 2009).

Different time scales of reworking may occur within the same volcaniclastic
succession. This relates to complex facies associations and abrupt facies changes that
commonly characterizes volcaniclastic depositional environments (e.g., Turbeville,
1991; Orton, 1996; Stow et al.,, 1998; Allen et al,, 2007; Sohn et al., 2008, 2013; Kataoka
et al, 2009; Manville et al., 2009; Lenhardt et al., 2011; Cutino and Scasso, 2013;
Roverato et al, 2017). There is, however, no systematic correspondence between
reworking time scales and volcano-sedimentary facies. For instance, volcaniclastic facies
characterized by well-defined sedimentary structures (e.g., ripples marks) can be made
up of volcaniclasts that were reworked for less than a month (Sohn and Yoon, 2010).
Similar sedimentary structures and facies can also be characteristic of secondary
volcaniclastic deposits with much longer reworking durations (e.g., Bull and Cas, 2000).
The erodibility of the volcanic material plays also an important role in controlling these
rates (i.e., Fig. 6C).

Although the relationships between time scales and the rock units as proposed by
Manville et al. (2009) are not straightforward, an overall correspondence can be

discussed, from the shortest (Fig. 13A) to the longest time scales (Fig. 13E). The shortest
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reworking time scales likely correspond to the erosion and (re)deposition of
unconsolidated volcanic deposits. Time scales < 1 Myr arguably characterize deposits
resulting from the dismantling of a single volcanic layer (i.e., an eruption unit formed
during a single eruption, as defined by Manville et al., 2009) (Fig. 13A) or that of several
layers corresponding to an eruptive episode (Fig. 13B; episode unit). Each of the
volcaniclastic layers from the Guandao Section (Lehrmann et al, 2006) likely
correspond to such eruption or episode unit.

Volcaniclastic rocks characterized by longer reworking time scales (> 1 Myr) likely
comprise reworked volcaniclasts that were produced by several successive eruption
episodes from one or several volcano(es). Such volcaniclastic rocks consequently record
period (Fig. 13C) or epoch (Fig. 13D) units. The volcaniclastic rocks from the Luang
Prabang Basin (Blanchard et al,, 2013; Rossignol et al.,, 2016) likely correspond to this
type of deposits.

The longest reworking time scales (> 10 Myr) may indicate that sedimentation is
much younger than volcanism and that all the volcaniclasts are reworked (Fig. 13E). In
such a case, the epiclast/volcaniclast ratio is expected to be high. However, this ratio
may also be low in specific geological contexts, where the erosion of an old volcanic
province (e.g., a Large Igneous Province; see Sheth, 2007) constitutes the unique source
of volcaniclasts in the basin. The resulting volcaniclastic rocks are then made up nearly
exclusively by volcaniclasts, which are not contemporaneous with the eruptions (e.g.,
Shipboard Scientific Party, 2001; Ross et al., 2005; He et al.,, 2010). Integrated surveys of
the regional geology are likely to provide clues to interpret the nature of the
volcaniclastic deposits.

A flowchart describing the successive steps required to assess “how coeval

volcanism and sedimentation were” is presented in Figure 14. This methodology is
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expected to be applicable to any type of volcaniclastic rock whatever their age. In many
studies using geochronology on zircon grains extracted from volcaniclastic rocks, the
obtained ages are often considered as sedimentation ages (e.g., Young, 2014, and
references therein). The aforementioned examples illustrate some limitations on the
interpretation of the obtained ages. Not only it is not straightforward to transform a date
into an age (e.g., Spencer et al., 2016), but also the significance of an age obtained from
detrital grains in volcaniclastic rocks requires careful evaluation. Indeed, any age
obtained from volcaniclastic series should be considered, at first, as a maximum
depositional age. In order to interpret this age as a sedimentation age, a series of

maximum depositional ages must be acquired along the stratigraphic succession.

7. Conclusions

Because of their ubiquity in the sedimentary record and their propensity to bear datable
minerals (e.g., zircon), volcaniclastic rocks have been extensively used to date deposition
in sedimentary successions. However, to be valid and reliable, such dating must rely on
the assumptions that (i) eruptions can be dated (i.e., from ages given by zircon
autocrysts), and that (ii) volcanism and sedimentation were coeval. In ancient,
weathered and/or poorly exposed volcaniclastic series, these assumptions are difficult
to confirm, leading to potential misinterpretations of the obtained ages.

A relatively simple way to verify these assumptions consists in comparing series
of maximum depositional ages with the stratigraphic position of the volcaniclastic beds
combined with accurate sedimentological, mineralogical and geochemical analyses.
When there is no maximum depositional ages getting younger upwards in a section, or

when only a single age is available, it remains tricky to infer sedimentation ages without
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over-interpreting the available datasets. In contrast, when the maximum depositional
ages get younger with sedimentation, volcanic activity and sedimentation were likely
coeval. Such a result allows constraining the depositional ages of volcaniclastic rocks,
whether they contain reworked volcaniclasts or not. Additionally, a time scale of
reworking can be estimated.

Only two out of the five examples from this work show maximum depositional
ages getting younger upwards in the section. However, from the literature, all these
examples are assumed to represent cases of coeval volcanism and sedimentation. Even
so, in the three other examples, this is impossible to prove from a strict geochronological
point of view.

For two of the examples, the calculated time scales of reworking from the
available data are less than 1 Myr and ca. 7 Myr, respectively. They likely relate the
corresponding volcaniclastic layers to one or several eruptions from a single eruptive
episode and to several eruptive episodes, respectively. These values are, however,
dependent on both the available samples (from field and overall geological conditions
for the selection of the dated minerals) and the analytical methods used in these studies.

The five examples illustrate that many factors, such as the occurrence or absence
of autocrystic zircon grains, their relative abundance among zircon populations and
their potential reworking, may influence the interpretation of geochronological results.
These factors, which are often overlooked or ignored, should be taken into account in
any geochronological study relying on volcano-sedimentary series to better assess the

relevance of the obtained dates.
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Figures

Fig. 1. Basic classification scheme for volcaniclastic rocks.
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Fig. 2. Detections limits for one and three grains at the 50% and 95% confidence levels.

Fig. 3. Diagrams represent schematic stratigraphic log indicating relative sedimentation
ages versus absolute time scale. (A) Maximum depositional ages getting younger
upwards in the section: maximum depositional ages provide estimates of the actual
depositional ages of the pile. (B) Maximum depositional ages getting older upwards in
the section: volcanic activity and sedimentation were diachronous. (C) Overlapping
uncertainties on the obtained maximum depositional ages along the pile: not possible to
infer if volcanism and sedimentation were coeval (D) Maximum depositional ages
uncorrelated with the sedimentation ages: maximum depositional ages likely derived
from zircon populations that are not autocrystic in origin (i.e., antecryst, xenocryst,

inherited and/or epiclastic populations).

Fig. 4. Characterizing how coeval volcanism and sedimentation are using the reworking
time scale. (A) Schematic representation of the reworking time scale (4t). Tsea:
sedimentation age; Tvoic: eruption age; Tmax: maximum depositional age, depicted with a
hypothetical analytical uncertainty (horizontal bar). (B) Formal definition of the

reworking time scale, with end-member values.

Fig. 5. Duration of reworking (4t): theoretical and practical considerations. Legend:
same as in Fig. 4. A tipeoreticar, @S defined Fig. 4. In practice, Tsed is a priori unknown,
and only At,,qcticqr can be estimated using 2 maximum depositional ages (and their
uncertainties) that do not overlap, from 2 successive samples in a volcaniclastic series

with absolute ages getting younger upwards.
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Fig. 6. Possible interpretations of overlapping maximum depositional ages. Legend:
same as in Fig. 4. The cases A, B and C cannot be distinguished from geochronological
datasets only. (A) Uncertainties larger than the reworking time scales for the successive
volcaniclastic layers, assuming the maximum depositional ages are from zircon
autocrysts. (B) Maximum depositional ages calculated from zircon autocrysts from the
“Volc v” eruption and from zircon antecrysts from the “Volc v+1” eruption. Autocrysts
and antecrysts crystallized at the same time, during the same magmatic stage. (C)
Volcanic deposits produced during the oldest eruption (Volc v) less erodible than those
produced during the youngest eruption (Volc v+1): volcaniclasts associated with the
“Volc v” eruption deposited in the sedimentary layer “s+1”, while those relating to the

“o_n

“Volc v+1” eruption eventually deposited earlier, in the sedimentary layer “s”.

Fig. 7. Location, depositional environments and analytical techniques of the selected

examples. Modified after Jolivet (2015), with main active faults and main Cenozoic

basins (beige).

Fig. 8. Example of a sedimentary succession containing volcaniclastic layers with

reworked volcaniclasts.

Fig. 9. Example of a sedimentary succession containing three volcaniclastic layers where

the reworking time scale(s) cannot be constrained.

Fig. 10. Example of a sedimentary sequence containing volcaniclastic layers

characterized by relatively short (< 1.5 Myr) reworking times.
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Fig. 11. Example of volcaniclastic rocks made up of reworked volcaniclasts displaying

relatively long (<7.5 Myr) reworking times.

Fig. 12. Example of a volcanic rock devoid of zircon autocryst. (A) Hand specimen of the
analyzed volcanic tuff collected in the Wusu Section (located in Fig. 7). Plant fragments
are fossilized within the volcanic ash deposits. (B) Age distribution obtained from zircon
grains extracted in a Middle Jurassic tuff of the Wusu Section. The age probability
distribution was estimated using a bandwidth of 6.6 with Density Plotter 8.2

(Vermeesch, 2012) from all concordant dates (N=35).

Fig. 13. Possible correspondences between the cycles of volcanic activities; duration of
the reworking times and resulting volcaniclastic rock units. Hierarchies of the time units
and their durations are from Manville et al. (2009). (A) Volcaniclastic rocks units
resulting from the reworking of the products of a single eruption (“eruption unit”). (B)
Tephra units, generally made of mixed products from several eruptions and
corresponding to longer reworking time scale. (C) Volcaniclastic deriving from the
erosion, mixing and deposition of the products of several eruptions, possibly from
several distinct volcanoes, likely corresponding to longer reworking time scale. (D)
Erosion and sedimentation of products of various volcanoes belonging to a volcanic
province corresponding to the longest reworking time scales. (E) Erosion of an old

volcanic basement producing volcaniclastic rocks unrelated to volcanic activity.

Fig. 14. General methodology for the geochronological interpretation of volcaniclastic

deposits.
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Tables

Table 1. Terminology for consolidated volcaniclastic rocks.

Table 2. Analytical methods, detection limits and maximum depositional ages of the

samples.

Appendices

Appendix A. Detection limits for one and three grains at the 50% and 95% confidence

levels.

Appendix B. Compilation of the U-Pb dating on zircon used to provide examples and

details on the calculation of maximal depositional ages. Data sources: Gao et al. (2013);

Lehrmann et al. (2006); Yu et al. (2008); Shen et al. (2011); Blanchard et al. (2013) and

Rossignol et al. (2016).

Appendix C. Analytical DRX results for the claystone beds of the Chahe Section, Guizhou,

south China

Appendix D. Analytical methods, data filtering and maximum depositional age

calculation for complementary U-Pb geochronology on zircon grains.

Appendix E. Analytical results for complementary U-Pb geochronology on zircon grains.
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Table 1. Terminology for consolidated volcaniclastic rocks.

Average clast size Pyroclastic Tuffites Epiclastic
d>64 mm Agglomerate, Pyroclastlc
breccia Tuffaceous conglomerate Conglomerate
2 mm<d<64 mm Lapillistone
62 um <d <2 mm Coarse tuff Tuffaceous sandstone Sandstone
4pum<d<62pum . Tuffaceous siltstone Siltstone
Fine tuff
d<4pum Tuffaceous mudstone Mudstone
Volcaniclast content (vol.) > 75% if pyroclasts > 25% <25%

d: average grain size.
Modified after Le Maitre et al. (2002) and Schmid (1981).
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Table 2. Analytical methods, detection limits and maximum depositional ages of the samples for the

selected examples.

Probability of concordance > 10%, decay constants errors included

Sample! Detection limits? (%) Maximum depositional age

N DLi(pr=05) | DLigL=095) | DL3@L=05 | DL3pL=095) | concordia age | * 20 n MSWD Probability

Daxiakou Section - Analytical method: LA-ICP-MS Gao etal,, 2013
b.277 18 3.8 15.3 14.6 311 249.7 1.7 15 0.95 0.54
b.271 16 4.2 171 16.4 34.4 249.4 1.9 14 1.2 0.21
b.266 20 3.4 139 13.2 28.3 251.7 1.7 14 1.3 0.11
b.264 18 3.8 15.3 14.6 31.1 253.0 1.6 13 1.2 0.20
b.260 31 2.2 9.2 8.6 19.0 249.7 1.4 22 0.95 0.56
b.259-b 30 2.3 9.5 8.9 19.6 250.1 1.4 23 0.92 0.62
b.258 26 2.6 10.9 10.2 22.3 250.0 1.8 15 1.17 0.24
b.255 19 3.6 14.6 13.9 29.6 250.0 1.8 11 1.19 0.25
b.252 13 5.2 20.6 20.1 411 248.8 1.8 11 0.73 0.81
b.249 10 6.7 25.9 25.9 50.7 246.8 2.0 9 1.3 0.21

Chahe Section - Analytical methods: CA-TIMS (sample ch68; Shen et al., 2011), classical ID-TIMS (samples b.68a and b.68c; Yu et
al,, 2008) and LA-ICP-MS (samples CH63 and CH68, Appendices D and E)

b.68c 4 15.9 52.7 61.5 90.3 247.5 3.0 3 0.09 0.99
b.68a 5 129 45.1 50.0 81.1 252.6 2.7 5 0.09 1.00
CH 68 36 1.9 8.0 7.4 16.5 252.4 1.5 20 0.44 1.00
ch68 8 8.3 31.2 32.1 60.0 252.35 0.23 5 1.8 0.06
CH 63 10 6.7 25.9 25.9 50.7 251.0 1.9 11 0.90 0.60
Guandao Section - Analytical methods: Air abraded and CA-TIMS Lehrmann et al., 2006
tuff 110 16 4.2 17.1 16.4 34.4 24597 0.28 8 1.4 0.14
tuff 3 15 4.5 18.1 17.5 36.4 246.82 0.23 5 1.9 0.05
tuff 2 16 4.2 17.1 16.4 34.4 247.38 0.22 11 0.55 0.95
tuff 1 15 4.5 18.1 17.5 36.4 247.26 0.22 9 1.5 0.30
Luang Prabang Basin - Analytical method: LA-ICP-MS Blanchard et al., 2013; Rossignol et al.,, 2016
LP 45 14 4.8 19.3 18.7 38.6 215.9 1.3 15 0.66 0.92
LP 44 25 2.7 11.3 10.6 23.2 2189 1.6 10 0.41 0.99
LP 100 40 1.7 7.2 6.7 15.0 220.9 1.1 27 0.62 0.99
LP 58 24 2.8 11.7 11.0 24.0 2241 2.8 4 0.41 0.90
LP 57 27 2.5 10.5 9.8 21.6 225.0 1.3 17 0.58 0.97
Wousu Section - Analytical method: LA-ICP-MS Appendices D and E
WU 01 I 35 I 2.0 ‘ 8.2 ‘ 7.6 ‘ 17.0 ‘ n.a.

1: for each section, the samples are presented following the stratigraphic order (the oldest to the bottom, the youngest to the
top).

2: a detection limit is defined as the relative abundance of the largest population of zircon grains likely to remain undetected by
a given number of analyzed grains - N in the present case (Andersen, 2005). See Appendix A.

LA-ICP-MS: Laser Ablation - Inductively Coupled Plasma - Mass Spectrometry. Typical analytical precision: ca. 1%.

CA-TIMS: Chemically Abraded - Thermal lonization Mass Spectrometry. Air abraded method: similarly to the chemical abrasion
of zircon grains, a mechanical (“air”) abrasion can be used. Typical analytical precision: ca. 0.1%.

Typical analytical precision of classical Isotopic Dilution - TIMS method: ca. 1%.

N: total number of concordant zircon grains, generally corresponding to the number of analyses, except when more than one
analysis per grain has been performed (e.g, sample CH 63); n: number of analyses used to calculate the maximum deposition
age; DL1: detection limit for at least 1 grain; DL3: detection limit for at least 3 grains; pu: probability level assigned to the detection
limits; MSWD: mean square of weighted deviates. The MSWD and the probability given for the concordia ages are for both
concordance and equivalence.
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Highlights

e Volcaniclastic rocks are extensively used to constrain sedimentation ages

e Dating a deposition requires the following two conditions

e If any, the autocryst minerals provided by the latest eruption must yield an age

e Volcanism and sedimentation must, in addition, have been coeval

e Reworking time-scale provides clues to discuss links between volcanoes and

basins
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