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Records of and controls on temporal variations in activity at arc volcanoes

Stefan M. Lachowycz (University College)

Many attributes of volcanic activity, whether physical, geochemical/petrological, or geophysical,
change over timescales from minutes to millions of years. Understanding the nature of these
variations and their controls is essential both for hazard assessment and to understand volcanic
and magmatic processes. Arc volcanism entails a relatively broad range of eruption styles and
magma compositions, and thus wide-ranging hazards and a variety of eruption records. Despite
their significance, records of activity for many arc volcanoes are inadequately characterised, so
any temporal variability is poorly constrained. In this thesis, | investigate temporal variations in
different styles of activity (dome-forming, Plinian-style, and effusive/glaciovolcanic) on a range of
timescales (days—years, millennia, and hundreds of ky, respectively), from diverse records
(seismicity, tephra deposits, and effusive eruption products), at four arc volcanoes. | analyse
seismic time-series from Soufriere Hills Volcano (Montserrat) and Volcan de Colima (Mexico)
using two statistical techniques, identifying temporal variation in the extent of long-range
correlations and randomness in these data, which has potential to inform real-time monitoring
and constrain eruptive processes. | also present new composition data for and review previous
studies of tephra deposits from Volcadn Hudson (Chile), revising its explosive eruption history and
finding previously unrecognised shifts in the magma composition erupted through the Holocene. |
also describe and analyse sequences of lithofacies from effusive eruptions of a range of magma
compositions from Volcan Sollipulli (Chile), inferring varying extents of interaction with ice during
their emplacement, and so changes in eruption style through time. These case studies highlight
the importance of detailed characterisation of temporally varying records of volcanic activity, and

some of the limitations of and uncertainties in these records and their interpretation.






Extended abstract

Records of and controls on temporal variations in activity at arc volcanoes

Stefan M. Lachowycz (University College)

Advances in monitoring and studies of the eruptive history of volcanoes in recent decades are
producing an increasing amount and variety of information on the timing of volcanic activity.
Temporal variations have been identified in many attributes of volcanism on a wide range of
timescales, from precursory changes in seismicity only minutes to hours before eruptions, to
cycles in eruption frequency or style over hundreds to thousands of years, and shifts in magma
composition and vent location due to tectonic changes over millions of years. Understanding the
nature of and controls on these variations is essential for hazard assessment and/or provides
invaluable insight into volcanic and magmatic processes. Arc volcanism entails a relatively broad
range of eruption styles and magma compositions, and thus wide-ranging hazards and a variety of
eruption records. The potential for and implications of temporal variation in arc volcanism are
exemplified by recent eruptions in Chile (Calbuco, Chaitén, and Corddén-Caulle volcanoes) and
Indonesia (Kelud, Merapi, and Sinabung volcanoes), which included rapid escalations in activity
and/or changes in eruption style. In some of these cases and at many other arc volcanoes,
investigation and interpretation of their temporal variability has been hindered by limited
monitoring and insufficient characterisation of eruption records. In this thesis, | explore some of
the challenges and opportunities in constraining temporal variations in arc volcanism, by
investigating such variations in different styles of activity (dome-forming, Plinian-style, and
effusive/glaciovolcanic) on a range of timescales (days—years, millennia, and hundreds of ky,
respectively), from diverse records (seismicity, tephra deposits, and effusive eruption products),

at four volcanoes (Soufriere Hills Volcano (Montserrat) and Volcdn de Colima (Mexico), Volcan



Hudson (Chile), and Volcan Sollipulli (Chile)). New information is obtained in each case either by
statistical analysis or detailed characterisation of eruption records; in some cases this provides

insight into the nature of and controls on the temporal variations in activity at these volcanoes.

Understanding the underlying structure of data from volcano monitoring is essential to identify
changes in eruptive activity and their precursors and controls. However, effective analysis of
longer-term trends in monitoring data is challenging as these data are not necessarily statistically
stationary or linear, particularly those from lava dome-forming volcanoes, which are commonly
characterised by pulsatory eruptive activity. In Chapter 2, | use detrended fluctuation analysis, a
statistical technique previously applied to nonstationary data, to identify long-range (slowly
decaying, e.g. power-law) correlations in a number of time-series of volcano seismicity recorded
during the recent dome-forming eruptions of Volcdn de Colima, Mexico, and Soufriere Hills
Volcano, Montserrat. For all the time-series analysed, correlation strength varies through time
and/or on different timescales; in some cases, this variation is periodic, seasonal, and/or related
to activity. These results may provide new insights into eruptive processes and possibly further
constrain the generation mechanisms of a number of the volcano-seismic event classes analysed.
Furthermore, the correlation properties of real-time seismic measurements are shown
(retrospectively) to contain information valuable to real-time volcano monitoring that is not
identifiable by conventional techniques. This demonstrates that long-range correlation analysis
may be useful for extracting additional information from monitoring data at dome-forming or

similar volcanoes.

In Chapter 3, | examine the utility of another statistical analysis technique, Shannon entropy (a
measure of the randomness of a signal), for analysis of monitoring data by its application to the

same time-series of volcano seismicity analysed in Chapter 2. Entropy may be computed in real-



time by the method used even if the signal is sampled at a high frequency and/or discontinuously,
so this technique is potentially widely applicable to monitoring time-series. At the two volcanoes
studied, the entropy of real-time seismic measurements and the count rate of certain volcano-
seismic event types is found to vary through time, generally being elevated (often close to
maximal) during phases of greater volcanic activity. High entropy indicates greater uncertainty in
the value taken by the variable, i.e. that the time-series is less predictable. In some instances, the
entropy of a signal shifts prior to or coincident with changes in seismic or eruptive activity, some
of which were not clearly recognised at that time by real-time monitoring. | examine the nature of
the entropy variations by testing for uniform data distribution and comparison to the coefficient
of variation. This demonstrates the sensitivity of the entropy to the data distribution, and that it is
distinct from measures of data dispersion. Therefore, entropy analysis may have potential as a

tool to extract additional information in real-time from volcano monitoring data streams.

Volcdn Hudson, in the Andean Southern Volcanic Zone, has been identified as the source of four
eruptions of >1 km? of tephra (volcanic ash and lapilli) and tens of smaller explosive eruptions in
the past 20 ky. The resulting tephra deposits have great potential as chronological markers in
studies of the palaeoenvironment of the region, and to assess any variation in eruption frequency.
However, the characteristics and timing of many of the eruptions of Volcan Hudson are poorly
constrained, inhibiting precise tephrochronology and hazard assessment. In Chapter 4, | present
matrix glass and whole rock composition analyses of Volcan Hudson tephra units in relatively
complete terrestrial sections, and catalogue occurrences of tephra previously attributed to
eruptions of Volcan Hudson, in order to correlate the tephras analysed and critically evaluate
previous tephra correlations. The Volcan Hudson tephras characterised generally have a narrow
range in their glass composition, so in most cases can be distinguished from the other tephras of a

similar age, which often have a similar composition. | find previously unrecognised shifts in



erupted magma composition during the Holocene, from silicic to mafic after the H2 eruption
(~3.9 cal ka BP), and then to intermediate compositions for the last ~1 ky. The new geochemical
data and tephrostratigraphy reanalysis in this study provide a framework for future
tephrochronology and studies of the record of eruptions in the region. In addition, they highlight
the importance of detailed tephra characterisation in developing correlations between and age

models for palaeoenvironmental records, or accurate constraint of eruption frequency.

Magma-ice-meltwater interactions produce diverse landforms and lithofacies, reflecting the
multitude of factors that influence glaciovolcanism, including both magmatic (e.g., composition,
eruption rate) and glacial (e.g., ice thickness, thermal regime) conditions. This is exemplified by
the walls of the partly ice-filled summit caldera of Volcan Sollipulli, a stratovolcano in southern
Chile, which include lithofacies from eruptions of a wide range of magma compositions beneath
or in contact with ice. In Chapter 5, | analyse these lithofacies and hence propose new
interpretations of the eruptive and glacial history of Volcan Sollipulli. The facies include a thick,
laterally extensive sequence of fragmental glaciovolcanic deposits, comprising massive, mafic lava
pillow-bearing hyaloclastite overlain by sills and then hyaloclastic debris flow deposits (similar to
Dalsheidi-type sequences). The distribution and thickness of these units indicate an unusual
abundance of magma-meltwater interaction for an arc stratovolcano in temperate latitudes,
perhaps due to eruptions beneath a thick ice cap. Coherent lava coulées, domes, lobes, and stacks
of basaltic andesite—trachydacite composition are present around the top of the caldera rim;
these display morphologies and fracture patterns on caldera-facing margins that indicate that the
caldera was filled with ice when these lavas were erupted. The lithofacies characterised
demonstrate the diversity of glaciovolcanism that is possible at arc stratovolcanoes capped by
temperate ice or with ice-filled calderas, and the potential for uncertainties in inference of the

palaeoenvironmental conditions of their emplacement.



The case studies presented in this thesis identify new changes or trends in distinct styles of arc
volcanism on different timescales, and provide additional information on the nature of those
recognised by previous work. Some of the data are suggested to further constrain (or provide
evidence of previously unknown) controls on the volcanic activity studied. This work also
contributes to the development of new techniques and understanding to analyse and interpret
some aspects of the types of volcanism examined. Although there are many challenges and
limitations to constraining temporal variations in arc volcanism from its records across the whole
range of timescales, this thesis highlights the potential to better understand such variability and

its controls through detailed characterisation and statistical analysis of records of volcanic activity.
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Chapter 1 Introduction

1.1. Activity at arc volcanoes

Magmatism at subduction zones is generally expressed as a chain of volcanoes, i.e. a volcanic arc
(e.g., Perfit and Davidson, 2000). Arc volcanism is characterised by a diverse range of magma
compositions and eruption styles (in comparison to other tectonic settings), both between (e.g.,
Gill, 1981; Turner and Langmuir, 2015) and within (e.g., Stern, 2004) discrete arcs, and commonly
at individual volcanoes. Many recent eruptions of arc volcanoes have entailed multiple styles of
activity. For example, the eruptions of Chaitén (2008-9; e.g., Major and Lara, 2013) and Corddn
Caulle (2011-12; e.g., Tuffen et al., 2013) volcanoes in Chile comprised (sub-)Plinian eruptions
followed by lava dome or flow extrusion, whilst periods of lava effusion at Soufriére Hills Volcano
(Montserrat) and Volcan de Colima (Mexico) have often culminated in large Vulcanian explosions
(e.g., Varley et al., 2010a; Wadge et al., 2014). Understanding the nature of and controls on such
temporal variability is thus essential for hazard assessment (e.g., Loughlin et al., 2015; Ogburn et
al., 2015), and provides important constraints on volcanic and magmatic processes (e.g., Cashman

and Sparks, 2013; Caricchi and Blundy, 2015).

Temporal variations in arc volcanism have been identified on a wide range of timescales. The
explosive eruptions of Calbuco (2015), Chaitén (2008), and Cordon-Caulle (2011) volcanoes in
Chile were all preceded by only hours of precursory seismicity, due to rapid magma ascent (at
least in the latter cases: Castro and Dingwell, 2009; Castro et al., 2013). In longer-lived eruptive
phases, cyclicity over similarly short periods is increasingly being recognised, as well as on
timescales of days or months (de” Michieli Vitturi et al., 2013); for example, at Soufriére Hills

Volcano, sub-daily cycles in activity have been observed together with longer cycles of ~50 days
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(Odbert et al., 2014). Seasonality to volcanic activity has also been identified, both at individual
volcanoes (e.g., Pavlof Volcano, Alaska: McNutt and Beavan, 1987) and at a regional scale (Mason
et al., 2004). Multi-annual variations have also been reported during long-lived (usually dome-
forming) eruptions, such as in lava effusion rate at Soufriére Hills Volcano (Odbert et al., 2014;

Wadge et al., 2014) and Volcan de Colima (e.g., Varley et al., 2010a).

Substantial (sub-)annual variations may be superimposed on a longer-term consistent magma
supply. For example, Gunung Merapi (Indonesia) is characterised by abrupt transitions in activity
on a monthly to annual scale (e.g., Voight et al., 2000; Surono et al.,, 2012), but has been
suggested to have had a constant magma supply rate for the past century (Siswowidjoyo et al.,
1995), albeit since recognised to be part of a third cycle in magma composition/supply and
eruption frequency over the past ~2 ky (Gertisser and Keller, 2003). However, cycles (and other
variability) on a centennial timescale are apparent elsewhere, such as in eruption composition
and style at Volcan de Colima (e.g., Luhr, 2002) and Mayon Volcano (The Philippines; Newhall,
1979). Variations on a millennial scale are increasingly being identified from records of explosive
eruptions, for instance in eruption frequency at Gunung Agung (Indonesia; Fontijn et al., 2015)
and in eruption frequency and composition at Volcdn Mocho-Choshuenco (Chile; Rawson et al.,
2015). The latter has been suggested to be part of a longer-term (hundreds of ky) variability in
erupted magma flux due to glacial-interglacial cyclicity (Rawson et al., 2016), with volcanism
increasing during deglaciation and vice versa; the extent to which this is the case for arc volcanism
is unclear (e.g., Huybers and Langmuir, 2009; Kutterolf et al., 2012; Watt et al., 2013a). Glacial
cycles may also generate temporal variations in eruption style by changes in the potential for
magma-ice interaction (e.g., Smellie and Chapman, 2002). On longer (My) timescales, arc-scale
variations include cycles in magma composition and flux (DeCelles et al., 2009) and shifts in arc

location and magma composition and flux due to changes in subduction (e.g., Parada et al., 2007).
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1.2. Records of arc volcanism

Investigation of the temporal variability of arc volcanism is only possible from analysis and
interpretation of records of past volcanic activity. The diverse activity at arc volcanoes creates a
variety of records, each with different challenges in their analysis. Volcano monitoring has
generated an increasing amount and diversity of time-series of recent volcanic activity (e.g.,
Sparks, 2003; Loughlin et al., 2015), enabling the identification of the sub- to multi-annual
variability summarised in Section 1.1. However, only ~35% of historically active volcanoes are
continuously monitored (Loughlin et al., 2015), and not necessarily with a sufficient amount or
diversity of equipment and techniques for comprehensive monitoring. Monitoring is even more
limited for those apparently without historical activity, despite the potential of some to rapidly
become active (as in the case of Volcan Chaitén: Major and Lara, 2013). Extrapolation of
interpretations of activity at well-monitored volcanoes to others is not necessarily appropriate,
given the apparently unigue properties of many volcanic systems despite their common processes
(Cashman and Biggs, 2014). Hence the potential to investigate and forecast temporal variations in
activity at most volcanoes on short timescales is appreciably limited. Even at arc volcanoes that
are relatively intensively monitored, precursors to activity transitions are not necessarily
identifiable using conventional methods, e.g. some changes in effusion rate at Soufriere Hills
Volcano (e.g., Wadge et al., 2014). In some cases, even the techniques that have been informative
in previous eruptive phases have failed to identify precursors to subsequent similar activity, such
as the real-time seismic energy measurement employed at Volcan de Colima (Reyes-Davila and De

la Cruz-Reyna, 2002) prior to lava effusion in 2004 (Varley et al., 2010a).

Beyond the timescale of volcano monitoring, temporal variability in activity may be apparent in

historical records for volcanoes that have been frequently active (e.g., Mt Vesuvius, Italy: Arrighi
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et al.,, 2001; Gunung Merapi: Voight et al., 2000). However, even at such volcanoes, the historical
record may be incomplete (e.g., Volcan Villarrica, Chile: Van Daele et al., 2014), whilst at those
with less frequent historic activity, this record is insufficient to characterise the typical activity and
its variability (e.g., Fontijn et al., 2015). In these cases, and for examination of longer-term
(millennial-scale) variations, analysis of the deposits of previous eruptions, typically the
tephrostratigraphic record, is essential. The tephrostratigraphic record is most often constrained
from terrestrial deposits, but accessible exposures are often limited and preservation may be
poor, particularly of smaller (Volcanic Explosivity Index (VEI) <4; Newhall and Self, 1982)
eruptions. This is the case, for example, in parts of the southern Andes (e.g., Fontijn et al., 2014).
Furthermore, temporal bias is particularly apparent in most terrestrial records, with fewer smaller
eruptions preserved with increasing age (e.g., Brown et al.,, 2014), and preservation of tephra
from eruptions prior to deglaciation is uncommon at high latitudes (e.g., Watt et al., 2013a).
Other environments, such as ice, peat, and lacustrine and marine sediments, may preserve a
more continuous and/or longer record of explosive eruptions, but numerous distortions of the
tephra record are possible, e.g. due to taphonomic processes and dating uncertainties (e.g., Lowe,

2011; Fontijn et al., 2014; Davies, 2015).

Records of effusive activity at arc volcanoes have been studied comparatively infrequently, due to
the considerable logistical and analytical effort required to fully characterise the activity of even a
single volcano. At some volcanic centres, products of effusive eruptions spanning hundreds of ky
are exposed, recording variations in magma composition and eruption style (e.g., Volcan
Puyehue—Corddn Caulle: Singer et al.,, 2008). However, these records can be considerably
curtailed if effusive eruption fluxes are high enough to cover earlier deposits relatively quickly; for
example, the main edifice of Volcan Llaima (Chile) has been suggested to be entirely post-glacial

(Naranjo and Moreno, 1991).
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1.3. Scope of thesis

This thesis comprises three studies of diverse styles of arc volcanism on different timescales, by
analysis of distinct records of eruptions at four volcanoes, in order to investigate the records of
and controls on temporal variations in arc volcanism. Chapters 2 and 3 analyse seismic time-series
from the recent dome-forming eruptions of Soufriere Hills Volcano (Montserrat) and Volcan de
Colima (Mexico) using two statistical techniques, to quantify the extent of long-range correlations
and randomness in these data on timescales of days to years. Chapter 4 investigates the post-
glacial explosive eruption history of Volcan Hudson (Chile) by analysing terrestrial tephra deposits
and reviewing previous studies of Volcdn Hudson tephra, to evaluate and better characterise its
tephrostratigraphic record. Chapter 5 analyses and interprets sequences of lithofacies from
effusive eruptions of a range of magma compositions from Volcan Sollipulli (Chile), to investigate
the influence of ice interaction (across glacial-interglacial cycles) on eruption style and processes
at arc volcanoes. The conclusions from these studies are summarised and possible future

directions are discussed in Chapter 6.
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Chapter 2 Long-range correlations identified in time-series of volcano
seismicity during dome-forming eruptions using detrended

fluctuation analysis

Majority published in: Lachowycz, S.M., Pyle, D.M., Mather, T.A,, Varley, N.R., Odbert, H.M., Cole,
P.D., Reyes-Davila, G.A., 2013. Long-range correlations identified in time-series of volcano
seismicity during dome-forming eruptions using detrended fluctuation analysis. J. Volcanol.

Geotherm. Res. 264, 197-2009.

Author contributions: Seismic time-series from Volcan de Colima and Soufriere Hills Volcano were
provided by NRV/GARD and HMO/PDC respectively. All co-authors contributed to manuscript

preparation.

This paper develops work included as part of my thesis submitted for a MEarthSc in Earth
Sciences (University of Oxford) in 2010. Supplementary File 2.1 and part of the methods and
description of Volcan de Colima and its seismicity are revised from that thesis. The data were
reanalysed for this study using revised methods, so the results and interpretation have changed

accordingly.
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Abstract

Understanding the underlying structure of data from volcano monitoring is essential to identify
precursors to changes in eruptive activity and to comprehend volcanic processes. However,
effective analysis of longer-term trends (over months to years) in these signals is challenging as
volcanic data are not necessarily statistically stationary or linear, particularly those from lava
dome-forming volcanoes, which are commonly characterised by pulsatory eruptive activity. Here,
we use detrended fluctuation analysis (DFA), a statistical technique previously applied to
nonstationary data, to identify long-range (slowly decaying, e.g. power-law) correlations in a
number of time-series of volcano seismicity recorded during the recent dome-forming eruptions
of Volcan de Colima, Mexico, and Soufriere Hills Volcano, Montserrat. For all the time-series
analysed, correlation strength varies through time and/or on different timescales; in some cases,
this variation is periodic, seasonal, and/or related to activity. These results may provide new
insights into eruptive processes and possibly further constrain the generation mechanisms of a
number of the volcano-seismic event classes analysed. Furthermore, the correlation properties of
real-time seismic measurements are shown (retrospectively) to contain information valuable to
real-time volcano monitoring that is not identifiable by conventional analysis techniques. This
study therefore demonstrates that long-range correlation analysis may be useful for extracting

additional information from monitoring data at dome-forming or similar volcanoes.
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2.1. Introduction

Long-lived lava dome-forming eruptions typically comprise non-linear episodes of extrusive and
explosive activity; the eruptive style can switch rapidly, compounding the challenge of modelling
and forecasting such eruptions (e.g., Wadge et al., 2014). Shifts in activity may be accompanied by
major changes in hazard, as exemplified by recent eruptions of Soufriere Hills Volcano,
Montserrat (e.g., in 1997: Voight et al., 1999) and Gunung Merapi, Indonesia (e.g., in 2010:
Surono et al.,, 2012). In order to improve resilience to hazards in long-lived dome-forming

eruptions, we need to develop better tools to anticipate these changes.

Analysing the signals (whether, for example, seismic, geodetic, or gas-chemical) from observation
of complex eruptive behaviour often requires a statistical approach (Mader, 2006; Carniel et al.,
2008). Time-series of eruption parameters and monitoring data have been analysed by a wide
variety of statistical methods, as summarised in Supplementary File 2.1. However, in order to
apply the majority of these techniques, one must assume that the data reflect a stochastic
process and have at least weak (second-order) stationarity, defined as having time-invariant mean
and variance, and autocovariance that is only dependent upon the lag time (Nason, 2006). The
application of stationary models is often justified, as they make fewer assumptions about the data
or volcanic behaviour, and so are more robust (an incorrect non-stationary model will result in
greater bias: Marzocchi and Bebbington, 2012). However, no information about temporal
variations in activity are sought or incorporated in using a stationary model (Marzocchi and
Bebbington, 2012), and so such models may not be appropriate when analysing the temporal
evolution of activity at volcanoes that show regime changes, periodic behaviour, or trends, which

includes many dome-forming systems (Bebbington, 2010).
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One group of statistical methods that can inform both forecasting and our understanding of
volcanic processes are those that quantify persistence. Persistent (or correlated) behaviour,
where similar values are clustered in time, may be one indicator of ‘memory’ in a system, when
the system state at one point in time influences future conditions or events. Case studies of such
behaviour by volcanic systems are described by Carniel et al. (2008): for example, Jaquet et al.
(2006) use variograms to quantify memory within repose interval and amplitude time-series of a
month-long sequence of Vulcanian explosions at Soufriere Hills Volcano, Montserrat. This
memory has been attributed to decompression of ascending magma, from which magma ascent
rates and conduit geometry could be quantitatively constrained, and later events forecast from
the correlations between earlier sequential eruptions (Jaquet et al.,, 2006). In spite of this
potential, similar correlations on longer (monthly to multi-annual) timescales have rarely been
investigated quantitatively. Long-range correlations (i.e., correlations that decay slowly, such that
the characteristic correlation timescale is indefinable: Kantelhardt, 2009) are commonly exhibited
by non-linear dynamical systems far from equilibrium (Peng et al., 1995), so might be expected of

active volcanoes.

In this study, we identify such long-range correlations in volcano-seismic time-series from two
intensively monitored dome-forming volcanoes, Volcdn de Colima, Mexico, and Soufriere Hills
Volcano, Montserrat, by detrended fluctuation analysis (DFA) (Peng et al., 1994). This fractal
scaling analysis method, which filters any local trends in the time-series, has been used to
qguantify the correlation properties of non-stationary data in a variety of disciplines (e.g.,
physiology: Peng et al., 1995, climatology: Livina and Lenton, 2007, and economics: Alvarez-
Ramirez and Escarela-Perez, 2010). This technique has also been applied to volcanological data:
for example, the hourly variability in geomagnetic signals recorded on Mt Etna (ltaly) was (using

DFA) found to show persistent behaviour that varies on different length scales and through time,
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with an abrupt increase in correlation strength being associated with an eruption in October 2002
(Currenti et al., 2005a). Multifractal DFA scaling exponents (Kantelhardt et al., 2002) of these data
were shown to be less variable after this eruption than before, further constraining the
correlation dynamics of the signal (Currenti et al., 2005b). Similarly, DFA of the daily count of
small explosions at Volcan Popocatépet! (Mexico) identified quasi-periodic temporal variation of
the long-range correlations in this time-series, which varied in step with changes in eruptive
activity and slow-slip events at the associated subduction zone (Alvarez-Ramirez et al., 2009,
2011). The ‘log-log’ plots calculated in DFA (explained in Section 2.2) have also been used, for
example by Del Pin et al. (2008) to detect the presence of tectonic events in segments of noise-
contaminated seismic data recorded at Pico del Teide (Tenerife, Canary Islands). Hurst rescaled
range analysis (Hurst et al., 1965), which calculates an exponent comparable to that from DFA,
has also been applied to volcanological data (Supplementary File 2.1), but is only appropriately

calculated for stationary data.
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2.2. Detrended fluctuation analysis (DFA)

DFA requires a time-series u(i) of N values (where j=1,...,N) to first be integrated at each point,

k , in the series, as follows: y(k)= Zk

;:1[”(")_‘7] , where U is the mean of the whole dataset. y(k) is
then divided into non-overlapping boxes (time windows) of length n, and the local trend in each
box computed by a linear least-squares fit to the constituent data. Higher-order fits may be

applied to calculate this trend, but are not routinely used (Little et al., 2006). The trend is

removed from each box to leave locally detrended data, y, (k). The root-mean-square fluctuation

F(n)= /%Zﬁlzl[yd(k)]2 of the detrended data is then computed, and the whole process repeated

for a range of scales of n. In this study, F is calculated for every n-value from 4 to N /4, a range
comparable to previous applications of DFA (e.g., Currenti et al.,, 2005a), to give a set of
fluctuation values, F(n). A linear relationship between log[F(n)] and log(n) indicates self-similarity
(scaling). The gradient of this line (calculated by least-squares regression) is the scaling exponent
(or self-similarity parameter), « (Peng et al., 1995). Changes in « with increasing n reflect
different scaling properties on different timescales; we identify any break points in the gradient of
the log[F(n)] vs log(n) plots by inspection (although these could be determined by other means,
such as change point analysis: Mulargia et al., 1987). We calculate o using the computationally
efficient ‘FastDFA’ algorithm (Little et al., 2006), which follows the original formulation of DFA

(Peng et al., 1994, 1995) summarised above.

In a subsample of a time-series where each value is not correlated with any previous values (e.g.,
white noise), « = 0.5. Values in the range 0.5<x<1 indicate long-range power-law correlation
(i.e., persistence), such that a large value (relative to the mean) is more likely to be followed by

large values, and vice versa. In contrast, 0<x<0.5 signifies anti-persistence, where large and small
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signal values are more likely to alternate. Strongly persistent, 1/ f -like (‘pink’) noise would have a
value of « = 1. When « >1, strong correlations exist, but are not of a power-law form; < = 1.5
would result from Brownian (‘red’) noise, i.e. random walk-like fluctuations in the signal through
time. Thus, « may be considered a measure of time-series ‘roughness’, becoming smoother with
increasing « (Peng et al., 1995). ‘Critical slowing down’ (a decreasing rate of recovery from small
perturbations of the system) prior to a sudden change in the dynamics of a complex system (i.e., a

‘tipping point’) may be indicated by an increase in & towards « >1 (Livina and Lenton, 2007).

Power-law scaling can result from either long-range correlations or fat-tailed probability
distributions (Mandelbrot and Wallis, 1968). These can be distinguished by removing any
correlations in the time-series by randomly shuffling the data (a ‘shuffling test’): this has no effect
on the distribution, so any scaling identified by DFA (i.e. «« #~0.5) after shuffling will be due to a
fat-tailed distribution (Alvarez-Ramirez et al., 2009). DFA of entire volcanic time-series can be
informative for evaluating the general scaling behaviour (e.g., Currenti et al., 2005a); we present
the results of such analysis as log[F(n)] vs log(n) (‘log-log’) plots, for the range of box lengths (n -
values) for which well-defined scaling (a strong linear relationship between log[F(n)] and log(n))

is present.

We investigate temporal variation in o by DFA of overlapping samples (time ‘windows’) of the
data: i.e., « is calculated for a window of a specified constant time length, run incrementally
through the time-series. Windows in which >50% of values are zero (due to a gap in recording or
absence of seismicity) are not analysed. The window size would ideally be short to minimise lag
effects, but longer windows reduce the potential for finite-size effects (lvanova and Ausloos,
1999). The window lengths used were selected to balance these competing factors: small window

lengths were rejected if they resulted in poorly-defined scaling relationships in a considerable
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number of windows, determined by inspection of the log-log plots of a selection of windows,
particularly those when the de/dt is comparatively high. The window lengths used are such that
the n-values for calculating each exponent are within the range that show a well-defined scaling
relationship in DFA of the whole time-series (specified on the log-log plots in Section 2.4), but do

not necessarily capture the full range of scaling in the time-series as a whole.

The suitability of DFA as an alternative to conventional fluctuation analysis for analysing non-
stationary data has been questioned by Bryce and Sprague (2012), on the basis of the impact of
bias from finite-size effects. The principal effect is spurious curvature on log-log plots towards the
lower limit (i.e., an increasing deviation from the expected linear trend towards the smallest n-
values); this causes a bias to the resulting scaling exponent, and implies that fine-scale detrending
(to properly address non-stationarities) in DFA can introduce artefacts. However, whole-dataset
DFA of each time-series analysed in this study shows that this spurious deviation is only
intermittently present for these data when n <5 (i.e,, it affects only a couple of n-values), and so
has negligible influence upon the scaling exponent(s) in each case. This effect may be more
pronounced in individual time windows, but the bias in the scaling exponent would still be
restricted due to the large number of n-values (~40 or greater for overlapping-window DFA with
the window lengths used) and their skewed distribution on the log-log plot; short-timescale non-
stationarities may be inadequately addressed in these instances. Bryce and Sprague (2012)
proposed that «-values greater than 1 indicate unsuccessful detrending, as such exponent values
are not possible in conventional fluctuation analysis, but these values have been attributed to

strong correlations of a non-power-law form (Peng et al., 1995).

Artefact periodicity is transiently present in the exponent values for some of the time-series

analysed; this has a period equal to the maximum box size (n-value) used, and results from
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calculating the exponents of overlapping windows. As the sampling window moves, how the data
is sampled by each box (subdivisions of the window) changes cyclically: when the window has
moved by a length equal to the maximum box size, % of the boxes will sample exactly the same
segments of the data as the initial window (as the maximum box size is % of the window length);
when it has moved half of this length, the boxes in the overlapping % will be completely out of
phase with those in the original window (i.e., the data sampled in any one box in the initial
window will be split equally between two boxes in the second window). When there is insufficient
temporal variability in the data, this box/window-shift cycle effect is not masked by the influence
of the new data included in the window as it is moved, and so the exponent shows a small-

amplitude (typically <0.2) cycle with a period equal to the maximum box size.

In order to quantify any genuine periodicity in the correlation dynamics at other frequencies, we
compute spectrograms (using the short-term Fourier transform, c.f. Nicholson et al., 2013) for the
exponent time-series (from DFA of the data in overlapping windows), with the assumption that
these time-series are piecewise stationary. The spectrogram function in the MATLAB signal
processing toolbox is used to calculate the power spectral density of overlapping windows of a
fixed length of 512 measurements, after the exponent time-series is processed using a high-pass
Butterworth filter with a cut-off period of 500 measurements, and the mean subtracted. The
power spectral density at frequencies equating to periods of <67 or >500 measurements is not
computed, to omit frequencies where spurious cycles are likely (those equating to periods

comparable to the maximum box size or greater than the spectrogram window length).
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2.3. Data

Seismicity is the most widely monitored attribute of volcanoes, with well-established utility in
understanding volcanic processes (Chouet and Matoza, 2013); it is therefore a particularly
appropriate data type for examination of long-range correlations. Seismic monitoring has yielded
the most complete and well-populated time-series available for the volcanoes studied (Volcan de
Colima, Mexico, and Soufriere Hills Volcano, Montserrat), where visual observation of activity is

often difficult due to persistent cloud cover.

2.3.1. Volcan de Colima

Volcadn de Colima, an andesitic stratovolcano at the western end of the Mexican Volcanic Belt
(Figure 2.1a), is one of the most active and hazardous volcanoes in North America (Luhr et al.,
2010). Its historical eruptive activity has been characterised by ~100-year cycles of lava extrusion
followed by continued extrusion with intermittent explosive activity (including large Vulcanian
explosions), culminating in major Vulcanian to Plinian (Volcanic Explosivity Index (VEI) 4-5;
Newhall and Self, 1982) eruptions, which last occurred in 1818 and 1913 (Luhr, 2002). The
volcano has been erupting almost continuously since 1998; there have been six phases of lava
dome and/or block flow extrusion, each followed by Vulcanian explosions days to months after
the end of extrusion (e.g., Zobin et al., 2008; Varley et al., 2010a; Cassidy et al., 2015b). Smaller
Vulcanian and transient degassing events of variable magnitude and ash content also occurred at
the rate of ~2—-10 per day since March 2003, except for a hiatus from June 2011 to January 2013
(Varley et al., 2006; Webb et al., 2014; Cassidy et al., 2015b). The lava extrusion rate has varied
considerably between eruptive phases: for example, it was estimated to be 6-8 m3s? at the start
of the September—November 2004 phase (Varley et al., 2010a), but was only observed to reach

an estimated maximum of <0.03 m’s™ during the January 2007 to June 2011 phase (Hutchison et
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Figure 2.1 Volcan de Colima location maps. (a) Map of southwestern Mexico showing the volcanic centres
(volcanoes (triangles) and monogenetic vents (dots)) of the western end of the Mexican Volcanic Belt
(MVB), and their tectonic setting. The red box indicates the location of Nevado and Volcan de Colima.
Modified from Carmichael et al. (2006), after Delgado Granados (1993). (b) Map of the seismometer
network around Nevado and Volcan de Colima (labelled), from Vargas-Bracamontes et al. (2007).
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al., 2013; Mueller et al., 2013).

We analyse two seismic time-series types from Volcan de Colima: (1) the hourly average of the
real-time seismic energy measurement (RSEM) (Reyes-Davila and De la Cruz-Reyna, 2002), which
is proportional to a 2-minute running mean of the root-mean-square of the signal amplitudes
recorded by a short-period seismometer (EZV4) 1.7 km from the volcano summit (Figure 2.1b); (2)
the daily counts of three of the observed volcano-seismic event classes, described in Table 2.1.
The other observed event types (e.g., rockfalls and larger amplitude long-period seismicity)
cannot be analysed here as they occur too infrequently or erratically during most of the time
period studied. Each volcano-seismic event is manually classified by the Centro de Intercambio e
Investigacion en Vulcanologia, by inspection of the helicorder and spectrogram from the same
seismometer as the RSEM is derived. Seismic data was chosen for this study as: (1) seismicity is
the most commonly monitored characteristic of volcanoes (e.g., Loughlin et al., 2015) and has
provided most of the main constraints on conduit processes at many volcanoes (e.g., Zobin,
2012), so statistical analysis of this data type is relatively likely to be widely informative; and (2) it

is the longest, most reliable, and most complete monitoring dataset available.

2.3.2. Soufriere Hills Volcano

Soufriere Hills Volcano on Montserrat, in the Lesser Antilles island arc (Figure 2.2a), is also an
andesitic stratovolcano. It has been relatively inactive historically compared to Volcan de Colima,
with no eruptions for ~350 years prior to the onset of the current eruptive period in 1995
(Robertson et al., 2000). Since then, there have been five phases of activity, comprising dome
extrusion at rates of 0.2-20 m>s™ (average of 3-5 m35’1), Vulcanian explosions, and substantial
dome collapses (Wadge et al.,, 2010, 2014). The resulting pyroclastic density currents have

destroyed what were the main population centres of Montserrat prior to the eruption (e.g.,
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Figure 2.2 Soufriere Hills Volcano location maps. (@) Map of the eastern Caribbean showing the tectonic setting of Montserrat and the Lesser Antilles arc,

from Cassidy et al. (2015a). (b) Map of Montserrat and the seismometer network around Soufriére Hills Volcano (labelled), from Luckett et al. (2008).
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Table 2.1 Particulars of the principal volcano-seismic event types observed at Volcan de Colima since March 2003, after Varley et al. (2006, 2010a, 2010b) and references

therein. Daily count data are for the time period analysed in this study, 1 November 2004 to 31 December 2008.

Daily count
Event class Description Example waveform Mechanism Y
mean s.d. max.
Event with an impulsive onset (reaching max. )
) . Pressure release/pathway opening, often
. amplitude <20 seconds after onset) and a wide o ) .
Impulsive e resulting in a small explosion or transient 5.55 5.04 49
frequency range (but spectral energy usually desassing event
concentrated at 1-3 Hz). Often pulsed. & g '
E ith hi .
venF with an emergent onset (reaching ma>f Gradual pressure release/pathway
amplitude >20 seconds after onset), often with . L
Emergent ) e opening, often resulting in a small 3.65 3.83 36
an irregular waveform, and a frequency range ) ) ;
o ) ) explosion or transient degassing event.
similar to impulsive events. Often pulsed.
Event with a low frequency (spectral energy
Low-amolitude peak at <3 Hz), an amplitude usually two orders Brittle failure of magma as it passes
P of magnitude smaller than that of typical through the glass transition (at the 37.87 61.37 978

long-period

explosion seismicity, and of <1 minute duration.

Often impulsive; commonly occurs in swarms.

conduit walls), and/or gas movement.




Table 2.2 Particulars of the principal volcano-seismic event types observed at Soufriere Hills Volcano during the current eruption, after Miller et al. (1998), Luckett et al.
(2008), and references therein. Daily count data are for the time period analysed in this study, 23 October 1996 to 8 July 2010.

Daily count
Event class Description Example waveform Mechanism 1y cou
mean s.d. max.
Volcano- Event with impulsive onsets, P and S waves, and " Brittle rock failure due to rock stress 148 383 142
tectonic (VT) | most energy in the 5-10 Hz range. i perturbations induced by magma motion. ' '
Event with an impulsive, high-frequency start
and a long-period coda; i.e., shows a mix of VT Brittle failure of magma as it passes through
Hybrid* and LP characteristics. Frequency changed from — the slass transition it the conpduit walls & 8.91 38.99 769
1-2 Hz in Phases 1 and 2 to 34 Hz in later 8 :
phases. Occurs mostly in swarms.
Event with an emergent, typically nearly Brittle failure of magma (with high-frequency
Long-period monochromatic waveform, and a peaked A 1 WAM‘ component lost from attenuation) and/or gas
maly A - L 5.26 17.89 621
(LP)* spectrum at 1-2.5 Hz (some at 3—4 Hz from ‘ J\‘ Aot movement/resonance within cracks/voids in
Phase 3 onwards). No discrete P and S phases. the lava dome.
Event with an emergent, symmetric waveform .
that has few/no distinct peaks, and a wide Movement of material down-slope, most
Rockfall P ! commonly lava blocks/pyroclastic material 28.67 40.48 236
frequency range (e.g. 2—8 Hz; energy often )
) ) being shed from a lava dome.
concentrated at higher frequencies).
LP component attributed to gas movement
Long-period | Rockfall event containing either a 1-2.5 Hz peak and/or resonance within cracks/voids in the 314 6.38 73
with rockfall | inits spectrum or a discrete LP event. lava dome; gas release can trigger rockfalls, ' '

or vice versa (by localised decompression).

* These two classes share some properties and generation mechanisms, so some (e.g., Neuberg, 2000) consider these types end-members of a single low-frequency event class.




Kokelaar, 2002). There has been some evolution in activity between each eruption phase: for
example, Phases 4 and 5 were of shorter duration with faster extrusion rates than earlier phases
(Wadge et al., 2014). Some phases have ended abruptly with little warning; for example, extrusion
in Phases 4b and 5 ceased after a series of Vulcanian explosions (Stewart et al., 2009) and a partial
dome collapse (Cole et al., 2010a) respectively. In contrast to Volcan de Colima, explosive activity
here has been minimal during most inter-eruptive phases, except as precursors to renewed
extrusion (Stewart et al., 2009; Cole et al., 2010a). Cyclicity has been identified in many of the
monitored parameters, during periods of a range of eruptive intensities (including inter-eruptive

phases), on timescales from hours to centuries (Nicholson et al., 2013; Odbert et al., 2014).

We analyse two seismic time-series types from Soufriére Hills Volcano: (1) The hourly average of
the real-time seismic amplitude measurement (RSAM) (Endo and Murray, 1991), a 1-minute
running mean of the signal amplitudes recorded by a broadband seismometer (MBGH, St
George’s Hill; Figure 2.2b) 3.4 km from the volcano summit; (2) the daily counts of the five
principal volcano-seismic event classes, which are described in Table 2.2. Each volcano-seismic
event is manually classified by the Montserrat Volcano Observatory, by inspection of helicorders
and spectrograms from across the seismometer network. These specific time-series were chosen

as they correspond to those analysed from Volcan de Colima.

2.3.3. Comparison of seismicity at the volcanoes studied

Despite the fact that these volcanoes have similar eruptive styles, the associated seismicity differs
considerably in the period of observation. Volcano-tectonic (VT) events have been unusually rare
at Volcan de Colima since the 1998-1999 extrusive phase, relative to this and earlier eruptive
phases (Varley et al., 2010a). This has been suggested to reflect all subsequent activity tapping

the same batch of magma, stored in a shallow reservoir (Zobin et al., 2008). The absence of
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detectable seismic precursors to subsequent eruptive phases and of any clear relationship
between seismic tremor and eruptive activity are also attributed to this magmatic system setup
(Varley et al., 2010a). In contrast, at Soufriére Hills Volcano, VT and hybrid event swarms were
commonly observed prior to lava extrusion in the earlier phases of the eruption (Miller et al.,
1998, 2010). Since mid-2008, these have been replaced by VT event strings (short, intense
swarms of VT earthquakes, the first of which occurred in November 2007), possibly due to
evolution of the stress regime (Cole et al., 2010b). Rockfalls were rare at Volcan de Colima during
the study period (except late 2004) due to the usually low extrusion rate, and so seismic signals
associated with explosions (impulsive and emergent types: Varley et al., 2006) and magma ascent
(low-amplitude long-period seismicity: Varley et al., 2010b; Arambula-Mendoza et al.,, 2011)
dominate. Conversely, in the time period analysed at Soufriére Hills Volcano, rockfalls were
generally much more frequent than the other event classes observed, except just prior to each
phase of extrusion and between Phases 2 and 3 (Odbert et al., 2014); rockfalls are thus typically

the main contributor to seismic measurements here.

The real-time seismicity measurements analysed are those made available by the corresponding
observatories (Miller et al., 1998; Reyes-Davila and De la Cruz-Reyna, 2002); both are variants of
the running mean seismic amplitude (Endo and Murray, 1991). For both volcanoes, the real-time
seismic measurements and event count data are from different, overlapping time periods
(specified in the corresponding figure captions) because of restrictions in data availability. Sources
of bias and error in the data analysed here from these networks were outlined by Lamb et al.

(2014).
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2.4. Results

All of the time-series analysed pass the shuffling test (see Section 2.2), so we are confident that
the scaling behaviour identified in each one reflects long-range correlations in these data, instead
of their distributions. Spectrograms are presented only for those exponent time-series that
display any sustained periodicity; note that the cyclicity present is in these exponent time-series,

not the monitoring data themselves.

2.4.1. Volcan de Colima hourly RSEM, January 2004—December 2008

The results of DFA of the hourly RSEM time-series from Volcan de Colima are shown in Figure 2.3.
Figure 2.3a, a plot from DFA of these data as a whole, indicates that the time-series is moderately
correlated on timescales of <40 hours (log(n) <~3.7), but is smoother (more predictable) on
longer timescales (40—-100 hours), with non-power-law scaling (e« >1). This is consistent with the
low occurrence of abrupt temporal variations in the RSEM (Figure 2.3b), reflecting the relatively
stable low intensity eruptive activity for much of the time period analysed. However, this does not
preclude considerable temporal variation in the scaling exponent, as shown in Figure 2.3b, in
which o« values are calculated from the prior week’s data (168 measurements). During periods of
low activity (unshaded sectors and parts of the period of lava extrusion in 2007-8), « is relatively
stable at = 0.45 + 0.15. This is approximately that expected of random variation in the RSEM; i.e.,
there are no long-range correlations. Visual inspection suggests that excursions to higher o« values
(indicative of persistence in the RSEM data) in late 2004, 2005, and 2007—2008 coincide with lava
extrusion, the peak of Vulcanian eruptive activity, and a stage of accelerating dome growth,
respectively (Varley et al., 2010a; Hutchison et al., 2013). It is also notable that there appears to
be shifts in the trend of « at the start and end of the phase of larger Vulcanian eruptions in 2005

(shaded on Figure 2.3b). Spectral analysis does not reveal any sustained periodicity in this
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exponent time-series, and so no spectrogram is shown.

The observed association of persistent behaviour with periods of elevated activity may imply that
associated factors, such as magma ascent or gas release, change the nature of the seismicity such
that RSEM values become more correlated (i.e., show ‘smoother’ temporal variation), although
further investigation is required to understand this relationship. This inference is consistent with
the observation that the two occurrences of notably elevated exponent values (o >0.8) outside of
phases of elevated activity (shaded), indicated by arrows A and B on Figure 2.3b, coincide with
transient increases in the concentration of boron in spring waters (N.R. Varley, unpublished data):
Similar short-timescale increases in spring-water boron concentration have been observed prior
to, or at the onset of, previous eruptive phases at Volcan de Colima (Armienta and De la Cruz-
Reyna, 1995; Taran et al., 2000), as well as at Volcan Popocatépet|, where they are attributed to
magma recharge/ascent (Martin-Del Pozzo et al.,, 2002; Armienta et al., 2008). The occurrence
times of these anomalies, in late July 2004 and August—September 2006, respectively 2 and 4-5
months prior to the onset of lava extrusion, were not associated with noteworthy changes in real-
time monitoring data. Another notable RSEM exponent change when there was no substantial
shift recognised in monitored parameters is the rapid increase in the exponent (for the preceding
week of RSEM) to o« >0.75 one week before the onset of lava extrusion in September 2004,
indicated by arrow C on Figure 2.3b and shown in the close-up plot. This increase would have
been identifiable on 21 September, five days before any indications of an impending eruption
were recognised (Zobin et al., 2008), although alone this would clearly have been insufficient to
predict the onset of extrusion. Note the low values of the RSEM during this pre-eruptive period,
not atypical of the ‘background’ seismicity (e.g., during late April 2004): the shift in correlation
dynamics may be accounted for by the approximately coincident increase in low-amplitude long-

period seismic event swarm activity, retrospectively identified by Varley et al. (2010a). The
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absence of similar persistence to the RSEM immediately prior to the onset of dome extrusion in
January 2007, or for the first ~6 months of this eruptive phase, may reflect the extremely slow

(<0.005 m3s'1) inferred initial average dome growth rate (Hutchison et al., 2013).

2.4.2. Soufriére Hills Volcano hourly RSAM, February 2005-June 2011

Figure 2.4 shows the hourly RSAM time-series from Soufriere Hills Volcano alongside the results of
DFA of these data. The RSAM time-series is clipped at a threshold of 10,000 in order to moderate
the disproportionate effect (on the calculated exponent values) of the short excursions to
extreme values (these distort the mean and local trends computed to calculate «), without
modifying the rest of the data. We find that this adjustment, affecting <0.15% of the data,
removes some noise from the scaling exponent time-series without meaningfully changing the
trend. The RSAM dataset as a whole is highly correlated (Figure 2.4a), which is reflected in the
typically correlated behaviour (¢ >0.6) of the scaling exponent through time, shown in Figure
2.4b, for which o values are calculated from the prior two weeks’ data (336 measurements). A
two week window is used, rather than a one week one as with Volcan de Colima RSEM (Section
2.4.1), as inspection of selected individual windows showed that the scaling relationship was
sometimes poorly defined with significantly shorter window lengths (Section 2.2). The extent of
correlation is highly variable, with no clear relationship to the eruptive phases (shaded sectors in
the plot), and spectral analysis does not reveal any sustained periodicity, so no spectrogram is
shown. Abrupt shifts in « (changes of >0.2 in a few days or less) are common, and are often
between a stable period of moderate power-law correlation (x = 0.7 + 0.1) and a more variable
phase of stronger correlation (< >1.0). This behaviour suggests sudden transitions in which type
of seismicity is the predominant control on the RSAM, and/or changes in the process that
generates the principal seismicity type. An example of the former would be the occurrence of

swarms of a particular event class (e.g., hybrid events: Miller et al., 1998); of the latter, events
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that influence the lava dome, and so the rockfall regime, such as large Vulcanian explosions or
pulses of magma extrusion (Calder et al., 2002; Odbert et al., 2014). Although the RSAM signal is
generally correlated, and is thus ‘predictable’ to an extent, these rapid switches in the correlation

properties, with no clear periodicity, limit any possible inference from this.

2.4.3. Volcan de Colima daily event counts, November 2004-December 2008

The daily counts of the three event types analysed are shown in Figure 2.5, with the results of DFA
of these data and spectrograms of the resulting exponent time-series (NB: o values on the
exponent-time plots are plotted at the centre of the 180-day (180-measurement) overlapping
windows). Each time-series shows persistent behaviour, but with considerable temporal variation
that differs for each event class. Impulsive and emergent event types (Table 2.1), collectively
associated with small Vulcanian explosions and transient degassing plumes, are thought to be
statistically independent (Varley et al.,, 2006); count rate time-series for these events and the
corresponding results from DFA are presented in Figures 2.5a and 2.5b. The whole-dataset scaling
behaviour of the counts of the two event types is similar, as are the broad trends in « through
time, perhaps suggesting a coupled generation mechanism for the two event types. However, the
« values of the emergent event data are generally higher and less temporally variable than the
corresponding impulsive event exponents. The spectrograms of both these exponent time-series
(Figures 2.5a iii and 2.5b iii) show little strong periodicity except at very low frequencies (periods
of >200 days); note that the transient cyclicity of a ~45-day period in the exponent-time plots are
artefacts, as explained in Section 2.2. The impulsive event count exponents appear to have a clear
seasonal cycle from mid-2005 onwards, with the trend of these data alternating between random
(¢ = 0.5 +0.1) and correlated (o< = 0.8 * 0.2) behaviour in the wet (summer) and dry (winter)
seasons respectively; this is prominent on the spectrogram (Figure 2.5a iii) as high power spectral

density at a period of 300-500 days. The low-frequency periodicity present in the emergent count
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Figure 2.5 (previous page) Detrended fluctuation analysis of the daily count of each of the primary
volcano-seismic event types at Volcan de Colima (described in Table 2.1; data from 1 November 2004 to
31 December 2008). (i) Log-log plot of fluctuation function against box size for the whole time-series, with
best-fit line(s) and their gradient(s). (ii) Scaling exponents calculated for 180-day (180-measurement)
overlapping windows (black line; values plotted at the centre of their windows) through the daily event
count time-series (dark grey line). The shading highlights phases (labelled) of extrusive and/or enhanced
explosive activity. (iii) ~17-month (512-measurement) overlapping-window spectrogram of the scaling
exponent time-series (power spectral density plotted at the centre of the window).

exponents (Figure 2.5biii) is weaker and interrupted by weak higher frequency cycles in late 2006
to early 2007; the cause of this behaviour is less clear. All these features of the data place some

constraints on the generation mechanisms of the two event classes.

The scaling properties of the low-amplitude, long-period (LP) event counts, presented in Figure
2.5¢, are similarly informative. These data have « = 1.0 + 0.2 during phases of elevated activity
(shaded on Figure 2.5c ii) and at least three months (allowing for the lag due to the 180-day
window) prior to the onset of extrusion at the start of 2007, and are less correlated (e = 0.5-0.8)
in other periods. Superimposed on this trend are very weak cycles of a ~120-day period, present
during the phases of elevated activity, when a stronger lower frequency (~200-400-day period)
cycle is less apparent (Figure 2.5c iii); the latter periodicity may simply reflect the spacing of the
episodes of activity. Notably, the whole-dataset analysis (Figure 2.5c i) indicates that the low-
amplitude LP event count data are strongly power-law correlated across a wide range of
timescales, with a similar correlation extent to those of the impulsive and emergent event types

on timescales of <~20-30 days.

2.4.4. Soufriére Hills Volcano daily event counts, October 1996-July 2010
The daily counts of each event type analysed are shown in Figure 2.6, with the results of DFA of
these data and spectrograms of the resulting exponent time-series (NB: o values on the

exponent-time plots are plotted at the centre of the 180-day (180-measurement) overlapping
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windows). All the time-series analysed display correlated behaviour, although the extent of this

varies with time and between event classes. Volcano-tectonic (VT) event counts (Figure 2.6a)

IR

show stable, weakly persistent behaviour through time (< = 0.65 + 0.1, similar to that of the
whole time-series), independent of activity variations, until a point (identified by inspection) at
the start of 2007 indicated by the arrow on Figure 2.6a ii. After this point, the event counts are
generally more persistent during phases of extrusion, and random during eruptive pauses (with
some lag from the use of a 180-day window). This shift in the correlation dynamics precedes the
first observation of VT strings in November 2007, which were subsequently the primary seismic
precursor to extrusion (Cole et al., 2010b). Figure 2.6a iii shows that the only persistent
periodicity in this exponent time-series is that intermittently present at a very low frequency
(period of 300-500 days; the signal does not show clear seasonality, and so the cause of this is
unclear), excepting that present in late 2008, with a period of ~80 days, which may reflect the
comparable duration of and repose interval between the eruptive phases at this time (Wadge et

al., 2014).

The absence of VT count exponent values from December 2001 to January 2004 is due to the
negligible event count in this period; the onset of this phase approximately coincides with a
transition in the hybrid count correlation trend (Figure 2.6b ii). This shift is from highly persistent
behaviour during extrusive phases and vice versa earlier in the eruptive episode, to stable weak to
moderate correlation (o< = 0.6—0.8) through both periods of extrusion and repose. This transition
(identified by inspection), indicated by an arrow on Figure 2.6b ii, also approximately coincides
with a decrease in hybrid event count, such that swarms were no longer associated with magma
ascent, and possibly also with an increase in the dominant frequency of hybrid events from 1-2
Hz to 3—4 Hz (which occurred before the onset of Phase 3: Luckett et al., 2008): these changes

have been attributed to a modification of the conduit geometry, inferred from a coincident
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increase in the diameter of lava spines (Luckett et al., 2007; 2008). The trend in hybrid count
correlation dynamics appears to revert to matching activity variations by the start of Phase 4 (at
least during eruptive phases, when hybrids are recorded), shortly after the aforementioned
changes in VT occurrence and correlation dynamics; after this point, VT/hybrid swarms have not
been observed (Cole et al., 2010b). This also coincides with an apparent shift to shorter phases of
activity with higher magmatic fluxes, consistent with some change in the eruptive mechanism
(Odbert et al., 2014). Despite these changes, cyclicity of a ~150-day period appears to be present
in the hybrid count exponent time-series consistently in each phase of activity except parts of
Phase 2, although is often weak (Figure 2.6b iii). Higher power spectral density at periods of
>~250 days is typically present when the hybrid event count is very low, so may be an artefact
due to this. Note that the transient cyclicity of a ~45-day period in the exponent-time plots in this

figure are also artefacts, as explained in Section 2.2.

Despite the similarities in the properties and generation mechanisms of hybrid and LP events
(Table 2.2), the temporal variation in the scaling exponent of the LP event counts (Figure 2.6c) is
more similar to that of rockfalls (Figure 2.6d) and rockfalls with an LP component (Figure 2.6e).
These data are generally random or only weakly persistent between extrusive phases, and highly
correlated (o« = 0.8-1.4, generally) during them; peaks in « coincide with higher event counts,
which are attributed to pulses of dome growth (Loughlin et al., 2010). In all three cases, there is
rather pervasive high power spectral density for periods >200 days (Figures 2.6c iii, 2.6d iii, and
2.6e iii); as each of the exponent time-series varies in step with eruptive activity, this may be an
artefact of the spacing of pulses and the phases of extrusion. Higher frequency cycles are only
present for relatively short durations in these exponent time-series, with different periods and at
different times for each event type; the cause of this behaviour is unclear. The whole-dataset

scaling properties of the LP, rockfall, and LP-rockfall event counts, except of LPs beyond ~25-day
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timescales (log(n) >~3.2), are approximately as of pink (1/ f -like) noise (x = 1), indicative of
strong self-similarity. The RSAM time-series is similar in this respect (see Figure 2.4a), consistent
with rockfalls (as the most commonly-occurring event type: see Table 2.2) being the most

influential event class upon that parameter.

Due to the long window size required when analysing daily count time-series, the changes in
correlation properties identified here could not have been recognised in near-real-time during
routine monitoring, but they do indicate behaviour that may constrain models of seismicity

generation/conduit processes and the temporal evolution of activity.
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2.5. Discussion

The identification of temporally-varying long-range correlations in the real-time seismic
measurements analysed demonstrates that statistical methods appropriate for nonstationary
data can be informative for volcano monitoring. As DFA is computationally non-intensive and only
requires data from a single seismometer, this specific technique is potentially widely applicable in
near-real-time (at least to time-series sampled at a relatively high rate) as a tool complementary
to existing techniques. Variograms could also be used as an alternative or complementary method
of quantifying persistence (or ‘memory’) in time-series from volcano monitoring (Carniel et al.,
2008). With further development, such statistical methods have the potential to highlight
important changes to the structure of real-time signals that are not easily identifiable by
conventional monitoring approaches, as suggested by the results presented here from Volcan de
Colima. Clear changes in the correlation properties of the RSEM signal are identified by inspection
both prior to some eruptive phases and at the termination of the 2005 Vulcanian phase (Section
2.4.1). This behaviour is to be expected if eruptive processes, such as magma ascent/extrusion or
degassing, are associated with long-range correlated seismicity, provided that this is detectable
and dominates the real-time seismic measurement. If the seismic network is unable to detect
such a signal, or seismicity associated with other processes (e.g., rockfalls associated with dome
degradation) are dominant, the latter of which is particularly the case for Soufriére Hills Volcano
for parts of the period analysed, then, as shown in Section 2.4.2, it is unlikely that analysis of the
long-range correlation properties of real-time seismic measurements would be as useful.
Nonetheless, such analysis may be appropriate wherever the seismicity is predominantly due to
(pre-)eruptive processes, such as at volcanoes showing signs of unrest after a long period of

repose.
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Progressively more persistent behaviour of a variable equates to increasingly smooth variation of
this parameter through time; future values are therefore more predictable with increasing o, and
vice versa (multifractal analysis is necessary to quantify the timescale(s) of the long-range
correlations at any point in time: Kantelhardt et al., 2002). Real-time DFA could therefore give
some indication of the susceptibility of a monitored time-series to change in the future (and be
used to observe temporal variation of this susceptibility), although it is difficult to quantify the
predictability of a signal from a scaling exponent time-series alone. Correlated behaviour
presumably reflects fewer degrees of freedom in the system than when random, or at least
dominance of specific components in determining the value of the time-series in question. Major
abrupt temporal shifts in correlation extent, such as those found in the RSAM data from Soufriére
Hills Volcano (Section 2.4.2), could therefore indicate important changes to the seismicity, which

perhaps may reflect changes to the volcanic system that are pertinent for monitoring.

The long-range correlations identified also provide insights into the mechanisms generating the
volcano-seismic event classes analysed, and so conduit processes. In the case of impulsive and
emergent events at Volcan de Colima, which are collectively associated with daily-occurring small
Vulcanian explosions and transient degassing plumes, any model for their generation must
account for (as outlined in Section 2.4.3): (1) the similar whole-dataset scaling relationships of the
two event types, which on short timescales (<~20-30 days) are also similar to that of low-
amplitude LP events (Figure 2.5); (2) the coincidence of some of the temporal variations in the
correlation dynamics of the two event types (e.g., with the termination of the 2004 extrusion
phase; Figures 2.5a and 2.5b); (3) the seasonal variation in the impulsive event count exponent
time-series (Figure 2.5a); (4) that, according to Varley et al. (2006), the occurrence rates of the
event classes can best fit different survivor-type distributions, and that this can change with

conduit disturbances, e.g. large explosions. Furthermore, the nature of the explosions must be
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explained, specifically that: (1) both seismic event classes are associated with the full range of
explosion styles and parameters (such as duration, magnitude, and ash content) (Webb et al.,,
2014); (2) the count rate (inferred from that of the associated seismicity) was apparently
unperturbed by the phase of larger Vulcanian eruptions in 2005 (Varley et al., 2010a); (3) magma
ascent up the main central conduit is believed to be inhibited by a fractured plug from earlier
extrusive eruptions, but explosions have been observed originating from a variety of locations

within the crater (Lavallée et al., 2012).

Based on these observations, we suggest that the two seismicity types associated with the regular
explosive activity have a common source, of gas exsolving/escaping from ascending
(decompressing, crystallising) relatively high-viscosity magma, perhaps by shear fracturing, as
suggested for Soufriére Hills Volcano (Thomas and Neuberg, 2012) and Santiaguito (Holland et al.,
2011). The differences in seismicity and eruption style may result from variations in how this gas is
pressurised in and released through the partly plugged upper conduit (Webb et al., 2014). In this
case, changes in upper conduit structure (e.g., due to a large explosion) would affect both
seismicity types, explaining the partial coupling of their long-range correlation dynamics, and the
release of the gas by shear fracturing may account for their similarity with the scaling behaviour
of low-amplitude LP events. The seasonality in the correlation dynamics of the impulsive
seismicity (Figure 2.5a) can also be explained within this framework: in the wet season, fractures
will be opened by vaporisation of rainfall percolating into the lava dome or upper conduit (Mastin,
1994; Hicks et al., 2010), facilitating rapid pathway opening (suggested to generate impulsive
events) at a random time (related to rainfall) earlier than it could otherwise occur. In contrast,
during the dry season, such pathway opening will occur only when the required overpressure is
reached, resulting in more regular occurrence and so persistent behaviour. The absence of clear

seasonal variation in the count rate itself is probably because this is controlled by the rate of gas
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supply from depth. The higher frequency transient cycles of ~120-day period present in the low-
amplitude LP event exponent time-series (Figure 2.5¢) have no obvious explanation; they might
reflect a repeating process associated with the primary proposed LP generation mechanism, shear

fracturing of magma.

As noted previously, the low-amplitude LP event count time-series at Volcan de Colima (Figure
2.5c¢), and those of LP (Figure 2.6c¢), rockfall (Figure 2.6d), and rockfall with LP (Figure 2.6e) events
at Soufriére Hills Volcano, have the approximate properties of pink (or 1/ f -like) noise, particularly
during extrusive/explosive phases. This self-similar behaviour is a key characteristic of self-
organised criticality, a common property of slowly-driven non-equilibrium systems with extended
degrees of freedom and a high level of nonlinearity (Bak et al., 1987). We therefore suggest that
the strong correlations in the counts of these event types almost exclusively during phases of
elevated activity perhaps could result from self-organised critical behaviour of these event classes
due to processes associated with such activity. LP seismicity associated with magma ascent has
been suggested to show this behaviour (Shaw and Chouet, 1991; Piegari et al.,, 2011), and an
unstable, growing lava dome generating rockfalls has many similarities to the original model for
self-organised criticality, of the avalanche rate from a sand pile to which sand is steadily added
(Bak et al., 1987; Hale et al., 2009). Between extrusive phases, other factors controlling dome
stability would influence rockfall occurrence to a greater extent (Calder et al., 2005), potentially
increasing the randomness of rockfalls. Similarly, in the absence of seismically detectable magma
ascent, perhaps the more random process of gas movement is the primary cause of shallow LP

event occurrence.

The periodicities in the exponents for each event type at Soufriere Hills Volcano (Section 2.4.4)

are often transient, have time-varying frequencies, and differ between event types. These cycles
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have no clear cause, and are not present in the event count time-series themselves, which when
combined have a prominent 6—-8-week (or 50-day) cycle almost throughout each eruptive phase;
this is also observed in the extrusion rate and various monitored parameters (Nicholson et al.,,
2013; Odbert et al., 2014). The artefact cycles with ~45-day period intermittently present in these
exponent time-series (explained in Section 2.2) inhibit assessment of periodicity in these data in

this frequency range.

It is notable that the correlation dynamics of Soufriere Hills Volcano hybrid (Figure 2.6b) and LP
(Figure 2.6c) event counts differ considerably (Section 2.4.4); these event types are considered
idealised end-members of a single event class by some authors (e.g., Neuberg, 2000), but this
result suggests that they should be considered separate classes. We find stronger indications of a
relationship between hybrid (Figure 2.6b) and VT (Figure 2.6a) events: for example, in early 2002
and in 2007, there are approximately coincident transitions in the nature of these seismicity
classes, the behaviour of the exponent time-series of one or both event types, and changes in
eruptive style, as outlined in Section 2.4.4. The shift in the correlation dynamics of VT events,
from weak correlation independent of activity to being more correlated during phases of
extrusion, can be accounted for by the approximately coincident onset of strings of VT events
associated with magma ascent, and so clustering in the timing of counted events. Similarly, hybrid
events are only consistently strongly correlated during phases of activity (and vice versa) when
they have occurred more frequently (Phases 1, 2 (in part), and 5). These particular transitions
have been tentatively attributed to changes in conduit geometry and/or the stress regime
(Luckett et al., 2007, 2008; Cole et al., 2010b; Odbert et al.,, 2014). These results provide
constraints on future modelling of these processes, and, more broadly, exemplify the utility of

correlation analysis in the identification of such regime shifts in the volcano-seismic system.
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2.6. Conclusions

Long-range correlations are identified in each of the time-series analysed, revealing structure to
these signals that is not identifiable using conventional technigues, and indicating a degree of
long-term memory, and so predictability, to volcano seismicity that has not previously been
recognised. The correlation dynamics of the daily counts of each of the event types are found to
sometimes both highlight regime changes and provide new constraints on conduit and eruption
processes, as exemplified by those of VT and hybrid event seismicity at Soufriére Hills Volcano.
The potential utility of such analysis in near-real-time monitoring is also demonstrated, for
example by the identification of anomalously persistent behaviour of real-time seismic
measurements prior to the onset of some eruptions at Volcan de Colima, for which no clear
precursors were identified using conventional monitoring approaches in real-time. These findings
suggest that, with further development, statistical techniques appropriate for nonstationary data,
and for analysis of long-range correlations, may have the potential to provide useful additional

guidance for interpreting time-series recorded by volcano observatories.
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Chapter 3 Entropy analysis of time-series of volcano seismicity during

dome-forming eruptions

Manuscript in preparation: Lachowycz, S.M., Cosma, |.A., Pyle, D.M., Mather, T.A., Rodgers, M.,
Varley, N.R., Odbert, H.M., Cole, P.D., Reyes-Davila, G.A.. Entropy analysis of time-series of

volcano seismicity during dome-forming eruptions.

Author contributions: IAC created code for and ran the entropy and other statistical analyses.
Seismic time-series from Volcdn de Colima and Soufriere Hills Volcano were provided by

NRV/GARD and HMO/PDC respectively. All co-authors contributed to manuscript preparation.

This manuscript develops work included as part of my thesis submitted for a MEarthSc in Earth
Sciences (University of Oxford) in 2010. Part of the methods and description of Volcan de Colima
and its seismicity are revised from that thesis. Different data were analysed for this study using a

similar method, in addition to other techniques.
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Abstract

Despite recent advances in the collection and analysis of data streams from volcano monitoring,
and the consequent improvements in our understanding of volcanic processes, there are still
challenges in forecasting and interpreting volcanic activity from real-time analysis of monitoring
data. Additional techniques to elicit further information in real-time from these data are therefore
desirable. In this study, we examine the utility of Shannon entropy (a measure of the randomness
of a signal) for analysis of monitoring data, by its application to time-series of volcano seismicity
from the recent lava dome-forming eruptions of Volcan de Colima (Mexico) and Soufriere Hills
Volcano (Montserrat). Entropy may be computed in real-time by the method described here even
if the signal is sampled at a high frequency and/or discontinuously, so this technique is potentially
widely applicable to monitoring time-series. At the two volcanoes studied, the entropy of real-
time seismic measurements and the count rate of certain volcano-seismic event types is found to
vary through time, generally being elevated (often close to maximal) during phases of greater
volcanic activity. High entropy indicates greater uncertainty in the value taken by the variable, i.e.
that the time-series is less predictable. In some instances, the entropy of a signal shifts prior to or
coincident with changes in seismic or eruptive activity, some of which were not clearly recognised
at that time by real-time monitoring. We examine the nature of the entropy variations by testing
for uniform data distribution and comparison to the coefficient of variation. This demonstrates
the sensitivity of the entropy to the data distribution, and that it is distinct from measures of data
dispersion. We therefore suggest that entropy analysis has potential as a tool to extract additional

information in real-time from volcano monitoring data streams.
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3.1. Introduction

Seismicity is the most frequently monitored characteristic of volcanoes, and the source of many
insights into volcanic processes (Chouet and Matoza, 2013). Nevertheless, in some instances the
established methods of real-time analysis of volcano seismicity have not provided clear prior (or
sometimes even concurrent) indication of changes in volcanic activity (e.g., at Volcan de Colima,
Mexico: Section 3.3.1). Statistical techniques are hence increasingly being applied to seismic and
other data from volcano monitoring to elicit additional information from these data (Mader,
2006; Carniel, 2014; Supplementary File 2.1). In this study, we compute a novel statistic for
volcano-seismic time-series, the Shannon entropy (Shannon and Weaver, 1949) (defined in
Section 3.2.1). This is a measure of the randomness of a signal, i.e. the uncertainty in what value
the signal will have; such randomness is inherent to geophysical time-series. The Shannon entropy
therefore provides information that is distinct from the amplitude and frequency analysis typical
of volcano-seismic monitoring (e.g., Endo and Murray, 1991; McNutt, 1996; Reyes-Davila and De

la Cruz-Reyna, 2002).

We retrospectively compute the entropy of seismic time-series to determine if application of this
technique in real-time to these data would have yielded useful information. The time-series
analysed are from two well-studied andesitic stratovolcanoes, Volcan de Colima (Mexico) and
Soufriere Hills Volcano (Montserrat). Both are currently in long-lived episodes of dome-forming
eruptions, characterised by phases of extrusive and explosive activity with abrupt changes in
eruptive style (Sections 2.3.1 and 2.3.2). These abrupt changes can result in considerable shifts in
hazard, exemplified by the recent eruptions of Soufriere Hills Volcano (e.g., in 1997: Voight et al.,

1999). Therefore, there is an urgent need for additional means to recognise changes in activity in
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real-time at such volcanic systems. Analysis of this type of volcanism also allows investigation of

the entropy of seismicity through multiple phases of activity that had different characteristics.
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3.2. Methods

3.2.1. Shannon entropy
Shannon entropy (Shannon and Weaver, 1949) is a measure of the uncertainty associated with a

discrete random variable. Let X denote this variable, and suppose X can take any of the values
X,,..,X, With probabilityp,,...,p, respectively, where p, >0 Vi and Zilp, =1 (N is the
cardinality, i.e. the number of unique values taken by X ). The Shannon entropy (hereafter ‘SE’ or
‘entropy’) is then defined as SE = —Zilpjlog(p,), satisfying 0 <SE <log(N). Hence entropy is

independent of the values of X, instead being a function of the distribution, i.e. how often each
value is observed relative to all the other values. When X is constant (i.e., N = 1), SE = 0, and
when the distribution of X is uniform (i.e.,, p, =1/N Vi), SE = log(N). In the former case, there is
no uncertainty associated with the value of X ; in the latter, the values are equally probable, so
the uncertainty is maximal. The entropy of X will decrease from the maximum if the distribution
of X departs from uniformity (i.e., certain values become more probable than others, reducing the

uncertainty), and vice versa.

Entropy statistics deriving from information theory have been widely applied in various
disciplines, but only to a limited extent to geophysical time-series, most frequently in analysis of
tectonic seismicity. For example, entropy has been calculated for the global earthquake catalogue
to test for self-organised critical behaviour (e.g., Main and Al-Kindy, 2002; Al-Kindy and Main,
2003), and for earthquake sequences in Egypt to examine how their (dis)order varies with
magnitude and depth (Telesca et al., 2012). It has also been applied in a time-frequency method
for detecting both tectonic and volcanic events in amplitude time-series (Gabarda and Cristébal,

2010), and in an alternate method to estimate b values of earthquakes at Mt Etna (Centamore et
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al., 1999). However, temporal variation in the entropy of time-series from volcano monitoring

(including seismicity) has not previously been investigated.

3.2.2. Entropy computation for volcano-seismic time-series

The raw seismic signal recorded on volcanoes and the occurrence rate of volcano-seismic events,
and thus also the time-series we analyse in this study (described in Section 3.3.2), are time-series
of observations of a discrete random variable. We compute (and hereafter refer to) the empirical
Shannon entropy, calculated from the empirical distribution of the data rather than from the
population distribution, which is unknown. In a time-series segment n, let N be the cardinality,

i.e. the number of distinct measurements, which are denoted by x,,...,x,, and let n, denote the

N
number of times that x, was observed in the segment, so Z/Zln,:n. p,, the empirical

probability of observing x,, is then given by p,=n,/n, i=1,..,N, and so the entropy of the time-

series segment SE = —ZLP,- log(p,) .

We calculate the entropy through each time-series (which are recorded at discrete, equally-
spaced times t,,t,,...) by breaking the data into ‘windows’ [t,,t, +nl,[t,,t, +n],..., where n is the
window length. Small window lengths risk predominantly sampling short-timescale randomness
due to noise in the time-series, which could mask geologically meaningful variation in the
distribution (and so the entropy) of the data on longer timescales. Conversely, long windows tend
to smooth the variation in the distribution of the data between windows, reducing the resolution
of changes in entropy. Window lengths must therefore be selected considering on which
timescales entropy changes are of interest, and the effects of varying the window size when
analysing each particular dataset. Figure 3.1 shows normalised entropy time-series for one of the
seismic time-series studied, each calculated using overlapping windows of different lengths, to

exemplify the effects of varying the window length. In this example, the entropy time-series
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Figure 3.1 Comparison of the normalised empirical Shannon entropy (blue line) and test of hypothesis of a
uniform distribution (red line; NU = not uniform, U = uniform) calculated in overlapping windows of
different lengths, for an hour-averaged real-time seismic energy measurement (RSEM) time-series
recorded at Volcan de Colima (dark grey line) (Section 3.3.2). As the window length increases, the entropy
time-series becomes less noisy and shows less short-term variation, but there is negligible change in the
medium- to long-term variability (on timescales greater than the window length). However, the occurrence
and duration of periods when the data in the sampling window are uniformly distributed decrease
considerably as the window length increases.
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become less noisy as the window size increases, but there is no apparent change in the timing or

magnitude of the prominent trends or shifts in entropy as the window length is varied.

At time t, we compute the entropy either cumulatively, in the window [1,t] every k time steps,
or in overlapping windows of [t—n,t] (for t>n) where t, =n and t, =t, +1. The entropy is then
normalised by dividing by log(N) (the maximum possible entropy), so that it satisfies 0<(SE/log(N)
)<1; this reduces the sensitivity of the statistic to changes in cardinality through time, and
simplifies comparison of entropy time-series. In contrast to the overlapping-window case, the
normalised cumulative entropy considers all prior observations of the signal, and does not require
subjective selection of a window length. However, as data accumulates in the window, the
sensitivity of the entropy value to the distribution of the data added to the window is reduced.
Therefore, we analyse the change in the statistic as the window is lengthened: if the normalised
cumulative entropy is calculated every k time steps, i.e. in windows of [1,k],[1,2k],[1,3k],...,
resulting in a sequence of entropy values SEq,SE,,SEs,..., then the sequence of changes in

normalised cumulative entropy is SE,—SE,SE3—SE,, ... .

All computations are performed using the open-source statistical software R (http://www.r-
project.org/). If a time-series is recorded with high precision (more than three significant figures),
then the data distribution may require discretisation by rounding the measurements, so that they
are not all unique; otherwise, the entropy will be consistently maximal. Such discretisation is
appropriate if the variation in the time-series at the level of precision being rounded away is
considered to be noise in the signal. Figure 3.2 shows the overlapping-window normalised
entropy of one of the seismic time-series analysed, calculated after discretisation of the time-
series to different extents, to exemplify the effects of this processing. If discretisation was

required, the data were only rounded to the level at which the resulting entropy values were no
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Figure 3.2 Comparison of the normalised empirical Shannon entropy calculated for 10-day (240
measurements) overlapping windows (blue line) of an hour-averaged real-time seismic amplitude
measurement (RSAM) time-series recorded at Soufriére Hills Volcano (dark grey line) (Section 3.3.2), which
has been discretised to different extents. As the RSAM is increasingly rounded, there is increasing temporal
variation in the entropy, reflecting the reduction in the number of unique RSAM values in the time
windows. With insufficient discretisation (part a), the normalised entropy is consistently ~1 (except for a
period in August 2005 when there is an anomaly in the data) as the RSAM is reported to such high
precision that the values in each window are almost all distinct.
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longer consistently close to maximal. If a window of the data comprises >50% missing values (e.g.
due to seismometer failure), we do not compute the entropy, and record it as missing; otherwise,
the entropy is computed ignoring any missing values. We calculate the entropy and the cardinality
exactly except when computing for a cumulative window, in which n is generally very large. In
this case, exact computation of these statistics is relatively slow, so we estimate the entropy and
the cardinality using the algorithms of Clifford and Cosma (2012, 2013), which maintain a lower-
dimensional representation of the data from which the statistics can be estimated efficiently to
the desired level of accuracy, which was evaluated with volcano-seismic data by Lachowycz
(2010). Therefore, with data sampled at a higher frequency (e.g. raw seismic amplitude signals)
and/or reduced computational resources, a lower-dimensional representation of the data
(resulting in a less accurate estimation) can be used to maintain a computation time suitable for

real-time entropy analysis.

3.2.3. Relationship between entropy and data distribution

At some volcanoes, including those studied here, the distribution of time-series of seismicity
and/or activity has been found to change through time, often coincident with important eruptive
events or transitions (e.g., Varley et al., 2006; Watt et al., 2007; Lamb et al., 2014). The entropy of
such (non-stationary) time-series is therefore likely to also change through time, potentially
notably so with shifts in activity. If a time-series is stationary, i.e. has time-invariant mean and
variance (Nason, 2006), there is no temporal variation in distribution and thus also in entropy; the

entropy value may still be informative, as a statistic characterising the data distribution.

(Near-)maximal entropy indicates that the data has a (close to) uniform distribution; shifts to and

from this state by a monitored time-series may be of interest. It is possible to test for discrete

uniformity by the following test of hypothesis (after Pardo, 2006), which incorporates entropy:
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Hy:ipy=...=p, Z%V: the distribution of the data is uniform, versus: H, :3i,je{1,...,N} such that
p; # p;: the distribution is not uniform. The test statistic is 7, =2n(logN—SE), asymptotically as
the sample size n—> o , Tl—D>;(A2H (this holds approximately for a fixed sample size when n is
large). Thus, the null hypothesis of uniformity H, is rejected at level of significance « if T, > ;(,f,_l,a

, Where Zﬁ-m denotes the 100(1-x) percentile of the chi-squared distribution with N—1 degrees
of freedom (we use « = 0.05). The result of performing the test of hypothesis is represented by a
vector of 0/1 values, where 1 indicates that T, > g, _, , (reject H, that the distribution is uniform)
and 0 otherwise (do not reject H,); in each figure, these are substituted for U (uniform) and NU

(not uniform) for clarity. This test is only performed if N>1 (testing a window containing only
one distinct value does not make sense) and <50% of the values are zero or missing. The
occurrence and duration of periods when the data in the sampling window are uniformly
distributed decrease considerably as the window length increases (Figure 3.1), as the likelihood of
variability in the distribution of the data being included in a single window increases with window
length. Hence non-stationary data in a cumulative window are always non-uniform, except when

the window is relatively small (e.g., Supplementary File 3.1).

When the data are non-uniformly distributed, assessment of the significance of entropy variations
may be informed by comparison to other measures of the distribution of the data. We therefore
also calculate and analyse the coefficient of variation (CV), the ratio of the standard deviation to

the mean, which is a normalised measure of the data dispersion. The empirical CV is defined as:

— 1 —\2 _ N
Vv =x" —12_Nln,(x,—x) where x =Z{VlL, the sample mean. If a window of the data
n_ 1= 1= n

comprises >50% missing values, we do not compute the CV, and record it as missing; otherwise,
the CV is computed ignoring any missing values. Unlike entropy, the CV is not invariant to changes

in the vector of probabilities that gives the distribution of the data. For example, consider that if
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the number of times each of two values are observed (in a time window) are reversed, or another
value is observed as many times instead of one of these, then the mean and CV of the data will

change (except in special cases), but the entropy would be unchanged in both instances.

3.2.4. Applicability of entropy analysis

Entropy analysis by the method used here does not require the data to be (assumed) stationary or
complete for long periods, and can be applied to time-series from a single monitoring instrument.
It also gives normalised, dimensionless quantities, facilitating comparison of the randomness of
different data streams. Furthermore, it may be employed in real-time, even when analysing a
signal sampled at a high frequency, using the estimation procedure previously outlined.
Therefore, this technique is potentially widely applicable and may complement existing volcanic
time-series analysis methods (e.g., Odbert and Wadge, 2009). As entropy is invariant with changes
in the vector of probabilities giving the data distribution, it is likely to have little sensitivity to
some types of temporal variation in instrument response, e.g. drift and anomalous ‘spikes’,
compared to some amplitude, dispersion, and frequency analysis techniques. However, this
invariance also means that should a monitored time-series shift to different values (e.g., prior to a
change in eruptive activity), there would be no notable change in the entropy unless there was

also a substantial change in the randomness of these data.
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3.3. Data

3.3.1. Volcanoes

Volcan de Colima, in the Mexican Volcanic Belt (Figure 2.1a), has been active almost continuously
since 1998; there have been six phases of dome and/or block flow extrusion, each followed by
Vulcanian explosions (e.g., Zobin et al., 2008; Varley et al., 2010a; Cassidy et al., 2015b). Smaller
Vulcanian and transient degassing events of variable magnitude and ash content have also
occurred at a rate of ~2—-10 per day since March 2003, except for a hiatus from June 2011 to
January 2013 (Varley et al., 2006; Webb et al., 2014; Cassidy et al., 2015b). The lava extrusion rate
has varied considerably between eruptive phases; for example, it was estimated to be 6-8 m’s’
at the start of the September—November 2004 phase (Varley et al., 2010a), but was only observed
to reach an estimated maximum of <0.03 m’s™ during the January 2007 to June 2011 phase

(Hutchison et al., 2013; Mueller et al., 2013).

Soufriére Hills Volcano on Montserrat, in the Lesser Antilles island arc (Figure 2.2a), has had five
phases of activity since the start of its current eruptive episode in 1995. These phases have
typically comprised dome extrusion at rates of 0.2—20 m’s™ (average of 3-5 m®s™), Vulcanian
explosions, and substantial dome collapses (Wadge et al., 2010, 2014). In contrast to Volcan de
Colima, explosive activity here has been minimal during most inter-eruptive phases, except as
precursors to renewed extrusion (Stewart et al., 2009; Cole et al.,, 2010a). Cyclicity has been
identified in many of the monitored parameters, during periods of a range of eruptive intensities
(including inter-eruptive phases), on timescales from hours to centuries (Nicholson et al., 2013;

Odbert et al., 2014).
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Identifying transitions in (including both the start and end of phases of) eruptive activity has
sometimes been difficult at both these volcanoes: for example, at Volcan de Colima since 1999,
there have been no obvious precursors to the onset of phases of lava extrusion, due to the ‘open’
conduit (Zobin et al., 2008). Similarly, Phases 4b (2008—-2009) and 5 (2009-2010) of the eruptive
episode at Soufriere Hills Volcano ended abruptly with little warning, with a series of Vulcanian
explosions (Stewart et al., 2009) and a partial dome collapse (Cole et al., 2010a) respectively.
Changes in the seismicity have occurred during some activity shifts at these volcanoes: volcano-
seismic event types associated with magma ascent (e.g., long-period events: Thomas and
Neuberg, 2012) and dome extrusion (e.g., rockfalls: Calder et al., 2005) sometimes increased in
magnitude and occurred more frequently before or at the onset of extrusive or explosive activity
(Loughlin et al., 2010; Varley et al.,, 2010a). However, at present the associated changes in

subaerial activity are not necessarily unambiguously identifiable in real-time.

3.3.2. Seismic time-series

Seismic data was chosen for this study as: (1) seismicity is the most commonly monitored
characteristic of volcanoes (e.g., Loughlin et al., 2015) and has provided most of the main
constraints on conduit processes at many volcanoes (e.g., Zobin, 2012), so statistical analysis of
this data type is relatively likely to be widely informative; and (2) it is the longest, most reliable,
and most complete monitoring dataset available for both volcanoes studied. We analyse two
types of seismic time-series, which are also described and analysed in Lachowycz et al. (2013;

Chapter 2):

(1) Real-time seismic monitoring time-series computed by the observatories. From Soufriére Hills

Volcano, we use the hourly average of the real-time seismic amplitude measurement (RSAM)

(Endo and Murray, 1991), a 1-minute running mean of the signal amplitude recorded by a
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broadband seismometer (MBGH, St George’s Hill) 3.4 km from the volcano summit (Figure 2.2b),
from February 2005 to June 2011. From Volcdn de Colima, we use the hourly average of the real-
time seismic energy measurement (RSEM) (Reyes-Davila and De la Cruz-Reyna, 2002), which is
proportional to a 2-minute running mean of the root-mean-square of the signal amplitudes
recorded by a short-period seismometer (EZV4) 1.7 km from the volcano summit (Figure 2.1b),
from January 2004 to December 2008. These data are discretised prior to analysis (as explained in
Section 3.2.3) by rounding the Soufriere Hills Volcano RSAM to 0 decimal places and the Volcan de

Colima RSEM to 2 decimal places.

(2) The daily counts of the most commonly observed volcano-seismic event classes: during the
study period at Volcan de Colima, these are impulsive and emergent events (associated with small
Vulcanian explosions and transient degassing events: Varley et al., 2006; Webb et al., 2014) and
low-amplitude long-period (LP) events (Varley et al., 2010a, 2010b) (Table 2.1); at Soufriere Hills
Volcano, these are volcano-tectonic (VT), hybrid, LP, rockfall, and LP with rockfall events (Miller et
al., 1998; Luckett et al., 2008) (Table 2.2). Other event classes (e.g., rockfalls at Volcan de Colima
and explosion signals at Soufriere Hills Volcano) occur too rarely or irregularly in the time periods
investigated (November 2004 to December 2008 at Volcan de Colima; October 1996 to July 2010
at Soufriére Hills Volcano) for them to be analysed. The predominant seismic event types differ
between the two volcanoes because of the dissimilar shallow magmatic systems and extrusion
rates during the time periods studied, as discussed in Lachowycz et al. (2013; Chapter 2). The
event counts were determined manually by the observatories, by visual inspection of helicorders
and spectrograms from the respective seismic networks. Sources of bias and error in the data
analysed here from these networks were outlined by Lamb et al. (2014). Note that the real-time
seismic measurements and event count data are from distinct, overlapping time periods in both

cases, due to restricted data availability.
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3.4. Results

3.4.1. Volcan de Colima hourly RSEM, January 2004—-December 2008

Figure 3.3 shows the hour-averaged RSEM time-series from Volcan de Colima, with its normalised
overlapping-window entropy and the uniformity test (Figure 3.3a; windows of the prior 10 days
(240 measurements)), the 30-day change in normalised cumulative entropy (Figure 3.3b;
normalised cumulative entropy shown in Supplementary File 3.1), and the overlapping-window
coefficient of variation (Figure 3.3c; windows of the prior 10 days) for comparison. There is
considerable temporal variation in the overlapping-window entropy during the period studied
(Figure 3.3a); it is generally higher during phases of elevated activity (shaded on each plot in
Figure 3.3). Peaks in this entropy statistic coincide with the phase of rapid lava extrusion in 2004
and the highest eruption occurrence rates and magnitudes during the phase of large Vulcanian
explosions in 2005 (Varley et al., 2010a); RSEM was relatively high in both instances. Notably, the
entropy increases to values greater than any observed earlier in 2004 (>0.95) for the two weeks
prior to the onset of lava extrusion on 28 September 2004, coincident with a shift to uniform
distribution of the RSEM (at the point indicated by arrow A on Figure 3.3a). From visual
inspection, this appears to be a continuation of a trend of increasing entropy that started ~6
weeks prior to the onset of extrusion (at the point indicated by arrow B on Figure 3.3a). Note that
there is no increase in the RSEM in the run up to the onset of lava extrusion in 2004, despite
increasing RSEM indicating accelerating seismic energy release prior to some earlier eruptions of
Volcén de Colima (Reyes-Davila and De la Cruz-Reyna, 2002). Similarly, the entropy increases to
>0.95 (at the point indicated by arrow C on Figure 3.3a) ~2 months prior to the start of the period
of elevated RSEM associated with the peak of the Vulcanian eruptive activity in 2005.
Furthermore, the entropy is persistently close to 0.95 and the RSEM intermittently uniform (from

the point indicated by arrow D on Figure 3.3a) for the ~4 months prior to the onset of lava
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Volcan de Colima hour-averaged RSEM
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Figure 3.3 (previous page) Entropy analysis of an hour-averaged real-time seismic energy measurement
(RSEM) time-series recorded at Volcan de Colima (data from 1 January 2004 to 31 December 2008;
plotted in each graph (dark grey line)). (a) Normalised Shannon entropy (upper black line), calculated for
each time-step from a window of the prior 10 days (240 measurements), and a test of hypothesis of a
uniform distribution (lower black line; NU = not uniform, U = uniform), calculated for each time-step from
the same window. (b) The 30-day change in normalised cumulative Shannon entropy (black line; the
difference between the entropy of a window of all the data prior to the time-step and the same 30 days
before). The horizontal dashed line indicates a threshold level of zero change in cumulative entropy. (c)
The coefficient of variation (black line), calculated for each time-step from a window of the prior 10 days
(240 measurements), for comparison. The shading in each graph indicates phases of extrusive and/or
enhanced explosive activity; the vertical dashed grey lines mark major (VEI > 2) Vulcanian explosions.
Phase 1 is the period of relatively fast lava extrusion in late 2004, Phase 2 the period of large Vulcanian
explosions in 2005, and Phase 3 is part of the period of relatively slow lava extrusion in 2007-11. The
arrows indicate entropy increases prior to phases of activity, discussed in Section 3.4.1. Periods with no
results are due to gaps in the RSEM time-series.

extrusion in January 2007, which again was not preceded by any increase in the RSEM.

The association of peaks in entropy just prior to and during periods of elevated activity (from
visual inspection) may imply that the associated factors, such as magma ascent or gas release,
change the nature of the seismicity such that there is greater uncertainty in the RSEM, and the
distribution of its values (in a 10-day window) becomes more uniform. Further work is required to
ascertain possible mechanisms. This inference is consistent with the observation of a peak in
overlapping-window entropy prior to the start of extrusion in 2007 (at point D on Figure 3.3a) that
coincides with a transient increase in spring water boron concentration (N.R. Varley, unpublished
data). Similar increases in boron concentration have been observed prior to or at the onset of
previous eruptive phases at Volcan de Colima (Armienta and De la Cruz-Reyna, 1995; Taran et al.,
2000) and at Volcan Popocatépetl (Mexico), where they have been attributed to magma
recharge/ascent (Martin-Del Pozzo et al., 2002; Armienta et al., 2008). The boron ‘spike’ prior to
the 2004 extrusive phase occurred approximately coincident with point B, when the trend of
increasing entropy prior to lava effusion began (although this would have not been recognisable

in real-time). These entropy changes also, in addition to that at point C on Figure 3.3a, coincide
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with transient persistence to the RSEM time-series, identified by detrended fluctuation analysis
(Lachowycz et al., 2013; Chapter 2). We suggest that the variability in the overlapping-window
entropy and RSEM uniformity during the 2007—-8 period of the 2007—11 extrusive phase (Figure
3.3a; unlike the previous phases of elevated activity) reflects the extremely slow lava extrusion
rate during this phase (e.g., <0.005 m>s " on average for the first ~6 months (Hutchison et al.,
2013), when the entropy is particularly low). The periods of high entropy (close to 0.95) in 2007—
8, which coincide with those of uniform data distribution but not necessarily with high RSEM
values, might indicate pulses of magma ascent that were not identified in the sporadic dome

height measurements used to quantify the lava extrusion rate (Hutchison et al., 2013).

The change in cumulative entropy (Figure 3.3b) also varies through time, largely concurrent with
overlapping-window entropy, but with less short-timescale variability (except in early 2004, which
is anomalous due to the relatively small window size). This entropy statistic is high (close to or
greater than 0) during all three phases of elevated activity (as well as just prior to the onset of
extrusion in 2007, as with the overlapping-window entropy) relative to other periods. It becomes
positive ~2 weeks prior to the 2004 eruptive phase, for the period of highest eruption occurrence
rates and magnitudes during the phase of large Vulcanian explosions in 2005, and intermittently
from ~3 months prior to the onset of extrusion in 2007—-11 through to the end of 2008. From
visual inspection, it appears that some of the periods of high eruptive activity are preceded and
followed by the most abrupt changes in the gradient, e.g. at the end of the 2004 phase (at the
point indicated by arrow F on Figure 3.3b), as well as early in and at the end of the 2005 phase (at
the points indicated by arrows G and H on Figure 3.3b, respectively). These coincide with the
changes in overlapping-window entropy noted previously (so also are not associated with any
change in RSEM values), except that at the end of the 2005 phase, which is also marked by a

decrease in the occurrence of a uniform RSEM distribution (Figure 3.3a). The negligible short-
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timescale variability in the change in cumulative entropy in comparison to the overlapping-
window entropy means that such shifts in the trend of the former would be more readily

identifiable in real-time.

The temporal variation in the CV (Figure 3.3c), calculated using the same parameters as the
overlapping-window entropy, is distinct from that of either entropy statistic. Its relationship to
eruptive activity is inconsistent; CV is highest at the peak of the 2005 Vulcanian explosions and in
early 2006 (a period of relative quiescence), and relatively low during the 2004 phase and in
2007-8. This appears to reflect the range in RSEM values at those times: RSEM is relatively high
during both the 2004 phase and the peak of the 2005 activity, but in contrast to 2005, low values
are not recorded in the 2004 phase, so the dispersion in RSEM is relatively narrow in 2004.
Similarly, RSEM is more variable with higher values during early 2006 than 2007-8; the spikes in
CV during the latter appear (from visual inspection) to be associated with peaks in (and so a
relatively wide range of values of) RSEM. Unlike entropy, the CV does not clearly change before
activity transitions; it is stable prior to the onset of both the 2004 eruptive phase and the largest
Vulcanian eruptions in the 2005 phase. There are changes in the gradient of the trend in CV at the
end of the 2005 phase and at the start of extrusion in 2004 and 2007, but these would only have
been identifiable retrospectively. Nevertheless, these CV variations corroborate the entropy and
uniformity time-series in indicating that shifts in eruptive activity are associated with changes in

the distribution of the RSEM, if not its value in some instances.

3.4.2. Soufriére Hills Volcano hourly RSAM, February 2005-June 2011
Figure 3.4 shows the hour-averaged RSAM time-series from Soufriere Hills Volcano, with its
normalised overlapping-window entropy and the uniformity test (Figure 3.4a; windows of the

prior 10 days (240 measurements)), the 30-day change in normalised cumulative entropy (Figure
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Figure 3.4 (previous page) Entropy analysis of an hour-averaged real-time seismic amplitude
measurement (RSAM) time-series recorded at Soufriére Hills Volcano (data from 28 February 2005 to 30
June 2011; plotted in each graph (dark grey line)). (a) Normalised Shannon entropy (upper black line),
calculated for each time-step from a window of the prior 10 days (240 measurements), and a test of
hypothesis of a uniform distribution (lower black line; NU = not uniform, U = uniform) calculated for each
time-step from the same window. (b) The 30-day change in normalised cumulative Shannon entropy
(black line; the difference between the entropy of a window of all the data prior to the time-step and the
same 30 days before). The horizontal dashed line indicates a threshold level of zero change in cumulative
entropy. (c) The coefficient of variation (black line), calculated for each time-step from a window of the
prior 10 days (240 measurements), for comparison. The shading in each graph indicates phases (labelled)
of extrusive and/or explosive activity; the vertical dashed grey lines mark major dome collapse events.
Periods with no results are due to gaps in the RSAM time-series.

3.4b; normalised cumulative entropy shown in Supplementary File 3.2), and the overlapping-
window CV (Figure 3.4c; windows of the prior 10 days) for comparison. From visual inspection,
the overlapping-window entropy (Figure 3.4a) appears to be generally slightly higher during the
phases of activity (shaded on each plot in Figure 3.4) in the period analysed, except for Phase 4a,
when magma ascent was associated with low levels of seismicity in comparison to the other
phases (Stewart et al., 2009). Anomalous decreases in entropy (and RSAM non-uniformity) occur
twice during Phase 3, coincident with anomalously low RSAM values that are most likely to be due
to seismometer failure. The slight shifts to and from high entropy values appear to approximately
coincide with the onset and end of Phases 3 and 5, but are not prominent enough that a
threshold entropy value can be ascertained. The association of high overlapping-window entropy
of RSAM with eruptive phases is consistent with that observed for RSEM at Volcan de Colima
(Section 3.4.1), but more uncertain due to the relatively small difference in entropy between
eruptive and inter-eruptive periods at Soufriere Hills Volcano. The magnitude of the temporal
variation in this entropy statistic may be greater if the RSAM values were discretised further (the
uniform distribution to the RSAM almost throughout the study period would suggest insufficient
discretisation), but this may risk loss of meaningful RSAM variation during periods of low-

magnitude seismicity.
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The change in cumulative entropy (Figure 3.4b) is initially variable, before becoming stable (at
close to zero) from late in Phase 3 onwards. It is predominantly positive during Phase 3; two of
the three excursions to negative values coincide with the aforementioned anomalously low
overlapping-window entropy values, and the other with a peak in RSAM. There are insufficient
data prior to Phase 3 to determine if this statistic was distinct from in Phase 3 during that period.
There is no clear change in this statistic associated with the subsequent eruptive phases; the
decrease during Phase 5 reflects the concurrent data gap. The temporal variation in CV (Figure
3.4c), calculated using the same parameters as the overlapping-window entropy, is distinct from
that of either entropy statistic, as it closely corresponds with the variation in RSAM. Despite the
variance being normalised by the mean value, periods of high RSAM values have high CV due to

the greater dispersion in the data compared to periods of lower magnitude seismicity.

3.4.3. Volcan de Colima daily event counts, November 2004-December 2008

The daily counts of each event type analysed are presented in Figure 3.5, with their normalised
50-day (50-measurement) overlapping-window entropy and the uniformity test; the 50-day
overlapping-window CV for each time-series is provided in Supplementary File 3.3 for comparison.
Variation in the impulsive (Figure 3.5a) and emergent (Figure 3.5b) event count overlapping-
window entropies appears to be unrelated to eruptive activity, consistent with the observation
that there was no clear association between explosion frequency and other eruptive activity
during the study period (Varley et al., 2010a; Webb et al., 2014). Both entropy time-series may be
weakly periodic, with a period of ~3—6 months, but are not in phase with one another; nor is
there an apparent relationship between their longer-timescale variations. This periodicity is not
apparent in the event counts themselves; further work would be necessary to confirm its veracity
and constrain its cause. From inspection, we suggest that the times when the daily counts of

these two events are uniformly distributed correspond to the phases of greater eruptive activity
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Figure 3.5 (previous page) Entropy analysis of the daily count of each of the primary volcano-seismic
event types at Volcan de Colima (described in Table 2.1; data from 1 November 2004 to 31 December
2008). In each graph, the daily event count time-series is plotted (dark grey line) with the normalised
Shannon entropy (upper black line), calculated for each time-step from a window of the prior 50 days (50
measurements), and a test of hypothesis of a uniform distribution (lower black line; NU = not uniform, U =
uniform) calculated for each time-step from the same window. The shading in each graph indicates
phases of extrusive and/or enhanced explosive activity; the vertical dashed grey lines mark major (VEI > 2)
Vulcanian explosions. Phase 1 is the period of relatively fast lava extrusion in late 2004, Phase 2 the
period of large Vulcanian explosions in 2005, and Phase 3 is part of the period of relatively slow lava
extrusion in 2007-11. The coefficient of variation for each time-series is provided for comparison in
Supplementary File 3.3.

to some extent: almost all the periods of uniform distribution to the impulsive event counts are
after or in the few months prior to the start of extrusion in 2007 (Figure 3.5a), and a uniform
distribution to the emergent event counts is most sustained during part of the 2005 explosive
phase and in late 2008 (Figure 3.5b), when the extrusion rate was high in comparison to earlier in
2007-8 (Hutchison et al., 2013). Variation in the CV of these time-series (Supplementary File 3.3)
also shows no clear relationship to activity and possible periodicity of a similar frequency (but not

in phase with that in overlapping-window entropy).

Despite the fact that the low-amplitude long-period (LP) event count is almost continuously
uniform during the period analysed, there is still considerable variation in the overlapping-window
entropy of these data (Figure 3.5c). The entropy is relatively high (>0.96) during the phases of
elevated activity, with the highest values being concurrent with the peak of the Vulcanian
eruptions in 2005 (and relatively high low-amplitude LP event counts due to the event swarms
associated with these eruptions: Varley et al., 2010a, 2010b). The entropy also abruptly increases
just after the onset of lava extrusion in 2007 to a value not observed since just after the 2005
Vulcanian phase (the lag relative to the start and end of activity in both cases may reflect the 50-
day window length), despite the LP event count being not much greater than during late 2006.

Hence we suggest that magma ascent is associated with a change in the distribution of the
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occurrence of these seismic events such that the daily count becomes more uncertain. The
relatively low entropy and non-uniformity of the LP event counts for two months in early 2008 is
not due to the low event occurrence rate, as similar counts occur in the months after this period,
so we suggest that it may be due to inconsistent manual picking of the events in that period.

Variation in the CV (Supplementary File 3.3) largely corresponds to that in the event count rate.

3.4.4. Soufriére Hills Volcano daily event counts, October 1996-July 2010

The daily counts of each event type analysed are presented in Figure 3.6, with their normalised
50-day (50-measurement) overlapping-window entropy and the uniformity test; the 50-day
overlapping-window CV for each time-series is provided in Supplementary File 3.4 for comparison.
Note that the abrupt excursions to the maximum entropy value in these plots, indicated by the
arrows, result from normalisation of the (zero) entropy of periods with no recorded events, so are
disregarded. The variation in the overlapping-window entropy of the volcano-tectonic (VT) event
counts (Figure 3.6a) appears to largely reflect that of the event counts themselves (high entropy
generally concurrent with high event counts and vice versa), with no association with activity in
Phases 1 and 2, but increasing entropy/event counts prior to the onset of subsequent phases.
However, the entropy increases prior to the onset of Phase 5 and there are peaks in entropy
during Phase 3, both periods of low VT event counts. The event counts are only uniformly
distributed and their entropy close to maximal (>~0.8) predominantly between Phases 1 and 2,
despite a similar range of counts occurring prior to Phase 3, exemplifying that the entropy is not
determined by this feature of their distribution. This is also apparent in the overlapping-window
entropy of the hybrid event counts (Figure 3.6b), for example in the higher entropy between
Phases 2 and 3 than during the subsequent eruptive phase. Notably, the hybrid event counts are
uniformly distributed for most of Phase 1, at the start and end of Phase 2, and the start of Phase

5, although with lag in each case most likely due to the 50-day window length. The overlapping-
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a) Volcano-tectonic events at Soufriere Hills Volcano
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d) Rockfall events at Soufriere Hills Volcano
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Figure 3.6 Entropy analysis of the daily count of each of the primary volcano-seismic event types at
Soufriere Hills Volcano (described in Table 2.2; data from 23 October 1996 to 8 July 2010). In each graph,
the daily event count time-series is plotted (dark grey line) with the normalised Shannon entropy (upper
black line), calculated for each time-step from a window of the prior 50 days (50 measurements), and a
test of hypothesis of a uniform distribution (lower black line; NU = not uniform, U = uniform) calculated
for each time-step from the same window. The shading in each graph indicates phases (labelled) of
extrusive and/or explosive activity; the vertical dashed grey lines mark major dome collapse events. The
hollow arrows indicate anomalous spikes in the normalised entropy (to 1) due to periods of zero counts.
The coefficient of variation for each time-series is provided for comparison in Supplementary File 3.4.
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window entropy of both VT and hybrid event counts appears to be approximately in antiphase
with their CV (Supplementary File 3.4), despite both statistics being expected to increase with a
wider data distribution (and vice versa). During the periods when peaks in the overlapping-
window entropy of these event counts do correspond to activity (e.g., Phases 3-5 for VTs, Phases

1 and 2 for hybrids), the CV does not.

The overlapping-window entropy of the long-period (LP) event counts (Figure 3.6c) is generally
relatively high during phases of activity; from inspection, it exceeds ~0.7 coincident with the
onset of each phase, and decreases below this value shortly after the end of each phase. This
threshold is exceeded prior to any substantial increase in LP event count in each case except
Phases 4a and 5. The event counts are uniformly distributed for most of each phase except Phase
4 (and are concurrent with the highest entropy values), shifting to non-uniform coincident with
the terminations of each of Phases 1-3. The same pattern of variation in overlapping-window
entropy is apparent for rockfall (Figure 3.6d) and LP with rockfall (Figure 3.6e) event counts; the
entropy generally exceeds ~0.85 and ~0.5 respectively during phases of activity, and vice versa,
except between Phases 1 and 2 in the case of the rockfall event counts. From inspection, the
entropy increases just prior to or at the onset of phases of activity before there is a substantial
increase in event counts in some cases, e.g. Phases 3 and 4a for LP with rockfall events. The LP
with rockfall event counts are less commonly uniformly distributed than those of LP and rockfall
events, most likely due to their relatively infrequent occurrence rate. The CV of the counts of all
three event types (Supplementary File 3.4) is generally lower during phases of activity, but not

consistently so relative to eruptive phases, except for the LP with rockfall event counts.
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3.5. Discussion

The identification of temporal variation in the entropy of the seismic time-series analysed
suggests that quantifying the randomness of such signals can be informative for volcano
monitoring. This is supported by the observation (from visual inspection) that major changes in
entropy (to above or below a certain overlapping-window entropy threshold in some cases) are
more typically associated with shifts in eruptive activity than the coefficient of variation, which is
also dependent upon the probability distribution of the data. With further development, entropy
analysis has the potential to highlight (in near-real-time) important changes to the structure of
monitoring data that are not easily identifiable by conventional monitoring techniques, as
exemplified by the entropy analysis of the real-time seismic measurements from Volcan de
Colima presented here. The overlapping window entropy and the change in cumulative entropy of
RSEM approach or exceed threshold values (not observed in the preceding periods of relative
quiescence) prior to the onset of the 2004 and 2007-11 lava extrusion phases (Figure 3.3; Section
3.4.1); no unambiguous precursors to these eruptive phases were recognised in real-time
monitoring data. Therefore, had it been calculated in real-time, the RSEM entropy could have
been an indication of the possibility of impending lava extrusion. From inspection, the
overlapping-window entropy of RSAM at Soufriere Hills Volcano may also increase at the onset
and decrease at the termination of some phases of activity in the period analysed (Figure 3.4;
Section 3.4.2), but the variation is relatively small. Further work is required to determine if
entropy analysis has greater potential with such time-series, where rockfalls, rather than
seismicity associated with magma movement, are generally the predominant contributor to the

signal (discussed further below).
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Although shifts in activity may not be clearly reflected in changes in the entropy of RSAM at
Soufriere Hills Volcano, they are in the entropy of the event counts of individual seismic event
types, particularly long-period events with or without associated rockfalls (Figure 3.6; Section
3.4.4). The entropy of these data is observed to increase above values found in inter-eruptive
periods just prior to or around the onset of eruptive phases, so threshold entropy values
pertinent to monitoring could be established from the entropy variations associated with earlier
eruptive phases. For general application, this method requires data from prior monitoring of the
expected range of eruptive activity, and the assumption that there is no change in the relationship
between the probability distribution of the seismic time-series and activity with time. This
assumption is not necessarily justifiable, as exemplified by the changes in the nature of volcano-
tectonic and hybrid seismicity during the recent eruptive period at Soufriére Hills Volcano (Cole et
al., 2010b; Lachowycz et al., 2013). Furthermore, the thresholds will differ between time-series
and entropy calculation parameters (e.g., extent of discretisation and window size), so must be
subjectively defined in each instance; the propensity for false positives (i.e., threshold exceedance
without associated activity) will also be different in each case. The test for uniform distribution of
the data applied in this study could be a less arbitrary alternative, but most of the time-series
analysed here are either only intermittently uniformly distributed during eruptive phases or

uniform almost throughout the period analysed.

Further work is required to understand why variations in the entropy of seismicity may relate to
those in volcanic activity. Entropy is maximal when the distribution of the data is uniform, i.e. all
distinct measurements are observed with equal frequency; if some values were to become more
frequent than others, the entropy would decrease. The distribution of values in an event count
time-series will depend upon the occurrence rate of that event type, and possibly the event

magnitude (if some are close to the detection threshold, e.g. the low-amplitude LP events at
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Volcan de Colima). The distribution of values constituting a real-time seismic measurement time-
series will (in any given time window) be determined by the timings, durations, and magnitudes of
the seismicity-generating events recorded. Both real-time seismic measurement time-series
analysed appear to be predominantly determined by the properties of the most frequent volcano-
seismic event type, which occurs an order of magnitude more frequently than any other event
class for the majority of the time periods analysed. At Soufriere Hills Volcano from Phase 3
onwards, this is rockfall-induced seismicity, which has a quantifiable relationship to lava extrusion
rate (Calder et al., 2005). Rockfalls were infrequent at Volcan de Colima during the study period,
except for the lava extrusion phase in 2004; the dominant event class there is low-magnitude LP
earthquakes (Varley et al., 2010a). These events, which have been attributed to brittle fracturing
on the margins of an ascending magma body (Varley et al., 2010a), occurred in ‘swarms’ during
the Vulcanian explosion phase in 2005, partly from a consistent source (Varley et al., 20103,
2010b; Ardmbula-Mendoza et al., 2011). The entropy of the daily count of these event types is
generally higher, often close to maximal, during phases of activity, but does not exactly
correspond to those of the real-time seismic measurements, due to the (probably subsidiary)
influence of other seismicity on the latter. We suggest that the counts of LP and rockfall events
have relatively high entropy during phases of activity perhaps in part because of self-organized
critical behaviour (Bak et al., 1987) of these event types during magma ascent and extrusion. This
was suggested by Lachowycz et al. (2013) as an explanation for the power-law correlations in
these data during eruptive phases (Section 2.5), and both LP (e.g., Shaw and Chouet, 1991) and
rockfall (e.g., Hale et al., 2009) seismicity during magma ascent and extrusion were suggested to
show such behaviour previously. Maximal entropy (in a thermodynamic sense) has been
associated with self-organised (sub-)critical behaviour of tectonic seismicity (e.g., Main and Al-

Kindy, 2002; Main and Naylor, 2010).
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Variation in the entropy of the seismic time-series analysed indicates temporal variability in the
uncertainty associated with what value these seismic signals will have, and so their predictability;
the time-series that have higher entropy during phases of activity are less predictable during
those periods. The association (in some instances) of high entropy, and so low predictability, with
long-range correlations (Lachowycz et al.,, 2013) (e.g., the peaks in Volcan de Colima RSEM
entropy (Figure 3.3), and Volcan de Colima LP (Figure 3.5) and Soufriére Hills Volcano rockfall
event counts (Figure 3.6) during phases of activity) and/or low coefficient of variation is not
inconsistent: a relatively narrow range of values can have high entropy if these values occur with
close to equal frequency. This exemplifies how computation and comparison of the entropy in
addition to other data distribution parameters through time could be used to better understand

how monitoring time-series vary in relation to activity, and so constrain eruption processes.

For the reasons outlined in Section 3.2.4 (e.g., not computationally intensive and appropriate for
any time-series, including if non-stationary or incomplete), entropy analysis by the approach used
here is potentially widely applicable in near-real-time (at least to time-series sampled at a
relatively high rate) as a tool complementary to existing monitoring techniques. Further work is
necessary to understand the causes and significance of temporal variation in the entropy of
volcanic seismicity, and to what extent changes in other dome-forming eruptions or different
styles of activity could be forecast or identified from this. Entropy variation vs other parameters,
such as earthquake depth and magnitude (e.g., Telesca et al., 2012) may also be informative, as
well as the entropy of a whole dataset as a measure of its disorder. Similar studies would be
worthwhile to assess the utility of entropy analysis of other high-frequency volcano monitoring

data, as well as other geological time-series.
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3.6. Conclusions

The entropy of (and so the distribution of the values in) each of the time-series analysed is found
to vary through time, revealing changes in the structure of these data that in some cases are not
apparent from conventional analysis techniques, or even other statistics determined by data
distribution. This implies that the uncertainty in (i.e., the predictability of) the value taken by any
of these signals, and so the eruptive activity with which they are associated, is temporally
variable; this can be monitored by entropy analysis. The possible utility of real-time entropy
analysis is demonstrated by, for example, increases in the entropy of real-time seismic
measurements prior to the onset of some eruptive phases at Volcan de Colima, for which no clear
precursors were identified by conventional monitoring in real-time. Therefore with further
development, entropy analysis may have the potential to provide useful additional guidance for

interpreting data from volcano monitoring.
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Chapter 4 Late Quaternary tephrostratigraphy of Volcan Hudson,

southern Chile
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Abstract

Volcan Hudson, in the Andean Southern Volcanic Zone, has been identified as the source of four
eruptions of >1 km? of tephra (volcanic ash and lapilli) and tens of smaller explosive eruptions in
the past 20 ky. The resulting tephra deposits have great potential as chronological markers in
studies of the palaeoenvironment of the region, which is particularly significant for investigation
of Southern Hemisphere climate dynamics. However, the characteristics and timing of many of
the eruptions of Volcan Hudson are poorly constrained, inhibiting precise tephrochronology as
well as volcanic hazard assessment. Here we present matrix glass and whole rock composition
analyses of Volcan Hudson tephra units in relatively complete terrestrial sections, and catalogue
occurrences of tephra previously attributed to eruptions of Volcan Hudson in ice, peat, soils, and
lake and marine sediments. We correlate the tephras analysed and critically evaluate previous
tephra correlations, including those between palaeoenvironmental records. We also refine the
age estimates of some of the eruptions using Bayesian analysis of published radiocarbon dates.
The Volcdn Hudson tephras analysed here generally have a narrow range in their glass
composition, so in most cases can be distinguished from the other tephras of a similar age, which
often have a similar composition. We find previously unrecognised shifts in erupted magma
composition during the Holocene, from silicic to mafic after the H2 eruption (~3.9 cal ka BP), and
then to intermediate compositions for the last ~1 ky. Numerous inconsistencies are identified in
the prior tephrostratigraphy; most tephra units cannot be correlated using the published
compositional data. The new geochemical data and tephrostratigraphy reanalysis in this study
provide a framework for future tephrochronology and studies of the record of eruptions in the
region, and highlight the importance of detailed tephra characterisation in developing

correlations between, and age models for, palaeoenvironmental records.
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4.1. Introduction

The volcanoes of the Andean Austral and Southern Volcanic Zones (AVZ and SVZ, 49-55°S and 33—
47°S respectively; e.g., Stern, 2004) have produced a prolific but poorly studied post-glacial
tephrostratigraphic record (Fontijn et al., 2014). Volcan Hudson, at the southern end of the SVZ
(45.92°S, 72.97°W), has been postulated to be one of the most frequently active and productive
of these volcanoes during the late Quaternary (Naranjo and Stern, 1998). This is supported by the
identification of over 70 tephra units in post-glacial lake sediment cores from within ~100 km of
the volcano, the majority of which have been attributed to Volcan Hudson (e.g., Haberle and
Lumley, 1998; Weller et al., 2014). Three known prehistoric eruptions are estimated to have
erupted >1 km® of tephra (corresponding to a Volcanic Explosivity Index (VEI) 25 (Newhall and
Self, 1982)): H2 (~3.9 cal ka BP; Naranjo and Stern, 1998), H1 (~7.6 cal ka BP; Stern, 1991;
Naranjo and Stern, 1998; Prieto et al., 2013), and Ho (~17.4 cal ka BP; Weller et al., 2014). Volcan
Hudson has also had two major eruptions in modern times, a VEI 3 event in August 1971 (e.g.,
Tobar, 1973) and an eruption of >4 km® of tephra (VEI 5) in August 1991 (e.g., Naranjo et al.,
1993; Scasso et al.,, 1994; Wilson et al.,, 2011), which was the second largest in the southern
Andes in the 20" Century (Naranjo and Stern, 1998). Constraining the history of explosive
eruptions of Volcan Hudson is of particular importance for local and regional volcanic hazard
assessment (e.g., Amigo, 2013), especially given the evidence of magma accumulation since 1991,
causing the VEI 1-2 eruption in October—November 2011 (Global Volcanism Program, 2013;

Delgado et al., 2014).

Due to its location at the northern margin of the southern westerly wind belt, and proximity to
where the Antarctic Circumpolar Current is intersected by South America (Kilian and Lamy, 2012),

numerous palaeoenvironmental records have been investigated in the region around Volcan
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Hudson. These have been obtained from peat bogs (e.g., Markgraf et al., 2007) and lake (e.g.,
Haberle et al., 2000; Bertrand et al., 2012; Elbert et al., 2013) and marine (e.g., Siani et al., 2010)
sediments; most of these contain multiple tephra layers (Fontijn et al., 2014). These tephras are
an invaluable tool for dating and synchronising such records (e.g., Davies et al., 2012; Blockley et
al., 2014). This is exemplified by Siani et al. (2013), who correlated tephras between lake and
marine sediment cores to calculate marine surface radiocarbon reservoir ages, and thus infer
enhanced Southern Ocean upwelling during deglaciation. Some Volcan Hudson tephra units have
the potential to be used for tephrochronology on a continental scale. H1 tephra is preserved as
visible layers in various environments in southernmost Patagonia (up to ~1000 km from the
volcano; Stern, 1991, 2008; Fontijn et al., 2014). In addition, visible and crypto- (not visible to the
naked eye) tephra horizons in ice cores from both East (e.g., Talos Dome: Narcisi et al., 2012) and
West (e.g., Siple Dome: Kurbatov et al., 2006) Antarctica have been tentatively attributed to
eruptions of Volcan Hudson. The high frequency of explosive eruptions from Volcan Hudson
relative to other volcanoes in the southern Andes means that accurately constraining its
tephrostratigraphy is particularly important for palaesoenvironmental research in this region. It is
also essential to the investigation of temporal variations in eruption frequency, and of potential
controls on this, such as deglaciation (Watt et al., 2013a; Rawson et al., 2016) or seismicity (Watt

et al., 2009).

Fontijn et al. (2014) highlight the limitations of the tephrostratigraphic record in southern South
America, and the difficulties in robustly correlating tephra units. Approximate age
correspondence has been the basis of eruption attribution or tephra unit correlation in some
studies, but this method is particularly unreliable for Volcan Hudson, because its high eruption
frequency means there is a greater risk of miscorrelation. In most cases, the age constraints are

bounding radiocarbon dates with an often poorly defined age offset from the tephra layer, rather
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than dates of material associated with the tephra unit itself, which in any case may not represent
the eruption age. Furthermore, lake sediments in this region are liable to contain older terrestrial
organic matter, resulting in erroneously old bulk sediment radiocarbon ages: bulk sediment from
three small lakes <100 km east or south of Volcan Hudson has been found to have radiocarbon
ages ~300-1100 years greater than incorporated carbon (Bertrand et al., 2012). Different organic
fractions of peat can also give distinct radiocarbon dates, up to 1500 years apart (e.g., Brock et al.,
2011). Tephrochronology is an invaluable tool to identify and correct for such effects (e.g., Siani et
al., 2001, 2013). However, there is potential for tephra units to have been remobilised by various
processes in all environments in this region (e.g., Wilson et al., 2011; Wastegard et al., 2013;

Bertrand et al., 2014).

Although the tephrostratigraphy of Volcan Hudson is well-constrained in comparison to that of
many other southern Andean volcanoes, its accuracy and utility for tephrochronology are
compromised by a paucity of thorough tephra characterisation. Robust matrix glass compositional
data are particularly important, as this is the primary tool for correlating and fingerprinting,
especially distal deposits (e.g., Smith et al., 2011a; Matthews et al., 2012; Fontijn et al., in review).
The major element compositions of matrix glass of tephras erupted by most southern Andean
volcanoes, and in some cases from individual eruptions, are distinct (e.g., Watt et al., 2011;
Rawson et al., 2015; Fontijn et al., in review). Here we report analyses of matrix glass (and some
of whole rock) composition of tephras preserved in important medial terrestrial sections, and
compile data on occurrences of tephra previously attributed to eruptions of Volcan Hudson, to
produce an updated tephrostratigraphic framework with revised age constraints and composition

data for most eruptions.
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4.2. Volcan Hudson

4.2.1. Geological setting and geochemistry

Volcan Hudson is the southernmost stratovolcano in the SVZ, which is a product of the subduction
of the oceanic Nazca plate beneath the continental South American plate (Stern, 2004); it is the
closest volcanic centre to (~300 km east of) the triple junction between these plates and the
Antarctic plate (Figure 4.1). Subduction of the Chile Rise at this point has been inferred to result in
a slab window, to explain the gap in arc volcanism separating the SVZ from the AVZ (e.g.,
Gutiérrez et al., 2005; Stern et al., 2007). The southern sector of the SVZ (SSVZ, 42—46°S; Stern,
2004) is characterised by eruption of predominantly high-Al and tholeiitic mafic magmas (e.g.,
Stern et al., 2007; Cembrano and Lara, 2009); more silicic magma compositions are scarce except
at particular volcanic centres (e.g., Chaitén, Melimoyu, and Yanteles volcanoes: Watt et al., 2011,
2013b; Stern et al., 2015), including Hudson (e.g., Weller et al., 2014). The silicic magmas erupted
generally contain hydrous minerals (hornblende and, rarely, biotite) (Stern et al., 2007), except for
those from Volcan Hudson (Kratzmann et al., 2010). The extent of magma differentiation and the
location of volcanism are apparently considerably influenced by tectonics: ‘compressive’ local
regimes are associated with greater magma differentiation than ‘extensional’ ones, with the most
primitive magmas having been erupted at monogenetic cones along the arc-parallel Liquifie-Ofqui
fault zone (LOFZ, marked on Figure 4.1) (e.g., Lopez-Escobar et al., 1995; Cembrano and Lara,
2009). All the major volcanic centres in the SSVZ lie on or to the west of the LOFZ, except Volcan

Hudson (e.g., Cembrano and Lara, 2009).

By virtue of its unique location relatively close to the slab window and to the east of the LOFZ,
Volcan Hudson has an eruptive history and geochemistry distinct from the rest of the SSVZ. It is

perhaps unusually long-lived in comparison to other SSVZ volcanoes, having been active for at
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Figure 4.1 Map of southernmost Chile and Argentina (area indicated by pink box on the inset map), modified
from Fontijn et al. (2014). The locations of the volcanoes in the Austral Volcanic Zone (AVZ) and
southernmost part of the Southern Volcanic Zone (SVZ) for which there is evidence of activity since local
deglaciation (Fontijn et al., 2014) are shown, together with some regional tectonic features (Bird, 2003;
Stern, 2004; Matthews et al., 2011) and the distribution of some environments amenable to tephra
preservation. Locations where tephra layers attributed to Volcdn Hudson have been identified in
palaeoenvironmental records are also mapped, classified by environment. The reference numbers refer to
those in Supplementary File 4.1. The isopach contours shown are those published for the largest (=1 km?®
tephra; VEI 25) explosive eruptions of Hudson (Scasso et al., 1994; Naranjo and Stern, 1998; Weller et al.,
2014). The geographical data are from Natural Earth (www.naturalearthdata.com), except the peatland
extent, which is from Yu et al. (2010).



least the past ~0.5 My (Orihashi et al., 2004). All explosive eruption deposits that have been
characterised and attributed to Volcan Hudson (outlined in Section 4.2.2) date from <20 ka; the
limited data available on its effusive eruption history (the products of which are largely obscured
by ice or vegetation) are described by Orihashi et al. (2004) and Gutiérrez et al. (2005). The high
frequency of explosive eruptions relative to those known for other SSVZ volcanoes (Naranjo and
Stern, 1998, 2004) is postulated to result from higher melt production beneath Volcan Hudson
due to its comparative proximity to the subducting oceanic ridge (Stern et al., 2007). The distinct
geochemistry and lower eruption frequency of the stratovolcanoes that are next closest to the
ridge, Cay and Maca volcanoes, is consistent with this (D’Orazio et al., 2003; Naranjo and Stern,
2004; Gutiérrez et al., 2005). Compared to other SSVZ volcanoes, Volcdan Hudson has elevated
TiO,, Fe-oxide, Na,0, K,0, and incompatible trace element (large-ion lithophile (LILE), high field
strength (HFSE), and rare earth (REE) element) concentrations at a given SiO, concentration, and
lower LILE/HFSE (e.g., La/Nb) ratios, but retains a calc-alkaline signature (e.g., Gutiérrez et al.,
2005; Kratzmann et al., 2010; Stern et al., 2015). Magmas erupted from the monogenetic centres
<50 km from Volcan Hudson (marked on Figure 4.1) are generally more primitive, but with similar

major and trace element compositional trends (Gutiérrez et al., 2005).

The genesis, chemistry, and petrology of the magmas erupted in the four VEI =5 explosive events
of Volcan Hudson have been described by Kratzmann et al. (2009, 2010) and Weller et al. (2014).
The deposits of two of these eruptions, Ho (Weller et al., 2014) and 1991 (Kratzmann et al., 2009),
have a bimodal composition; the latter erupted chemically distinct magmas in different phases,
with tephra from each phase being dispersed in different directions (Scasso et al., 1994;
Kratzmann et al., 2009). This demonstrates that in some instances, a single eruption of Volcan

Hudson may deposit tephra with distinct compositions in different distal locations.
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4.2.2. Previous work on explosive eruption history

Figure 4.1 shows the locations (classified by environment) where tephra layers attributed to
eruptions of Volcan Hudson have been reported in palaeoenvironmental records (updated from
Fontijn et al, 2014), and published isopach contours for the four eruptions of VEI >5.
Supplementary Table 4.1 lists all these tephra layers in addition to those identified in terrestrial
sections, including their physical characteristics and age constraints (if these data are available).
Chemical composition data for all Volcan Hudson tephras that may be used for correlation (i.e.,
matrix glass, mineral, and whole rock compositions) are compiled in Supplementary Table 4.2. The
tephrostratigraphy derived from these data (plus new data described in Section 4.1) is
summarised in Table 4.1. Tephras in this table are classified by the level of confidence with which
they can be attributed to the specified eruption and/or correlated with one another, and/or
whether they are primary deposits, on the basis of analysis of the previous work described in

Section 4.4.2.

4.2.2.1. Historical eruptions

Volcan Hudson was not recognised as a volcano until 1970 (Fuenzalida and Espinosa, 1973); one
historical eruption prior to this date, in 1886, is attributed to Volcan Hudson but incorrectly stated
to have been in 1891 by Siebert et al. (2010). This derives from a citation by Salmi (1941) of an
account by Burmeister (1891) of considerable ashfall in the Santa Cruz valley (Argentine
Patagonia) dispersing southwards to Punta Arenas in May 1886. This account was quoted but
incorrectly stated to have been in 1891 by Caldenius (1932); the southward dispersal suggests a

source volcano to the north, consistent with but not definitive of Volcan Hudson being the source.

The deposits of the 1991 eruption have been characterised more thoroughly than any other

Volcén Hudson tephra (e.g., Scasso et al., 1994; Kratzmann et al., 2009). The rapid rate of aeolian
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Table 4.1 Summary of the tephrostratigraphy of Volcan Hudson, showing that from previous work and additions and
revisions made by this study.

Eruption Soil and peat sections®
. Stern Markgraf | Kratzmann
. . Naranjo and Stern .
Estimated Published Revised (1998) (1991; etal. etal. This study
Name magnitude age (a BP; model age 2008) (2007) (2009)
1o) (calaBP; 10) | Various Juncal Various Mallin Various Rio Juncal
sections Alto sections Pollux sections Ibafiez Alto
1991 >5.5% -41 H3 1991 RI4 JA12
1971 ~3 21 T9
[1886] ~3 64
T8 ~3 ~210" 100 £ 95 T8 JA11
T7 ~3 610+ 90" 974 73 T7
HW7 ~3 ~1560° 1271 + 268
T3 (Elb.) ~1860°
T4 (Elb.) ~2000°
JAL0 ~3 1238 + 207 JA10
T6 ~4 2030 + 90" 2081 £ 145 T6 T6 JA9
TD216 ~3 2355 +54*
HW6 ~3 ~2740° 1967 + 300
JA8 ~3 2310+ 133 A8
JA7 ~3 2626 + 294 A7
A6 ~3 3085 + 331 A6
JAS ~3 3454 + 230 JAS
H2 >6.0* 3840+ 125" | 3877+112 H2 T5 H2 H2 H2 RI3 A4
T4 ~3 4370 + 90" 4284 + 252 T4 JA3
T3 ~3 7190 + 120 | 5958 +1296 T3 [JA2]
H1 >6.1* 7750 + 95° 7596 + 57 H1 T H1 H1 RI2 AL
T1 ~3 7780 + 70" 7706 £ 75 T1
RI1 ~3 7906 + 196 RI1
T2 ~10750°
HW3 ~3 ~11060° 9812 + 1692
HW2 ~3 ~13890° 13211 + 282
HW1 ~14560°
Ho >6.2* 17370 +707 | 17383 +122 113 m
6 ~17350°
L7 ~18750°
T8 ~18900°
o ~19450°
TL10 ~19600°
bELS ~19660°
T2 ~19860°
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Table 4.1 (continued from previous page)

Marine core®

. b
Lake sediment cores®

Ice cores
Carel et al. Narcisi et al. Kurbatov et '\a/lll.rFZnOdf;)e't
Eruption thoalllz;zgif;; (2005; 2012) al. (2006) | Fbertetal (2013) Stern et al. (2013) Weller et
) al. (2014)
Fifr:i;as:; IZI)EoPrIrfeA-C gg::z Siple Dome | Escondida | Castor | Edita | Pepa Maldonado \iaorri:;s
1991
1971
[1886]
T8
T7
HW7 H
T3 (Elb.) 73 73
T4 (Elb.) T4 T4
JA10
T6 [279¢cm] TD193 T6 T6
TD216 D216
HW6
JA8
JA7
JA6
JAS
H2 279 ¢cm [T8] H2 H2
T4
T3
H1 H1 H1 H1
T1
RI1
2 2
HW3 3 339.5m SDMA-9008
HW?2 4
HW1 HS5
Ho Ho
e H6
Rt H+
e e
HS HS
F10 1o
Hit 1
12 2

(continued on next page)
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Table 4.1 (continued from previous page)

Eruption

. ,b
Lake sediment cores®

Stern et
al. (2015)

Haberle and Lumley (1998)

Shaman

Facil

Oprasa

Lincoln

Lofel

Miranda®

Marcelo

Six
Minutes

Stibnite

1991

1971

[1886]

T8

T7

HW7

Opr-8

Mir-3

[Mar-2]

Six-4

[Stb-4]

T3 (Elb.)

T4 (Elb.)

JA10

T6

TD216

HW6

[Opr-7]

[Lin-4]

Mir-2

[Mar-1]

[Six-3]

[Stb-3]

JA8

A7

JA6

JAS

H2

[Mir-1]

T4

T3

H1

T1

RI1

Opr-4

HW3

Fac-2

Opr-3

Lin-3

[Lof-4]

[Six-2]

Stb-2

HW2

Lin-2

Lof-2/3

[Six-1]

[Stb-1]

HW1

Fac-1

Opr-1

Lin-1

Lof-1

Ho

Fir

F2

grit = not a primary tephra unit; unit = unjustified attribution/correlation; [unit] = possible attribution/correlation.

* Estimated from published volume estimates of Scasso et al. (1994), Naranjo and Stern (1998), and Weller et al. (2014).

! Fontijn et al. (2014) after Naranjo and Stern (1998); ? Haberle and Lumley (1998); *Elbert et al. (2013); * Narcisi et al. (2012);

> Prieto et al. (2013); ® Carel et al. (2011); " Weller et al. (2014).

® Excluding cores and sections in southern Patagonia that only contain tephra attributed to Volcan Hudson from the H1 eruption;
these are included in Supplementary Table 4.1.
b Excluding cores that do not attribute any reported tephra layers to a specific eruption, e.g. Bertrand et al. (2012) and Blockley
(2012); these are included in Supplementary Table 4.1.
¢ Additional tephra units in these cores are likely originate from Volcan Hudson, but insufficient published data are available to verify.
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remobilisation and erosion of these deposits (Scasso et al., 1994; Wilson et al, 2011)
demonstrates that even tephra from large eruptions of Volcan Hudson is likely to be poorly
preserved beyond proximal densely vegetated areas and peat and lake sediment records. Tephra
deposits from the VEI 3 eruption in 1971 were only identified years after the event in one section
~90 km from Volcan Hudson (at Juncal Alto: Naranjo and Stern, 1998), suggesting that other

tephra units preserved in medial locations represent eruptions of at least comparable magnitude.

4.2.2.2. Prehistoric eruptions

The two largest Holocene eruptions of Volcan Hudson, H1 and H2, were identified by Stern
(1991), who described the notably thick deposits of the former in southern Patagonia (>10 cm in
Tierra del Fuego, ~900 km SSW of the volcano). These eruptions were characterised further by
Naranjo and Stern (1998) from road-cuts within ~100 km from the volcano; they also found six
additional prehistoric tephra layers in one section, described in Section 4.3.1. The age and
physical and chemical characteristics of the H1 and H2 eruptions were further constrained by
subsequent work on deposits around Volcan Hudson (Kratzmann et al., 2009, 2010), Cochrane, to
the south (Stern et al., 2013), and southernmost Patagonia (Stern, 2008; Prieto et al., 2013). The
earlier large Ho eruption was discovered in and characterised from sediment cores of several
lakes ~100 km NE of the volcano (Weller et al.,, 2014), but there are no known terrestrial
deposits. Many additional tephra layers have been recognised in these lake sediment cores
(Miranda et al., 2013; Weller et al., 2014), and others from this region (e.g., Bertrand et al., 2012;
Blockley, 2012), but published data are not yet available; many of those tephras likely originate
from Volcan Hudson (e.g., Blockley, 2012; Weller et al., 2014). This is supported by whole rock
composition analysis suggesting Volcan Hudson as the source of some of the several tephra units

younger than H2 identified in sediment cores from two lakes in the same area (Elbert et al., 2013).
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Haberle and Lumley (1998) identified five new tephra units (attributed to Volcan Hudson) in
sediment cores from eight post-glacial lakes 50-200 km NW—-SW of the volcano, which were each
correlated between multiple lakes by the composition of their matrix glass. The sediment core
from the most proximal lake contained 22 tephra layers (mostly uncharacterised), spanning the
last 5.5 ky (Haberle et al., 2000). Some of the correlated units have also been correlated with
tephras in a marine sediment core offshore of this area, in which several other tephra units dating
from 11-20 ka were recognised (Siani et al., 2010, 2013; Carel et al., 2011). Tephras in three
Antarctic ice cores have been attributed to Volcdn Hudson (Narcisi et al., 2005, 2012; Kurbatov et
al., 2006); one of these, in two of the cores, is correlated with one of the units identified by
Haberle and Lumley (1998). These tephra occurrences and correlations are further discussed and

reviewed in Section 4.4.2.
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4.3. Methods

4.3.1. Field sampling

To determine the composition of the Volcan Hudson tephra deposits previously identified in
terrestrial sections, we sampled those in two key sections described by Naranjo and Stern (1998)
(shown in Figure 4.2): 1) a ~5 m high road-cut close to Rio Ibafiez, one of the closest accessible
sections to the volcano, ~40 km to the southeast (site 94T-45 in Naranjo and Stern (1998);
46.1231°S, 72.5603°W; Figure 4.1), which contains relatively thick and well-preserved deposits of
H1, H2, and the 1991 eruption (Figure 4.2a); 2) a ~1.5 m deep trench in a peat bog at Juncal Alto,
~90 km ESE of the volcano (site 94T-49/59 in Naranjo and Stern (1998)). The latter was the most
complete terrestrial record of Volcan Hudson eruptions known, containing 10 tephra layers
younger than 9230 + 197 cal yr BP (calibration by this study), including from the H1, H2, 1971, and
1991 eruptions (Figure 4.2b ii); it is the type section of all the other tephra layers preserved. The
new section sampled for this study (at 46.2515°S, 71.9438°W; Figure 4.1) contains 12 distinct
tephra units (Figure 4.2b iii), with more tephras above H2 (i.e., after ~3.9 ka) than recognised by
Naranjo and Stern (1998). For both the sections, vegetation and weathered tephra were cleared
before each visible tephra layer was sampled from top to bottom (to ensure a representative
sample), or sub-sampled if sub-units were apparent. Samples for radiocarbon dating were not
taken from either; the Juncal Alto section was pervaded by a network of young roots, inhibiting
reliable carbon sampling, whilst the ages of the main units in the Rio Ibafiez section have been
constrained previously from numerous sites (Supplementary Table 4.1). A sample of the greenish
tephra reported across southernmost Patagonia and Tierra del Fuego and attributed to the H1
eruption (no. 90-22 collected by C. Stern) (Stern, 1991, 2008) was also obtained for glass

composition analysis, to verify its correlation with the proximal deposits.
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Figure 4.2 Stratigraphy of the two sections from which tephra was sampled for analysis in this study
(marked by pink stars on Figure 4.1), (a) a road-cut near Rio Ibafiez and (b) a partially excavated peat bog at
Juncal Alto. (i) Photographs of parts of the sections, with major tephra units indicated (A = accretionary
lapilli-rich layer; P = pumice-rich layer). (ii) Stratigraphy of sections from these locations in Naranjo and
Stern (1998) (with uncalibrated radiocarbon dates). (iii) Stratigraphy of the sections sampled for this study.
Correlations between sections are based upon the stratigraphy and whole rock and glass composition of the
tephra units, discussed in Section 4.4.1.
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4.3.2. Geochemical analysis

4.3.2.1. Matrix glass major element oxides

Tephra samples were partially crushed in an agate pestle and mortar, then wet sieved to remove
the <80 um fraction and dried at 40°C, before being mounted in epoxy resin stubs and polished to
expose sectioned tephra shards. Si, Na, K, Ca, Mg, Ti, Al, Fe, Mn, and P oxide contents of the
matrix glass of individual shards were measured using a wavelength-dispersive electron
microprobe (WDS-EMP). Some data were collected on a JEOL JXA8600 with four spectrometers
and SAMXx software, at the Research Laboratory for Archaeology and the History of Art, University
of Oxford, and other data on a JEOL JXA8800R with four spectrometers and JEOL software, at
Begbroke Science Park, University of Oxford. A defocused 10 um diameter beam with a 6 nA
current and 15 keV accelerating voltage were used for all analyses, to minimise alkali element
migration (e.g., Morgan and London, 2005; Humphreys et al.,, 2006) whilst maintaining an
acceptable level of precision. On-peak count times were 10 s for Na, 40 s for Mn, 60 s for P, and
30 s for all other elements, and Na, Al, and Si were analysed first to maximise accuracy. Both
EMPs were calibrated using a set of mineral standards, and matrix corrections were applied using

the PAP model (Pouchou and Pichoir, 1984).

Basalt (GOR132-G), dacite (StHs6/80-G), and rhyolite (ATHO-G) MPI-DING reference glasses
(Jochum et al., 2006) were analysed during all analytical runs as secondary standards to check
accuracy, consistency, and precision. These data are presented in Supplementary Table 4.3a and
Supplementary File 4.2 for the main runs; they verify that the analyses in each run on both EMPs
are similarly accurate, i.e. the mean measured values for the secondary standards are within + 20
of the preferred values, but within + 1o for most elements. However, there is some variation in

precision between runs, particularly for the minor oxides (MnO and P,0s). Less than 5% of all
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analyses had oxide totals of <95 or >102 wt %; these were rejected, along with those with
anomalously high CaO and low FeOr or vice versa, which likely reflect partial analysis of
plagioclase or Fe-oxide microlites or microphenocrysts respectively. The high microlite and/or
(micro)phenocryst content and/or vesicularity of the majority of the tephras analysed limited the
exposure of >10 um diameter areas of matrix glass for analysis. All glass composition data are
normalised to 100% (anhydrous) when presented, with their total Fe concentration reported as
FeO; all the raw data are provided in Supplementary Table 4.4. 1o relative standard deviations are
shown on plots of these data, calculated from the analyses of the secondary standard of

composition closest to those of the samples.

4.3.2.2. Whole rock major element oxides and trace elements

Selected pumice clasts from specific sub-units of the H1, H2, and 1991 eruption deposits in the
Rio Ibafiez section were cleaned in an ultrasonic bath of deionised water and dried at 40°C, before
being crushed and powdered using an agate pestle and mortar and ball mill, respectively. For
major element composition analysis, the powdered samples were dried at 110°C for 2 hours and
then ignited at 750°C for 2 hours to determine the mass loss on ignition (LOI), before an aliquot
was fused with lithium metaborate and tetraborate (ratio 5:1) flux to form glass discs using the
method of Ramsey et al. (1995). The samples prepared included duplicates and a secondary
standard, to verify precision and accuracy respectively. The discs were analysed by X-ray
fluorescence (XRF; Fitton, 1997) using a PANalytical Axios Advanced XRF spectrometer at the

Department of Geology, University of Leicester, with a variety of standards for calibration.

For minor and trace element composition analysis, known masses of ~100 mg of the powdered
samples were heated at 100°C for 24 hours in 4 ml 16M HNO;3; and 2 ml HF in a Teflon vial,

producing solutions that were evaporated and then re-dissolved in 2 ml 16M HNOs twice, before
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being dissolved in 8 ml 4M HNOs and then diluted using MilliQ water to known masses of ~15 m|
~5% HNOs. Aliquots of these solutions were then taken, to which 200 pl of a Rh and Re spike
solution was added as an internal standard (to correct for any instrumental drift), before
additional dilution in accordance with the expected concentration (minor or trace) of the
elements being analysed. Standards to correct for matrix effects were prepared by taking aliquots
of three samples spanning the expected compositional range, spiking them with all the elements
being analysed, and then diluting to a range of known concentrations. These were all analysed
using a Thermo-Finnegan Element 2 inductively coupled plasma mass spectrometer (ICP-MS) at
the Department of Earth Sciences, University of Oxford. Nine scans were measured for each
element to obtain average concentrations and check analytical precision. Washes between
samples were periodically analysed to check for memory of prior analyses. The raw data were
corrected for drift and signal suppression, and then for dilution to calculate element

concentrations.

Blank, duplicate, and U.S. Geological Survey standard andesite AGV-2 (Wilson, 1998) and basalt
BHVO-2 (Wilson, 1997) samples were also prepared and analysed using the same procedures, to
check for contamination, precision, and accuracy respectively; these data are provided in
Supplementary Table 4.3b. At least one of the secondary standard analyses are within 20 of the
preferred value for each element, except V (data rejected); the analyses outside this range are
almost all within 30. The acid digestion blanks were found to contain orders of magnitude less of
each element than the samples, except for Cu, which at <2 ppm was >20% of that in the pumice
samples, so these data were discarded. Wash analyses indicated that high Zr concentrations were

not consistently washed out prior to the next analysis, so these data were also rejected.
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4.3.3. Reanalysis of tephra unit correlations and eruption ages

To reliably correlate the tephra layers we identify with those reported in the literature, we
consider their physical characteristics and stratigraphic constraints, and compare matrix glass
composition data; the same approach is taken to revise correlations made by prior work. Age
estimates for some eruptions are obtained using Bayesian analysis to take the uncertainties (such
as those outlined in Section 4.1) into account (e.g., Blockley et al., 2008). Published radiocarbon
dates (listed in Supplementary Table 4.1) are (re)calibrated or incorporated into ‘Sequence’
models in OxCal v.4.2.4 (Bronk Ramsey, 2009a), using the SHCal13 atmospheric calibration curve
(Hogg et al., 2013). The OxCal ‘Sequence’ model uses Bayesian statistics to combine stratigraphic
(i.e. prior) information with radiocarbon dates and calibration (i.e. probabilistic data) using a
Markov chain Monte Carlo sampling method to calculate probability density functions of the ages
of the tephra units (Bronk Ramsey, 2009a; Bronk Ramsey and Lee, 2013). An outlier function was
applied to all dates in each age model to identify and disregard any that are incongruous (Bronk

Ramsey, 2009b), e.g. due to a reservoir effect.
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4.4. Results and discussion

4.4.1. Eruptions identified in terrestrial sections

In medial terrestrial sections, only deposits of the 1991, H2, and H1 eruptions have been
identified, except for at Juncal Alto and Lago Elizalde (Naranjo and Stern, 1998). Figure 4.2
presents the stratigraphies of the two sections sampled, along with the stratigraphies of the
sections from the same locations from Naranjo and Stern (1998). The major element composition
of matrix glass from at least one sub-unit of each visible tephra in both sections was analysed;
these data are summarised in Table 4.2 and Figure 4.3. All the units in these sections are calc-
alkaline, with glass compositions ranging from basaltic trachyandesite to trachydacite—rhyolite,

but only two (JA8 and JA9) are of predominantly andesitic—trachyandesitic composition.

Figures 4.3c to 4.3e show matrix glass composition data for each tephra unit in stratigraphic
order, to reveal more clearly the compositional range within each unit and the temporal variation.
Most (sub-)units are relatively homogeneous in composition, with a standard deviation of + <1 wt
% SiO; (Table 4.2), not much greater than that of the secondary standard analyses (+ 0.68—0.78 wt
% SiO,; Supplementary Table 4.3a). H1 and the basal ash of the H2 deposits (e.g. JA1 and JA4a,
respectively) have a relatively minor more mafic component, whilst JA2a and JA9 have uniformly
distributed, comparatively wide compositional ranges (1o + 1.77 and 1.93 wt % SiO, respectively;
Table 4.2 and Figure 4.3). JA8b, the middle sub-unit of three thin, closely-spaced tephras (Figure
4.2b iii) has a bimodal composition very similar to a combination of those of the tephras
immediately above and below (Figure 4.3). The mafic unit JA5 has a minor silicic component very
similar in composition to H2 (Figure 4.3); the base of this unit is only 2 cm above the H2 deposits
(Figure 4.2b iii) and bimodal magmas with a predominantly mafic component are uncommon, so

it is possible that this silicic component is reworked from the H2 deposits. The mafic component
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Table 4.2 Matrix glass compositions of Volcadn Hudson tephra samples analysed by this study.

Eruption 1991 T8? (undefined) | (undefined) (undefined) (undefined) T6? (undefined)
Tephra Rl4g JA12 JA1l JA10 JA9 JA8c JA8b pt 1 JA8b pt 2 JA8a JA7 JA6 JAS5pt1

n 24 24 24 23 24 20 12 11 20 20 24 16
Si0, | 63.01£0.49 | 63.98£0.79 | 64.25+0.39 | 52.07+0.49 | 56.71+1.93 | 60.64£0.57 | 60.32+£0.39 | 55.61+0.49 | 54.48 +0.49 | 52.39+0.53 | 5350+ 052 | 52.85+0.64
< | T, | 1274005 | 1024006 | 1.10#005 | 2324012 | 170+017 | 1514008 | 146005 | 192+0.19 | 1914017 | 2634019 | 166+009 | 1674015
g | AbO; | 165040.14 | 1657020 | 16554017 | 15694032 | 15724065 | 16.18+0.29 | 16374013 | 1465+0.83 | 14.75£ 065 | 1405+0.37 | 1535+0.37 | 1548+0.58
c | FeOr | 525+0.28 | 5004024 | 4724019 | 10484034 | 873+0.86 | 666039 | 6624031 | 10.09+0.68 | 1026+0.48 | 12124051 | 9.84+037 | 9.86+0.60
2| MnO | 018+004 | 017+005 | 0.16+0.05 | 0.20+0.05 | 0.18+0.05 | 0.16+0.05 | 0.15+0.04 | 0.19+0.05 | 0204005 | 022+004 | 0.18+0.05 | 0.18+0.08
é. MgO | 1.57+0.10 | 143+006 | 1.30+0.08 | 441+0.11 | 3.47+007 | 2.28+013 | 232+0.12 | 369024 | 423+0.37 | 393+039 | 4.92+0.18 | 4.95+0.33
S| Ca0 | 3.33+0.23 | 3.06+0.16 | 2.83+0.12 | 825%0.13 | 675+117 | 474+0.23 | 4.89+022 | 7374030 | 813+035 | 806+0.32 | 899+0.22 | 9.23+0.29
2] Na,0 | 588£0.19 | 550£091 | 6.07+0.14 | 453£0.20 | 4.35£037 | 4.98+040 | 505+0.19 | 4.09£0.18 | 3.9240.22 | 4.25:023 | 3.83£0.23 | 3.83:0.24
P | KO 258+007 | 2.69+0.08 | 269007 | 127£007 | 1.70£033 | 224+0.16 | 2.19+008 | 1.65+0.15 | 1.42£011 | 153+0.12 | 1.14£0.11 | 1.49£0.16
P,0s 0.42+£0.03 0.38 £ 0.05 0.33+0.03 0.77 £0.09 0.69 + 0.09 0.62 £ 0.06 0.63+0.04 0.75+0.11 0.71+0.10 0.82 +£0.07 0.57+0.11 0.46 £ 0.05
Eruption (undefined) H2 (T5) T4? T3?? H1 (T2) (undefined)

Tephra JAS pt 2 RI3a Jad Jda JA3 JA2b JA2a RI2e JAlptl JAL pt 2 90-22 RI1

n 5 24 23 24 25 22 22 25 18 5 28 19
SiO, 69.00+£0.33 | 69.43+0.47 | 69.11+0.22 | 68.28+ 155 | 67.88+0.34 | 65.17+£096 | 66.31+1.77 | 64.70+0.52 | 64.81+0.82 | 57.64+2.10 | 64.04+0.94 | 65.57+0.37
9 TiO, 0.71+0.04 0.68 £ 0.07 0.69 £ 0.04 0.77£0.15 0.88 £ 0.06 1.16 £ 0.09 1.02+0.18 1.20+£0.05 1.20+0.06 1.67 £0.05 1.20+£0.08 1.00 £ 0.06
g Al,O3 1542 £0.07 | 15.55+£0.22 | 1557+0.13 | 15.62+0.22 | 15.69+0.16 | 16.11+0.32 | 15.77+0.40 | 16.06 £0.22 | 1595+£0.19 | 1558 +0.17 | 15.79+£0.17 | 16.65+£0.14
S FeO; 3.08+0.11 2.86+0.21 3.00+0.15 3.38+£0.69 3.49+0.11 4.61+£0.50 419+0.73 4,77 £0.22 4.84+£0.31 8.02+0.73 499 +0.44 3.81+0.20
:‘; MnO 0.09 £0.07 0.10£0.05 0.11 +0.06 0.14£0.04 0.12+£0.05 0.13+0.05 0.15+0.06 0.16 £ 0.05 0.15+0.07 0.21+0.05 0.16 £0.04 0.18 £ 0.05
é- MgO 0.60 £0.03 0.59+£0.07 0.61+0.02 0.76 £0.25 0.83+£0.05 1.30+0.26 1.06+£0.30 1.39+£0.07 1.36+0.12 3.48 £0.70 1.45+0.22 1.09 £ 0.09
S Cao 1.60+0.07 1.51+0.13 1.58 +0.05 1.93+0.59 1.98+0.11 2.70+£0.47 2.31+£0.59 2.93+0.16 2.90+0.22 6.54+1.17 2.98 £0.51 2.18+0.14
g Na,O0 5.67+0.23 5.55+0.37 5.62+0.18 5.50+0.18 552+0.34 552+0.38 5.77+£0.21 5.65+0.25 5.58£0.35 4.49+0.34 6.13+£0.30 6.37+0.15
© K,0 3.71+£0.05 3.61+0.10 3.59+0.07 3.46+0.22 3.41+£0.11 2.95+0.17 3.14+0.37 2.80+£0.08 2.86+0.12 1.79+0.33 290+0.16 2.90+0.09
P,05 0.12+0.01 0.12+£0.03 0.12£0.02 0.16 £ 0.07 0.19+0.03 0.34£0.06 0.27 £0.10 0.35+0.03 0.36£0.05 0.57+0.03 0.37 £0.05 0.25+0.03

Composition data are normalised mean and standard deviation (10) values. Full unnormalised dataset in Supplementary Table 4.4.




Table 4.3 Whole rock compositions of Volcdn Hudson tephra samples analysed by this study.

Eruption 1991 H2 (T5) | H1(T2)
Tephra code Rldg RI3a RI2e
Sio, 61.18 63.37 59.65
§ TiO, 1.325 0.916 1.384
z | AL, 16.62 16.27 17.26
3 | Fe0s1 6.17 430 6.65
2 | mno 0.185 0.137 0.175
5 | Mgo 1.75 0.94 1.80
Z Ca0 3.83 2.13 3.71
£ | Nao 6.10 5.42 5.42
E K,0 2.395 3.052 2.246
S P,0s 0.462 0.221 0.507
2 SO, 0.049 0.021 0.049
s | Lo -0.03* 2.92 1.02
Total 100.03 99.69 99.86
Sc 17.61 15.21 19.27
Cr <LDL <LDL <LDL
Co 4.83 3.90 8.13
Ni <LDL <LDL <LDL
Zn 108.86 88.00 104.85
Ga 23.68 22.73 23.80
Rb 63.72 85.34 56.64
Sr 42818 | 23736 | 380.11
Y 47.51 51.98 53.40
s Nb 18.17 23.48 2236
S Mo 1.95 2.40 1.91
5 Cs 1.28 1.80 1.23
% Ba 750.55 >UDL 751.00
% La 33.21 44.42 41.75
2 Ce 95.72 122.33 | 113.07
s Pr 9.27 11.56 11.25
g Nd 36.50 45.80 43.74
= Sm 7.75 8.96 8.83
2 Eu 2.22 2.00 2.34
] Gd 7.00 7.89 7.90
_‘::, Tb 1.08 1.19 1.22
g Dy 6.53 7.53 7.18
s Ho 1.26 1.52 1.45
Er 3.75 4.47 4.30
Tm 0.53 0.66 0.62
Yb 3.66 458 4.15
Lu 0.56 0.70 0.63
Hf 6.98 11.13 9.15
Ta 0.96 1.25 1.15
Pb 12.53 20.17 15.97
Th 6.87 11.37 8.40
u 1.70 2.67 1.98

LDL = lower detection limit
UDL = upper detection limit

* Excluded from calculation of total
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Figure 4.3 Matrix glass compositions of the tephras analysed for this study. Each colour is assigned to a distinct

tephra unit or set of units thought to represent separate eruptions; the symbols indicate the different

stratigraphic sections (Rio lbafiez (RI), Juncal Alto (JA), and a sample from Tierra del Fuego (90-22; Stern,

2008)). The error bar(s) on each plot indicates the mean value and 10 r.s.d. of analyses of the secondary

standard closest in composition to the tephras (Section 4.3.1; Supplementary File 4.2). (a) Total alkali-silica and

(b) FeOr vs CaO plots, showing the wide compositional range predominantly on a single calc-alkaline trend

except for some of the most mafic tephras. (c) SiO,, (d) K,O, and (e) TiO, vs stratigraphic position (NB: units

with the same colour but different symbol, i.e. tephras attributed to the same eruption sampled from different

sections, are not necessarily in stratigraphic order w.r.t. one another). These plots show the similarity in

composition between many neighbouring tephras, and the shifts in composition through the stratigraphy,

demarcated by the dashed lines. The complete dataset is provided in Supplementary Table 4.4.
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of the 1991 eruption is not found in the deposits analysed because it was erupted during the first
phase, which was dispersed to the north (Kratzmann et al.,, 2009), away from the sections
sampled. The fact that few units are bimodal or unimodal with a wide compositional range is in
contrast to some glass compositions previously reported for ‘Volcan Hudson’ tephras (particularly

Haberle and Lumley, 1998 and Carel et al., 2011; Section 4.4.2).

The wide range in the composition of Volcan Hudson tephras and the narrow compositional range
of most of the individual eruption units facilitates robust correlation of the deposits using their
matrix glass major element compositions. However, this is hampered by the observation that
tephra units with similar glass composition are clustered in stratigraphic order within the Juncal
Alto section. The compositions of the tephras shift from silicic (~63-70 wt % SiO,) to mafic (~51—
62 wt % Si0O,) after the H2 eruption, and then to intermediate compositions (~62—66 wt % SiO,)
for the most recent eruptions (Figures 4.3c to 4.3e). We number these phases 1 (silicic tephra
compositions), 2 (mafic), and 3 (intermediate) respectively. Figure 4.4 shows the matrix glass and
whole rock major element composition data for all tephras analysed from terrestrial sections
(both for this and previous studies, provided in Tables 4.2 and 4.3 and Supplementary Table 4.2
respectively). The data are separated by the defined eruptive phases to facilitate comparison. The
tephras attributed to the H2 eruption and earlier events have distinct matrix glass compositions;
the distinction is generally clearest in K,0-SiO, (Figure 4.4a), but RI1 is more distinguished from
H1 in FeO7-CaO (Figure 4.4b). The compositional range of JA2 overlaps with those of the other
tephras, but the wide range of the basal JA2a sub-unit is diagnostic. The analysed sample of the
tephra unit in southern Patagonia attributed to the H1 eruption, 90-22 (Stern 1991, 2008), has
the same composition (within error) as the H1 tephra samples from the relatively proximal
sections examined. The mafic tephras above H2 also all have distinct matrix glass compositions

(Figures 4.4c and 4.4d). Although JA9 has a wide and (in some major element oxides) variable
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Figure 4.4 Whole rock and normalised matrix glass composition data for Volcan Hudson tephra samples from
terrestrial sections. The error bars on each plot are for the new matrix glass analyses; they indicate the mean
value and 10 r.s.d. of analyses of the secondary standard closest in composition to the tephras (Section 4.3.1).
In the legends, ‘Prior’ indicates data from previous studies, which are provided in Supplementary Table 4.2.
Note that the colour assigned to each tephra does not always correspond to those in Figure 4.3. (a) K0 vs SiO,
and (b) FeO; vs CaO plots of data for the early—mid-Holocene trachydacite—rhyolite glass composition eruptive
phase. (c) K,O vs SiO, and (d) Ti vs MgO/FeO; plots of data for the late Holocene basalt—trachyandesite glass
composition eruptive phase (excluding the assumed reworked silicic component of JA5S). (e) K,0 vs SiO, and (f)
FeOr vs CaO plots of data for the late Holocene—historical trachydacite composition eruptive phase. The new
whole rock and (complete, unnormalised) glass composition data are provided in Table 4.3 and Supplementary
Table 4.4 respectively.
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composition, the relative thickness of this tephra in the Juncal Alto section (Figure 4.2b iii)
suggests that it is a primary fall deposit, rather than reworked. The youngest tephras, JA11 and
1991, are difficult to distinguish from each other by their matrix glass compositions (Figures 4.4e

and 4.4f), and also from H1 (Figure 4.4a), in the absence of stratigraphic or age constraints.

Robust tephra correlation between the Juncal Alto sections of this study and Naranjo and Stern
(1998) is difficult, because only limited whole rock composition data are available for most
tephras in the latter (Figure 4.4; Supplementary Table 4.2). Our inferred correlations are shown in
Figure 4.2, classified by the quality of the supporting evidence. Units JA1, JA4, and JA12 are
attributed to the H1, H2, and 1991 eruptions (T2, T5, and 1991 tephras in the original section)
respectively with a high degree of confidence, as their matrix glass compositions match those of
these eruptions in the Rio Ibafiez section (as do the whole rock composition data from the original
section) (e.g., Figures 4.4a and 4.4e). T4 has a whole rock composition between that of H1 and H2
(e.g., Figure 4.4a), which is also the case for the glass composition of JA3; considering also that
both these units are at similar depths below H2, it is possible that these are the same tephra. The
composition of T3 was not analysed by Naranjo and Stern (1998); on the basis of its stratigraphic
position (if JA3 = T4), we assume that it corresponds to JA2. T1 and RI1 (the additional tephra we
identify in the Rio Ibafiez section) are both stratigraphically below H1; the whole rock composition
of T1 is less evolved than that of H1 (Figures 4.4a and 4.4b), so is unlikely to be the same deposit
as RI1, which has a slightly more evolved glass composition than H1 (Figures 4.4a and 4.4b).
Above H2, T6 is unlikely to correlate with JA5—=7, as they have glass compositions lower in SiO,
than the whole rock composition of T6 (Figure 4.4a). Considering also that T6 is the only one of
the minor tephras in the section to be identified in other locations by Naranjo and Stern (1998),
and is relatively thick, we correlate it with JA9. This is consistent with the fact that all the tephras

in the original section above T6 have whole rock compositions >60 wt % SiO, (except the mafic
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component of the 1991 eruption; Figure 4.4e), so are unlikely to correlate with tephras JA5-10,
which have more mafic matrix glass compositions (Figure 4.4c). The implication of a considerable
hiatus in deposition in the Juncal Alto section of Naranjo and Stern (1998) between T5 and T6 is
supported by the ~2 kyr difference between the modelled ages of these eruptions (Figure 4.8). T7
has a more silicic whole rock composition than the glass composition of any of the units in the
upper part of our section (Figure 4.4e), so appears to be absent from the latter. T8 has a whole
rock composition similar to that of the silicic component of the 1991 eruption (Figure 4.4e); the
glass composition of JA11 compares to that of 1991 in the same way (Figure 4.4e), and they are in
a similar stratigraphic position (Figure 4.2b), so may be the same tephra. Correlation between
JA11 and T9 (the 1971 eruption) is ruled out as this would require an unrealistic peat
accumulation rate (Figure 4.2b); hence deposits from the 1971 eruption are inferred to be absent

from the section studied.

Whole rock composition data are available for H1, H2, and 1991 eruption deposits from multiple
locations, but the data for the prehistoric eruptions are scattered (e.g. H1 on Figures 4.4a and
4.4b). The major element compositions of the bulk pumice from all three eruptions analysed here
(Table 4.3) closely match those of Kratzmann et al. (2009, 2010), and the trace element
compositions (Table 4.3) are mostly close to the mean and almost all within the range of the

previous analyses of tephra from terrestrial sections (Supplementary Table 4.2).

The tephra units characterised here all have matrix glass compositions close to or on the trends
defined by those of the major eruptions of Volcan Hudson (as well as their whole rock
composition data) (Figures 4.3 and 4.4), so are likely to originate from this volcano. There is a
paucity of reference composition data from other potential source volcanoes in the region (e.g.

Mentolat, Maca, and Melimoyu volcanoes, and the northern AVZ; Figure 4.1): published
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composition ranges are typically based upon analysis of a small number of samples, in some
instances with little or no age constraints or stratigraphic context, and little robust glass
composition data are available. It is possible that the major element composition range of some
of these volcanoes partially overlaps with that of Volcan Hudson, e.g. Volcan Melimoyu (Stern et
al., 2015); hence it is difficult to rule out the possibility of an alternate source for any of the minor
tephras. The mafic tephras found to have an anomalously high glass K,0/SiO, ratio and TiO,
concentration (JA7 and JA10; Figures 4.4c and 4.4d) may originate from the cones surrounding
Volcan Hudson (Gutiérrez et al., 2005) rather than the main edifice. Alternatively, such magma
compositions could result from melting of a mantle source separate from other magmas, or a
different degree of partial melting, but still erupted from main edifice (Kratzmann et al., 2010).
Gutiérrez et al. (2005) identify a gap in the whole rock composition of Hudson eruption products,
between 54-59 wt % SiO,; we also find no whole rock compositions within this range. However,
eruptions with (trachy)andesitic matrix glass compositions are identified (Figure 4.3a), suggesting
that the absence of intermediate whole rock compositions may be because they have not yet

been sampled/analysed, rather than entirely absent.

4.4.2. Correlation with palaeoenvironmental records

Figure 4.1 shows the locations where tephra layers have been reported in palaeoenvironmental
records and attributed to eruptions of Volcan Hudson. The occurrences >~200 km from Volcan
Hudson (except in Antarctica) are almost exclusively attributed to the H1 eruption, mostly on the
basis of the distinctive greenish colour of the tephra or approximate age constraints rather than
chemical composition, so may be uncertain. Deposits of other Volcan Hudson eruptions are likely
to be preserved as cryptotephra layers, but these have only rarely been searched for in this region
(Fontijn et al., 2014). The relatively proximal palaeoenvironmental records bearing visible tephra

layers in addition to H1 are predominantly lake sediment cores; some preserve tephras at a high
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frequency (>1 per ky) (Supplementary Table 4.1). Correlation or eruption attribution by
approximate age correspondence is therefore particularly unreliable (for the reasons outlined in
Section 4.1), so we only attempt to correlate the minority of these tephras for which

compositional data have been published.

Elbert et al. (2013) examined cores from two lakes, Castor (CAS) and Escondida (ESC) (reference
number 9 on Figure 4.1; both ~100 km NE of Volcan Hudson), which have basal ages of ~4.0 and
~2.9 ky cal BP and contain 8 and 6 tephra layers respectively. Tephras ESC-T2—-6 were correlated
with CAS-T2—6 (T1 being the uppermost tephra in both instances) in stratigraphic order, due to
the correspondence of their model ages from *C dating. The whole rock major element
compositions presented by Elbert et al. (2013) for some of these tephras are plotted in Figures
4.5a and 4.5b. Published whole rock composition data for H2 deposits (compiled in
Supplementary Table 4.2) and the late Holocene tephras in the Juncal Alto section of Naranjo and
Stern (1998) are also plotted for comparison. The Elbert et al. (2013) data lie in or on the trend of
the Volcan Hudson glass composition field in K;0-SiO, (Figure 4.5a; cf. Figure 4.5f), confirming
that all these tephras are likely to be from Volcan Hudson. The tephras analysed from both lakes
are all mafic except for CAS-T8, which is attributed to the H2 eruption; its whole rock K,0 and SiO,
concentrations are consistent with this interpretation (Figure 4.5a), in addition to its age and
physical characteristics. However, the whole rock TiO,, MgO, and FeOr concentrations (amongst
other oxides) of CAS-T8 do not match those of the H2 reference data (Figure 4.5b). Similarly, CAS-
T4 and ESC-T4 have near-identical concentrations of some major element oxides, but not others,
particularly SiO, and AlL,Os. These discrepancies suggest analytical error, considering the variable
elements affected. CAS-T6 and ESC-T6 are near-identical in whole rock composition, but are
distinct from the T6 tephra of Naranjo and Stern (1998) with which they were correlated (e.g.,

Figure 4.5a). CAS-T3 and ESC-T3 have whole rock compositions that are distinct in all major
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Figure 4.5 (previous page) Composition data for Volcan Hudson tephra samples from palaeoenvironmental
records. Note that the colour assigned to each tephra in a specific plot does not always correspond to those
in the others, or in previous figures. (a) K,O vs SiO, and (b) Ti vs MgO/FeO+ plots of the whole rock
composition of tephras from the Lago Castor (CAS) and Laguna Escondida (ESC) sediment cores analysed by
Elbert et al. (2013), with the same data for the late Holocene tephras in the Juncal Alto (JA) peat section of
Naranjo and Stern (1998) and all whole rock compositions of H2 deposits (Supplementary Table 4.2) for
comparison. Note that none of the different tephras have near-identical composition on both plots (and so
may be correlated), except for CAS-T6 and ESC-T6. (c) K,O vs SiO, plot of the matrix glass composition of
tephras from lake sediment cores analysed and attributed to a specific eruption of Volcan Hudson (HW1) by
Haberle and Lumley (1998). Note the distinct composition of the majority of the data for each tephra, and
limited number of analyses of some of the tephras; hence correlation of any of these tephras with one
another is not justified. (d) Na,O vs SiO, plot of the matrix glass composition of tephras from lake sediment
cores analysed and attributed to H1 and H2 by Haberle and Lumley (1998), with the matrix glass analyses of
H1 and H2 deposits by this study for comparison. This shows that the attributions by Haberle and Lumley
(1998) are incorrect and/or their data are unreliable. (e) K;O vs SiO, plot of the matrix glass composition of
the four tephras in a marine sediment core analysed by Carel et al. (2011), which they correlate with
eruptions identified in lake sediment cores by Haberle and Lumley (1998) (named in brackets). Note that
the four tephras are indistinguishable in their composition, which in each case has an extremely wide range
in comparison to most of the units analysed by this study (cf. Figure 4.3a). (f) K,O vs SiO, plot of the matrix
glass composition of the cryptotephras in Antarctic ice cores that have been analysed and suggested to
originate from Volcan Hudson, with matrix glass composition data from this study and whole rock (W.R.)
composition data from Naranjo and Stern (1998; (1)) for comparison. (2) = Narcisi et al. (2012), (3) = Narcisi
et al. (2005), (4) = Kurbatov et al. (2006). The error bars show the mean and standard deviation of the
tephra analyses for which only these data are reported.

element oxides. The observation in these cores of a sequence of mafic tephras above H2 is
consistent with the Juncal Alto section analysed in this study, but correlation of the Elbert et al.
(2013) tephras with this section (or other palaeoenvironmental records) is not possible due to the

inconsistencies in the these compositional data.

The tephrostratigraphy of sediment cores from eight other lakes NW-SW of Volcan Hudson
(reference number 1 on Figure 4.1) was studied by Haberle and Lumley (1998). They identified
five tephra units (attributed to eruptions of Volcdn Hudson, named HW1-3 and HW6-7) that are
currently not recognised in terrestrial sections but were correlated between at least half of these
lakes; in addition, tephras Opr-5 and Mir-1 are attributed to the H1 and H2 eruptions (and named

HW4 and HWS5) respectively (Table 4.1). These correlations were based upon ¢ date constraints
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and statistical analysis of matrix glass compositions; however, in most cases the correlated
tephras have compositions that are distinct, so are likely to in fact be associated with different
eruptions, or the composition data are too scattered to be correlated robustly. The former is
exemplified by the HW1 tephra, said to be preserved in four of the lakes, which has been
correlated with a tephra in a marine sediment record (Siani et al.,, 2010; Carel et al., 2011) to
show that the surface radiocarbon reservoir age was greater during deglaciation than the
Holocene (Siani et al., 2013). Figure 4.5c presents glass composition data for the tephra layers
(named as in Haberle and Lumley, 1998) attributed to this single eruption; each tephra has a
distinct composition except for single outliers, so there is insufficient evidence to correlate any of
these tephras to the same (HW1) unit. Only two of the tephras attributed to each of HW2, HW3,
and HW7 can be confidently correlated. The other tephras either have distinct compositions (in
the case of HW2, as with HW1; Figure 4.6a) or wide compositional ranges (HW3; Figure 4.6b), or
both (HW?7; Figure 4.6d). Most of attributions of tephras to HW6 are justifiable, but uncertain due
to the scattered data for most of the units (Figure 4.6c). Figure 4.5d compares the Opr-4 (HW4)
and Mir-1 (HW5) tephra matrix glass composition data to those of H1 and H2 tephras by this
study, demonstrating that these tephras have been unjustifiably attributed to these eruptions.
Mir-1 has an age and physical characteristics that suggest this is a H2 deposit, and its glass
composition is similar to H2 for some elements, but its Na,O concentration is too low and SiO,
slightly too high (Figure 4.5d), which is indicative of alkali element migration due to inappropriate
EPMA conditions. As all the tephras characterised by Haberle and Lumley (1998) were analysed
using the same conditions, robust correlation of these tephras with terrestrial deposits or those in

other palaeoenvironmental records is not possible.

Alkali element migration is apparent in glass composition data for tephras in other

palaeoenvironmental records. The mean Na,O concentrations in the tephras attributed to H1 in
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Figure 4.6 Bivariate plots of the matrix glass composition of tephras from lake sediment cores analysed and
attributed to specific eruptions of Volcdn Hudson by Haberle and Lumley (1998). (a) K,O vs SiO, plot of the
compositions of the tephras attributed to a single eruption, HW2. Note the distinct compositions of each tephra,
except Stb-1 and Six-1. (b) K,0 vs SiO, plot of the compositions of the tephras attributed to a single eruption, HW3.
The scattered data for most units, and few analyses in the case of Stb-2, mean robust correlation is not possible. Six-

2 and Lof-4 have relatively clustered, overlapping composition data; thus we suggest that these tephras are most

likely to correlate. (c) Ti vs MgO/(total Fe as FeQ) plot of the compositions of the tephras attributed to a single

eruption, HW6. With the exception of Mir-2, these tephras have similar compositions and are less scattered than

(e.g.) those attributed to HW3, so correlation is more justifiable. (d) K,O vs SiO, plot of the compositions of the

tephras attributed to a single eruption, HW7. We consider the mafic composition data to be too scattered to

correlate; Stb-4 and Mar-2 are the most likely to be from the same eruption.
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Potrok-Aike lake sediment cores (reference number 28 on Figure 4.1; Haberzettl et al., 2007,
2009) and the Las Cotorras mire (reference number 22; Borromei et al., 2010) are >1 wt % (>30)
below the mean of the analyses by this study (Figure 4.7a). Attribution to the H1 eruption is still
justified in these instances due to their location in southern Patagonia, where preservation of
visible tephra layers from smaller eruptions of Volcdn Hudson is improbable and the composition
of tephras from the other potential source volcanoes in the AVZ are very distinct (Stern, 2008).
Tephras in other palaeoenvironmental records are attributed to H1 on the basis of their whole
rock trace element composition (Markgraf et al., 2003; Waldmann et al., 2010; Stern et al., 2013;
Vanneste et al., 2015); these data (Supplementary Table 4.2) are consistent with analyses of

proximal H1 deposits, including those in Table 4.3.

Carel et al. (2011) characterised the tephrostratigraphy of a ~20 ky marine sediment record from
the continental shelf ~200 km west of Volcan Hudson (reference numbers 3-5 on Figure 4.1;
Siani et al., 2010, 2013). Four of the 12 tephras are correlated with eruptions identified by
Haberle and Lumley (1998), but these units have indistinguishable matrix glass compositions with
a wide range (~54-69 wt % SiO,; Figure 4.4e). With the exception of TL10 and TL11, the other
tephras also have this compositional range, which coincides with that of the tephras analysed
from terrestrial sections (cf. Figure 4.5f), confirming Volcan Hudson as their source. The relative
proportion of mafic, intermediate, and silicic analyses (and the tephra shard types described by
Carel et al., 2011) does vary between units, but there are insufficient data to determine whether
this reflects sampling bias or real differences in composition. The wide compositional ranges that
Carel et al. (2011) report are in contrast to those of almost all tephras characterised in this study;
hence we suggest that the tephras in this sediment core are reworked deposits from multiple
Volcan Hudson eruptions. Correlation of these tephras with the terrestrial or other

palaeoenvironmental records is therefore not justified. The core was taken ~200 km upwind from
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Figure 4.7 Bivariate plots of the matrix glass composition of tephras from various palaeoenvironmental records that
have been attributed to specific eruptions of Volcan Hudson. (a) Na,O vs SiO, plot of the matrix glass compositions
of the tephras from Laguna Potrok-Aike and Las Cotorras that are attributed to H1 by Haberzettl et al. (2007, 2009)
and Borromei et al. (2010) respectively, with H1 glass analyses by this study for comparison. The error bars show the
mean and standard deviation of the tephra analyses for which only these data are reported. (b) K,0 vs SiO, and (c) Ti
vs MgO/(total Fe as FeQ) plots of the matrix glass composition of the cryptotephra at 279 cm in the marine sediment
core studied by Carel et al. (2011), which Siani et al. (2013) analyse and attribute to the H2 eruption, plotted with H2
and T6 glass analyses by this study for comparison.
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Volcan Hudson, but only ~30 km from the closest outlet from the fjords into which its western
drainage channels flow, so water (by the mechanisms identified by Bertrand et al., 2014) is more
likely than aeolian transport. All but one of the tephra units were deposited prior to ~11 ka,
during the late glacial or glacial-interglacial transition periods, consistent with ice rafting being
the transport mechanism (the likelihood of which would have considerably decreased with
deglaciation), or suggestive of a change in coastal or ocean currents at the start of the Holocene.
If ice rafting is the predominant transport mechanism, the fact that tephra was deposited in
discrete layers may reflect intermittent glacier calving events; alternatively, intermittent lahars
could have increased the flux of tephra that could be transported by ocean currents. A
cryptotephra identified by Siani et al. (2013) in the same core has a relatively narrow
compositional range (most analyses ~54-62 wt % SiO,), so could be a primary deposit. This is
attributed to H2 by Siani et al. (2013), but is too mafic (Figure 4.7b). Most of the cryptotephra
composition data that lie on the Volcan Hudson matrix glass composition trend are within the
compositional range of JA9 (the T6 eruption of Naranjo and Stern, 1998; Figures 4.7b and 4.7c),
but this correlation would imply an exceptionally high radiocarbon reservoir age of >2 ky

(attributing the cryptotephra to H2 gives a reservoir age of ~0.8 ky (Siani et al., 2013)).

Even if multiple robust tephra correlations were possible between the marine and lake sediment
records of Carel et al. (2011) and Haberle and Lumley (1998), the marine surface reservoir age
cannot be determined (as done by Siani et al., 2013) without correlating the lake sediments to
terrestrial records, as there could be a reservoir effect or incorporation of older organic matter in
the lake sediments (the latter has been found in comparable lakes in this region: Bertrand et al.,
2012). Both the marine surface reservoir age and any radiocarbon offset in the lake sediments

cannot be accurately constrained using the current tephrostratigraphy.
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The Antarctic ice core tephras attributed to Volcan Hudson also cannot be confidently correlated
with the units characterised, as shown in Figure 4.5f. The TD193 tephra in the TALDICE core (Talos
Dome; Narcisi et al., 2012) has a trachybasaltic matrix glass composition, which is more mafic
than the whole rock composition of the T6 tephra with which it is correlated (and more mafic
than the matrix glass composition of JA9, which we correlate with T6), so this correlation cannot
be correct. Its glass compositional range is mostly outside the range of glass compositions
analysed in this study, so it is not clear which eruption (or volcano) the TD193 tephra is associated
with. The older unit TD216 was suggested to be a deposit of a previously unknown silicic eruption
of Volcan Hudson at 2.35 ka (Narcisi et al., 2012); its matrix glass composition is comparable to
that of H2 (the most silicic eruption analysed), but the standard deviation of these data is large, so
alternative sources cannot be ruled out. We find no silicic tephras in the terrestrial sections
studied that are of a similar age to TD216; the MEL1 tephra from Volcdn Melimoyu at ~1.6-2.8 ka
cal BP (Naranjo and Stern, 2004; calibration by this study) is a possible alternative, considering
that tephras from Volcan Melimoyu have previously been misattributed to Volcan Hudson (Stern
et al., 2015), but there are insufficient compositional data for the MEL1 tephra to verify this.
Volcdn Hudson is also suggested to be the source of the correlated tephras EPICA Dome C 339.5
m (Narcisi et al., 2005) and Siple Dome SDMA-9008 (suggested to correlate with HW3; Kurbatov
et al., 2006; Dunbar and Kurbatov, 2011) (Narcisi et al., 2012), but these units have glass K,O
concentrations below the minimum of any Hudson tephra analysed in this study, so are likely to

originate from another volcano.

The difficulty of correlating the tephras characterised from terrestrial sections with those in these
palaeoenvironmental records highlights the importance of robust chemical characterisation in
order to determine a reliable tephrostratigraphic framework (e.g., Smith et al., 2011a; Matthews

et al., 2012; Fontijn et al., 2014). Matrix glass major element composition data are sufficient to
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discriminate almost all the tephras characterised by this study (Section 4.4.1). However, analytical
accuracy and precision (by analysis of secondary standards and a large population of shards) is
necessary for this, as demonstrated by the glass analyses by the previous studies described.
Mineral (particularly Fe-Ti oxide) composition data may complement glass composition as a
correlation tool, at least for proximal deposits (e.g., Fierstein, 2007; Smith et al., 2011b; Rawson
et al.,, 2015), but only limited mineral composition data are published for Hudson tephras, and
only from the largest eruptions (Kratzmann et al., 2009, 2010; Weller et al., 2014). Whole rock
trace element composition may also be informative for correlating proximal deposits (Weller et

al., 2014; Stern et al., 2015).

4.4.3. Tephrochronology and temporal variation in activity

We use the integrated tephrostratigraphy of the Juncal Alto and Rio Ibafiez sections of Naranjo
and Stern (1998) and this study as the basis of a revised tephrochronology for Volcan Hudson.
Correlation of this stratigraphy with those in palaeoenvironmental records to develop a wider
tephrostratigraphic framework is not possible as the composition data available for tephras in
these latter records are not reliable (Section 4.4.2). We include those eruptions identified by
Haberle and Lumley (1998) where at least two of the tephras attributed to them are likely to
correlate with each other (specified in Section 4.4.2 and Figure 4.6), using the age constraints only
on those tephras; however, we do not correlate these with the Juncal Alto tephras due to the
uncertainty in their composition. The eruptions, with their magnitude and refined age estimates,
are listed in Table 4.1 and summarised in Figure 4.8. The magnitudes of the large eruptions (M >5)
were estimated from published volume estimates (Scasso et al., 1994; Naranjo and Stern 1998;
Weller et al., 2014) using the method of Pyle (2015), assuming a deposit density of 800 kg/m”>. The
thin tephras that are only recognised in one or two locations are assumed to be from magnitude 3

eruptions, as tephra from the VEI 3 1971 eruption is only preserved as such a deposit in the Juncal
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Alto section of Naranjo and Stern (1998), at the same location or a similar distance from Volcan
Hudson as most of the other thin tephras included. T6 is estimated to be larger due to its relative
thickness at Juncal Alto and identification in another terrestrial section (Naranjo and Stern, 1998).
The age estimates are calculated from four OxCal ‘sequence’ models (Section 4.3.3): the
integrated Juncal Alto tephrostratigraphy with Ho, the revised Haberle and Lumley (1998)
tephrostratigraphy, and compilations of all published radiocarbon dates of the H1 (Prieto et al.,
2013) and H2 (Supplementary Table 4.1) eruptions. These models are provided in Supplementary
File 4.3. We use the ages for H1 and H2 from sequence models of compilations of all dates rather
than from the integrated stratigraphy, as the former are better constrained. In using Bayesian
analysis to incorporate the stratigraphic information, the ages of many of the eruptions have
more realistic associated uncertainties, and are more accurate than pooling or taking an average

of the radiocarbon dates, and/or discounting those that are arbitrarily considered to be outliers.

It has been suggested that there is temporal variation in the frequency, magnitude, and/or
composition of post-glacial explosive eruptions of volcanoes in the SVZ, which has been attributed
to a magmatic response to deglaciation (Watt et al., 2013a; Rawson et al., 2016). Variation in the
frequency of eruptions of Volcan Hudson is particularly apparent in the marine sediment record
of Carel et al. (2011), in which tephras are clustered prior to the Holocene, but here we recognise
that these are likely to be reworked (Section 4.4.2) and therefore not indicative of eruption
frequency. The ~17.4 cal ka Ho eruption identified by Weller et al. (2014) is inconsistent with the
trend of decreasing age of onset of substantial post-glacial explosive activity with increasing
latitude suggested by Watt et al. (2013a). Nevertheless, the preservation of this tephra in lakes
within the Andes suggests there was little latitudinal variation in the timing of glacial retreat
(Miranda et al., 2013), so a later response to deglaciation in the southern SVZ than further north

may not be expected. Ho is similar in age to the ignimbrite-forming eruptions of Llaima
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(Naranjo and Moreno, 1991) and Villarrica (Lohmar et al., 2007) volcanoes, which may also be of
comparable magnitude. However, we note that the age and magnitude of Ho are currently poorly
constrained, as they are derived from radiocarbon dates and tephra thicknesses from a small
number of lakes that may have incorporated old terrestrial carbon into their sediments and are

within a small geographic area.

The tephrochronology presented here indicates temporal shifts in erupted magma composition
during the Holocene, from silicic to mafic after the H2 eruption (~3.9 cal ka BP), and then to
intermediate for the last ~1 ky (Figure 4.8). The record prior to ~9 ka is too incomplete and
unreliable to assess the composition variability in that period. The presence of a mafic phase of
activity after the H2 eruption is supported by the lake sediment tephra records of Elbert et al.
(2013). There are insufficient major element composition data for Holocene tephras in the other
palaeoenvironmental archives to compare any trends in those records to the one described here.
A silicic-mafic—intermediate variation in the composition of post-glacial explosive eruptions has
also been identified in the tephrostratigraphy of Volcan Mocho-Choshuenco in the central SVZ,
but with earlier shifts and a ~2 ky longer mafic phase (Rawson et al., 2015, 2016). The trend in
eruptive flux at Volcan Mocho-Choshuenco, being relatively high and low during the silicic and
mafic phases respectively, is also apparent in the eruption records for some other SVZ volcanoes,
with different timings to the phase transitions (Rawson et al., 2016). These data are shown in
Figure 4.9, together with a Holocene eruptive flux estimate for Volcan Hudson. The latter uses
published tephra volume estimates for the largest eruptions (Weller et al., 2014), but assumes
volumes of 0.05 and 0.5 km® for the eruptions that we estimate to have magnitudes of 3 and 4,
respectively. Hence it should be noted that the eruption volume estimates for Volcan Hudson are
relatively inaccurate (w.r.t. the others shown), and that its eruption history is also rather

incomplete in comparison to that of Volcdn Mocho-Choshuenco (Rawson et al., 2015)
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Figure 4.9 Cumulative (bulk) tephra volume estimates vs time for Volcan Hudson and other
volcanoes in the Andean Southern Volcanic Zone, modified from Rawson et al. (2016). Note
that for Volcan Hudson, only the Holocene record of this study is included, as volume
estimates for earlier eruptions are relatively poorly constrained. The other volcanoes
featured have relatively well-constrained volume estimates for their post-glacial tephra
deposits, but with the exception of Volcan Mocho-Choshuenco (Rawson et al., 2015), their
glass composition has not been characterised in detail. The age uncertainties are calculated
by Bayesian radiocarbon age modelling (Fontijn et al.,, 2014; Rawson et al., 2016;
Supplementary File 4.3). The records of each volcano appear to show the same three
phases (labelled for Volcan Hudson and Volcan Mocho-Choshuenco with glass SiO,
composition ranges), an early period of early eruptive flux, followed by a phase of small
eruptions, and then a return to larger volume eruptions. At Volcan Hudson and Volcan
Mocho-Choshuenco, these phases have similar, distinct melt compositions (silicic, mafic,
and intermediate, respectively). Note that the timing and duration of the three phases
varies between each volcano.
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Nevertheless, the eruptive flux pattern for Volcdn Hudson is consistent with the others, albeit
with delayed shifts and with a considerably larger volume erupted in the first phase. Watt et al.

(2013a) noted the same pattern in volume flux for the SVZ as a whole, and in Kamchatka.

Rawson et al. (2016) propose that the observed temporal variation in eruptive flux and magma
composition reflects the crustal and magmatic response to glacial unloading, by the mechanism
outlined in Figure 4.10. Differences in the magnitude and timing of variations between volcanoes
are attributed to variance in local stress regime and magmatic plumbing (Rawson et al., 2016). We
suggest that the magma composition variation observed at Volcan Hudson is consistent with this
model; the relatively large eruption flux and long duration of the silicic eruptive phase and the
short mafic phase at Volcan Hudson may reflect the relatively high melt supply rate at Volcan
Hudson (Section 4.2.1). Further constraint of eruption volumes and the early post-glacial

tephrostratigraphy are necessary to verify this.
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Figure 4.10 Schematic illustration of the response of the magmatic systems of Andean
volcanoes to deglaciation, inferred from observations of temporal variation in post-
glacial erupted magma flux and composition (Figure 4.9). During syn-glacial times, ice
loading supresses dyke propagation to the surface, so the eruption flux is low and
magma storage time is high. Magma accumulates in the crust, and evolves. In Phase 1,
unloading of the ice enables dyke propagation, and so large eruptions that evacuate the
accumulated evolved magma. During Phase 2, the magmatic system begins to be
refilled by the constant mafic magma supply from the mantle. As little evolved magma
has accumulated, there is only a low eruptive flux of mafic magma. During Phase 3,
sufficient time has elapsed for the magmatic system to recover to steady-state, i.e.
magma has evolved and continuing mafic magma input results in a moderate eruption
flux of intermediate magma compositions. Magma fluxes into the crust are assumed to
be (quasi-)steady throughout, due to the short timescale (order of ~10 ky) relative to
mantle processes. Model proposed by and figure modified from Rawson et al. (2016).
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4.5. Conclusions

The many terrestrial sections and palaeoenvironmental records identified that preserve tephra
attributed to eruptions of Volcan Hudson suggest a high frequency of explosive eruptions (at least
19 during the Holocene) from this volcano relative to others in the southernmost Andes, and the
great potential of their deposits for tephrochronology in Patagonia (and possibly further afield).
However, their utility for tephrochronology is currently inhibited by inadequate characterisation
of the tephras in regional palaeoenvironmental records in the published literature. The
tephrostratigraphy of the Juncal Alto section (~90 km from Volcan Hudson) presented here is the
most complete known terrestrial record of explosive eruptions of Volcan Hudson during the
Holocene. Characterisation of the matrix glass major element composition of each of the eruption
deposits shows that many of these tephras can be identified by their glass composition alone, if
analysed precisely. In addition, this reveals a previously unrecognised temporal variation in
erupted magma composition that appears to be consistent with an emerging regional trend that
is attributed to the magmatic response to deglaciation. The new tephrostratigraphic framework
we present can be further developed as the many other tephras identified in
palaeoenvironmental records are characterised, and if new reference data from the other, poorly

studied volcanoes in the southernmost Andes were to become available.
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Chapter 5 Glaciovolcanism at Volcan Sollipulli, southern Chile:

Lithofacies analysis and interpretation

Majority published as: Lachowycz, S.M., Pyle, D.M., Gilbert, J.S, Mather, T.A., Mee, K., Naranjo,
J.A., Hobbs, L.K.,, 2015. Glaciovolcanism at Volcan Sollipulli, southern Chile: Lithofacies analysis

and interpretation. J. Volcanol. Geotherm. Res. 303, 59-78.

Author contributions: DMP, JSG, and LKH assisted with fieldwork and preliminary lithofacies
analysis. KM helped with map production and lithofacies interpretations. JAN facilitated Ar-Ar
dating, created the geomorphological map, and contributed to the geological map and

interpretation of the geomorphology. All co-authors contributed to manuscript preparation.

Supplementary Table 5.1, comprising whole rock compositions of samples from the sequences

described in this paper, is unpublished data obtained using the methods described in Section

4.3.2.2.
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Abstract

Magma-ice-meltwater interactions produce diverse landforms and lithofacies, reflecting the
multitude of factors that influence glaciovolcanism, including both magmatic (e.g., composition,
eruption rate) and glacial (e.g., ice thickness, thermal regime) conditions. This is exemplified by
the walls of the partly ice-filled summit caldera of Volcan Sollipulli, a stratovolcano in southern
Chile, which include lithofacies from eruptions of a wide range of magma compositions beneath
or in contact with ice. Here we analyse these lithofacies and hence propose new interpretations
of the eruptive and glacial history of Volcan Sollipulli. The facies include a thick, laterally extensive
sequence of fragmental glaciovolcanic deposits, comprising massive, mafic lava pillow-bearing
hyaloclastite overlain by sills and then hyaloclastic debris flow deposits (similar to Dalsheidi-type
sequences). The distribution and thickness of these units indicate an unusual abundance of
magma-meltwater interaction for an arc stratovolcano in temperate latitudes, perhaps due to
eruptions beneath a thick ice cap. Coherent lava coulées, domes, lobes, and stacks of basaltic
andesite—trachydacite composition are present around the top of the caldera rim; these display
morphologies and fracture patterns on caldera-facing margins that indicate that the caldera was
filled with ice when these lavas were erupted. The lithofacies characterised in this study
demonstrate the diversity of glaciovolcanism that is possible at arc stratovolcanoes capped by
temperate ice or with ice-filled calderas, and the potential for uncertainties in inference of the

palaeoenvironmental conditions of their emplacement.
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5.1. Introduction

Glaciovolcanism, the interaction between erupting magma and ice (in any form) and the resulting
meltwater, is a widespread phenomenon on Earth and Mars (Smellie and Chapman, 2002), the
significance of which is increasingly being recognised (Russell et al., 2014). For example, such
activity can generate or exacerbate certain volcanic hazards (Tuffen, 2010), such as lahars and
floods (e.g., Major and Newhall, 1989), edifice collapse (e.g., Huggel, 2009), and secondary
phreatomagmatic explosions (e.g., Belousov et al., 2011). The responses of these hazards and
rates of volcanism to past glacial cycles and future climate change are poorly constrained (Tuffen,
2010; Watt et al.,, 2013a). Furthermore, volcano-ice interactions create a distinctive and wide-
ranging suite of landforms (e.g., Smellie, 2009, 2013; Russell et al., 2014) and lithofacies (e.g.,
Smellie et al., 1993; Loughlin, 2002; Skilling, 2009), which are an invaluable source of terrestrial
palaeoenvironmental information, especially prior to the last glaciation (e.g., McGarvie et al.,
2007; Smellie et al.,, 2011, 2014) and on Mars (e.g., Smellie, 2009). This palaeoenvironmental
information may include: (1) glacier distribution, from the location of lithofacies indicative of ice
interaction (e.g., Smellie, 2009); (2) ice thickness, from any lithofacies stratigraphy indicative of a
subglacial to subaerial eruption (e.g., Smellie, 2009), or the magmatic volatile content of
quenched glass in subglacial lithofacies (e.g., Tuffen et al., 2010); or (3) glacier thermal regime,
from the presence or absence of evidence of fluvial deposits and erosion of the volcanic deposits,
which suggest wet-based or cold-based glaciers respectively (e.g., Smellie et al., 2014). Detailed
characterisation of the products of glaciovolcanism in each particular setting is necessary to
understand their formation processes and the associated hazards, as well as their

palaeoenvironmental significance.
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Volcano-ice interactions have been studied most extensively in Antarctica, Iceland, and western
North America. Tuyas (as defined by Russell et al., 2014), lava-fed deltas (e.g., Skilling, 2002;
Smellie et al., 2013), and sheet-like sequences (e.g., Smellie et al., 1993; Smellie, 2008) are the
most common glaciovolcanic landforms in these regions (Smellie, 2009, 2013), except parts of
western North America (e.g., Lescinsky and Fink, 2000; Kelman et al., 2002). Glaciovolcanism at
stratovolcanoes in continental arcs and/or at temperate latitudes may be distinct, as coherent
lavas with fracture patterns and/or morphologies indicative of contact with and confinement by
ice (e.g., Lescinsky and Fink, 2000) appear to be more typical than these landforms and
fragmental glaciovolcanic lithofacies. This has been reported to be the case at volcanoes including
Hoodoo Mountain (Edwards and Russell, 2002) and some in the Garibaldi Volcanic Belt (Kelman et
al., 2002) in British Columbia, Nevados de Chillan in Chile (Mee et al., 2006, 2009), Ruapehu in
New Zealand (Sporli and Rowland, 2006; Conway et al., 2015), and the United States Cascades
(e.g., Lescinsky and Sisson, 1998; Lescinsky and Fink, 2000), although hyaloclastite has been noted
locally at some volcanoes (e.g., Mee et al., 2009; Schmidt and Grunder, 2009). This difference has
been attributed to the comparative rarity of considerable interaction with meltwater (e.g.,
producing pillow lava or hyaloclastic or phreatomagmatic breccia/tuff: e.g., Loughlin, 2002) in the
latter case (Lescinsky and Fink, 2000; Kelman et al., 2002). This was suggested to reflect felsic
magmas and alpine-type glacial regimes generally being common at such volcanoes (e.g., in the
Andes: Stern, 2004; Rabassa, 2008; Rivera and Bown, 2013): more silicic magmas melt relatively
little ice, and meltwater can drain more readily from beneath alpine-type glaciers than ice caps or
sheets (Hoskuldsson and Sparks, 1997; Kelman et al., 2002); meltwater retention is more likely to
be the limiting factor (Stevenson et al., 2009). Nevertheless, it is unclear whether this is a genuine
difference between Antarctic or Icelandic and most continental arc glaciovolcanism, or simply a

reflection of the relatively few studies of the latter.
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In this study, we analyse and interpret glaciovolcanic lithofacies observed on Volcan Sollipulli, a
glaciated (i.e., previously glacierised) stratovolcano in southern Chile with a summit caldera that is
currently partially filled with ice. In contrast to most of the few previous studies of
glaciovolcanism at arc stratovolcanoes, the eruption products described result from diverse
magma compositions, and include both an extensively distributed variety of fragmental

glaciovolcanic lithofacies and examples of interaction between lava and intra-caldera ice.
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5.2. Volcan Sollipulli

5.2.1. Geological and glaciological context

Volcan Sollipulli lies in the central sector of the Andean Southern Volcanic Zone (SVZ) of Chile and
Argentina (at 38.97°S, 71.52°W), ~25 km east of the volcanic front between Llaima and Villarrica
volcanoes (Figure 5.1). The geological setting of volcanism and the history of explosive eruptions
in this region have been reviewed by Stern (2004) and Fontijn et al. (2014) respectively. Of the 74
volcanic centres in southern Chile and Argentina that are thought to have been active since the
last glacial period (Fontijn et al., 2014), Volcan Sollipulli is one of the 43 that are at least partly ice-
covered at present, and one of the (at least) 20 volcanoes known or suspected to have an ice-
filled summit crater or caldera (Siebert et al., 2010; Rivera and Bown, 2013) (Figure 5.1; listed in
Supplementary File 5.1). The ~4 km wide caldera at Volcan Sollipulli (Figure 5.2) contained an
estimated 4.5 + 0.5 km? of ice to a maximum depth of 593 + 59 m in February 2011 (Hobbs,
2014), which has reduced in extent and depth over at least the last 50 years (Rivera and Bown,
2013; Hobbs, 2014). Permanent ice is currently almost absent from the flanks of the volcano
(Figure 5.2), but there is seasonal snow cover. The volcanoes of the southern Andes were covered
by ice at the Last Glacial Maximum (LGM, ~26.5—-18 ka here) (Glasser et al., 2008; Clark et al,,
2009; Watt et al., 2013a); the extent and timing of prior glacierisations are poorly constrained
(Rabassa, 2008), despite the importance of understanding glacial variations in southern South
America for palaeoclimatology (e.g., Hulton et al.,, 2002; Glasser et al., 2008). Glaciovolcanism
could provide significant data on past glaciation, yet there are few published studies of volcano-

ice interaction in this region (Gilbert et al., 1996; Mee et al., 2006, 2009).
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Figure 5.2 (a) Orthorectified ASTER false colour (RGB321) image (USGS and Japan ASTER program,
2012) taken in February 2005, which shows the upper flanks and summit caldera of Volcan Sollipulli.
Note the ice-filled caldera and the scarcity of snow cover on the flanks (Section 5.2.1). (b) A
topographic map of the same area, overlain by our interpretation of the geology, updated from those
presented by previous studies (Naranjo et al., 1993a; Gilbert et al.,, 1996; Murphy, 1996) (Section
5.2.2); the mapped sequences/units are summarised in Table 5.1. The geology away from the caldera
rim is largely poorly constrained. The red lines indicate the sectors of the caldera wall shown in Figures
5.4a and 5.10a. (c) A map of the topography and selected geomorphological features in the same area.
The ice extent in the satellite image is mapped, along with glacial scarps and till deposits, from satellite
and aerial imagery; the latter constrain the extent and timing of past glaciation in the summit region
(Section 5.2.3). Some of the labelled locations are referred to in the text.

156



5.2.2. Eruptive history

Volcan Sollipulli has erupted a wide range of magma compositions, from basalt to trachydacite
(Figure 5.3). The oldest volcanic rocks on Volcan Sollipulli are thought to be Pleistocene in age,
and erupted due to migration of volcanism away from the Nevados de Sollipulli complex, which
forms a ridge to the west of Volcan Sollipulli (Figure 5.2) (Naranjo et al., 1993a). The age of the
caldera has not previously been constrained; no major pyroclastic units have been attributed to
Volcan Sollipulli other than those of the post-caldera Alpehué Plinian eruption (Naranjo et al.,,
1993a; Fontijn et al.,, 2014), so the caldera is thought to have formed by a non-explosive
mechanism (Gilbert et al., 1996). The main eruptive sequences that have been identified are
summarised in Table 5.1, which includes new Ar-Ar and modelled radiocarbon dates for units in
some of these sequences; supporting data for these are provided in Supplementary Files 5.2 and
5.3. The approximate distributions of some of the main sequences, inferred from aerial and

satellite imagery with limited ground-truthing, are shown in Figure 5.2b.

Earlier work on Volcan Sollipulli (Gilbert et al., 1996; Murphy, 1996) noted evidence of
glaciovolcanism, and deduced changes in ice thickness through the eruptive history. However, the
stratigraphy we examine here has not previously been described and interpreted in detail. We
focus on the lava and fragmental lithofacies units that are exposed on the walls of the east to
south sectors of the caldera and in the uppermost Chufquén valley (Figure 5.2), which mostly
comprise the ‘Sharkfin’, ‘South’, and ‘Peak’ units described by Gilbert et al. (1996). The pre-
caldera Sharkfin sequence was previously interpreted as deposits from subglacial or subaqueous
eruptions that became subaerial. The South and (overlying) Peak units, hereafter grouped as the
‘circum-caldera’ lava sequence (similar to Murphy, 1996), were respectively interpreted as ice-
constrained and subaerial lavas emplaced on the margin of the caldera after it had formed

(Gilbert et al., 1996).
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Figure 5.3 Total alkali-silica plot (Le Bas et al., 1985) of the whole rock composition of
specimens from some of the sequences/units listed in Table 5.1 and described in
Section 5.3. All the data are component oxide weight percentages measured by X-ray
fluorescence. The new data presented are for samples prepared using the method
described in Section 4.3.2.2; full composition data are provided in Supplementary Table
5.1. Note the clear trends within and mostly distinct nature of the composition of the
majority of the sequences/units.

158



Table 5.1 Summary of the main parts of the stratigraphy of the upper flanks of Volcan Sollipulli, modified from Gilbert et al. (1996) to incorporate data from Naranjo

et al. (1993a), Murphy (1996), De Vleeschouwer (2002), Fontijn et al. (in review), Jara and Moreno (in prep.), and this study.

Sequence/unit

Age constraints

Stratigraphy

Radiometric dating

Composition®

Description

Interpretation

Scoria cones on the upper NE flank, with a ~6.5

Chufqué Overlies all oth its. 633 + 87 cal yr BP*® | Basalti desit - Subaerial tion; tic.
ufquén verlies all other units cal yr asalticandesite | | long ‘a3 lava; scoria fall across NE flank. ubaerial eruption; monogenetic
Trach i Pumice-rich tephra fall h h f
, Post-CFE: tephra overlies circum- 2938 + 110 cal yr ra‘c yda-ute umice-rich tep r-a d tgt e north and eésto - )
Alpehué caldera lava sequence Bp< mixed with caldera, pyroclastic density current deposits to Plinian eruption.

q ' basaltic andesite | the south and NW, and lahar deposits to NW.
Pre-Alpehué: Alpehué h i h h flank, with a ~3.5 k

Redondo re-Alpenue: Alpehue tephra Basalt scoria cone on the north flank, with a ~3.5 km Subaerial eruption; monogenetic.

found on summit of scoria cone.

long ‘a‘a lava.

Circum-caldera
(Section 5.3.4)

Post-CFE: vents are located on the
caldera rim; evidence for
interaction with intra-caldera ice.

26+5ka” 64+ 15
ka', 68 + 14 ka°

Basaltic andesite
to trachydacite

Fractured lava domes, coulées, lobes, and sheets
on the caldera rim, often overlain by thin ‘a‘a
lavas.

Lavas extruded from a ring dyke, and
either constrained by ice or erupted
subaerially above the ice level.

Chufquén valley
(Section 5.3.3)

Post-date the erosion of the
Chufquén valley, so considerable
time after the Sharkfin sequence.

Basaltic andesite

Fractured or marginally brecciated lavas in the
upper Chufquén valley.

Subaerial, flooded, and ice-
constrained effusive eruptions.

Overlain by the circum-caldera

100 + 30 ka®, 110 +

Dacite (and

Thin ‘a‘a lavas, with a few fractured lavas from a

Subaerial effusive eruptions. Glacial

Northwest lavas. Appears to overlie the 30 ka®, 120 + 14 ka', andesite?) with later flank eruption. The top of the sequence has advance after lava emplacement
Sharkfin sequence. Prior to CFE? 120+ 16 ka' mafic inclusions | glacial striae. P '
Sharkfin Pre-CFE: forms part of the caldera 350+ 90 kad, Basalt to basaltic Thin ‘a‘a lavas, pillow lava and palagonitised tuff- Predominantly subglacial/

(Section 5.3.2)

walls. Overlain by the circum-
caldera lava sequence.

700 + 140 ka®

andesite

breccias, and palagonitised debris flow deposits
with scoria units; abundant intrusions.

subaqueous eruptions.

Other scoria

Unconstrained

Basalt to basaltic

Other scoria cones, some with lavas.

Eruptions similar to the Chufquén

cones andesite? and Redondo cone-forming events.
Nevados de Assumed Pliocene/Pleistocene 312 + 20 ka®, Basaltic andesite | Composite ridge of multiple sequences of lavas Various subaerial and/or subglacial
Sollipulli ' 490 + 30 ka' to dacite? and tuff-breccias, possibly including hyaloclastite. | eruptions.

CFE = caldera-forming event.

ald

b Single date from Naranjo et al. (1993a) (Supplementary File 5.3).
“ Date for eruption from Bayesian modelling (in OxCal v4.2.4) incorporating multiple dates and stratigraphic constraints (Supplementary File 5.3).
? plateau Ar-Ar dates obtained from groundmass samples for this study (Supplementary File 5.2); 2o confidence interval.

® plateau and " isochron Ar-Ar dates from groundmass samples to be published in Jara and Moreno (in prep.); 20 confidence interval.

€ The whole-rock composition ranges of most of these sequences/units are shown in Figure 5.3.

C dates calibrated in OxCal v4.2.4 (Bronk Ramsey, 2009a) using the SHCal13 atmospheric calibration curve (Hogg et al., 2013); 20 confidence interval.




5.2.3. Geomorphological constraints on glacial history

From aerial and satellite imagery, we map several till deposits and numerous scarps on the upper
flanks of Volcan Sollipulli (Figure 5.2c). With the exception of those forming the walls of the
caldera and the Alpehué crater, the scarps are roughly slope-parallel (i.e., mostly radiate from the
caldera); we infer that these originate from glaciation. With further geological mapping and
radiometric dating, the relationships between these features and the geology with which they are
associated could constrain the timing and extent of glaciation of the volcano, to complement
inferences from the evidence of glaciovolcanism. For example, most of the young till deposits
mapped in Figure 5.2c appear to overlie pumice deposits from the Alpehué eruption, and possibly
also scoria from the Chufquén eruption in the Chufquén and East valleys (Figures 5.2b and 5.2c).
This suggests that these till deposits mark the maximum extent of glaciers in the past ~2.9 ky, or
possibly the past ~630 years, considering the dates of those eruptions (Table 5.1). The Chufquén
and East valleys themselves have eroded through the Sharkfin sequence, so must post-date its
emplacement at <~350 ka (Table 5.1), and the Chufquén valley must pre-date the eruption of the

(undated) Chufquén valley lavas.
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5.3. Lithofacies and sequence descriptions

5.3.1. Lithofacies classification

We recognise 16 discrete volcanic lithofacies in the eruptive sequences described in this article; a
summary description and interpretation and the assigned code for each lithofacies are listed in
Table 5.2. No glaciogenic deposits were identified within the sequences studied. The grain size
and classification terms used are as defined for primary volcaniclastic rocks by White and
Houghton (2006). Discrete classification of the lithofacies in the Sharkfin sequence (Section 5.3.2)
is challenging due to their diversity and complex associations, typical of some glaciovolcanic
sequences (e.g., Smellie et al., 1993; Loughlin, 2002; Skilling, 2002). We distinguish lava, tuff-
breccia, lapilli-tuff, and tuff; lavas are differentiated by morphology, and fragmental deposits by
their componentry (including presence/absence of pillow fragments) and then sorting,
association, or composition. Some of the lithofacies accompany one another (e.g., coherent lava
with lava margin tuff-breccia), but not exclusively, so they are not grouped together. Most of the
fragmental lithofacies are often gradational with those with which they are commonly associated.
Some additional subdivisions were rejected because the resulting lithofacies would be
distinguished only by characteristics that are not always present (e.g., bedforms) or can be

ambiguous (e.g., stratigraphic context).

This classification scheme is similar to those of (for example) Loughlin (2002), Skilling (2009), and
Watton et al. (2013). In contrast to those studies, we do not use hyaloclastite as a lithofacies
descriptor (despite many of the palagonite-bearing lithofacies being interpreted as hyaloclastic),
due to its genetic connotations. The term hyaloclastite has previously been ascribed to a variety
of volcaniclastic rock types formed both by primary fragmentation and reworking, as outlined by

Watton et al. (2013). Here it is used as prescribed by Rittman (1958), for deposits that are thought
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Table 5.2 Summary descriptions and interpretations of the discrete volcanic lithofacies identified in the outcrops studied on Volcan Sollipulli.

and crystal fragments. Bedding rare.

. . . C .
Lithofacies Code Occurrence Examples Description °"7m.°” Interpretation
associations
Lava with only a low density of irregular block |
) ava with only a. ow en§| y ot Irreguifar blocky or columnar (Interior of) lavas emplaced subaerially or with
Fig. 5.5 fractures, occasionally with reddened surfaces. ~0.5 to tens of m o ) ; L
Coherent lava Lc CC, CV, SL . ) . ) ) BCl, Lf minimal interaction with ice or water (e.g.,
Fig. 5.9c thick. Commonly grades into or is bounded by tuff-breccia or - ) .
: . beneath snow or a freely draining thin glacier).
fractured lava with lava fragments of the same composition.
Lava that is pervasively fractured, typically in patterns indicative Lava cooled rapidly by meltwater saturation/
Lavas Highly If cC oV Fig. 5.9a of rapid cooling (e.g., hackly), with negligible palagonite-bearing Lc BCl penetration resulting from contact with ice. The
fractured lava ’ Fig. 5.10b | tuff or tuff-breccia. Present towards margins of ~1 to tens of m ’ orientation, distribution, and pattern of fracturing
thick coulées, domes, lobes, and sheets. reflect the nature of the cooling front.
Mostly i | ill ~0. f f |
Pillow lava qst Y |ntac't ava pi (.)WS 0-3toa ew m across, often elongate Lava erupted into ponded meltwater beneath ice,
. . ) or irregular in shape, irregularly or radially fractured, and/or BC, BMp, ) ) ) .
(with minor Lp SH Fig. 5.6b . ) ) ) o . ) with only marginal quench fragmentation forming
) brecciated at their margins. <30% interstitial palagonitised fine- BM . - ) .
tuff-breccia) ) L - . interstitial hyaloclastic tuff-breccia.
grained matrix with lapilli-block-sized angular lava fragments.
Predominantly clast-supported tuff-breccia comprising poorly
Clast- ) sorted, lapilli-block-sized angular lava fragments in a matrix of Subaqueous lava (erupted into ponded meltwater
Fig. 5.6b ) e - Lp, BMp, ) ) )
supported BC SH . ash—fine lapilli-sized palagonitised glass and crystal fragments. beneath ice), brecciated by passive quench and
. Fig. 5.68 ) . . ) BM ) .
tuff-breccia Bedding rare. Can grade into and/or contain pods of matrix- mechanical fragmentation.
supported tuff-breccia.
Clast- Predominantly clast-supported tuff-breccia comprising poorly
supported Lava margin Bcl cC oV Fig. 5.9¢ sorted, lapilli-block-sized angular lava fragments in a (sometimes L, Lf Marginal autobreccia of subaerial ‘a‘a or blocky
tuff-breccias tuff-breccia ’ Fig. 5.10g | oxidised) matrix of ash—fine lapilli-size fragments. Often bounds ! lava.
coherent lava.
Lava margin Predominantly clast-supported tuff-breccia comprising poorly Marginal autobreccia of lavas, with some
palagonite- % st Fig 55 sorted, lapilli-block-sized angular lava fragments in a slightly Le palagonitised glass from quench fragmentation
bearing tuff- p 8 > oxidised matrix of ash—fine lapilli-sized fragments of crystals and and alteration due to the presence of meltwater
breccia partially palagonitised glass. Bounds some coherent lava units. during emplacement (beneath ice?).
Matrix- ) Predominantly matmx—suppor;ed tuff-breccia comprising poorly- From fragmentation of lava erupted into ponded
Fig. 5.6a sorted, predominantly block-sized, usually angular lava fragments BC, BMp, ) ) .
supported BM SD, SH . ) . ) e g meltwater beneath ice; sometimes remobilised
) Fig. 5.7b in a matrix of ash—fine lapilli-sized palagonitised glass and crystal TL, Tp )
. tuff-breccia ) > ) by slumping and/or meltwater flow.
Matrix- fragments. Bedding rare; can form lenticular units.
supported Predominantly matrix-supported tuff-breccia comprising isolated Sliding or emplacement of pillows into more
tuff-breccias Pillow lava- Fig 5.6 (typically irregular) lava pillows and/or pillow fragments, together fragmented primary or remobilised deposits,
bearing tuff- BMp SH Fig' 5'6e with poorly sorted, predominantly block-sized angular lava Lp, BC, BM | and/or brecciated by enhanced mechanical or
breccia g > fragments in a matrix of ash—fine lapilli-sized palagonitised glass qguench fragmentation. Subaqueous (erupted into

ponded meltwater beneath ice).
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Table 5.2 (continued from previous page)

Poorly sorted, lapilli-block-sized angular scoria clasts/fragments

Matrix- Oxidised
atrix .XI ¢ ) ) with oxidised surfaces in a red oxidised matrix of ash—fine lapilli- Tlp, TLw, Subaerial spatter/explosive eruption deposits
supported scoria-bearing BMs SD Fig.5.7e ) . . ; ;
. . sized fragments of scoria, crystals, and palagonitised glass. Tb, Tp reworked in debris flows.
tuff-breccias tuff-breccia ) L . . .
Clast:matrix ratio highly variable. Occasional planar bedding.
Predominantly matrix-supported lapilli-tuff comprising generally Relatively fine-grained fraction of deposits from
Lapilli-tuff T SD, SH Fig. 5.6d Iapilli—s?zed, mostly far)gular lava fragments in a matrix of ésh—fine BMp, BM, | fragmentation of Ia\{a ergpted into p'o'nded
lapilli-sized palagonitised glass and crystal fragments; variable TLp meltwater beneath ice; likely remobilised by
sorting. Bedding only when associated with bedded units. meltwater flow.
Lava margin Predominantly matrix-supported lapilli-tuff comprising poorly
paI‘agonitg—' TLip st Fig. 5.5 sorte{d, IapiIIi—siFed an‘gL‘JIa-r lava fragments in a slightly oxidis‘ed ¢, Tipa Basal Iapilli—t.uff of I.avas emplaced on a
bearing lapilli- matrix of ash—fine lapilli-sized fragments of crystals and partially palagonite-rich sediment layer.
tuff palagonitised glass. Grades into altered palagonite-rich tuff.
Lapilli-tuffs Matrix- ted lapilli-tuff ising <30% | ted
P Poorly sorted ) a' i suppor e. aprii-tult comprising > pgor v sor 'e ’ Subglacial eruption deposits reworked in
) Fig. 5.6g typically lapilli-sized subangular lava fragments, in a matrix of ; ) :
palagonite- TLp SD, SH ) ) L . TLw, Tp relatively high-energy debris flows (due to
) . Fig. 5.7d ash—fine lapilli-sized palagonitised glass and crystal fragments. ) )
rich lapilli-tuff ) ; subglacial meltwater drainage).
Massive or (less commonly) planar-bedded units.
Matrix- ted lapilli-tuff ising <30% well-sorted
a'rlx suppor e. apifi-tutt comprising > W.e >or e' ! Finer-grained fractions of subglacial eruption
Well-sorted ) typically lapilli-sized subangular lava fragments in a matrix of ash— - . ; )
) Fig. 5.6g ) e - deposits reworked in relatively low-energy debris
palagonite- TLw SD, SH . fine lapilli-sized palagonitised glass and crystal fragments. Tlp, Tp ) )
) . Fig. 5.7d ) ) . flows (due to subglacial meltwater drainage);
rich lapilli-tuff Massive, or planar-bedded units that sometimes extend >100 m ) )
extensive deposits from outburst floods.
downslope.
Well-sorted ash—fine lapilli-sized fragments of palagonitised glass Fine-grained matrix fraction of subglacial
Palagonite- T D SH. SL Fig. 5.5 and crystals, with rare lava fragment clasts. Sometimes infills TLp, TLw, eruption deposits reworked in relatively low-
rich tuff p T Fig. 5.7b cavities in underlying units; can also form massive or (usually) TLIp, BClp energy debris flows (due to subglacial meltwater
planar-bedded units that sometimes extend >100 m downslope. drainage); extensive outburst flood deposits.
Well- i fffine lapilli-tuff ising f f
¢ sor't'ed medium tuftfine api tu ' comprising ragmgnts © Redeposited fine-grained matrix fraction of
Tuff Altered palagonitised glass and crystals, increasingly altered and with ) ) ) ;
urrs ) ) . ) s ) subglacial eruption deposits, which have been
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CC = Circum-caldera lava sequence; CV = Chufquén valley lavas; SD = Sharkfin debris flow subsequence; SH = Sharkfin hyaloclastite subsequence; SL = Sharkfin lava subsequence.
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to result from predominantly passive (quench and mechanical) magma fragmentation, with only
relatively limited explosive lava-water interaction (e.g., Skilling, 2009; Watton et al., 2013), but
also including those locally remobilised (Watton et al., 2013). However, some studies have argued
or assumed that (phreato)magmatic fragmentation is the dominant process forming such rocks

(e.g., Tuffen, 2007; Edwards and Russell, 2011; Pollock et al., 2014).

5.3.2. Sharkfin sequence

We subdivide the Sharkfin sequence into three main subsequences, lava (SL), hyaloclastite (SH),
and debris flow (SD); these are described and defined below. The stratigraphy (including that of
the circum-caldera lavas where overlying this sequence) in the areas studied is summarised in

Figure 5.4.

5.3.2.1. Sharkfin lava subsequence (SL)
This subsequence is principally present at the bottom of the Sharkfin sequence in the SE sector of

the caldera wall (Figure 5.4a), but is occasionally also above the hyaloclastite subsequence (Figure

Figure 5.4 (next page) Overview of the stratigraphy of the pre-caldera ‘Sharkfin’ sequence (Section 5.3.2) and
part of the overlying circum-caldera lava sequence (Section 5.3.4), which shows the consistent nature of the
general stratigraphy where these units are exposed around the caldera. In Parts a to f, most dashed lines
approximately delineate the contacts between different subsequences (labelled), the yellow boxes and
arrows indicate the extent and/or location of sections of the caldera wall shown in other figure parts, and the
red arrows point to the location of dykes that have been Ar-Ar dated to the stated ages (Supplementary File
5.2; Section 5.3.2.2). (a) Panorama of the E to SE section of the caldera wall (marked on Figure 5.2b), showing
most of the key outcrops of the Sharkfin sequence. (b) Outcrop of the middle to upper part of the Sharkfin
sequence, overlain by circum-caldera lavas dipping both into and out of the caldera. (c) Alternate view of the
circum-caldera lavas shown in Part b. (d) Outcrop of the lower to middle part of the Sharkfin sequence,
including the lava subsequence capping the hyaloclastite subsequence, which is uncommon. (e) Outcrop of
all the main parts of the stratigraphy in this section of the caldera rim. (f) View of the west side of the
uppermost Chufquén valley (Figure 5.2c), where the middle to upper part of the Sharkfin sequence is also
exposed. (g) Generalised and simplified vertical profiles for the sections of the caldera wall where the
Sharkfin sequence is present. The (sub)sequence (bold) and lithofacies (italic) codes correspond to those in
Table 5.2. Note that the clast size variations within each subsequence are representative of their range and
variability, but are not based upon a specific vertical section as there is no consistent internal stratigraphy.

164



(2225 1yd ‘ww) 2awerp 3se)
¥9 ST v w ¥9 ST v w IS
597 8 2 95zt 8 2 4

¥9 ST ¥

103235 § 103035 Py iopas N
||EM BJ2p|E2 JO UDGIAS 3§ - 3

B Lo b i S ————— L e VL |

95ZZ¢ 8 2

¥9 9T ¥ w IS
95z 7t 8

Agjjea
uanbyny) saddn

(w) ainsodxa 3samof anoqe JyFiay xolddy

iape)

3

Se1208lq paJajje Ag pspunoq

§S | S 4 7 sseuiay) Suthien jo see

T
O~ i K e
\\/_:m i

20

;ynej o3 anp Aepunog
J2-uyyieys daas

uoger:
-jojuaa Suikiea
[RissEpojeRy

Wsyieduaq . ispun Suipano

ousIaYY AQ HS JO uoiso3

-

-
7
s
e

P

218p|e3 woyy >m!ma.!.ﬁu_n..
PIEEHOIS " ‘Apuetiwopaid ‘se1a91q
PU-KIEW pasgiucTe|ed

empErow;
Buiddip seas UL (g

1035 N — Am

Figure 5.4 (caption on previous page)

165



o Tpmmsg?vn_ves
*imgering lTh et

S5 e va margin tuff-Breccia
Sithofa cigs is lapilli-tuff where
lzva'overlies

Figure 5.5 Photographs of a caldera-rim outcrop of the Sharkfin lava subsequence (located where indicated in
Figure 5.4e), which show the main features of this subsequence described in Section 5.3.2.1, and the
constituent lithofacies described in Table 5.2 (the lithofacies (italic) codes correspond to those in Table 5.2).
The dashed lines delineate the approximate boundaries between lithofacies. The yellow boxes indicate the
approximate areas magnified in other photographs. (a) Part of the outcrop, showing multiple tuff-breccia-
enclosed lavas and two interspersed palagonitised tuff units. (b) and (c) Closer views of a section of Part a,
which show the relationships between the constituent lithofacies in more detail. Note that the lava margin
tuff-breccia TLIp shown in Part c is an atypical lithofacies that is only present where a lava unit overlies a
palagonitised tuff unit.
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5.4d). It predominantly comprises porphyritic basaltic ‘a‘a lavas of varying vesicularity and
(plagioclase, olivine, and minor clinopyroxene) phenocryst content; a representative exposure is
presented in Figure 5.5. The coherent lava units, usually cut into sub-metre-sized blocks by
irregular fractures, range in thickness from ~0.3—-1.5 m, and are bounded by tuff-breccia units of
a similar thickness range (Figure 5.5a). This tuff-breccia, which is generally clast-supported, is
composed of poorly sorted, often scoriaceous lapilli- to block-sized angular lava fragments in a
typically uniform, oxidised matrix, which comprises ash- to fine lapilli-sized glass and crystal
fragments (Figure 5.5b). The majority of the finest-grained component of this matrix is
palagonitised glass, which is uniformly distributed within the breccia. Some of the lava-breccia
packages are separated by a <0.5 m thick layer of well-sorted medium ash- to fine lapilli-sized
palagonitised glass and crystal fragments. These layers infill cavities in underlying units and
appear to have been altered/oxidised where in proximity to and partly mixed with the overlying
lava margin units (Figures 5.5b and 5.5c). The overlying units of lapilli-tuff have a higher
proportion of smaller clasts and a lower clast:matrix ratio than the tuff-breccia elsewhere in the

subsequence (Figure 5.5b).

The top of this subsequence is delineated by the first occurrence of massive palagonitised tuff-
breccia or lapilli-tuff (hyaloclastite subsequence: Section 5.3.2.2), which sometimes cross-cuts the
uppermost lavas (Figure 5.4d). There is no evidence of grading or apophyses of the lava into the
hyaloclastite, which are often present in Mt Pinafore-type (sheet-like) sequences (Smellie et al.,
1993; Smellie and Skilling, 1994). The base of the subsequence is not exposed; the largest
exposure of these lavas is at least ~11 m thick (Figure 5.4g). All but the thinnest units appear to
be laterally continuous in the caldera wall for at least several metres (e.g., Figure 5.4e), but it is
not possible to confidently correlate individual units between the main outcrops. The downslope

continuation of the subsequence was not confirmed due to the inaccessibility of the slopes. The
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main outcrops in the caldera walls were not described by Gilbert et al. (1996) because they have

been exposed by the intra-caldera ice retreat since this earlier study (Hobbs, 2014).

5.3.2.2. Sharkfin hyaloclastite subsequence (SH)

This subsequence mostly comprises pillow lava and massive tuff-breccia containing poorly sorted,
lapilli- to block-sized monomict angular lava clasts (some discernible as pillow fragments) in a
palagonitised matrix. This matrix is composed of medium ash- to fine lapilli-sized palagonitised
glass and crystal fragments; matrix-dominated (i.e., palagonitised lapilli-tuff and tuff) lithofacies
are present, but relatively uncommon. Example outcrops are shown in Figure 5.6. The lava
components are of basalt to basaltic andesite composition, with occasional plagioclase, olivine,
and minor clinopyroxene phenocrysts and, notably, variable vesicularity (from 0% to ~60%; e.g.,
compare Figure 5.6b and Figure 5.6f). There is considerable spatial variation (usually gradational)
in pillow form (e.g., shape, fracturing, and fragmentation extent) and size, and clast size
distribution and clast:matrix ratio, but no consistent stratigraphy (e.g., Figure 5.6a). The lithofacies
present form a continuum from fractured irregular lava pillows (up to ~1 m tall and a few metres
long; e.g., Figure 5.6b) through increasingly disaggregated lava masses (e.g., Figure 5.6c) to
angular to subrounded lava fragments (e.g., Figure 5.6d), in an increasing proportion of matrix.
Where they appear to be in situ, the lava pillows have highly fragmented margins, for example
surrounded by tuff-breccia that is increasingly rich in palagonitised matrix away from the pillow
centre (Figure 5.6b) or by fragments of chilled margin (Figure 5.6f), irrespective of the vesicularity
of the lava. In places, pillows are isolated in tuff-breccia (i.e., matrix supported); a range of
pillow:breccia ratios are observed (e.g., compare Figure 5.6¢ and Figure 5.6e). Pillow-bearing or
clast-rich tuff-breccia can occasionally be found as lenses or sheets within palagonitised lapilli-
tuff/tuff sorted to varying extents (Figure 5.6g). The frequent gradational spatial variations in

lithofacies mean it is not possible to correlate units within this subsequence between outcrops.
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Figure 5.6 Photographs of outcrops that exemplify features of the Sharkfin hyaloclastite subsequence that are
described in Section 5.3.2.2, and show the constituent lithofacies described in Table 5.2 (the (sub)sequence (bold)
and lithofacies (italic) codes correspond to those in Table 5.2). The short-dashed lines approximately delineate
some of the different lithofacies; the longer dashed lines approximately delineate subsequence boundaries. (a) A
caldera-rim outcrop (approximately demarcated in Figure 5.4a), showing the metre-scale variations in pillow
size/shape and content, clast size, and clast:matrix ratio (and so lithofacies) and absence of a consistent
stratigraphy, which are typical of the subsequence. The yellow boxes indicate the approximate areas magnified in
the subfigure specified. (b,c,d) Closer views of caldera-rim outcrops (Part d is located where indicated on Figure
5.4d) showing sections of the spectrum of hyaloclastite textures, from lava pillows with fragmented margins (Part
b) through pillow fragment tuff-breccia (Part c) to block- and then lapillus-sized angular to subrounded lava
fragment tuff-breccia and lapilli-tuff (Part d). (e) An outcrop in the upper Chufquén valley (Figure 5.2c) showing
relatively small, vesicular, and rounded lava pillows isolated within palagonitised lapilli-tuff. (f) A single pillow in
the same unit as the outcrop in Part e, which shows the vesicularity of the lava and a fragmented rim that has
separated from the pillow. (g) A caldera-rim outcrop (approximately demarcated in Figure 5.4e) where this
subsequence (atypically) comprises lenses/sheets of tuff-breccia (mostly pillow-bearing) within palagonitised tuff
and lapilli-tuff.
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Most of the studied outcrops of this subsequence are cut by dykes, the majority of which are <2
m in width and similar in composition to the lava pillows and clasts in the tuff-breccia or lapilli-
tuff. Some of these dykes appear to feed lava pillows or upper parts of the subsequence (e.g.,
Figure 5.4d), and some are truncated at the contact with the overlying debris flow subsequence
(e.g., Figure 5.6g). Groundmass samples from two of these truncated dykes (marked on Figure
5.4) have been Ar-Ar dated by the method outlined in Arancibia et al. (2006) to 350 = 90 and 700
+ 140 ka (Supplementary File 5.2). The former of these coincides with a cool marine isotope stage
during a glacial period (MIS 10, ~374-337 ka; Lisiecki and Raymo, 2005); the latter has a mean
square weighted deviation (MSWD) <<1 (Supplementary File 5.2), so is unlikely to be robust.
Therefore, the difference between the two dates does not necessarily indicate a long hiatus
between the emplacement of the hyaloclastite and debris flow subsequences. The base of the
debris flow subsequence clearly cuts into underlying units in places (e.g., Figure 5.4b), indicating
erosion of parts of the hyaloclastite subsequence, which may account for its variable thickness,
from ~2 to >12 m (Figure 5.4g). Outcrops of this subsequence are recognised in all sectors of the
caldera wall where the Sharkfin sequence is exposed (Figures 5.2 and 5.4), rather than just some
parts as reported by Gilbert et al. (1996); the additional outcrops have been exposed by the intra-
caldera ice retreat since this earlier study (Hobbs, 2014). Lithofacies found in this subsequence
have also been recognised on the uppermost flanks that were accessible, on the north, northeast
(including at one location ~1.5 km down the Chufquén valley (Gilbert et al., 1996)), and east

sides.

5.3.2.3. Sharkfin debris flow subsequence (SD)
This subsequence primarily contains massive and planar- or cross-bedded tuff and lapilli-tuff
units, comprising lava clasts in a matrix of medium ash- to fine lapilli-sized palagonitised glass and

crystal fragments. Examples of the lithofacies and their relationships are shown in Figure 5.7. Both
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Figure 5.7 (previous page) Photographs of outcrops that exemplify features of the Sharkfin debris flow
subsequence that are described in Section 5.3.2.3, and of some of the constituent lithofacies described
in Table 5.2 (the (sub)sequence (bold) and lithofacies (italic) codes correspond to those in Table 5.2).
The short-dashed lines approximately delineate some of the different lithofacies or units; the longer
dashed lines approximately delineate subsequence boundaries. (a) View of the north side of the
uppermost part of the East valley (Figure 5.2c), which shows the slope-parallel stratigraphy of some
units of the debris flow subsequence (observed in the caldera walls in Figure 5.4b). (b) A caldera-rim
outcrop (located where indicated on Figure 5.7e) showing examples of the tuff-breccias and
palagonitised tuffs that are respectively sometimes and often present at the base of the subsequence.
Note the channelised distribution of some of the units, which are defined by abrupt changes in colour
and/or texture, and so even those with the same lithofacies classification are distinguishable. (c) A
caldera-rim outcrop (approximately demarcated in Figure 5.4a) predominantly showing palagonitised
tuff/lapilli-tuff lithofacies typical of the middle and upper parts of the subsequence, and examples of
the large length-scale deformation present in parts of this subsequence. The yellow box indicates the
approximate area shown in Part d. (d) View of some of the (inaccessible) units typical of the upper part
of this subsequence, showing that they comprise variably sorted, palagonitised lapilli-tuff and tuff. (e) A
caldera-rim outcrop (approximately demarcated in Figure 5.4a) showing the scoria-bearing and variably
palagonitised lapilli-tuff/tuff units in this subsequence, and examples of the smallest-scale soft-
sediment deformation present.

monomict and polymict lapilli-tuff and tuff-breccias are present (e.g., Figure 5.7b); the majority of
clasts are fine to coarse lapilli-sized, angular to subrounded lava fragments of similar composition
to those in the hyaloclastite subsequence. The clast:matrix ratio and extent of sorting are variable
(e.g., Figures 5.7b and 5.7d); some units have inversely graded bases and/or irregular elutriation
pipes (containing a higher concentration of clasts) (Gilbert et al., 1996). The matrix-supported
tuff-breccias sometimes present at the base of the subsequence are distinguishable from the tuff-
breccia of the hyaloclastite subsequence by their occurrence as discrete units with contrasting
clast sizes and sorting (Figure 5.7b). Finely bedded, variably palagonitised/lithified, and well-
sorted ash/tuff and lapilli/lapilli tuff units, which sometimes contain lenses of tuff-breccia
lithofacies, are observed in some outcrops towards the middle of the subsequence (Figure 5.7e).
Note that ash-lapilli units do not form the upper units of the subsequence, as thought by Gilbert

et al. (1996), which are in fact palagonitised tuff/lapilli-tuff (Figures 5.7c and 5.7d).
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Two (or occasionally more) distinctive scoria-bearing units, of highly variable thickness up to ~1.5
m, are present close together in the lower to middle part of this subsequence in most outcrops
(see parts of Figures 5.4, 5.7, and 5.8). These comprise a variable proportion of lapilli- to block-
sized oxidised scoria clasts in a matrix that is typically similar in texture to the surrounding units,
but with an oxidised component. A dissected scoria cone is present in the NNE caldera wall at
approximately the same stratigraphic level as the adjacent debris flow subsequence deposits, but
these scoria-bearing units cannot be confidently attributed to this; other possible source scoria
cones are present on the upper flanks (Figure 5.2b). These units are significant as marker horizons
to correlate outcrops of this subsequence. Some other individual units are traceable for tens of
metres, both in the caldera rim outcrops and downslope (e.g., Figures 5.7a and 5.7c); these sheet
deposits are interspersed with some less extensive units, apparently either eroded (e.g., Figure
5.7a) or channelised (e.g., Figure 5.7b). Another distinguishing feature of this subsequence is the
evidence of soft-sediment deformation on a range of length scales, exemplified in Figures 5.7c

and 5.7e.

This subsequence is present in all sectors of the caldera wall where the Sharkfin sequence is
exposed; defining the top as the last occurrence of palagonitised deposits, it is up to ~40 m thick
(Figure 5.4g). The only substantial sills in the Sharkfin sequence are usually present along or just
above the contact between this subsequence and the underlying hyaloclastite subsequence. In
the caldera wall these sills, which are typically pervasively fractured (but not in a distinctive
pattern), form a mostly <2 m thick discontinuous unit along this interface, with an alteration zone
<1 m thick only in the underlying hyaloclastite subsequence (e.g., Figures 5.4b and 5.4d). In these
outcrops there is no clear evidence of the sills having intruded the overlying debris flow
subsequence (e.g., alteration or lava apophyses); one exception is alteration of these deposits

around a ~6 m thick laccolith composed of multiple sills. On the accessible upper flanks (the
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Figure 5.8 Photographs showing the extent and variety of some of the intrusions in the upper part of the
Sharkfin sequence, which are discussed in Section 5.3.2.3. The short-dashed lines approximately delineate the

intrusions and the longer dashed lines approximately delineate subsequence boundaries; the subsequence
codes are defined in Table 5.2. (a,b) Views of the south (Part a) and north (Part b) sides of the uppermost East
valley (Figure 5.2c), which show the downslope continuation of the stratigraphy observed in the caldera walls,
including the sills at/near the base of the debris flow subsequence. Note that only the lower parts of the debris
flow subsequence are present here and in the corresponding sector of the caldera wall (the mid sector in Figure
5.4a). (c) View of the west side of the Chufquén valley (Figure 5.2c; downslope from Figure 5.4f), showing sills
at/near the base of the debris flow subsequence and additional intrusions further up the stratigraphy.
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Chufquén and East valleys: Figure 5.2c), the sills are more continuous, sometimes thicker, and
some intrude the lower parts of the debris flow subsequence, roughly parallel to the slope and
bedding of the deposits (sometimes with alteration haloes); examples are shown in Figure 5.8.
Dykes are also present in this subsequence, most notably some of distinct composition that
clearly feed the circum-caldera lavas, which are surrounded by prominent alteration zones (e.g.,
Figure 5.7c). Groups of cross-cutting dykes with no clear association are also recognised, most
clearly in the Chufquén valley (Figure 5.8c), where there is also an atypical large intrusion capping

the subsequence (Figure 5.4f).

5.3.3. Chufquén valley lavas

The upper Chufquén valley (Figure 5.2c) contains several lavas, ranging from tens to hundreds of
metres in length and ~3-15 m in thickness, with a variety of morphologies. Their age is currently
unconstrained, except by the fact that they post-date the erosion of the Chufquén valley, and so
the Sharkfin sequence. The lavas analysed chemically are all of near-identical basaltic andesite
composition, but less alkalic for their silica content than almost all the samples from other units
(Figure 5.3). Therefore, it is unclear how they relate to the main stratigraphy. Examples of the
significant features of these lavas are shown in Figure 5.9. Some show entablature (e.g., Long and
Wood, 1986; Forbes et al., 2014a) on the steep valley-facing sides of the flows; cube, curvi-
columnar, chevron-like, and irregular fractures are all observed, bounded by either blocky
fracturing or a colonnade of columnar jointing (Figures 5.9a and 5.9b). Hackly fractures are
present at the margins of other flows (Figures 5.9d and 5.9e); these locally have curving chisel
marks (striae) on their surfaces (Figures 5.9e and 5.9f). The other lavas show no pervasive
fracturing, only typical marginal autobreccia (Figure 5.9c). There is no clear pattern to the

distribution of lavas with each particular morphology.
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Figure 5.9 Photographs of outcrops that exemplify features of the lavas within the upper Chufquén valley,
described in Section 5.3.3. The dashed lines approximately delineate the different lithofacies, the codes for
which correspond to those in Table 5.2. (a) Outcrop of the valley-facing side of a thick lava that flowed from
near the caldera rim, showing a pervasively fractured centre (entablature) capped by a colonnade. (b) Outcrop
of a smaller lava on the valley floor, which also shows entablature-like fracturing. (¢) Outcrop of a lava in the
valley floor, in which pervasive fracturing is absent. (d) Outcrop of a lava in the valley floor (further downslope
than the lava in Part c) with hackly fracturing at its margins. (e,f) Detail of part of the margin of the lava in Part d
(areas indicated by the yellow arrow in Part d and approximately demarcated by the yellow box in Part e,
respectively), showing the jointing and prominent curving chisel marks on some surfaces.
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5.3.4. Circum-caldera lava sequence (CC)

This sequence comprises the lavas that cap the majority of the caldera walls, including those in
the eastern sector that overlie the Sharkfin sequence (Figure 5.4a); it post-dates the formation of
the caldera. The lavas are basaltic andesite to trachydacite in composition and contain varying
concentrations of phenocrysts (plagioclase, one or two pyroxenes, olivine, and/or Fe-Ti oxides).
The sequence includes the Peak and South units of Gilbert et al. (1996), which are grouped
together in this study due to their very similar geochemistry (Murphy, 1996). At a few locations on
the eastern caldera wall, at the base of this sequence there are thin (<2 m thick) ‘a’a lavas (Figure
5.4), which have been inferred to be subaerial (Gilbert et al., 1996). Previous work (Gilbert et al.,
1996; Murphy, 1996) considered these lavas to be the uppermost part of the pre-caldera Sharkfin
sequence. However, this is inconsistent with the orientation of some of the lavas, dipping both to
the north and into the caldera (Figures 5.4b and 5.4c), and the trachydacite composition of those
sampled (Murphy, 1996), given that the Sharkfin sequence is otherwise exclusively mafic (Figure
5.3). Hence we consider these part of the circum-caldera lavas, despite being morphologically

distinct from the lavas that otherwise form the lower part of this sequence.

The bulk of the sequence comprises lava domes/coulées and stacks of flows, ~10-100 m in height
and width on the caldera rim; examples are shown in Figure 5.10. There is a transition in the
morphology of the lavas at approximately the same elevation around the eastern and southern
caldera rim (Figure 5.10a). Below this level there are steep caldera-facing cliffs of lava, comprising
both thick (>10 m) flows (e.g., Figure 5.10f) and sides of domes/coulées (e.g., Figure 5.10c). These
cliffs are pervasively fractured in one or more patterns such as columnar, hackly, and
pseudopillow (summary definitions in Lescinsky and Fink, 2000) (e.g., Figures 5.10b and 5.10g), or
occasionally radial (Figure 5.10e). All these lava cliffs were not accessible for detailed

characterisation. There are occasional lavas that flowed into the caldera from the cliffs; these
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Figure 5.10 (previous page) Examples of the morphologies observed in the circum-caldera lava
sequence and intrusions discussed in Section 5.3.4, and the consequent inference of syn-eruptive ice
extent or thickness. The red arrows point to the sampling locations of lavas that have been Ar-Ar dated
to the stated ages (Supplementary File 5.2; Section 5.3.4). (a) Panorama of the SE to SW sector of the
caldera wall (marked on Figure 5.2), which predominantly comprises lavas of the circum-caldera lava
sequence. The dashed line indicates the approximate level below which there are morphological
features interpreted as evidence of interaction with ice/meltwater, and so is the inferred ice level
during lava emplacement; longer dashes denote where this is better constrained. The yellow boxes
indicate the parts of the caldera wall shown in Parts b to g, which, together with Part h (the location of
which is indicated on Figure 5.4a) are examples of the morphological features and how the palaeoice
level has been delineated. (b) Near-vertical caldera-facing wall to a lava coulée on the caldera rim,
which displays a variety of fracturing types (labelled) that are perhaps indicative of rapid cooling due to
ice contact (e.g., hackly and pseudopillow fracturing: Lescinsky and Fink, 2000), suggesting that the
coulée was buttressed by intra-caldera ice on emplacement. (c) A lava dome on the caldera rim with a
near-vertical caldera-facing wall, displaying similar fracturing types. Columnar jointing of the exposed
feeder dyke parallel to its margins indicates cooling from the surface rather than the dyke margins,
suggesting attempted intrusion into intra-caldera ice. (d) Lava that flowed down the caldera wall from
near the top, with pervasive platy fracturing that might reflect emplacement along the ice-rock
interface (cf. Part h), overlain by typical (subaerial) ‘a‘a lavas. (e) Lava with a vertical, radially fractured
caldera-facing wall, capped by a more oxidised, blocky carapace, perhaps either a cross-section of a
lava tube or a small coulée that was constrained by intra-caldera ice (cf. Edwards and Russell, 2002). (f)
A steep caldera-facing wall of columnar-jointed lavas, perhaps emplaced against intra-caldera ice,
overlain by a thick sequence of typical (subaerial) ‘a‘a lavas. (g) Lava lobes with hackly and platy
fracturing from a steep-sided lava with irregular columnar fractures, which is overlain by typical
(subaerial) ‘a‘a lavas. The lobes are interpreted to have flowed into cavities melted in the intra-caldera
ice that confined the lava cliff. (h) Dyke with blocky fracturing on its northern margin, where in contact
with debris flow units of the Sharkfin sequence, and pervasive platy and polygonal fracturing along the
south margin (shown in the left-hand photograph), where facing the dyke-parallel East valley (Figure
5.2b) that intersects the caldera rim. The different fracture patterns on the two sides are interpreted to
have formed by the dyke intruding along the interface between the sidewall and ice infilling the valley.

lavas are particularly densely fractured (Figures 5.10d and 5.10g). In some instances this
fracturing is platy, i.e., sub-parallel and spaced <10 cm apart, and sometimes curving (e.g., Figure
5.10b) or sub-parallel to flow direction (inferred from flow banding and/or morphology, e.g.
Figure 5.10d). We also find platy fracturing on one margin of the dyke forming one side of the
head of the East valley (Figure 5.2¢): as shown in Figure 5.10h, the valley-facing margin of the
dyke has a strong curved platy fabric, with horizontal columnar jointing (i.e., polygonal in a plane
parallel to the dyke margin) just behind, whilst the other margin, in contact with Sharkfin

palagonitised lapilli-tuff, is fractured into large blocks. Some of the dykes feeding the circum-
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caldera lavas (in the Sharkfin sequence exposed at the caldera walls) show cube-like fracturing,
and columns oriented parallel to the dyke margins (rather than perpendicular, which is expected

as a dyke cools from its margins) (Figures 5.7c and 5.10c).

Above the aforementioned level on the caldera rim, there are stacks of thinner (<5 m thick), less
fractured ‘a‘a lavas, sometimes with oxidised margins (e.g., Figures 5.10f and 5.10g). These lavas
form the Peak unit described by Gilbert et al. (1996), who report that they dip both into and out
of the caldera, and include an unusually large, ~2 km long fractured lava (geochemically distinct
according to Murphy, 1996) that flowed into and across the northwest part of the caldera. The
flank-facing sides and top of the lava domes/coulées in the sequence are blocky or weathered
(e.g., Figures 5.10b and 5.10e), less steep than the caldera-facing sides, and sometimes oxidised;
some of the coulées have associated lavas that extend up to hundreds of metres down the flanks
(e.g., Figure 5.8a). The brecciated, oxidised carapaces suggest that the domes/coulées have not
been substantially eroded, and thus that the exposed faces are the actual dome margins (Gilbert
et al.,, 1996). The largest stacks of lavas (on the southern caldera rim; Figure 5.10a) are
morphologically very similar to lava-dominated flat-topped or conical tuyas (Russell et al., 2014),

at least on their caldera-facing sides.

Groundmass samples of two of the aphyric lava domes on the eastern caldera rim (marked on
Figure 5.10) have been Ar-Ar dated by the method outlined in Arancibia et al. (2006) to 26 £ 5 and
68 + 14 ka (Supplementary File 5.2), coinciding with the LGM and a proposed Southern
Hemisphere glacial maximum (~65 ka; Schaefer et al., 2015) respectively. The younger date is
probably not robust as it is close to the limit of the dating method; the elder is consistent with the
Ar-Ar date of 64 + 15 ka obtained for a circum-caldera sequence lava on the NW caldera rim by

Jara and Moreno (in prep.) (Table 5.1).
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5.4. Interpretation and discussion of eruptive and glacial history

5.4.1. Sharkfin sequence

5.4.1.1. Sharkfin lava subsequence

The environmental conditions in which this subsequence was emplaced are unclear. The lavas are
more brecciated than typical subaerial basaltic ‘a‘a flows, and the matrix of the tuff-breccia units
shows uniform partial palagonitisation, suggesting meltwater was present during their
emplacement. We suggest that the well-sorted palagonitised tuff units interbedded with the lavas
result from reworking of subaqueous/subglacial eruption deposits, and so indicate at least
intermittent water flow. Nevertheless, the extent of fragmentation and palagonitisation of the
lavas is much less than that in typical subagueous or subglacial fragmental lithofacies (cf. the
hyaloclastite subsequence), and the fracturing within the coherent lava is irregular, rather than of
a pattern indicative of snow (e.g., Mee et al., 2006) or ice (e.g., Lescinsky and Fink, 2000) contact.
Glacial evidence for coeval ice is not observed, although it is not possible to rule out the presence
of striations on the lavas or basal diamict from the outcrops studied. The occasional presence of
this subsequence overlying the hyaloclastite subsequence could be interpreted as an indication
that these lavas can result from eruption into drained subglacial cavities. Given this association,
we suggest that this subsequence results from a succession of lava flows beneath snow or ice
from which the meltwater generated was able to drain rapidly; the snow/ice thickness required is
impossible to constrain beyond that it must exceed that of the subsequence (>11 m). However,

subaerial emplacement cannot be ruled out.
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5.4.1.2. Sharkfin hyaloclastite subsequence

The lithofacies in this subsequence are similar to some of those inferred to result from mafic
eruptions beneath ice (e.g., Loughlin, 2002; Schopka et al.,, 2006) or water (e.g., Porebski and
Gradzinski, 1990; Watton et al., 2013); the ubiquitous palagonitisation of the fine-grained glass
component of each lithofacies is consistent with a hyaloclastic origin (e.g., Fisher and Schmincke,
1984). Topographic features such as craters and moraines can reduce the local slope and/or
enable local thickening of ice cover, and so encourage meltwater ponding even on the slopes of a
stratovolcano; substantial meltwater accumulation has been reported within large craters or
calderas (e.g., the 1991 eruption of Volcan Hudson, Chile: Naranjo et al., 1993b) (Lescinsky and
Fink, 2000). However, this subsequence is probably too extensively distributed in a consistent
stratigraphic position to be accounted for by such localised ponding. We consider the most
plausible formation mechanism for this subsequence to be effusive mafic eruptions beneath ice of
sufficient thickness that it has surface topography independent of that of the land surface (the
former being a more effective control on meltwater flow: Bjornsson, 2002), and so able to create
a ‘hydraulic seal’ that hinders drainage of meltwater generated by the eruption (Bjérnsson, 2002;
Stevenson et al.,, 2009). Under such conditions, meltwater would have ponded in subglacial
cavities and so been available to interact with the lava; water retention is only required for the
duration of the eruptive phase. Stevenson et al. (2009) suggested that ice in excess of 300 m thick
may be required to pond meltwater subglacially on steep topography. However, it is not possible
to definitively constrain the absolute ice thickness range under which this subsequence could
have formed without the preservation of any clear transition to subaerial activity (as identified
where the emplacement conditions of similar deposits have been constrained, e.g. Brown Bluff
volcano (Smellie and Skilling, 1994)). Although the ice must have been at least as thick as the
deposits, at a maximum of ~12 m, this is at least an order of magnitude too thin to be a

reasonable lower bound on the ice thickness.
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The spectrum and spatial relationships of the lithofacies identified in this subsequence could be
generated in various ways in this subagqueous/subglacial regime. If explosive fragmentation was
the predominant mechanism of brecciation of the erupted lava, then spatiotemporal variation in
the subglacial cavity pressure, determined by the rates of meltwater generation and discharge,
would likely be the main control (lower cavity pressure allowing greater explosive fragmentation,
and vice versa) (Tuffen, 2007). However, we suggest that this is inconsistent with the absence of
systematic trends in fragmentation extent through the subsequence, or any relationship between
fragmentation extent and the vesicularity of the lava component. Passive quench and mechanical
fragmentation, to which hyaloclastite formation is attributed by studies such as Skilling (2002;
2009) and Watton et al. (2013), is suggested to be the predominant mechanism by: (1) the
increasing fragmentation of lava pillows towards their margins, (2) the clast-rich, sometimes
isolated pillow-bearing, and poorly sorted nature of many of the tuff-breccias, and (3) indications
of slumping and/or remobilisation (e.g., the occasional lenses or sheets of one tuff-breccia or
tuff/lapilli-tuff lithofacies within another), which can induce mechanical fragmentation (Skilling,
2002). Such fragmentation may have been driven by long-lived extrusion on a steep slope,
encouraging slumping downslope, analogous to the formation of poorly bedded hyaloclastite
foresets in ‘a‘a lava deltas (Smellie et al., 2013, 2014). The formation of a particular hyaloclastite
lithofacies will therefore depend on factors including the eruption/lava flow rate, magma-water
interaction efficiency, timing and rate of meltwater discharge, and topography, all of which are

likely to be highly spatially and temporally variable, consistent with the observed stratigraphy.

5.4.1.3. Sharkfin debris flow subsequence
The mix of channelised and sheet deposits (sorted to varying extents, some polymictic) in this
subsequence indicates that it was formed by a series of debris flows of varying energy. Most of

the subsequence comprises rocks very similar to those in the hyaloclastite subsequence (but with
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textural differences, e.g. bedding and clast:matrix ratio), suggesting that these flows likely
reworked deposits from subglacial eruptions. The scoria-bearing and bedded tuff units are also
probably remobilised (from subaerial or subaqueous explosive eruption deposits), because they
are typically found mixed with or containing lenses of breccia and are highly variable in thickness.
The consistent stratigraphic position of the widely distributed pair of oxidised scoria-bearing units
suggests that at least the lower units of this subsequence were emplaced approximately
contemporaneously. The extensive distribution of this part of the subsequence therefore implies
that it was formed by discharge of a large volume of water. It is unlikely that such a volume could
have been generated by local meltwater ponding, so we suggest that it may have originated from

eruptions beneath a thick ice sheet (for the reasons discussed in Section 5.4.1.2).

The association of sills and a thick sequence of debris flows is similar to the Dalsheidi-type
subglacial volcanic sequences in southern Iceland described by Smellie (2008). These comprise a
semi-continuous lava sheet (sometimes underlain by diamict) with columnar jointing and/or
entablature, which partially intrudes into overlying massive sheet-hyaloclastite (sometimes
capped by mudstone) (Smellie, 2008). These sequences can range from <5 m to hundreds of
metres in thickness (where multiple sequences are present in succession) and extend many
kilometres from their source. One interpretation is that they are produced by a sill intruding along
the bedrock-ice interface beneath a thick ice sheet, which generates sufficient meltwater to
eventually float the ice, causing a debris flow of hyaloclastite (erupted at the vent) beneath it
(Smellie, 2008). Alternatively, Banik et al. (2014) argue that these sequences are the result of
eruptions beneath thin or negligible ice (supported by measurements of the volatile content of
glass), with the ‘sills’ being lava flows that either preceded the debris flows or intruded down into
and along the base of pre-existing deposits. We suggest that the sills and debris flow deposits

described here were emplaced beneath thick ice, in a similar way to the model of Smellie (2008).

184



This is because the sills appear to have intruded both along the base of the ice prior to and during
the debris flows (as they are present both beneath the subsequence, with no alteration of the
overlying deposits, and in its lower parts, mostly parallel to the bedding), contradicting the
models of Banik et al. (2014). Furthermore, it is difficult to reconcile the apparently
contemporaneous deposition of the sequence of debris flows as extensively as they are present
on Volcan Sollipulli with the amount of meltwater that could be generated beneath thin glaciers.
Analysis of the volatile content of the sills (Dixon et al.,, 2002; Tuffen et al., 2010) would be
necessary to verify this interpretation. Constraint of the absolute ice thickness range under which
this subsequence could have formed is not possible, due to the absence of a contemporaneous
subaerial cap, but it is likely to be greater than that which resulted in the hyaloclastite

subsequence, considering the greater meltwater volume required in this instance.

5.4.2. Chufquén valley lavas

We interpret these lavas to have been emplaced in a variety of environmental conditions.
Entablature is diagnostic of rapid cooling due to water infiltration (e.g., Long and Wood, 1986;
Forbes et al., 2014a); the (sub-)vertical fracturing orientation in the lavas with this feature
suggests that this cooling resulted from flooding during emplacement, rather than ice interaction
at their margins. However, the hackly fracturing (also symptomatic of rapid cooling: Lescinsky and
Fink, 2000) at the margins of other lavas suggests that such ice contact occurred in the case of
these other units. With further examination, the chisel marks on the fracture planes would have
the potential to constrain the cooling front and rate (e.g., DeGraff and Aydin, 1987; Goehring and
Morris, 2008; Forbes et al., 2012). Other lavas lack such features, and are hence inferred to be
subaerial; some of these are upslope of those with fracturing indicative of ice interaction, so the
glaciation extent when the suite of lavas was emplaced is unclear. We propose that they erupted

over a protracted period during which the glacier size changed. Note that none of these lavas are
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pervasively fragmented, nor is there evidence of palagonitisation, in contrast to the Sharkfin
sequence despite also being of mafic composition; this most likely reflects a difference in the

amount of meltwater interaction due to ice thickness.

5.4.3. Circum-caldera lava sequence

The morphologies and fracture patterns observed on the caldera-facing sides of these lavas
suggest that when the bulk of this sequence was erupted at the top of the caldera wall, the lavas
were constrained on this side by intra-caldera ice, similar to, for example, the perched lavas at Mt
Rainier (Lescinsky and Sisson, 1998) and ice-dammed lava cliffs at Hoodoo Mountain (Edwards
and Russell, 2002). Some lava breached out of this dammed lava and flowed into the caldera
along the ice-rock interface (i.e., subglacially); we interpret their densely fractured surfaces as a
reflection of the resulting enhanced meltwater interaction. Some of the lavas display multiple
fracture patterns, which previous studies have attributed to cooling rate variation with distance
from the ice contact (e.g., Lodge and Lescinsky, 2009). When the lavas built up to ice level,
extrusion continued subaerially (forming the caps of the domes and the thin ‘a‘a lavas); lava may
have flowed over the intra-caldera ice, but only the parts of lavas on the caldera rim have been

preserved.

Two of the types of fracturing observed in the lower-level lavas are not commonly associated with
ice interaction. Radial fracturing is one of these; the example shown in Figure 5.10e could be
interpreted as a cross-section of a lava tube rather than the ice-constrained margin of a thick
flow, although the fractures are closely spaced, consistent with rapid cooling, and radial fracturing
has also been interpreted as indicative of lava-ice contact at some other stratovolcanoes (e.g.,
Hoodoo Mountain: Edwards and Russell, 2002). The other, platy fracturing, is found in lavas

erupted under various conditions, but typically only in the slowly cooled interior of lavas
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(Lescinsky and Fink, 2000), whether they are subaerial (e.g., Tuffen et al., 2013), ice-contact (e.g.,
Mee et al., 2006), or subglacial (e.g., Forbes et al., 2014b). Conversely, in this sequence platy
fracturing is present on the surface of lavas (Figure 5.10d) and the same caldera-facing lava cliffs
as patterns indicative of rapid cooling, such as hackly fracturing (Figures 5.10b and 5.10g). We
suggest that the platy fracturing on one surface of the dyke shown in Figure 5.10h arises from its
intrusion along the contact between a glacier in the valley and the valley side, causing rapid
cooling of the dyke margin in contact with the ice. Therefore, we propose that platy fracturing can
result from ice interaction (e.g., in the case of the lava shown in Figure 5.10d); it perhaps forms
when the lava or dyke margin is rapidly cooled into the brittle regime but the interior is still
undergoing ductile flow, causing a shear fabric to form in the margin. Formation mechanisms for
platy fractures in the interior of lavas proposed by previous studies include late-stage shear
(Bonnichsen and Kauffman, 1987; Conway et al., 2015) and detachment of the outer parts of the
lava body, possibly due to deflation (Sporli and Rowland, 2006) or inflation (Tuffen et al., 2013).
However, the presence of undeformed master fractures cross-cutting the curved platy interior
fractures in the subglacial lava studied by Forbes et al. (2014b) was interpreted to indicate that
such fracturing is unlikely to form by inflation, deflation, or late stage shear, and so perhaps by
cooling contraction instead. Conversely, modelling of the cooling of an andesite lava by Sporli and
Rowland (2006) suggested that chilling alone could not reasonably account for the longitudinal

strain across platy fractures, suggesting a mechanical component.

The approximately consistent elevation (~2100 m) of the ice-interaction to subaerial transition in
the caldera-facing lavas indicates that the bulk of this sequence was emplaced during a period
when the caldera was filled with ice. There are several hanging valleys in the caldera rim below
the inferred ice level (Figures 5.4a and 5.10a), so an ice accumulation rate in excess of that of

drainage by outlet glaciers would have been necessary to reach this level. The subaerial lavas
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flowing into the caldera that are locally present at the base of the sequence suggests that at least
part of this ice accumulation may have occurred only shortly prior to this main eruptive phase.
Although the ring faulting associated with caldera formation is likely to be the primary control on
the location of these lavas at the top of the caldera wall, there is potential evidence for the intra-
caldera ice also having some influence. The columnar jointing parallel to the margins of the feeder
dykes (e.g. Figure 5.10c) indicates rapid cooling at the caldera wall face, suggesting that these
dykes were inhibited and cooled by the ice at the surface. Hence extrusion may have been
focussed near the top of the caldera wall where the ice was thin, rather than into the caldera.
However, the geophysical survey of the caldera by Gilbert et al. (1996) suggests that there are
lavas at the base of the caldera wall, particularly on the eastern and southern sides, which these
authors inferred were erupted subglacially in association with the circum-caldera lavas; thus

extrusion may not have been entirely confined to the top of the caldera margin.

5.4.4. Discussion

Figure 5.11 summarises our preferred interpretation of part of the coupled glacial and eruptive
history of Volcan Sollipulli that is recorded on its upper flanks. The absolute ice thickness under
which some of the eruptions are inferred to have occurred is difficult to constrain without
indicative lithofacies associations (e.g., passage zones: e.g., Skilling, 2002; Smellie, 2006) or
analysis of the degassing of volatiles from glass or lava samples (Dixon et al., 2002; Tuffen et al.,
2010). Even the relative ice extent is ambiguous in some cases, due to the many additional
potential controls on eruption style and thus the resultant lithofacies. For example, it is not
certain that the Sharkfin lava subsequence interacted with snow or ice during its emplacement, as
discussed in Section 5.4.1.1. The local occurrence of the lava subsequence above the hyaloclastite
suggests that these lavas could have been erupted under ice, but their presence beneath the

hyaloclastite subsequence in all locations where its base is exposed indicates that there was a
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a) Lava extrusion under snow? (Sharkfin lava subsequence)

SE
(to summit)

€) Subaerial lava extrusion on NW flank (Northwest lavas)
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NW

b) Lava extrusion under ice (Sharkfin hyaloclastite subseq.)

SE NW

f) Non-explosive caldera formation then subaerial lava extrusion

SE (Central caldera) NW

SE NW

g) Lava extrusion atice-filled caldera rim (Circum-caldera lavas)

SE (Central caldera) NW

d) Meltwater outbursts due to (c) [Sharkfin debris flow subseq.)

SE (E of the summit) NE

h) Present day

SE (E part of caldera) NNE

Figure 5.11 (caption on next page)
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Figure 5.11 (previous page) Schematic illustration of part of the glacial and eruptive history of Volcan
Sollipulli based upon the interpretations presented here and in Gilbert et al. (1996). Note the variations
in the approximate orientation and extent of the schematic cross-sections, and that they are not to
scale. (a) Emplacement of the Sharkfin lava subsequence (Section 5.4.1.1): summit or upper flank
effusive eruption of mafic lava, which flows downslope, perhaps below thin ice or snow cover. Any
meltwater generated rapidly drains away from the lava, so only the surfaces of the lavas are
fragmented. Pauses in effusion are marked by deposition of thin layers of fine-grained palagonitised
material, likely remobilised from hyaloclastic deposits upslope. (b) Emplacement of the Sharkfin
hyaloclastite subsequence (Section 5.4.1.2): upper flank effusive eruption of mafic lava, generating
meltwater that ponds at the source, probably due to a thick ice overburden restricting drainage. As a
result, pillow lava is erupted, and tuff-breccia forms by in-situ quench fragmentation and
palagonitisation of the lava; this is partly remobilised downslope, causing mechanical fragmentation. (c)
Mafic lava is emplaced as sills along the interface between the bedrock and a thick ice cap, due to the
ice overburden (Section 5.4.1.3). (d) Emplacement of the Sharkfin debris flow subsequence (Section
5.4.1.3): the meltwater generated by the emplacement of these sills escapes in periodic meltwater
outbursts, eroding and redepositing hyaloclastic lithofacies. Sill propagation continues through the
lower part of these deposits. (e) Emplacement of the subaerial Northwest lava sequence (Table 5.1;
Gilbert et al., 1996) after melting of the ice cap. (f) Formation of the caldera by a non-explosive
mechanism, followed by emplacement of subaerial lavas of intermediate composition on parts of the
top of the caldera wall (Section 5.3.4). (g) Emplacement of the bulk of the circum-caldera lava sequence
(Section 5.4.3): after the caldera has filled with ice, further effusive eruption of intermediate-
composition lava occurs around the caldera wall (fed from dykes along the ring fault). Domes on and
flows from the top of the caldera wall are buttressed by the intra-caldera ice, but become subaerial
above the ice level. Some lava extrusion at the base of the caldera rim is suggested by geophysical data
(Gilbert et al., 1996). (h) A schematic section through the caldera at the present day. This follows the
Alpehué and Chufquén eruptions and ice advance and retreat into/from the Chufquén valley and
Alpehué crater (all not shown), which are described by Gilbert et al. (1996).

widespread shift to conditions favourable to meltwater ponding, which we consider to be most
plausibly explained by increased ice cover. Additionally, the ice thickness associated with
Dalsheidi-type sequences, which we consider analogous to the Sharkfin debris flow subsequence,
has been disputed (Smellie, 2008; Banik et al., 2014). This is discussed in Section 5.4.1.3, where
we suggest that the field evidence is more consistent with the model of emplacement under thick
ice. Palaeoclimate/glaciology studies have inferred an ice thickness (albeit poorly constrained) of
>1 km on this part of the Andes at the LGM (e.g., Hulton et al., 2002), so the thick ice model is
plausible in this case. Further study of similar sequences is necessary to better understand their

formation.
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The interpretation presented here differs from that of Gilbert et al. (1996) in that we infer an
increase in ice thickness with time during the emplacement of the Sharkfin sequence, rather than
an evolution from subglacial to subaerial eruptions. This is due to our observations (described
further in Sections 5.3.2 and 5.3.4) that: (1) there are lavas with features suggestive of relatively
limited meltwater influence at the base of the sequence (which were not described by Gilbert et
al. (1996)); (2) the hyaloclastite subsequence is widely distributed, suggestive of emplacement
under an ice cap (as opposed to in localised ponds of meltwater); (3) the debris flow subsequence
has sills at its base, perhaps intruded beneath thick ice, and upper units comprising tuff-breccia,
rather than tephra as thought by Gilbert et al. (1996); and (4) the subaerial lavas considered to be
the top part of this sequence by Gilbert et al. (1996) appear to have erupted after formation of
the caldera. Conversely, we concur with the interpretation of the circum-caldera lavas in Gilbert
et al. (1996). They noted that there are relatively few calderas recognised to have ring vents, and
that it is rare for eruptions from these to substantially build up the caldera walls, as at Volcan
Sollipulli; they also hypothesised that the intra-caldera ice may have restrained eruptions from
the caldera floor. The morphological features of the lava cliffs described in Section 5.3.4 indicate
that the intra-caldera ice was responsible for their formation. In addition, we find some evidence
that the ice also could have been a contributing factor to the focussing of the vents on the caldera
rim. There are a considerable number of poorly studied ice-filled calderas in the southern Andes
(Figure 5.1) and other high-latitude continental arcs that could be investigated to assess if there is

an association between ring vents and intra-caldera ice loading.

The glacial conditions at the time of the caldera-forming event are uncertain: the time period
bounded by the youngest unambiguously pre-caldera (350 + 90 ka) and oldest unequivocally post-
caldera (68 * 14 ka) Ar-Ar dates (Table 5.1) spans three glacial cycles. However, the

predominantly subaerial Northwest lava sequence, Ar-Ar dates for which indicate an age of ~110
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ka (Table 5.1; Jara and Moreno, in prep.), during or following the last interglacial (MIS 5e, ~123—
109 ka; Lisiecki and Raymo, 2005), is thought to have been erupted after the subglacial Sharkfin
sequence but prior to caldera formation (Gilbert et al., 1996). If correct, the caldera-forming
event must have occurred early in the last glacial period; the extent of glaciation at this time
would have been less than at the LGM, but is otherwise poorly constrained (Rabassa, 2008). There
is some evidence from Kamchatka (Bindeman et al., 2010) and numerical modelling (Geyer and
Bindeman, 2011) that suggested that caldera-forming large explosive eruptions are more likely
during glacial periods. However, the timing of the assumed caldera-forming eruptions relative to
glaciations is poorly constrained for the majority of those events studied by Bindeman et al.
(2010). Although tephra is less likely to be preserved when deposited supraglacially (Hobbs,
2014), the subsequent glacial advance (leading up to the LGM) alone would be sufficient to
account for the absence of evidence for an explosive origin of the caldera, considering that no
tephras deposited prior to local deglaciation have been found in the region (Fontijn et al., 2014).
Nevertheless, the ~60 m maximum subsidence of the Bardarbunga caldera in Iceland associated
with the 2014-15 Holuhraun eruption (Riel et al., 2015; Sigmundsson et al., 2015) highlights the
potential for subglacial caldera formation without an explosive eruption. Additional dating of the
eruptive sequences is critical to better constrain the climate at the time (and thus to inform

speculation about the mechanism) of formation of the caldera at Volcan Sollipulli.

As outlined in Section 5.1, most glaciovolcanism described at other arc stratovolcanoes at
temperate latitudes comprises coherent lavas, similar to the Chufquén valley lavas and circum-
caldera lava sequence. Nevertheless, the Sharkfin sequence indicates that it is possible, although
perhaps difficult, for extensive (i.e., not topographically confined) fragmental lithofacies to be
produced by subglacial eruptions on such volcanoes. It is unclear why these lithofacies are

relatively uncommon, including elsewhere in the Andean Southern Volcanic Zone (SVZ) (although
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hyaloclastite has been reported locally at Nevados de Chilldn and more widely at Volcan Hudson:
Gutiérrez et al., 2005; Mee et al., 2006). It is not necessarily because the magma is typically of an
evolved composition, as there are examples in Iceland of fragmental deposits from subglacial
eruptions of intermediate magmas (e.g., Stevenson et al., 2009) and rhyolite (e.g., McGarvie et al.,
2007), although often they are only associated with mafic eruptions (e.g., Kelman et al., 2002). In
any case, mafic volcanism is thought to be predominant in the central and southern sectors of the
SVZ (Stern, 2004; Fontijn et al., 2014). There could be preservation bias; fragmental lithofacies are
more easily eroded than lavas, and they could have been covered by the large volume of post-
glacial lavas thought to have been erupted at some volcanoes (e.g., Llaima and Villarrica: Naranjo
and Moreno, 1991). Alternatively, their absence could suggest a reduction in the frequency
and/or volume of eruptions during glacial maxima, for which there is some evidence in the
regional record of explosive eruptions (Watt et al., 2013a; Rawson et al., 2016). Further detailed
mapping of the volcanoes of the SVZ and in similar arcs is essential to quantify the prevalence of

subglacial eruptions at such volcanoes.
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5.5. Conclusions

The glaciovolcanic eruption products preserved at Volcan Sollipulli provide new insight into the
range of volcano-ice interactions that can occur on ice-capped stratovolcanoes. Widespread
hyaloclastic tuff-breccia, sometimes containing lava pillows, suggests that considerable lava-
meltwater interaction can occur beneath ice on such edifices apparently without topographic
confinement. Furthermore, an extensive sequence of sills and debris flow deposits is recognised
for the first time on a temperate-latitude stratovolcano, which, considering its similarity to
Dalsheidi-type sequences, also suggests ubiquitous syn-eruptive subglacial meltwater generation
and ponding. Nevertheless, the ice thickness during the emplacement of these units is not
possible to constrain robustly from the lithofacies relationships. The lavas emplaced around the
caldera rim and on the upper flanks exemplify the variety of interactions (and morphologies
resulting from) lava flowing beneath or into ice, including that platy fracturing of the lava margin
can occur, which has not been widely recognised in such lavas. Features of the circum-caldera
lava sequence constrain the thickness of the intra-caldera ice during its emplacement, and also
suggest that the ice might have considerably influenced the evolution of the caldera itself.
Constraining the prevalence and nature of subglacial and other glaciovolcanic activity at similar

volcanoes will be essential to further understanding of the influence of ice on arc volcanism.
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Chapter 6 Conclusions and future directions

6.1. Time-series from volcano monitoring

The recent dome-forming eruptions of Soufrieére Hills Volcano and Volcadn de Colima exemplify
some of the challenges in forecasting and understanding activity at arc volcanoes from monitoring
time-series, such as abrupt shifts in activity with limited precursors and temporal changes in the
relationship between monitored attributes and eruptive activity. The two (potentially widely
applicable) statistical techniques applied here to volcano-seismic time-series from these eruptions
highlight the potential of such methods to provide additional information on volcanic activity and
processes from monitoring data. Detrended fluctuation analysis reveals long-range correlations in
each of the time-series analysed, and therefore a degree of long-term memory and predictability
to volcano seismicity that has not previously been recognised. The correlation dynamics of the
daily counts of some of the event types highlights regime changes and/or provides new
constraints on conduit and eruption processes. Furthermore, real-time seismic measurements are
found to have anomalously persistent behaviour prior to the onset of some eruptive phases at
Colima, including those in the study period for which no clear precursors were identified by
conventional real-time monitoring. The entropy (i.e., randomness) of each of the time-series
analysed is also found to vary through time, revealing changes in the structure of these data that
are not typically apparent from other statistics determined by data distribution. In some
instances, the entropy of the seismicity shifts prior to or coincident with changes in seismic or
eruptive activity, some of which were not clearly recognised by real-time monitoring. These
findings suggest that with further development, statistical techniques, particularly those
quantifying the predictability or randomness of monitoring time-series, may have the potential to

provide useful additional guidance for interpreting temporal variations in volcanic activity on sub-
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decadal timescales. However, the results of this study highlight that the challenges in interpreting
monitoring data also apply to statistic time-series calculated from them, such as the uniqueness
of the behaviour of many volcanoes inhibiting generalised interpretation, and the potential for
the relationship between a monitored or statistical attribute and volcanic activity to change with

time.

The utility of the statistical techniques applied in this thesis could be further evaluated in the
following ways: (1) application to longer real-time datasets (such as RSAM) from periods with
more activity shifts, so the correlation between changes in the statistics and activity shifts could
be statistically tested and/or to evaluate the efficacy of statistic thresholds for forecasting; (2)
application to seismic time-series from other volcanoes with different styles of eruptive activity
and/or seismicity, to better constrain the conditions required for and so processes that cause
persistence or randomness in volcano seismicity; (3) application to time-series from different
types of monitoring, to assess their utility for analysis of these other data, and to compare the
temporal variability of the statistical properties of different monitoring data. This approach could
also be taken to better evaluate the utility of the many other statistical methods that have been
applied to volcanological time-series (Supplementary Table 2.1), but studied only to a similar or
lesser degree as those investigated here. Using other techniques to quantify similar properties of
the same data may further constrain the interpretation of variations in the persistence and
randomness of monitoring time-series. For DFA, complementary statistical methods include
multifractal DFA (e.g., Kantelhardt et al., 2002; Alvarez-Ramirez et al., 2009) and other measures
of persistence, such as variograms (e.g., Jaquet et al., 2006; Carniel et al., 2008); for Shannon
entropy, other entropy functions (e.g., renormalized entropy (Saparin et al., 1994) or time-
dependent pattern entropy (Ishizaki and Inoue, 2013)) or information measures (e.g., Fisher

information: Telesca et al., 2012) could be informative.
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The results of both statistical techniques applied here imply that there are temporal variations in
the predictability of the time-series analysed; this suggests that development of means to
quantify the predictability of future volcanic activity from monitoring data in a way that could be
included in hazard assessments (e.g., in a Bayesian framework: e.g., Aspinall et al., 2003) would be
valuable. In addition, the observation of persistence and high entropy of some of the seismic
time-series during phases of activity suggests that consideration of volcanoes as chaotic-
deterministic systems is worth exploring. Such behaviour could be analysed in monitoring data by
a number of statistical techniques, for instance calculating the Lyapunov exponent or correlation
dimension (e.g., Correig et al., 1997). More generally, there is considerable potential for other
statistical techniques (such as many of those in Supplementary File SF2.1) to be more widely

utilised for analysis of temporal variation in monitoring data and comprehensive eruption records.
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6.2. Records of explosive eruptions

Analysis of the tephrostratigraphy of Volcdn Hudson exemplifies some of the challenges in
constraining the history of explosive eruptions from tephrostratigraphic records. Most of the
Volcdn Hudson tephras analysed here, from terrestrial sections, are found to have a narrow range
in their glass composition, which in almost all cases is distinct from the other Volcan Hudson
tephras of a similar age, enabling a robust tephrostratigraphic framework to be presented. This
contrasts with most of the previous work on ascertaining the tephrostratigraphy from
palaeoenvironmental records; reanalysis here demonstrates that these tephras have often been
inadequately characterised, resulting in erroneous or unjustified correlations. Further constraint
of the explosive eruption history is unlikely to be achievable from additional study of the
accessible tephra-bearing soil sequences, so these palaeoenvironmental records have an
important role. A much more complete post-glacial tephrostratigraphy could be developed if
sufficient composition data were obtained to correlate the many Volcan Hudson tephra deposits
identified in lake sediments, as collectively they constitute a more continuous record over a

longer period with less spatial bias than the terrestrial record.

Such composition data would also be valuable to better determine the nature of the previously
unrecognised shifts we find in the magma composition erupted from Hudson, from silicic to mafic
after the H2 eruption (~3.9 cal ka BP), and then to intermediate compositions for the last ~1 ky.
This appears to be consistent with an emerging regional trend that is attributed to the magmatic
response to deglaciation (Rawson et al., 2016), which also entails temporal variations in eruption
flux. Although the estimated eruption flux variability for Hudson is consistent with the regional
trend, it is relatively poorly constrained, along with those for many other volcanoes in the Andean

Southern Volcanic Zone (SVZ). Most studies have focussed on determining eruption frequency
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rather than accurate magnitudes, in part because of the difficulties in finding and correlating
tephra records. Robust quantification of eruption flux through time would be invaluable to

constrain the controls on temporal variability in eruption frequency.

Some hypotheses on the controls of millennial-scale temporal variability, including the influence
of deglaciation (e.g., Watt et al., 2013a; Rawson et al., 2016), are difficult to test in detail without
regional context. Recent studies have developed a detailed tephrostratigraphy for the sector of
the SVZ from Volcan Llaima to Volcan Chaitén (Watt et al., 2011, 2013b; Rawson et al., 2015;
Fontijn et al., in review), but acquiring an eruption record for the volcanoes to the south
(including the Austral Volcanic Zone (AVZ): Stern, 2008) is more difficult due to the relative
absence of accessible terrestrial sections. The tephrostratigraphy of the AVZ may be refined by
the same approach used here for that of Hudson, i.e. new composition analyses of the tephras
from major eruptions identified in terrestrial sections, in combination with compilation and
reanalysis of the tephra record in palaesoenvironmental archives. This is work in progress, along
with an attempt to extract a detailed tephrostratigraphy from a late Holocene peat core ~35 km
east of Volcan Yanteles (in the poorly studied sector of the SVZ), which preserves at least several
tephra units from volcanoes between Volcan Minchinmdvida and Volcan Melimoyu, but with a

high background tephra concentration.
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6.3. Records of effusive eruptions

The characteristics and interpretation of subaerial effusive eruptions of arc volcanoes are well-
constrained in comparison to those involving interaction with ice, which generate relatively
diverse landforms and lithofacies. The glaciovolcanic eruption products at Volcan Sollipulli
analysed here provide new insight into the range of volcano-ice interactions that can occur on ice-
capped stratovolcanoes, and how the eruption style may consequently vary through time.
Widespread hyaloclastic tuff-breccia, sometimes containing lava pillows, suggests that
considerable lava-meltwater interaction can occur beneath ice on such edifices apparently
without topographic confinement. Furthermore, an extensive sequence of sills and debris flow
deposits is recognised for the first time on a temperate-latitude stratovolcano, which considering
its similarity to Dalsheidi-type sequences, also suggests ubiquitous syn-eruptive subglacial
meltwater generation and ponding. Nevertheless, the ice thicknesses during the emplacement of
these units (and so the conditions required for such eruptions to occur on such volcanoes) are not
possible to constrain robustly from the lithofacies relationships. The lavas emplaced around the
caldera rim and on the upper flanks exemplify the variety of interactions (and morphologies)
resulting from lava flowing beneath or into ice, including that platy fracturing of the lava margin
can occur, which has not been widely recognised in such lavas. Features of the circum-caldera
lava sequence constrain the thickness of the intra-caldera ice during its emplacement, and also
suggest that the ice might have considerably influenced the evolution of the caldera itself.
Nevertheless, the uncertainties in the interpretation of the palaeoenvironmental conditions of the
emplacement of some of the sequences analysed demonstrate the necessity of detailed
characterisation on an edifice scale, with comparison to other volcanoes, to further understand

such effusive eruption records.
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Analysis of the record of effusive eruptions in the southern Andes would also be necessary (in
addition to the explosive eruption history) to constrain any long-term temporal variation in
volcanism with the greatest possible accuracy, but would be an even greater challenge. Further
studies of glaciovolcanism would be particularly valuable, given the potential to also ascertain a
coupled glacial history. Uncertainties remain about the glacial conditions during the emplacement
of the lithofacies described on Volcan Sollipulli, and in our understanding of the prevalence of
different styles of glaciovolcanism (and the processes they entail) on temperate arc
stratovolcanoes generally. These might be resolved by further detailed mapping, both on Volcan
Sollipulli and elsewhere; in the southern Andes, the volcanoes most likely to have considerable
exposures of glaciovolcanic eruption products are those with distributed vents (e.g., Antillanca
and Quetrupilldn volcanoes) or relatively low post-glacial eruption rates (e.g., Sollipulli and
Tolhuaca volcanoes), particularly those that have been extensively dissected (e.g., Puntiagudo and
Yate volcanoes). Field studies could be complemented by mapping palagonitised glaciovolcanic
deposits by remote sensing (e.g., Graettinger et al., 2013), to assess their regional prevalence and
distribution. The geochemistry and petrology of the sequences and lithofacies described at Volcan
Sollipulli will be examined from the composition data of Murphy (1996) and in Supplementary
Table 5.1, and petrographic analysis; comparison to the major element composition of similar
deposits in the region could be attempted by composition mapping using remote sensing (e.g.,

Kobayashi et al., 2010).
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Supplementary File 2.1 Outline of some of the various statistical techniques applied to volcanological time-series in previous work.

Examples of recent applications of the technique

Artlalyems tsggrt]lr?itlraael Description of technique to volcanic time-series
yp g Article(s) Summary Advantages and/or limitations Avrticle(s) Summary
Allan. 1966- AF: measure of the variability of FF is sensitive to nonstationarity; AF is Examine historical ion d . 35

Clustering, Allan and Fano F an, 19 47.’ successive counts in a dataset. an appropriate alternative. Both are Telesca et al., xlamlne _']f_toé'c? eruptlonf atasle;s hror_n
fractal, or factors (AF; FF) | [ano, 194/, FF: measure of the dispersion of a preferable to the coefficient of variation, | 2002b volcanoes; find clustering (fractal behaviour)

. Telesca et al., LS . . . . . . on at least some timescales at all but five of
persistence 2002 distribution/correlation over various which does not identify the timescales on the vol wudied
analysis a timescales. which clustering occurs. € volcanoes studied.

Autocorrelation

Chatfield, 2003

Cross-correlation of a signal with a

Only appropriate for stationary data.

Privitera et al.,

Analyse Etna tremor associated with lava
fountaining; identify periodicity to tremor,

(and partial lagged version of itself, highlighting Interpretation of the autocorrelation 2003 and forecast future fountaining events.
autocorrelation) clustering, periodicity, and/or short- coefficients/correlograms can be Analyse inter-event times of explosions at
timescale persistence. ambiguous. Varley et al., Volcén de Colima and Tungurahua; find that
2006 the extent of clustering varies between event
types and through time.
Quantifies the chaoticity of a dynamical
Chaotic- Correig & system by calculating the correlation Appropriate for characterising data that is | Correig et al., Analyse Deception Island seismicity inter-
deterministic Urquizu, 1996 dimension, Kolmogorov entropy noisy and/or from potentially chaotic or 1997 event times; find that this time-series is
analysis (measure of the rate of loss of non-linear processes or systems. Only chaotic-deterministic, and that the underlying

information about the system state), and
Lyapunov exponent (measure of the
sensitivity to initial conditions).

appropriate for stationary data.

mechanism must be a non-linear system with
at least three degrees of freedom.

(Multifractal)
detrended
fluctuation
analysis
((MF)DFA) and
detrended
moving average
(DMA)

Alessio et al.,
2002;
Kantelhardt et
al., 2002;

Peng et al., 1994;
1995

Calculates a measure of the self-affinity
or correlation dynamics (persistence;
memory) to a dataset. The exponent is
derived from the log ratio of the
fluctuation of the detrended, integrated
signal on a given length scale, against
that length scale.

Suitable for non-stationary data;
particularly appropriate for quantifying
long-range correlations. Not fitting for
small datasets.

Alvarez-Ramirez

Examine the daily exhalation rate at
Popocatépetl; the extent of persistence to the

etal., 2009 data is found to vary with a clear periodicity
(multiple cycle frequencies), with sharp
changes prior to activity shifts.
Distinguish noise from volcanic/tectonic
Del Pinetal., events in seismicity recorded at Teide, by a
2008 threshold level of scaling strength. Achieve

higher accuracy in event recognition than
manual methods.

Currenti et al.,
2005a; 2005b

Analyse magnetic data recorded on Etna; find
different correlation dynamics on different
timescales, and a sharp increase in
persistence coincident with an eruption.

Fractal
dimension

Feder, 1988;
Smalley et al.,
1987

Quantifies the degree of clustering or
complexity of a dataset (a smaller fractal
dimension reflects increasingly isolated
clusters).

Sensitive to noise and dataset size; only
appropriate for stationary, scale-invariant
data.

Dubois &
Cheminée, 1991

Quantify clustering in the inter-event times of
historical activity at various basaltic
volcanoes. At hotspot volcanoes, find strong
clustering for short intervals and regular
activity on longer timescales, but Etna is
Poissonian on all timescales.

Vinciguerra et
al., 2001

Examine the time evolution of the fractal
dimension of seismic event data from Etna;
find variations in clustering relating to EQ
swarms associated with flank eruptions.




Identify temporal variation in the b-value of

Frequency- Gutenberg & A coefficient related to the range of event | Experimental data constrain physical ;ggaé: los etal., the distribution of seismicity recorded at four

magnitude Richter, 1944; magnitudes in an earthquake dataset. interpretation of changes in b-value. Only Ecuadorean volcanoes.

relationship Palacios et al., suitable for analysis of high-quality Identify three phases to the seismic swarm

(b-value) 2006 seismic data; must be able to evaluate the | Ibafiez et al., associated with 2011-12 EIl Hierro eruption,

minimum sensitivity of the network. 2012 each with differing b-values, reflecting
different stages of magma ascent and storage.
Calculates a measure of the self-affinity Correiq et al Analyse Deception Island seismicity inter-

Hurst rescaled Feder, 1988; or correlation dynamics (persistence; Only appropriate for stationary data. 1997 g " event times; find clustering in the data,

range analysis Hurst, 1951 memory) to a dataset. The exponent is implying memory to the system.

(HRAA) derived from an empirical relationship Analyse inter-event times of eruptions at 14
relating the standard deviation to a Telesca & volcanoes; find persistent behaviour at seven
rescaled accumulated departure of the Lapenna, 2005 of these, whilst uncorrelated dynamics are
time-series from the average. observed at the others.

Analyse seismic data from Teide, finding that

Variograms Jaquet & Quantifies the degree of clustering/ Only assumes stationarity of the Carniel et al., natural and anthropogenic seismic noise

Carniel, 2006; similarity in a time-series on various increments of the stochastic process 2008 sources can be distinguished by their
Matheron, 1962 | timescales, and quantifies the continuity analysed. persistence; identify changes in correlation
and regularity of the data. Based on strength coinciding with tectonic events.
modelling data using the Cox process. Analyse RSAM data from Soufriere Hills,
Jaquet et al., Montserrat; identify persistence to a series of
2006 Vulcanian eruptions indicative of ‘magma
memory’ on a timescale of 60-80 hrs,
constraining magma ascent rate.
Fisher Fisher. 1925: Measurement of the order of a signal, Analyse tremor data from Stromboli;
Information - . ' ' derived from estimating the hidden Suitable for non-linear systems and Telesca et al., temporal variation of the FIM indicates the
information Telesca et al., . . -
measure parameters from (information content of) | nonstationary data. 2010 data becomes more ordered at least 42 hrs
. measure (FIM) 2012 -
analysis observed random variables. before the start of one paroxysmal event.
Shannon & Suitable for non-linear svstems and Analyse various seismic data types from
Shannon entropy | Weaver, 1949; Measure of the disorder in, or the . Y X Volcan de Colima and Soufriére Hills
: - nonstationary data. Can be estimated to Chapter 3 e SO
Telesca et al., uncertainty of, a random variable. . . Volcano, Montserrat; find changes in disorder
reduce computational complexity. . . o i
2012 associated with shifts in activity.
Artificial neural Non-linear statistical data modelling tool; Applied in an automated routine to classify
.| Rumelhartetal., . . . o - .
Pattern networks (ANNSs; ; computational approach using an Computationally complex and seismic events at Soufriére Hills, Montserrat.
- 1986; . A L . . . Langer et al., . . e
recognition usually interconnected network of artificial demanding; requires high-quality data, ) Achieved 70% accuracy in classification;
. Van der Baan & . . L . 2003; 2006 . : .
multilayer neurons that can change in structure extensive training, and a detailed with reanalysis, achieve 80% accuracy, or
Jutten, 2000 LT . . :
perceptron) during ‘training’. understanding of the patterns to be higher for certain event types.

Hidden Markov

Baum & Petrie,

Statistical models in which the system is
assumed to be a Markov process (time-

recognised. An individual model is only
appropriate if the data are stationary.

Alasonati et al.,
2006;

Applied in an automated routine to classify
seismic events at various volcanoes; achieved

models (HMMs) | 1966; varying random phenomenon with Bebbington, accuracy of >90% for certain event types, but
Rabiner, 1989 specific conditions) with hidden 2007 poor for some other types.
(unobservable) states, which can be Benitez et al Explore applying HMM s in probabilistic
patterns that may be associated with the 2009 N analysis of volcanic data; suggest that
defined class of highest likelihood. incorporating HMMs is valuable.
(Kohonen) self- Kohler et al., ;I'ype_of AN:\I capable .thltj)nsuﬁer\gsed Computationally complex and | Analyse _tremor (:]atg f(rjom _I?_tna vr\]/ithout_
organising maps | 2000: earning, utilising a neighbourhoo demanding; requires high-quality data, Langer et al., supervision; method identifies changes in-
function to preserve the topological 2009 tremor characteristics, highlighting transitions

(SOMs)

Kohonen, 1982

properties of the input space.

Does not involve supervised learning.

between volcanic regimes.




Analyse features extracted from multiple

Di Salvo et al., monitoring time-series from Etna;
2012 successfully cluster the data in spite of their
differing temporal variability.
Analyse 217 seismic swarms associated with
Pattern Jain et al., 2000; | Set of multivariate analysis techniques The techniques employed can be selected | Sandri et al., various magnitudes of unrest or eruption; find
recognition for Marzocchi et al., | used to identify patterns within a dataset to suit the data; training and/or a good 2004 patterns in the duration and repose time of
forecasting 2003 (the statistical methods used will depend | understanding of the data or system may swarms associated with eruption occurrence
upon the data and the aims of be necessary. and magnitude.
recognition), such as patterns in activity Novelo- Analyse seismic data from Popocatépetl; find
prior to new phases of volcanism. Casanova & that all the large eruptions can be predicted
Valdés- retrospectively from the pattern of precursory

Gonzélez, 2008

seismicity, but with some easily filterable
false alarms.

Probabilistic
analysis

Determining the
best-fitting
probabilistic
distribution

Lee, 2003;
Wickman, 1966

The goodness of fit of the data to a
particular probabilistic distribution (with
optimised shape parameters) is
determined to find the distribution that
best represents the dataset. Different
distributions (e.g. Brownian passage-
time, exponential, [generalised] gamma,
linear, log-logistic, lognormal, Markov-
modulated Poisson process, mixture of
exponentials or Weibulls, Pareto, power
law, trend renewal process, Weibull

Some of the distributions utilised are not
appropriate for certain types of activity,
and/or have specific drawbacks: for
example, the Weibull distribution does
not allow for periodic behaviour and is
sensitive to single observations
(Bebbington & Lai, 1996).

Model eruption onsets using a trend renewal

Bebbington, process, and relate this to more conventional

2010 methods of clustering and probabilistic
analysis.

Bebbington, Examine inter-event times or event rates of

2007 plus many
others, as listed
in Bebbington,
2012; Marzocchi
& Bebbington,
2012

various volcanoes; find that the best-fitting
distribution varies between volcanoes,
indicating differences in eruption dynamics.
In a number of cases, the best-fitting shape
parameters or distribution varies through
time, coincident with changes in the system.

Analyse the repose times of specific volcano-

[renewal]) imply different physical Varley et al., seismic event types at a few volcanoes; find
processes. 2006 that the best-fitting distribution can be
different for each event type, and change after
a large eruption.
Review use of such methods in modelling the
Extreme value Coles, 2001; Used to estimate the extreme levels of a Results sensitive to threshold selection; Coles & Sparks, | occurrence of large eruptions. Results are
theory Leadbetter et al., | process that may be expected in the estimates will not necessarily converge. 2006 inconclusive due to the issue of appropriate
1983 future on the basis of past observations. Only appropriate for stationary data. threshold selection, but not inconsistent with
global eruption record.
Build upon Coles & Sparks (2006), using a
Furlan, 2010 step function/change-point model to deal with
recording bias, and Bayesian inference to
improve the forecasting.
Analyse Etna flank eruption duration data,
Time- and size- Marzocchi & Determines if the data fits either a time- Must assume that the data are stationary Bebbington, allowing for hidden states. Identify a shift
predictable Zaccarelli, 2006; | predictable (e.g. the repose time after the | and result from a homogenous Poisson 2007 between time-predictability and Poissonian
statistical Shimazaki & previous event is dependent upon the process. behaviour relating to change in conduit state
distribution Nakata, 1980 duration of the previous event) or size- (‘open’ vs ‘closed’).
modelling predictable (e.g. eruption duration is Analyse eruption inter-event times from
dependent upon the repose time since the Marzocchi & many volcanoes; find that ‘open’ & ‘closed’

previous event) model.

Zaccarelli, 2006

systems generally fit time-predictable and
Poissonian models respectively.




Passarelli et al.,
2010

Analyse eruption data from Kilauea and Etna;
find that the volcanoes show time-predictable
behaviour, and that a Bayesian model using
this can make better forecasts.

Identification of the change points in a

Various options of testing for structural

Investigate tremor data from Stromboli;

Change point | Structural change | Zeileis et al., time-series using structural change change, only some of which are Fattori-Speranza | identify at least one structural change
recognition tests 2002; 2010 algorithms (based on linear regression appropriate for specific datasets & Carniel, 2008 | associated with each regional tectonic event
models or maximum likelihood). (potential for parameter instability). in the period analysed.
Identify two regime change points in eruption
Two-sample Ebdon, 1985; Identification of change points by Must assume stationarity except wherea | Burtetal., 1994 | volume, duration, and inter-event time data
distribution test, Mulargia et al., partitioning a dataset into two groups and | change point is identified. from Nyamuragira; examine fit of data to
such as the 1987 applying a distribution similarity test, simple models of magma supply.
Kolmogorov- which is repeated to find the partitioning Analyse erupted volume and inter-event time
Smirnov (K-S) that gives the most dissimilar groups out Mulargia et al., data from historical eruptions of Etna;
statistic of all possible groupings (e.g., indicated 1987 identify a number of change points in both
by the most significant K-S test statistic). datasets but these do not coincide, suggesting
control by different factors.
Autoregressive Time-series models integrating Develops an ARIMA method for modelling
Signal integrated Chatfield, 2003; | autoregressive processes (in which the Appropriate model(s) must be selected Ho, 2008 the recurrence rate of volcanism, using the
processing/ moving Nason, 2006 future is dependent upon the past signal) (and tested for reasonableness and eruption record of Avachinsky as a case
modelling average and moving average processes (which predictive ability, if appropriate). study. Asserts that this technique is capable
(ARIMA) combines elements of randomness from of modelling simple Poissonian through to
models the past signal). cyclic activity.
. . Measurement of the association between . . . Cross-correlate Etna seismi.c and eruptiqn
Cross-correlation | Chatfield, 2003; different components of time-series at Typical methods are only appropriate for | Cardaci etal., data by correlogram analysis of all possible
Neuberg, 2006 di . - stationary data. 1993 seismic and volcanic event pairs. Find
ifferent time lags. VVarious methods are S .
- ; A significant correlations between flank
routinely used with seismic and volcano- - A
seismic data. eruptions and certain seismic event types, and
between summit activity and tremor.
Analyse ground deformation in Neapolitan
Signal de- Independent De Lauro et al., Method of separating mutually Only appropriate for non-Gaussian data. Bottiglieri et al., | region; identify five independent periodic
composition component 2005; statistically independent components of a | Cannot determine the absolute 2007 signals and residual local signals, showing
analysis Hyvarinen et al., | multivariate signal by minimising mutual | amplitudes of the components that are the ability to identify volcanic deformation.
2001 information content and maximising non- | identified. Analyse long-period seismic events at Volcan
o De Lauro et al., A e
Gaussianity. 2012 de Colima; extract oscillation modes and
identify two polarisation types.
Show that singular spectrum analysis and
Spectral/ Duhamel & Decompose a time-series into its Fourier transform analysis is only Bozzo et al., Fourier analysis are related, and that the
spectrogram Vetterli, 1990; components of different frequencies, i.e. appropriate for linear systems and strictly | 2010 former can highlight precursors to a
analysis (e.g. Ghil et al., 2002; | its spectral characteristics. Fast Fourier periodic or stationary data. Spectrograms paroxysmal eruption at Stromboli.
by Fourier or Huang et al., transform most widely applied due to assume that the data are piecewise Analyse tilt data from Soufriére Hills
Hilbert 1998; ease of use. stationary. Hilbert transforms are a Odbert & Volcano, Montserrat; identify a clear change
transforms) Smith-Boughner suitable alternative for non-linear and/or | Wadge, 2009 in spectral power that coincides with a shift in
& Constable, nonstationary time-series. Such analysis eruptive activity.
2012 generally requires high-quality data Create FFTs and spectrograms for various

(although there are methods of spectral
estimation for data with gaps).

Neuberg, 2006
(many other
examples)

seismic data from a number of volcanoes,
demonstrating utility in understanding
external triggering and conduit dynamics.




Sub-band

Use maximal-overlap wavelet packet

Capable of detecting small changes in

Analyse continuous tremor recorded at Erta

d o Jones et al., transforms to filter, decompose, and time-frequency content. Less appropriate | Jones et al., PN .
ecomposition/ - - A . Ale; identify signals corresponding to source
- 2012a recover signals from continuous where significant attenuation and 2012b S -
reconstruction - ; - - . processes active in several different areas.
multichannel tremor data. scattering, or with an anisotropic source.
Analyse non-stationary tremor signals from a
Wavelet analysis | Ghil et al., 2002; | Describe signal by convolution with Large number of wavelet options, to Bartosch & number of volcanoes; demonstrate utility
Percival & wavelet function to describe variability satisfy conflicting requirements of Seidl, 1999 particularly for signals containing
Walden, 2000 distribution over a range of time and completeness, orthogonality, and information on a wide range of timescales.
frequency scales. localization in time and frequency. Analyse tilt data (proxy for lava flux) from
Odbert & Soufriére Hills Volcano, Montserrat; identify
Wadge, 2009 a previously unknown cycle of frequency

modulation in a specific period.

Validation of
data

Benford’s Law

Benford, 1938;
Sambridge et al.,
2010

Law states that lower digits occur more
frequently than higher ones in real-world
data, irrespective of the unit of
measurement. Nonconformity could
indicate data incompleteness, errors,
anomalies, or excessive round-off.

Empirical observation that is only
applicable to some data.

Geyer & Marti,
2012

Test global eruption duration data
(Smithsonian database), and find a good fit
with Benford’s Law. Find a poorer (but still
reasonable) fit for data from the (less
complete) global caldera database.
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Supplementary File 3.1 Normalised cumulative entropy of Volcan de Colima RSEM.
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SF3.1 The normalised cumulative empirical Shannon entropy (upper black line) of an hour-averaged real-time seismic energy measurement
(RSEM) time-series recorded at VVolcan de Colima (dark grey line; data from 1 January 2004 to 31 December 2008), with a test of hypothesis
of a uniform distribution (lower black line; NU = not uniform, U = uniform; Section 3.2.3) calculated using the same cumulative window.
The shading indicates phases (labelled) of extrusive and/or enhanced explosive activity; the vertical dashed grey lines mark major (VEI >2)
Vulcanian explosions. Phase 1 is the period of relatively fast lava extrusion in late 2004, Phase 2 the period of large Vulcanian explosions in
2005, and Phase 3 the period of relatively slow lava extrusion in 2007-11. The distribution of the data in the window quickly becomes
consistently non-uniform (and so the cumulative entropy decreases relatively rapidly) due to the non-stationary nature of the RSEM time-
series (i.e., because the distribution of the data changes through time).

Supplementary File 3.2 Normalised cumulative entropy of Soufriere Hills Volcano RSAM.
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SF3.2 The normalised cumulative empirical Shannon entropy (upper black line) of an hour-averaged real-time seismic amplitude
measurement (RSAM) time-series recorded at Soufriere Hills Volcano (dark grey line; data from 28 February 2005 to 30 June 2011), with a
test of hypothesis of a uniform distribution (lower black line; NU = not uniform, U = uniform) calculated using the same cumulative window.
The shading indicates phases (labelled) of extrusive and/or explosive activity; the vertical dashed grey lines mark major dome collapse
events.



Supplementary File 3.3 Coefficient of variation of Volcan de Colima daily volcano-seismic event counts.
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Previous page SF3.3 The coefficient of variation (black line) of the daily count of each of the primary volcano-seismic event types at
Volcan de Colima (described in Table 2.1; dark grey line; data from 1 November 2004 to 31 December 2008), calculated for each time-
step from a window of the prior 50 days (50 measurements). The shading in each graph indicates phases (labelled) of extrusive and/or
enhanced explosive activity; the vertical dashed grey lines mark major (VEI >2) Vulcanian explosions. Phase 1 is the period of relatively
fast lava extrusion in late 2004, Phase 2 the period of large Vulcanian explosions in 2005, and Phase 3 the period of relatively slow lava

extrusion in 2007-11.



Supplementary File 3.4 Coefficient of variation of Soufriere Hills Volcano daily volcano-seismic event counts.
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SF3.4d) Rockfall events
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SF3.4 The coefficient of variation (black line) of the daily count of each of the primary volcano-seismic event types at Soufriére Hills
Volcano (described in Table 2.2; dark grey line; data from 23 October 1996 to 8 July 2010), calculated for each time-step from a window of
the prior 50 days (50 measurements). The shading in each graph indicates phases (labelled) of extrusive and/or explosive activity; the vertical
dashed grey lines mark major dome collapse events. The hollow arrows indicate anomalous increases in the coefficient of variation values
due to periods of zero counts.
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Supplementary File 4.2 Inter-run comparison of glass secondary standard EMP analyses.
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Supplementary File 4.3 Outputs of OxCal Bayesian models applied to radiocarbon date constraints on the age
of Volcdn Hudson tephras.
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(b) Compiled H1 age constraints from Prieto et al. (2013)

Sequenge H1

Boundapry lower leve .
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(c) Compiled H2 age constraints (Supplementary Table 4.2)

Sequence H2
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(d) Revised HW (Haberle and Lumley, 1998) eruptions (using only the tephras that are most likely to correlate)
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Supplementary File 5.1 List of volcanic centres in southern Chile and Argentina for which there is evidence of

post-glacial activity, and the nature of ice cover on these edifices.

Volcano Subregion® Latoitude Longitude Maximum GVP number Activity Ice?
(°N) (°E) elevation (m) Former VNum

Tupungatito NSVZ -33.40 -69.80 6000 1507-01= 357010 Historical Caldera
San José NSvVZz -33.78 -69.90 5856 1507-02= 357020 Historical Glacier
Maipo NSVZ -34.16 -69.83 5264 1507-021 357021 Historical Glacier
Palomo TSVZ -34.61 -70.30 4860 1507-022 357022 Holocene Glacier
Caldera del Atuel TSVZ -34.65 -70.05 5189 1507-023 357023 Holocene

Tinguiririca TSVZ -34.81 -70.35 4280 1507-03= 357030 Historical Glacier
Risco Plateado® TSVZ -34.93 -70.00 4999 1507-024 357024 Holocene

Infiernillo TSVZ -35.14 -69.83 2045 1507-041 357041 Holocene
Planchén-Peteroa TSVZ -35.24 -70.57 4107 1507-04= 357040 Historical Crater
Calabozos TSVZ -35.56 -70.50 3508 1507-042 357042 Holocene

Descabezado Grande TSVZ -35.58 -70.75 3953 1507-05= 357050 Historical Caldera
Cerro Azul TSVZ -35.65 -70.76 3788 1507-06= 357060 Historical Glacier
San Pedro-Pellado TSVZ -35.99 -70.85 3621 1507-062 357062 Holocene Crater
Laguna del Maule TSVZ -36.02 -70.58 3092 1507-061 357061 Holocene

Nevado de Longavi TSVZ -36.19 -71.16 3242 1507-063 357063 Holocene Glacier
Lomas Blancas TSVZ -36.29 -71.01 2268 1507-064 357064 Holocene

Paylin Matru BA -36.42 -69.20 3680 1507-066 357066 Holocene

Resago TSVZ -36.45 -70.92 1890 1507-065 357065 Holocene

Domuyo® TSVZ -36.58 -70.42 4709 1507-067 357067 Holocene Glacier
Cochiquito Volcanic Group BA -36.77 -69.82 1435 1507-071 357071 Holocene

Nevados de Chillan TSVZ -36.86 -71.38 3212 1507-07= 357070 Historical Crater
Tromen BA -37.14 -70.03 3978 1507-072 357072 Historical Glacier
Antuco Csvz -37.41 -71.35 2979 1507-08= 357080 Historical Glacier
Puesto Cortaderas® BA -37.57 -69.62 970 1507-073 357073 Holocene

Trocon? Csvz -37.73 -70.90 2500 1507-081 357081 Holocene

Copahue Csvz -37.85 -71.17 2997 1507-09= 357090 Historical Crater
Callaqui Csvz -37.92 -71.45 3164 1507-091 357091 Historical Glacier
Laguna Marifiaqui CSvz -38.27 -71.10 2143 1507-092 357092 Holocene

Tolguaca Csvz -38.31 -71.64 2806 1507-093 357093 Holocene Glacier
Lonquimay Csvz -38.38 -71.58 2865 1507-10= 357100 Historical Crater
Tralihue? BA -38.52 -70.90 2345 1507-101 357101 Post-glacial

Llaima Csvz -38.69 -71.73 3125 1507-11= 357110 Historical Glacier
Sollipulli Csvz -38.97 -71.52 2282 1507-111 357111 Holocene Caldera
Laguna Blanca® BA -39.02 -70.37 1700 1507-102 357102 Holocene
Caburgua-Huelemolle Csvz -39.25 -71.70 1496 1507-112 357112 Holocene

Villarrica Csvz -39.42 -71.93 2847 1507-12= 357120 Historical Glacier
Quetrupillan Csvz -39.50 -71.70 2360 1507-121 357121 Historical Crater
Lanin Csvz -39.63 -71.50 3747 1507-122 357122 Holocene Glacier
Huanquihue Group Csvz -39.88 -71.58 2139 1507-123 357123 Historical
Mocho-Choshuenco CSvz -39.93 -72.03 2422 1507-13= 357130 Historical Caldera
Carran-Los Venados Csvz -40.35 -72.07 1114 1507-14= 357140 Historical
Puyehue-Cordon Caulle Csvz -40.59 -72.12 2236 1507-15= 357150 Historical Caldera
Cerro Pantoja CSvz -40.77 -71.95 2024 1507-152 357152 Holocene

Antillanca Group Csvz -40.77 -72.15 1990 1507-153 357153 Holocene



Puntiagudo-Cordén Cenizos Csvz -40.97 -72.26 2493 1507-16- 357160 Historical Glacier

Osorno Csvz -41.10 -72.49 2652 1508-01= 358010 Historical Glacier
Tronador? Csvz -41.16 -71.88 3491 1508-011 358011 Post-glacial Glacier
Cayutué-La Vigueria Csvz -41.25 -72.27 506 1508-012 358012 Holocene
Calbuco Csvz -41.33 -72.61 2003 1508-02= 358020 Historical Crater
Cuernos del Diablo Csvz -41.40 -72.00 1862 1508-021 358021 Holocene
Yate SSvz -41.75 -72.40 2187 1508-022 358022 Holocene Glacier
Hornopirén SSvz -41.87 -72.43 1572 1508-023 358023 Holocene
Apagado SSvz -41.88 -72.58 1210 1508-024 358024 Holocene
Crater Basalt VVolcanic Field BA -42.02 -70.18 1359 1508-025 358025 Holocene
Huequi SSvz -42.38 -72.58 1318 1508-03= 358030 Historical
Minchinmavida SSvz -42.79 -72.44 2404 1508-04= 358040 Historical Caldera
Chaitén SSvz -42.83 -72.65 1122 1508-041 358041 Historical
Corcovado SSvz -43.18 -72.80 2300 1508-05= 358050 Historical Glacier
Yanteles SSvz -43.50 -72.80 2042 1508-050 358049 Holocene Glacier
Palena Volcanic Group SSvz -43.78 -72.47 1449 1508-051 358051 Holocene
Melimoyu SSvz -44.08 -72.88 2400 1508-052 358052 Holocene Caldera
Puyuhuapi SSvz -44.30 -72.53 524 1508-053 358053 Holocene
Mentolat SSvz -44.70 -73.08 1660 1508-054 358054 Historical Caldera
Cay* SSvz -45.06 -72.98 2090 1508-055 358055 Post-glacial Glacier
Maca SSvz -45.10 -73.17 2960 1508-056 358056 Holocene Glacier
Cerro Hudson SSvz -45.90 -72.97 1905 1508-057 358057 Historical Caldera
Rio Murta® SSvz -46.17 -72.67 270 1508-058 358058 Holocene
Lautaro AVZ -49.02 -73.55 3607 1508-06= 358060 Historical Crater
Viedma AVZ -49.36 -73.28 1500 1508-061 358061 Historical Caldera
Aguilera AVZ -50.33 -73.75 2546 1508-062 358062 Holocene Glacier
Reclus AVZ -50.96 -73.58 1000 1508-063 358063 Historical Crater
Palei-Aike Volcanic Field BA -52.00 -70.00 282 1508-08- 358080 Holocene
Monte Burney AVZ -52.33 -73.40 1758 1508-07= 358070 Historical Crater
Fueguino AVZ -54.95 -70.25 150 1508-09- 358090 Historical

Unless otherwise stated, data are from Fontijn et al. (2014), after Siebert et al. (2010). VNum refers to the updated index system introduced by the Global
Volcanism Program (GVP) online (http:/volcano.si.edu/).

& Volcanic centres for which the only evidence of Holocene/post-glacial activity is the presence of morphologically youthful-looking lava domes/flows or
pyroclastic cones, for which no/only poor radiometric dates are available.

1 8VvZ = Andean Southern Volcanic Zone (N = North, T = Transitional, C = Central, S = South); AVZ = Andean Austral VVolcanic Zone; BA = back-arc
volcanoes (Stern, 2004).

2 Data partly from Siebert et al. (2010) and Rivera and Bown (2013).



Supplementary File 5.2 Supporting data for the Ar-Ar dates obtained from Volcan Sollipulli lava and intrusion samples for this study.

Table SF5.2.1 Summary of “°Ar/**Ar incremental heating results for groundmass separates from Volcan Sollipulli lava and intrusion samples, analysed by the Servicio Nacional de Geologia y Mineria
(SERNAGEOMIN) Geochronology Laboratory using the method described by Arancibia et al. (2006).

. . Age spectrum Isochron
Sample Sampling location
Samples number Plateau age »  Plateau woar | INverse Isochron  Isochron  “°Ar/*°Ar
1 MSWD 3 isochron age 2 3 .
Lat. (°S)  Long. (W) (ka=20) np/N released (ka £ 20)! MSWD np/N intercept
Dykes in Sharkfin hyaloclastite subseq. S-210-7  38°58469' 71°29.918' 350+ 90 0.13 6/6 100 350 + 120 0.16 6/6 295.6 + 0.8
truncated at contact with debris flow subseq.  5.209-12  38°58.878'  71°30.031' 700 + 140 0.01 5/6 81.3 690 + 240 0.014 5/6 295.6 + 1.4
Circum_caldera Sequence 8'218'1 38059114I 71030238I 26 +5 037 6/6 100 23 + 8 019 6/6 298 + 3
lava domes/coulées on SE caldera rim S-225-6  38°58.802' 71°29.977' 68 + 14 0.36 12/12" 100 61 + 36 0.67 12/12" 294 +3
|Solated |avas on northeast ﬂank S'211'12 38055036I 71029598I 70 + 50 049 6/6 100 40 + 40 067 6/6 297 + 2
(not described in this study) S-211-7  38°55.428' 71°28.743' 240+ 40 0.09 6/6 100 250 + 140 0.11 6/6 290 + 20
! Plateau ages are reported in this study; inverse isochron ages are listed for comparison only. ® Number of steps.

2 Mean square weighted deviation. Values close to 1 indicate that scatter in the data is consistent with measurement errors only. T Combination of two analyses by incremental heating.
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Figure SF5.2.1 “°Ar/*Ar incremental heating spectra and isochron plots for the samples listed in Table SF5.2.1. All errors 2.




Supplementary File 5.3 Volcan Sollipulli eruption radiocarbon dates and calibration/age models.

Table SF5.3.1 Published radiocarbon dates for VVolcan Sollipulli eruption deposits.

Eruption ~ Sample number

Material dated

Conventional
age (yr BP)

Reference

Chufquén Naranjo93-6

Alpehué Naranjo93-3
Naranjo93-4
Naranjo93-5
Poz-227
SUERC-56148?

Charred branch beneath lava flow 710 + 60

Charred trunk in PDC deposit 2850+ 70
Charred branch in PDC deposit 2860 + 60
Charred trunk in PDC deposit 2900 + 60
Charcoal below fall deposit 2900 £ 45
Charcoal in PDC deposit 2958 + 35

Naranjo et al. (1993a)

Naranjo et al. (1993a)

Naranjo et al. (1993a)

Naranjo et al. (1993a)
De Vleeschouwer (2002)
Fontijn et al. (in review)

& from NERC Radiocarbon Facility grant NRCF010001 allocation number 1813.0414

Table SF5.3.2 New AMS radiocarbon dates for Volcéan Sollipulli eruption deposits obtained by this study; analysis by Beta Analytic with

acid-alkali-acid pre-treatment.

Sample numbers

Sampling location

Eruption

Material dated d13C (%o) d14C (%)

Conventional

Study Beta Lat. (°S)  Long. (°W) age (yr BP)
Alpehué S-301-02 297272 51°9.347°  72°5.620° Charred trunk margin -22.9 -305.6 £3.5 2930 £ 40
in PDC deposit
Alpehué  S-306-01/4a 297273  51°21.868* 72°16.875°  Charred trunk margin -23.1 -302.2+2.6 2890 + 30
in PDC deposit
; 95.4% probability
1000 720 (2.9%) 701calBP

Radiocarbon determination (BF)

800 f

600
400F

200}

689 (92.5%) 546calBP

Calibrated date (calBP)

Red = probability density function (pdf) of conventional age;
blue = calibration curve (SHCal13); grey = pdf of calibrated date

Figure SF5.3.1 Calibration of the Chufquén eruption radiocarbon date from Naranjo et al. (1993a) (Table SF3.1) by Bayesian
analysis using OxCal v4.2.4 (Bronk Ramsey, 2009) with the SHCal13 atmospheric calibration curve (Hogg et al., 2013).
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Figure SF5.3.2 Output of a Bayesian model applied to all published radiocarbon dates for the Alpehué eruption (listed in Tables SF5.3.1
and SF5.3.2), computed using OxCal v4.2.4 (Bronk Ramsey, 2009) with the SHCal13 atmospheric calibration curve (Hogg et al., 2013). The
pale grey probability distributions are the unmodelled calibrated dates; the overlying dark grey distributions are the modelled equivalent (i.e.,
the dates resulting from Bayesian analysis considering the stratigraphic constraints). The bars indicate the 2o confidence interval range for
each modelled date. Note that the radiocarbon dates are all in one phase stratigraphically below the Alpehué eruption (Boundary: Alpehue
(So-A) tephra), as they are all for carbon incorporated within deposits from the eruption.
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Figure SF5.3.3 Probability distribution for the modelled age of the
Alpehué eruption (from Figure SF5.3.2), with 2o confidence interval.



Supplementary Table 4.1 Occurrences of tephra deposits attributed to Volcan Hudson.

Location Core/site Tephra properties Age constraints Inferred eruption
A ] - Depth of base from|
Environment Placename la;{:‘;’e "°“(‘,'E')‘"’e 1D code Environment Coretype | TephralDcode | top of core/section ""‘c:‘;‘s Colour Grain size (mm) Chemical analysis Composition Dating method 14cyrep Calendarage (cal yrBP) | Original | This study | R€TeTe"°e
(cm)
ii/alluvial |Rio Baguales 4551 | 72.09 9471 ic vellow pumice and ash bulkXRF charred wood 14C 3790280 2 31
sections Laaguna Alta -45.5369 | -72.7047 3.4 HUD110 glass EPMA basaltic 1991-P1 34
Road X-608 -45.6294 | -72.1467 47 H2 34
Road X-659 -45.6347 | -71.8989 48 H2 34
Road X-608 -45.6528 | 72.4650 43 H2 34
Road X-608 -45.6647 | -72.3958 44 H2 34
Road X-608 45,6658 | 72.0042 46 H2 34
Lago Frio -45.6731 | -71.9639 49 H2 34
Lago Atravesado 456867 | -72.2684 45 H2 34
Road X-686 -45.7631 | -72.1564 14 H2 34
Route 7 -45.7633 | 719736 50 H2 34
Laqo Elizalde -45.7747 | -72.1742 13 H2 34
Road X-674 457800 | 72.1169 1 199172 34
H2 3
Rio Paloma -45.7919 | -72.4392 6 1991-P2 34
H2 3
Laguna Verde (near Elizalde) | -45.7964 | -72.2081 [ H2 34
Lago Caro -45.7969 | -72.4908 5 H2 34
Lago Elizalde -45.80 -72.22 94T-39/66 66B arey fine scoria bulk XRF basaltic andesite charred wood 14C <2230+70 T6 31
MP=40 charred wood 14C <3670 70 H2 31
Road X-684 -45.8183 | -72.4200 7 1991-P2 34
H2 3
Route 7 and 245 junction -45.8403 | -71.8711 51 H2 34
Road X-686 -45.8442 | 72,0644 11 ) 34
Road X-684 -45.8533 | -72.3725 8 H2 34
Laguna Paloma -45.8703 | 72,0525 15 ) 34
Road X-686 -45.8836 | -72.2861 10 H2 34
Rio Paloma 459108 | 723172 9 H2 34
Route 7 -45.9825 | -71.9181 52 H2 34
Cuesta del Diablo -46.0989 | 72,0500 53 ) 34
Rio Ibdiiez -46.1192 | -72.5239 32 1991-P2 34
Rio Ibariez ~46.1228 | 72.5600 7 roadeut HUD141, 143, 149, bulk XRF trachyandesite 1991-P2 34
155 (units 2A,8,0)

HUD203, 204 Bulk XRF, glass EPMA trachydacite H2 3
H 34
-46.12 -72.56 94T-45 roadcut 1991-P2 31
150 30 vellowish white | pumice and coarse ash; MP=75 bulk XRF, INAA trachydacite soil 14 53155 + 185; <5360 + 245 H2 31
244 arey pumice and ash; MP=40; MAL="15 soil 14C >5360 + 245; <6865 + 220 H1 31

461231 | 72,5603 RI roadeut RI4 12 a0 grey pumice and medium ash; MP=20 | bulk XRF/ICP-MS, glass | _trachyandesite; (trachy)dacite 199192 | g

EPMA glass
RI3 214 39 yellow-orange pumice and medium ash; | bulk XRE/ICP-MS, glass| trachydacite; trachydacite to LI [
MP=50: ML<10 EPMA rhvolite glass
RI2 345 81 grey to buff fine ash to pumice; acc. lapilli | bulk XRF/ICP-MS, glass|  trachyandesite; mostly | i study
EPMA trachvdacite glass

RIL 395 3 vellow ash plass EPMA trachydacite new | This study
Cerro Castillo -46.1256 | -72.1933 42 1991-P2 34
H2 3
Cerro Castillo -46.1289 | -72.1661 41 1991-P2 34
H 3
Bosque Muerto -46.1292 | -72.4778 33 1991-P2 34
Bosque Muerto “46.1325 | 72.4589 3 1991-P2 34
H2 34
H 3
Rio Ibdiiez -46.1336 | -72.4264 36 1991-P2 34
Route 7 “46.1367 | -72.5961 31 1991-P2 34
H2 34
H 3
Laguna Verde (near Ibdfiez) -46.1558 | -72.3256 38 1991-P2 34
H2 3
H 34
Route 7 461569 | 72,2581 39 1991-P2 34
H2 34
H 3
Rio Las Horquetas -46.1594 | -72.3619 37 1991-P2 34
H2 3
Route 7 -46.1606 | -72.6328 30 1991-P2 34
Lago Verde 4616 | 7238 94144 e bulk XRF trachydacite H2 31
44A,8,C bulk XRF, INAA charcoal 14C <7010 140 H1 31
Lago Lapparent 94142 charcoal 14C <4590 % 70 H2 31
Rio Cajon 461639 | 72,6867 29 199172 34
H2 3
H 34
Rio Cajén -46.1650 | -72.7003 28 HUD207-210 (units bulk XRF, glass EPMA trachyandesite 1991-P2 34

2-D)
Laguna Cofré -46.1789 | 72.7389 27 HUD206 (unit 2C) bulk XRE 199172 34
Road X-723 -46.1897 | -72.1772 40 1991-P2 34
H2 34
Rio Cofré 4619 | 7280 94747 9% 2 yellowish white | pumice and coarse ash; MP=30-48; H2 "
ML=22: MAL=20

199 95 arey pumice and ash; MP=45; ML=18 H1 31
Rio Murta 46.1931 | 72.8025 2 1991-P2 34
H2 34
H 3
Rio Murta -46.1933 | -72.7836 26 H2 34
H 3
Rio Murta -46.1942 | -72.8039 24 1991-P2 34
H 3




Road X-65 -46.1950 | -72.0239 54 1991-P2 34
H2 34
Rio Murta -46.2628 | -72.7981 23 1991-P2 34
H1 34
Rio Murta -46.3211 | -72.7817 22 1991-P2 34
H1 34
Rio Murta -46.4031 | -72.7181 21 H1 34
Bahia Murta -46.4903 | -72.7189 20 1991-P2 34
H1 34
Rio Jeinimeni -46.5303 | -71.6656 2 1991-P2 34
Bahia Murta -46.5383 | -72.7167 19 1991-P2 34
Road X-763 junction -46.5481 | -71.7978 55 1991-P2 34
Fachinal 4656 | -71.95 94T-93/38 38 vellow pumice bulk XRF soil 14C >3495 + 105; <4980 + 105 H2 31
Bahia Murta -46.5939 | -72.6914 18 H1 34
San Lorenzo -47.5? | -72.4? roadcut ~10 vellow-orange H1 35
Altos de Boqueron -53.28 -70.17 organic soil 90-14G 10 14C >6575 + 110; <7550 £ 120 H1 36,37
Arroyo Catalanes 5445 | -67.50 Acd-2007 alluvial sediment 134 6 H1? 20
Tanel 1 5487 | -67.98 excavation 1 14C >6300 £ 190; <6680 + 210; H1
<6830 + 140; <6900 + 70; 37,38
<6980 4110
Peatbog | Mallin Pollux -45.69 -71.84 fen core piston MP-473 485 25 greenish sedge 14C >3320 +40; <4180 + 35 H2 11
cores or MP-1130 1151 42 sedge/moss 14C >14100 + 60; <15250 £ 60 Ho 1
sections  |Juncal Alto -46.25 -71.94 49/59 bog section 49K bulk XRF trachvandesite 1971 (T9) 31
59K bulk XRF trachyandesite peat 14C >140 £ 50; <280 + 70 T8 31
59F bulk XRF trachydacite soil 14C >1030 + 60; >1090 + 100; 7 31
<1085 +75: <1270 + 60
59C bulk XRF basaltic andesite peat 14C >1910 + 70; <2235 + 130; T6 31
<2290£70
49A 26 vellowish white bulk XRF trachvdacite peat 14C >2290 + 70; <3740 £ 60 H2 (T5) 31
49¢ grey ash bulk XRF trachydacite peat 14C >3740 £ 60; <4200 £ 50 T4 31
arey ash peat 14C >4200 £ 50; <6330 £ 90 T3 31
49F grey ash bulk XRF trachyandesite peat 14C >6330 £ 90; <6840 £ 90 H1(T2) 31
49H arey ash bulk XRF trachvandesite peat 14C >6840 + 90; <6980 + 60 T1 31
-46.2515 | -71.9438 JA bog section JA12 6 white medium lapilli glass EPMA (trachy)dacite 1991 This study
JALL 31 white ash glass EPMA trachydacite T8 This study
JA10 54 1 buff ash glass EPMA basaltic trachvandesite new This study
A9 68 12 white fine ash glass EPMA basaltic (trachy)andesite to T6 This study
(trachvlandesite
JA8c 72 1 buff medium ash glass EPMA trachvandesite new This study
1A8D 735 1 pale grey fine ash glass EPMA basaltic (trachy)andesite and new |y
(trachvlandesite
JA8a 75 1 arey coarse ash glass EPMA basaltic (trachy)andesite new This study
A7 92 1 grey coarse ash glass EPMA basaltic trachyandesite new | This study
JA6 114 3 arey medium ash to fine lapilli glass EPMA basaltic andesite new This study
A5 128 2 grey fine ash glass EPMA basaltic trachyandesite new | This study
JA4 146 17 vellow to white fine to medium lapilli glass EPMA trachvdacite to rhyolite H2 This study
a3 160 6 grey to white fine ash glass EPMA trachydacite T4 This study
JA2 174 6 grey to white fine ash glass EPMA trachvdacite T3? This study
AL 202 6 grey coarse ash to fine lapilli glass EPMA basaltic (trachy)andesite to H1 This study
Cerro Teodoro -46.64 -72.36 947-65 65C >50 arey pumice and ash bulk XRF peat 14C <6720 + 140 H1 31
Mallin Casanova 4761 | -72.94 MCa bog/sediment core piston McCa-310 310 ~10 charcoal 14C <7165+ 25 H1 14
Rio Rubens -52.08 -71.52 Rio Rubens bog core RR-178 178 peat 14C >5310 + 75; <7480 + 100 H1 15
Laguna Blanca 5250 | 7135 90-04 bog section 3 14C >6040 + 205; <6930 + 120 H1 36,37
Canal Gajardo -52.80 -72.92 GC-2 bog core Wardenaar, GC-2-134 134 0.1-0.2 peat 14C >6915 +40; <7635 £ 40 H1 16,37
Russian
Route 257 52,97 | -69.42 90-22/90-23 bog section 90-22;90-23G 15 bulk XRF, glass EPMA 14C <7015  215; <7535 £ 120 H1 36,37
Punta Arenas -53.15 -70.95 PA bog core PA-420 420 2 peat 14C >5940 + 100; <9240 + 140 H1 17.37
Reprasa Porvenir -53.30 -70.33 bog section 93-28G 6 H1 37
Rio San Martin -53.38 -68.77 bog section 93-16 15 H1 37
Isla Dawson 53.50 | -70.58 Est. Esmeralda Il bog core Russian EstEsmil-121 121 2 pale green/brown H1 18,37
Rio Chico -53.55 -68.70 bog section 93-21G 20 H1 37
Puerto del Hambre 53.60 | -70.92 PBr2 bog core Wardenaar, Pbr2-309 310 23 glass EPMA rhyolite H1 1637
Russian
P. del Hambre Il bog core Russian PdHII-507.5 508 1 H1 18
Cabo Cameron 5368 | -69.85 bog section 93-25 6 H1 37
Rio Rushpen 5375 | -69.25 bog section - 10 14C >6625 + 110; <7435 + 120 H1 36,37
Karukinka -53.8600 | -69.5764 KAR12-PBO1B bog core Russian KAR12-PB01B-428 428 bog moss 14C interp. 6850 + 160 H1 19
Rio Turbio -54.53 -67.20 bog section H1? 20
Valle de Andorra -54.66 -68.42 bog core And-515 520 10 arey H1? 21
Las Cotorras 5469 | -68.05 bog core Russian LasCot-475 ~475 ~0.015 glass EDS peat 14C >7043 £ 47 H1? 22
Valle Carbaial -54.73 -68.20 Ovarzun bog bog core Oy-350 360 20 peat 14C <7640 + 80 H1? 23
Isla de los Estados 54.74 | -64.33 Lago Galvarne bog core Russian 1G-540 ~540 peat 14C <8130£55 H1 39,40
Galvarne ridge bog section GM-457.5 458 1 peat 14C >6490 £ 55 H1 41
Puerto Haberton -54.87 -67.88 bog core PH1-670 670 peat 14C >6390 + 70; <8350 + 90 H1? 24
-54.87 -67.88 bog core PH2-560 ~560 H1? 24
-54.90 -67.17 Haberton bog core Harb-678 678 peat 14C >7460 +70; <8190 + 110 H1 15
-54.9 -67.2 Haberton bog core Wardenaar, Harb-682.6 682.6 bulk ICP-OES, ICP-MS H1 25
Russian
Lake Laguna Facil 4432 | -74.28 Fac sediment core piston Fac-3 ~35 Rlass EPMA basaltic andesite Hudson 1
sediment Fac-2 ~470 glass EPMA basaltic andesite to andesite 14C 10080 £ 100 HW3 1
cores Fac-1 ~545 glass EPMA dacite 14c 12480 + 100 HW1 1
Laguna Oprasa -44.35 -73.65 Opr sediment core piston Opr-8 ~95 glass EMPA basaltic andesite HW7 1
Opr-7 ~160 glass EMPA basaltic andesite to andesite 14C <3875£35 HW6 1
Opr-6 ~235 glass EMPA andesite to dacite Hudson 1
Opr-5 ~350 glass EMPA basaltic andesite 14C <7750£55 H1 (HW4) 1
Opr-4 ~440 glass EMPA dacite Hudson 1
Opr-3 ~460 glass EMPA basaltic andesite to andesite 14c 9830+ 90 HW3 1
Opr-2 ~480 Hudson 1
Opr-1 ~570 glass EMPA basaltic andesite 14c 123904120 HW1 1
Lago Shaman -44.43 -71.18 LS0604A sediment core piston LS0604A-v ~708? 2 bulk ICP-MS 14C >18474 £ 100; <18951 £ 50 Ho 78




Laguna Lofel -44.88 | -74.40 Lof sediment core piston Lof-4 ~720 glass EMPA dacite HW3 1
Lof-3 ~795 glass EMPA basaltic andesite to dacite HW2? 1
Lof-2 ~870 glass EMPA basaltic andesite to dacite HW2? 1
Lof-1 ~895 glass EMPA andesite HW1? 1
Laguna Lincoln 4537 | -74.07 Lin sediment core piston Lin-4 ~20 glass EMPA basaltic andesite HW6 1
Lin-3 ~190 glass EMPA basaltic andesite HW3 1
Lin-2 ~270 glass EMPA dacite HW2 1
Lin-1 ~290 glass EMPA basaltic andesite HW1 1
Lago Tranquilo 4546 | 7175 PC1203A sediment core piston PC1203ATS-15 ~510 10 H2 10,42
PC1203A59 (9 tephras) Hudson? 10,42
PC1203AT12-5 ~1240 65 <20 bulk, glass ICP-MS Ho 10,42
PC12038 sediment core piston PC1203BT4-48 ~444 9 H2 10,42
PC1203BT11-5 ~1135 60 <20 Ho 10,42
PC1203C sediment core piston PC1203CT1-51 ~248 6 H2 10,42
PC1203CT5-35 ~570 70 <20 Ho 10,42
PC1203D sediment core piston PCI1203DT2-14 ~218 7 H2 10,42
PC12030T6-94 ~728 68 <20 Ho 10,42
Lago I Toro 4553 | -71.85 PC10028 sediment core piston PC10028T3-5 ~310 10 H2 10,42
PC1002B59 (9 tephras) Hudson? 10,42
PC1002BT7-20 ~745 50 <20 bulk, glass ICP-MS Ho 10,42
PC1002C sediment core piston PC1002CT3-21 ~325 7 H2 10,42
PC1002CT5-32 ~855 35 <20 Ho 10,42
Laguna Escondida (Aysén) 4553 | 7182 E£5C-09-5 sediment core gravity ESC-T1 305 03 black <2 14€, nuclide 1000 Hudson? 9
ESC-T2 a5 1 dark grey fine 14€, nuclide 1550 Hudson? 9
ESC-T3 51 55 black < bulk XRF basalt 14C, nuclide 1790 Hudson? 9
ESC-T4 53.5 15 black <2 bulk XRF basaltic andesite 14€, nuclide 1860 Hudson 9
ESC-TS 56.5 02 black <2 14C, nuclide 2000 Hudson? 9
ESC-T6 68 2 black <2 bulk XRF basaltic andesite 14€, nuclide 2250 T6? 9
Lago Mellizas 4554 | 7181 PC1106A sediment core piston PC1106AT3-0 ~305 10 H2 10,42
PC1106AS9 (9 tephras) Hudson? 10,42
PC1106AT7-34 ~768 68 <20 organics 14C >13810 £ 110 Ho 10,42
PC11068 sediment core piston PC1106BT2-60 ~265 10 H2 10,42
PC1106BT6-90 ~720 60 <20 organics 14C <14670 + 45; <14800 £ 90 Ho 10,42
Lago Unco 4557 | 7172 PC1103D sediment core piston PC1103DT3-16 ~322 12 H2 10,42
PC1103D78-60 ~890 60 <20 Ho 10,42
PC1103E sediment core piston PC1103ET3-63 ~368 10 H2 10,42
PC1103£59 (9 tephras) Hudson? 10,42
PC1103ET9-8 ~938 60 <20 bulk, glass ICP-MS organics 14C >13430 + 50; >13720 £ 45; Ho 10,42
<14345 £ 45
Lago Castor 4560 | 7178 CAS-09-1 sediment core gravity CASTL 23 03 black <2 14€, nuclide 1150-1350 Hudson? 9
CAS-T2 29 1 dark grey fine 14€, nuclide 1550 Hudson? 9
CAST3 34 2 black < bulk XRF basaltic andesite 14€, nuclide 1790 Hudson? 9
CAST4 37 15 black <2 bulk XRF basaltic andesite 14€, nuclide 1860 Hudson 9
CASTS 43 05 black < 14C, nuclide 2000 Hudson? 9
CAS-T6 49 1 black <2 bulk XRF basaltic andesite 14€, nuclide 2259 T6? 9
CAST7 65 02 black <2 14C, nuclide 3650 Hudson? 9
CAS-T8 70 >2 grey-white <2 bulk XRF dacite 14€, nuclide 3900 H2 9
Lago Thompson -45.6408 | -71.7853 | Thompson08-E sediment core gravity Thompson08E-49 ~49 ~1 sedi. 14C (corrected) >3-148; <109-319 Hudson? 27
Thompson08E-57 ~57 <1 sedi. 14C (corrected) >3-148; <109-319 Hudson? 27
Thompson08E-109 ~107 ~4 sedi. 14C (corrected) >314-399; <729-934 Hudson? 27
Lago Churrasco 4569 | -71.82 PC1201A sediment core piston PC1201AT2-19 ~228 18 H2 10,42
PC1201A59 (9 tephras) Hudson? 10,42
PC1201AT6-37 ~670 65 <20 bulk, glass ICP-MS Ho 10,42
(additional tephras likely from Hudson in both cores, but no published data) 10,42
PC12018 sediment core piston PC1201BT1-59 ~168 18 H2 10,42
PC1201BT6-90 ~720 60 <20 Ho 10,42
Laguna Burgos -45.7095 | -72.2149 Burgos07 sediment core gravity Burqos07-9 ~9 ~1 leaf 14C <90£30 Hudson? 27
Burqos07-51 ~51 ~1 sedi. 14C (corrected) <0-185 Hudson? 27
Burgos07-92 ~93 ~2 sedi. 14C (corrected) >0-185; <100-255 Hudson? 27
Lago Quijada/Espejo 4571 | 7191 PC1001A sediment core piston PC1001AT4-34 ~473 78 Ho 10,42
PC10018 sediment core piston PC1001BT3-88 ~430 85 <20 Ho 10,42
(additional tephras likely from Hudson in all cores, but no published data)
PC1001C sediment core piston PCI001CT2-25 ~235 | 20 H2 10,42
PC1001CHo (deformed) <20 Ho 10,42
PC1001D sediment core piston PC1001DT2-68 ~278 20 H2 10,42
PC1001D59 (9 tephras) Hudson? 10,42
PC1001D10-94 ~1138 88 <20 organics 14C 14220 £45 Ho 10,42
PC1001E sediment core piston PC1001E-Ho organics 14C <14735+30 Ho 10,42
Lago Elida 4584 | 7172 PC11058 sediment core piston PC11058T1-62 ~168 12 <10 H2 10,42
PC11058B59 (9 tephras) Hudson? 10,42
PC1105877-9 ~718 18 <10 bulk, glass ICP-MS Ho 10,42
Laguna Miranda 4613 | -73.43 Mir sediment core piston Mir-138 138 0.1 interpolation 1230 Hudson 2
Mir-139 139 03 interpolation 1240 Hudson 2
Mir-141 141 05 interpolation 1270 Hudson 2
Mir-178 178 02 interpolation 1610 Hudson 2
Mir-180 180 0.2 interpolation 1620 Hudson 2
Mir-3 189 15 olive glass EPMA andesite 14¢ >1160 +30; <2710 35 HW7 12
Mir-223 23 0.1 interpolation 2030 Hudson 2
Mir-224 224 03 interpolation 2040 Hudson 2
Mir-260 260 08 interpolation 2400 Hudson 2
Mir-307 307 03 interpolation 2750 Hudson 2
Mir-2 311 08 olive glass EPMA basaltic andesite 14¢ 52710435, <4250 £ 35 HW6 12
Mir-316 316 01 interpolation 2900 Hudson 2
Mir-325 325 0.2 interpolation 3070 Hudson 2
Mir-342 342 06 interpolation 3300 Hudson 2
Mir-1 389 8 olive grey glass EPMA dacite 14¢ 52710435, <4250 £ 35 H2 (HWS) 12
Mir-407 407 02 interpolation 4170 Hudson 2
Mir-423 423 05 interpolation 4390 Hudson 2
Mir-428 428 03 interpolation 4480 Hudson 2
Mir-443.5 444 13 interpolation 4680 Hudson 2




Mir-446.5 447 1 interpolation 4710 Hudson 2
Mir-450 450 01 interpolation 4750 Hudson 2
Mir-454 454 02 interpolation 4810 Hudson 2
Mir-456 456 0.7 4830 Hudson 2
Laguna Cofre 4618 | -72.74 sediment core (visible tephra and numerous cr layers, mostly from Hudson) 43
Laguna Stibnite -46.42 -74.40 Stb sediment core piston Stb-4 ~45 glass EPMA basaltic andesite to dacite 14C 183075 HW7 1
Stb-3 ~75 glass EPMA basaltic andesite to andesite 14C 2600+ 60 HW6 1
Stb-2 ~235 glass EPMA basaltic andesite 14C 9995 + 85 HW3 1
Stb-1 ~270 glass EPMA basalt 14C 11965 + 100 HW2 1
Laguna Six Minutes -46.42 -74.33 Six sediment core piston Six-4 ~60 glass EPMA andesite to dacite 14C 1605 + 55 HW7 1
Six-3 ~85 glass EPMA basaltic andesite to andesite 14C 2650+ 55 HW6 1
Six-2 ~200 glass EPMA basaltic andesite 14C 9930+ 85 HW3 1
Six-1 ~225 glass EPMA basaltic andesite 14C 11855 + 120 HW2 1
Laguna Marcelo -46.47 -73.17 Mar sediment core piston Mar-2 ~25 glass EPMA basaltic andesite to dacite HW7 1
Mar-1 ~45 glass EPMA basaltic andesite HW6 1
Laguna Trapial -46.7136 | -72.7000 Trapial08-F sediment core gravity Trapial08F-66 ~67 ~2 twig remain 14C 2930430 Hudson? 27
Trapial08F-88 ~88 ~1 sedi. 14C (corrected) 2757-2982; <4362-4772 Hudson? 27
Trapial08F-97 ~98 ~2 sedi. 14C (corrected) >>2757-2982; <4362-4772 Hudson? 27
Trapiol08F-108 ~109 ~2 sedi. 14C (corrected) >4362-4772; <5942-6092 Hudson? 27
Lago Augusta -47.08 -72.38 PC06045C1, sediment core piston Aug-271 275 8 bulk XRF? andesite 14C >8625 + 35; <8890 + 35 H1 6,35
PCO903A, PCO903B
Laguna Portazuela 4717 | -72.47 sediment core (visible tephra and numerous cr layers, mostly from Hudson) 43
Lago Edita -47.15 -72.37 PC0902A sediment core piston? PCO902AT3-95 ~395 ~1 bulk XRF? dacite H2 35
52715 ~738 ~18 bulk XRF? andesite H1 35
Lago Pepa -47.15 -72.35 PCO901A sediment core piston?. CS-3002 ~136 ~14 bulk XRF? andesite H1 35
Lago 47.26 | 7252 PC09048 sediment core piston? 51031 ~635 ~10 bulk XRF? andesite H1 35
Lago Cardiel -48.81 -71.22 CAR-98-2L sediment core CAR98-838.5 838 1 black bulk ICP-MS H1 12
-48.81 -71.22 CAR-99-2L sediment core CAR99-462.5 465 5 (dispersed) black bulk ICP-MS H1 12,37
-48.88 -71.30 CAR-99-7P sediment core CAR-99-7P-369 372 6 glass EPMA data not provided H1 13
-48.92 -71.28 CAR-99-9P sediment core CAR-99-9P-1071 1072 2 glass EPMA data not provided H1 13
Laguna Potrok Aike 5196 | -70.38 | PTA03/12-13;02/4 |  sediment core piston 11212 1074.5 2 14C interpolation 8100+ 430 Hudson 28,37
5196 | 7038 PTAO3/5 sediment core piston 15-1 78 14C 8100+430 Hudson 28
Laguna Escondida -52.50 -71.93 PS-0504D sediment core PS-0504D-518 520 4 H1 37
Lago Chandler 52.82 | -72.90 CH-1 sediment core piston CH-1-480 480 1 light grev to vellow glass EPMA rhyolite 14C >7710 +190; <7800 £ 130 H1 16,37
Lago Hambre -53.60 -70.95 Hambre sediment core piston, gravity Hambre-770 ~770 14C >6425 + 15; <7370 + 20 H1 29
Lago Fagnano 5458 | -67.50 LFO6-PC16 sediment core piston LF06-PC16-482 484 45 bulk ICP-MS HL 30
54.58 | -67.87 LFOS-PC12 sediment core piston LF06-PC12-142 144 35 bulk ICP-MS H1 30
Laguna Cascada -54.76 -64.34 CAS sediment core Russian CAS-389 390 25 greenish grey fine sand-silt bulk XRF data not provided 14c >7715 + 60; <7775 + 60 H1 394
Marine | Off Taitao Peninsula 46.07 | -75.69 MD07-3088 continental shelf piston T 161 cryptotephra honey and glass EPMA basaltic andesite to dacite planktic foram 14C 2510+ 30 HW7 B
sediment sediment core translucent shards
cores MD07-3088-279 279 cryptotephra plass EPMA basaltic andesite to dacite planktic foram 14C 447530 H2 5
610 cryptotephra | honey to colourless glass EPMA basaltic andesite to dacite planktic foram 14C 10050 + 35 Same as Opr 5
shards 4
T3 660 cryptotephra | dark; colourless glass EPMA basaltic andesite to dacite planktic foram 14C 1088035 HW3 3
shards
T4 750 cryptotephra | honey shards more glass EPMA basaltic andesite to dacite planktic foram 14C 12885 + 40 HW2 5
than translucent
TS 800 cryptotephra colourless shards glass EPMA basaltic andesite to dacite planktic foram 14C 1375535 HW1 3
6 870 cryptotephra | majority honey glass EPMA basaltic andesite to dacite planktic foram 14C 14970 + 80 Hudson 5
shards
L7 1080 cryptotephra majority honey glass EPMA basaltic andesite to dacite planktic foram 14C | >15755 + 45; <<16320 + 45 Hudson 35
shards
T8 1140 cryptotephra glass EPMA basaltic andesite to dacite planktic foram 14C | >>15755 +45; <16320 + 45 Hudson 35
) 1390 cryptotephra glass EPMA basaltic andesite to dacite 14C interpolation 19450 Hudson 3
110 1440 cryptotephra honey and glass EPMA basaltic andesite to andesite 14C interpolation 19600 Hudson 5
translucent shards
Tl 1470 cryptotephra | honey to colourless glass EPMA basaltic andesite to dacite 14C interpolation 19660 Hudson N
shards
L2 1560 c glass EPMA basaltic andesite to dacite 14C 19860 Hudson 3
Estrecho de -52.79 -73.65 PALM-2 fiord sediment core piston 463 H1 32,44
La Mision 5370 | 67.75 offshore sedi. core? 6 H1 3745
Ice cores Talos Dome (E Antarct.) -72.82 159.18 ™ ice core TD193 19225 cryptotephra <0.01 glass EDS trachybasalt various integrated 2020+70 T6 47
0216 21550 c <0.01 glass EDS rhyolite various integrated 2360+ 60 Hudson? 47
EPICA-Dome C (E Antarct.) -75.10 123.35 EDC ice core EDC-339.5 33950 0.2 <0.5 glass EDS, EPMA andesite various integrated 11040 + 140 HW3? 46,47
Siple Dome (W Antarct.) 8166 | -148.81 SDMA ice core SDMA-9008 59695.2 glass EMPA andesite various integrated 11116 HW3? 48




Supplementary Table 4.2 Published chemical composition data for tephra deposits

attributed to Volcén Hudson.

Tephra sample Analysis Analysis: EPMZ?EDS parameters Major elements (wt. %)
Eruption i
Pt Sample ID Location Environment Analyte Method n| Current | Voltage | Diameter sio2 Tio2 AI203 FeO (tot) | Fe203 (tot) FeO Fe203 Mno Mgo ca0 Na20 K20 p205 a
(nA) (kv) m)
991 T00851 (P1) Tephra DUk XRF 5175 213 88 Trot 0.9 732 533 736 T36 048
PC-L(P1) tephra bulk XRF 5171 2.36 15.85 1118 0.19 4.8 8.25 442 135 043
210192.10 (P1) tephra bulk XRF 5144 215 1579 1174 0.19 221 8.04 427 122 071
HUD110 (P1) 34 tephra bulk XRF B 5161 2.03 15.96 1155 0.18 414 8.27 431 123 071
glass EPMA 6| 9615 15 10 | 52554015 | 2.58+003 | 13.93£0.14 | 12164037 023+008 | 3994008 | 772009 | 424016 | 1454006 | 088+005
glass EPMA 5| e61s 15 10 | 52524023 | 222£008 | 1579020 | 10.72£0.15 020£007 | 4284012 | 8204015 | 428+023 | 1234008 | 070007
glass EPMA 3| o6is 15 10 | 51684019 | 233£003 | 1547025 | 11.33£0.12 017+001 | 4464010 | 841017 | 3.93£007 | 1304001 | 083+001
glass EPMA 3| 9615 15 10 | 5227£032| 223016 | 15.18+058 | 10.83+0.68 013+003 | 4394044 | 8274064 | 412£014 | 1224022 | 078+004
plg feldspar rim EPMA 15 15 10 5127 3115 063 13.87 344 012
53.45 29.00 0.85 1183 441 0.20
plg feldspar core EPMA 15 15 10 ma 33.60 053 17.16 184 0.05
61.00 24.84 033 6.26 7.36 052
orthopyroxene EPMA 15 15 10 50.60 063 067 17.64 118 24.05 168 0.03 0.01
clinopyroxene EPMA 15 15 10 5153 084 225 771 0.36 1579 2037 033 0.00
49.46 113 374 7.85 021 15.00 2041 036 0.01
olivine EPMA 15 15 10 36.15 0.05 0.01 27.59 102 33.35 0.20 0.01 0.01
Fe-Ti oxide pair EPMA 15 15 10 19.18 154 71.94 058 075
49.47 0.10 45.05 0.80 147
1908915 (P2) tephra bulk XRF 62.10 136 16.38 557 0.18 174 3.69 622 249 027
190392.3a (P2) tephra bulk XRF 6177 132 16.44 6.11 0.19 169 3.60 6.01 244 0.44
19039231 (P2) tephra bulk XRF 6136 136 16.39 6.38 0.18 172 377 595 2.40 0.48
300192.4a (P2) tephra bulk XRF 61.83 130 1643 5.97 0.18 170 3.53 6.07 245 0.42
HUD143 (P2 uA) 7 tephra bulk XRF 61.40 129 16.45 6.02 0.18 2.07 365 6.11 239 0.44
HUD209 (P2 uA) 28 tephra bulk XRF 6138 129 16.69 6.03 0.18 173 372 6.16 237 0.44
glass EPMA 8| o61s 15 10 | 6276+030| 1.22£007 | 16.10£018 | 4694019 0.18+005 | 1524002 | 3244008 | 670£027 | 2574013 | 035+004
glass EPMA 4| 9615 15 10 | 64145015 | 1.04:005 | 1634008 | 450+0.09 0.19+006 | 1234006 | 278003 | 680+031 | 260£0.09 | 028+003
glass EPMA 3| o6is 15 10 | 6410£101| 1.09£004 | 1633£003 | 4504055 021£006 | 1414020 | 2914028 | 6.68+022 | 2684006 | 035+004
plg feldspar rim EPMA 15 15 10 57.56 26.83 054 8.68 5.99 032
plg feldspar core EPMA 15 15 10 59.16 25.85 044 751 6.56 039
clinopyroxene EPMA 15 15 10 5158 0.79 2.08 8.68 055 15.44 2021 0.44 0.01
olivine EPMA 15 15 10 37.32 0.04 0.04 27.72 104 33.68 017 0.02 0.01
Fe-Ti oxide pair EPMA 15 15 10 1565 2.79 72.41 0.86 375
448 034 4523 0.93 5.8
HUD141 (P2 uB) 7 tephra bulk XRF 61.07 132 16.66 6.14 0.18 174 383 6.23 237 0.46
HUD208 (P2 uB) 28 tephra bulk XRF 61.05 132 16.77 612 0.18 180 381 612 235 0.46
glass EPMA 5| e61s 15 10 | 62235035 | 1.21£009 | 16.18+020 | 494+016 0.18+007 | 1584007 | 3324017 | 6.64+0.16 | 24040.06 | 036+006
glass EPMA 3| o6is 15 10 | 63065046 1.20£009 | 16.20£005 | 499+0.10 0.18+005 | 1454006 | 322026 | 674+026 | 2624006 | 039+002
plg feldspar rim EPMA 15 15 10 57.44 27.16 054 8.88 5.95 031
plg feldspar core EPMA 15 15 10 57.59 26.58 043 853 6.09 033
clinopyroxene EPMA 15 15 10 5177 074 191 8.79 062 15.29 20,09 0.46 0
olivine EPMA 15 15 10 37.05 0.02 0.01 27.79 109 33.29 0.16 0.01 0.01
Fe-Ti oxide pair EPMA 15 15 10 1579 2.89 72.10 0.79 3.80
4524 034 4525 0.8 473
HUD206 (P2 uC) 27 tephra bulk XRF 60.99 131 16.70 6.20 0.18 183 3.94 6.10 232 0.44
HUD207 (P2 uC) 28 tephra bulk XRF 60.33 138 16.74 6.56 0.18 194 112 596 231 0.48
glass EPMA 6| 9615 15 10 | 61595096 | 1.31£007 | 1601£008 | 549+049 023+005 | 1934024 | 385054 | 631£045 | 235£0.11 | 043003
plg feldspar rim EPMA 15 15 10 57.05 27.12 056 941 566 030
plg feldspar core EPMA 15 15 10 55.95 28.16 053 10.2 532 0.25
clinopyroxene EPMA 15 15 10 51.96 077 191 8.65 061 15.29 20,29 043 0
olivine EPMA 15 15 10 37.10 0.02 0.02 27.39 104 33.36 0.16 0 0.01
Fe-Ti oxide pair EPMA 15 15 10 15.68 2.79 72.28 082 375
4523 0.36 4523 0.8 5.26
HUD149 (P2 uD) 7 tephra bulk XRF 6123 131 1673 6.18 0.18 175 372 6.09 238 044
HUD155 (P2 uD) 17 tephra bulk XRF 6168 129 1643 6.04 0.18 170 3.61 6.20 243 045
HUD210 (P2 uD) 28 tephra bulk XRF 62.05 124 16.39 588 0.17 170 374 598 243 042
glass EPMA 4| 9615 15 10 | 62425047 | 1.27£006 | 1597013 | 523008 0.15+005 | 16440.15 | 341041 | 6.16+023 | 2994038 | 042+009
glass EPMA 4| se1s 15 10 | 60842039 1.47£002 | 1575£021 | 618+048 022£003 | 2154010 | 450021 | 6.15£008 | 21840.15 | 058+0.04
plg feldspar rim EPMA 15 15 10 54.97 28.34 0.91 1115 480 0.22
plg feldspar core EPMA 15 15 10 4746 3351 054 17.01 186 0.05
clinopyroxene EPMA 15 15 10 50.71 0.97 266 8.79 058 15.13 19.79 0.42 0.01
olivine EPMA 15 15 10 37.03 0.04 0.03 27.62 105 33.55 0.14 0.02 0.04
Fe-Ti oxide pair EPMA 15 15 10 1563 274 7237 087 3.79
45.05 0.39 451 0.86 4.95
1971 (19) 15K 94759 peat section tephra XA, 5122 123 502 ot 0.17 73 360 567 241 037
T8 5ok 94759 peat section tephra Ik XRT, 50.06 51 1607 o1 0.17 239 328 S i1 PRE] 0.36
™7 SoF 94759 peat section tephra Ik XRT, 54,26 0.89 572 301 0.0 138 216 o1 281 0.26
Undefined Tacs Tog. Facl Take sedi. core glass EPMA 0 20 0 52,799 205 T5.162 5296 5572 5223 3660 0,988 0,059




53.137 1.167 15.745 8.930 5.685 8.890 3.169 0.928 0.080
53.305 1178 15.694 8.999 5.712 8.982 3.326 0.888 0.085
53.800 1.356 15.008 10.020 5.387 8.546 3.221 0.974 0.087
53.432 1.257 15.502 9.709 5.639 8.409 3.240 0.939 0.107
53.710 1.175 16.619 8.529 5.081 8.871 3.601 0.833 0.070
53.310 1.336 15.009 9.888 5527 8.265 2.989 1.020 0.092
53.288 1.286 16.014 9.832 5.274 9.242 3.129 0.783 0.064
53.113 1.294 15.183 9.348 5.356 8.837 3.274 0.942 0.082
53.113 1.490 13.186 11.156 5.638 8.474 3117 0.964 0.085
53.650 1312 15.054 9.109 4.573 8.220 3.495 0.869 0.029
53.055 1.495 14.328 10.139 5.066 8324 3338 1.033 0.056
53.985 1.016 18.317 7.572 3.803 9.266 3.929 0.679 0.049
53.373 1.299 14.892 9.368 5.101 8.684 3.240 0.983 0.080
53.450 1.280 14.791 9.344 5677 8.982 2778 0.861 0.087
53.705 1.259 15.243 9.093 5.393 8.799 2.719 0.914 0.045
HW7 Opr-8 Lag. Oprasa lake sedi. core glass EPMA 10 20 10 54.010 2474 17.499 7.896 1.360 6.694 4.610 1.653 0.144
51.289 2232 13.453 11.413 7.650 5.482 2523 2.380 0.096
54.051 1.769 16.782 6.374 3516 9.467 4.372 1.002 0.091
52.033 2.813 14.490 11.017 2276 7.341 4.132 1.903 0.127
51.912 2.468 13.275 9.849 4.812 10.951 3.324 1.276 0.135
50.204 1.791 14.098 12.471 6.232 6.378 3.706 1.161 0.145
Mir-3 Lag. Miranda lake sedi. core glass EPMA 10 20 10 59.320 1.753 16.253 6.650 2.386 4.658 3.813 2.149 0.131
55.905 2.354 13.163 10.596 3.351 6.546 3.334 1.862 0.090
54.234 1.907 13.299 10.951 5.771 6.076 3.232 1.645 0.114
55.151 1.678 16.987 7.949 3.161 7.382 4.060 1.435 0.088
55.968 2436 13.222 10.136 3.059 6.249 3.134 1.889 0.107
54.950 2.050 14.548 9.238 3.693 6.804 3.716 1.806 0.124
55.473 2.267 13.647 9.930 3.214 6.652 3.280 1.834 0.099
Stb-4 Lag. Stibnite lake sedi. core glass EPMA 10 20 10 68.725 0.785 15.282 3.177 0.544 1.506 5.330 3.559 0.104
66.562 0.747 15.578 3.566 0.830 1.873 5.195 3.381 0.250
65.548 1.199 14.337 5.156 1.163 2.406 3.183 3.514 0.442
65.223 1.142 16.094 4.773 1.091 3133 5.864 2.834 0.386
64.528 1.299 15.608 5122 1121 2.781 5.035 2.894 0.315
64.519 1.159 15.938 4.987 1.328 3.244 3.560 2611 0.454
64.036 1.231 15.513 5.083 1.210 3.130 4.996 2626 0.254
63.989 1.195 15.947 4.752 1.540 3.312 4.743 2.685 0.534
63.978 1.244 15.833 5.039 1.334 3.142 5.086 2.759 0.577
63.838 1.092 16.742 4.511 0.957 3.498 5.554 2378 0.478
63.730 1.299 15.662 4.828 1.280 3.134 5.011 2.763 0.340
63.693 1191 15.775 4.974 1.518 3.395 4.810 2.508 0.496
63.624 1.307 15.101 5.566 1431 3.080 5.068 2.641 0.497
63.576 1.282 15.632 5.047 1.227 2.799 4.947 3.042 0.334
63.346 1.156 15.945 4.915 1.291 3.425 4.500 2.668 0.393
63.330 1.108 15.816 4.939 1.680 3.438 4.960 2.484 0.460
63.223 1.045 17.270 4.115 0.949 3.867 5.683 2122 0.330
61.524 1.551 14.424 6.976 1.604 3.745 3.380 2.920 0.839
53.558 2.123 14.326 11.086 3.271 6.660 4.140 1.556 0.666
Six-4 Lag. Six Minutes lake sedi. core glass EPMA 10 20 10 65.866 1.072 15.913 4.562 1.045 2.093 4.661 3.081 0.387
65.435 1.323 15.566 4.774 0.884 2732 4.311 2.991 0.508
65.021 1.134 15.626 4.465 1151 2.935 4.238 2.943 0.342
64.221 1.058 17.213 4.115 1.134 3.745 5.468 2.329 0.369
64.079 1.330 13.990 5372 1.037 2.359 4.498 3.341 0.550
63.869 1114 15.692 5.028 1.356 3.237 4.034 2.598 0.472
62.051 1173 15.472 4.945 1.380 3.282 4.199 2.551 0.382
58.314 1371 15.866 6.917 2.325 5.290 4.921 2231 0.438
58.073 1.592 16.273 7.571 2.569 5.755 5.091 1.980 0.631
56.762 2.843 14.634 9.061 1.773 4.733 4.393 2422 1.041
56.211 1.606 17.698 7.799 1.971 6.962 4.688 1.544 0.633
55.498 1.603 16.227 7328 3.461 8.502 4.991 0.919 0.649
54.980 1.292 16.363 7.810 3.561 7.296 4.484 1.462 0.646
54.877 1.971 14377 10.425 3.238 6.271 3.949 1.717 0.819
54.665 2.096 15.202 10.620 3.219 7.051 4.312 1.532 0.798
54.514 1.816 16.348 8.478 3.049 7.505 4.824 1.582 0.652
53.908 1.409 15.977 8.342 3.816 7.430 4.148 1.394 0.610
53.567 1.462 15.888 8.358 4.092 7.683 4.300 1321 0.714
53.529 1.494 16.058 8.353 4.041 7.485 4.329 1.320 0.651
53.467 1.439 16.169 8.295 4.194 7.728 4.387 1331 0.632
Mar-2 Lag. Marcelo lake sedi. core glass EPMA 10 20 10 65.051 1.095 15.783 4.493 1.233 3.419 6.687 1214 0.396
65.037 1122 15.621 4.713 1.213 3.021 4.661 2.625 0.404
64.025 1.302 14.128 6.134 1.853 2.828 4.592 3.074 0.500
64.012 1.066 15.916 5.022 1.602 3.564 5.209 2.572 0.301
63.902 1.204 15.698 5.201 1.320 3.153 3916 2.779 0.504
63.816 1.167 16.425 4.381 1.137 3.606 5.077 2.268 0.410
63.781 1.245 15.859 4.998 1.408 3.296 4.240 3.085 0.447
63.723 0.967 16.558 4.353 1.607 4.311 5.983 2.057 0.337
63.622 1.186 15.805 5.154 1.429 2.752 4.779 3.629 0.519
63.591 1.080 16.474 4.478 1.057 3.513 4.830 2.348 0.361
63.567 1.291 15.305 5.786 1.454 3.192 6.000 2.186 0.457
63.564 1177 16.072 4.630 1.358 3.211 4.719 2.681 0.604
63.447 1.169 15.748 5.018 1.400 3.275 4.245 2.643 0.463
63.386 1.093 15.226 4.497 1.190 2.792 4.165 4.088 0.246
63.134 1101 16.779 4.589 1.146 3.909 4.761 2327 0.472
62.627 1.501 14.422 6.563 1.364 3.100 5.110 2.880 0.701
56.832 1414 16.241 8.204 3.385 6.604 4.438 1.706 0.650
55.594 1.715 13.749 9.091 4.126 6.870 3.764 1.831 0.665
55.279 1.478 16.196 8.403 3.943 7.151 4.148 1.515 0.604




54.864 1.558 15.801 8518 4.020 7.235 4.270 1.479 0.554
53.162 1.466 16.830 7.586 3.548 7.963 3.937 1.210 0.549
L1 Off Taito Penin. marine sedi. core glass EPMA 10 15 5 54.38 2.28 15.12 10.69 0.16 3.81 7.64 411 1.28 0.54
54.54 1.77 14.75 1139 0.12 4.05 8.00 4.02 1.02 0.34
54.98 2.69 13.61 10.30 017 3.87 7.73 4.03 1.55 1.06
55.14 1.55 15.56 8.92 0.09 4.79 8.27 3.96 1.14 0.58
55.33 212 14.96 10.59 0.25 3.66 733 3.84 1.40 0.53
55.31 2.68 14.45 10.07 0.22 3.97 7.58 2.88 1.80 1.03
55.62 2.04 12.80 1293 0.19 341 7.49 3.84 122 0.45
55.62 211 15.97 8.88 0.19 343 7.20 4.59 127 0.75
57.17 1.98 15.69 8.05 0.18 341 6.60 4.30 1.84 0.76
60.64 131 16.86 6.97 0.18 141 527 5.42 1.52 0.41
62.28 1.40 16.18 5.78 0.26 133 528 4.48 1.83 119
65.88 138 15.84 4.05 0.26 116 2.81 5.40 2.88 033
66.00 1.06 16.02 4.08 0.09 1.03 2.34 5.77 3.29 032
66.33 1.06 16.12 5.01 0.24 1.08 257 4.37 2.86 0.37
66.59 0.97 15.78 412 0.11 114 243 5.30 3.26 0.30
66.65 127 15.56 4.11 0.08 118 2.52 539 2.92 033
68.52 0.80 16.21 2.94 0.15 0.61 1.49 5.71 3.37 0.20
Undefined ESC-T3 Lag. Escondida lake sedi. core tephra bulk XRF 49.4 0.8 212 6.6 0.1 6.5 9.7 38 0.7 0.4
50.2 0.8 20.8 6.7 0.1 6.7 10.0 3.1 0.7 0.4
CAS-T3 Lag. Castor lake sedi. core tephra bulk XRF 55.3 16 17.2 82 0.1 37 6.6 4.4 14 0.7
52.1 1.0 19.6 6.9 0.1 5.4 8.7 3.9 0.9 0.5
Undefined ESC-T4 Lag. Escondida lake sedi. core tephra bulk XRF 53.3 1.2 19.4 7.2 0.1 4.3 7.9 4.0 1.2 0.5
52.9 1.2 19.2 7.2 0.1 4.4 7.8 4.5 1.2 0.5
CAS-T4 Lag. Castor lake sedi. core tephra bulk XRF 55.8 1.2 18.4 7.1 0.1 4.0 7.0 3.8 1.4 0.5
55.7 1.2 18.4 7.2 0.1 3.8 7.1 4.0 13 0.6
T6 59C 94T-59 peat section tephra bulk XRF 53.07 187 16.16 10.16 0.16 3.78 6.78 4.32 132 0.44
668 94T-66 scoria bulk XRF 52.85 1.98 16.23 10.26 0.17 3.98 6.89 4.16 1.28 0.41
ESC-T6 Lag. Escondida lake sedi. core tephra bulk XRF 55.8 15 17.1 81 0.1 39 6.7 4.2 13 0.7
55.8 15 17.2 7.9 0.1 3.7 6.6 4.4 1.4 0.6
CAS-T6 Lag. Castor lake sedi. core tephra bulk XRF 56.3 15 17.0 79 0.1 37 6.5 43 13 0.7
56.2 15 17.1 8.0 0.1 3.7 6.5 4.1 13 0.7
TD193 Talos Dome ice core glass EDS 25 50.6+1.0 2.2+05 16.5+0.7 9.9+12 68+1.2 8.2+0.9 45+0.5 12401
Undefined 10216 Talos Dome. ice core glass EDS 25 69.6+1.7 09+0.7 15.6+0.9 2.4+0.9 1.1+0.7 1.1+0.7 55+0.7 3.4+0.5
HW6 Opr-7 Lag. Oprasa lake sedi. core glass. EPMA 10 20 10 55.534 2112 13.262 10.831 3.418 6.622 3.247 1.512 0.135
55.159 1.716 15.264 9.699 3.797 7.109 3.772 1.246 0.089
51.084 1.633 13.978 12.330 4.347 8.190 3.698 1118 0.054
51.122 1.593 13.763 12.327 4.407 8.230 3.636 1122 0.036
55.126 1.651 15.187 9.633 3.836 6.917 3.667 1.243 0.115
54.534 1.683 14.944 9.814 3.723 6.864 4.267 1271 0.097
55.199 1.774 14.752 9.797 3.890 6.908 3.521 1.292 0.106
55.250 1.662 15.335 9.626 3.869 6.958 3.459 1.346 0.092
56.954 1.547 15.545 8.024 3.015 6.102 3.795 1.534 0.046
54.756 1.995 13.907 10.756 3.929 6.732 3.578 1.357 0.124
55.636 1.703 16.052 8.934 2.937 7.284 4.534 1.115 0.099
55.133 1.873 14.292 10.289 3.906 7.036 3.894 1.169 0.091
55.854 1.717 15.102 9.123 3.170 6.662 3.879 1.308 0.087
55.710 1.436 17.974 7.705 2.589 7.547 4.413 1.064 0.103
54.585 1.763 14.876 9.606 3.741 7.008 3.434 1.265 0.096
54.885 1.775 14.481 10.046 3.913 6.834 3.555 1.357 0.102
55.167 1.590 16.890 8.650 3.474 7.433 4.170 1.140 0.050
59.710 1.796 14.102 8.120 1.690 4.598 3.412 2.235 0.153
56.480 1.742 15.292 9.421 3.713 6.683 3.589 1.291 0.060
54.824 1.714 15.061 9.690 3.901 7.045 3.812 1.247 0.112
55.322 2.045 12.932 10.940 4.444 7.099 3.412 1.290 0.111
55.573 1.787 15.969 9.460 3.220 7.210 4.026 1.175 0.084
55.295 1711 15.045 9.613 3.920 6.757 3.527 1.364 0.124
Lin-4 Lag. Lincoln lake sedi. core glass EPMA 10 20 10 54.208 1.897 13.502 11411 3.799 7.939 3.203 1.016 0.073
54.460 1.833 13.750 11.241 3.870 8.057 3.196 1.004 0.064
54.585 1.780 14.932 10.362 3.664 8.234 3.454 0.879 0.117
53.837 1.994 13.232 11.207 3.615 7.656 3121 1.056 0.092
55.228 2.239 12.682 14.086 6.179 6.195 2.835 1.055 0.036
59.322 1.747 13.453 9.697 2674 5338 3.162 1.625 0.073
59.355 1.556 15.179 8.509 2.210 5.601 3.620 1.514 0.050
53.930 2.094 12.604 12.023 3.823 8.000 3.258 1.000 0.088
57.464 1.468 17.696 8.236 2.878 8.174 4.165 0.792 0.131
54.075 1.961 13.548 11.375 4.040 8.089 2.879 1.049 0.113
53.422 1.819 12.920 11.989 4.476 7.381 3.263 0.979 0.081
54.107 1.901 13.250 11.713 4.092 7.801 3.336 1.087 0.072
54.235 1.705 16.554 9.453 3.130 8.384 3.889 0.861 0.059
Mir-2 Lag. Miranda lake sedi. core glass. EPMA 10 20 10 54.731 1.652 16.096 8.239 4.130 8.157 3.912 1.184 0.097
54.038 1.720 15.091 9.043 4.487 7.852 3.348 1.460 0.116
54.697 1.747 15.434 8.509 4.788 7.846 3.598 1.344 0.100
53.892 1.738 14.451 8.892 5.563 7.876 3.576 1.382 0.087
54.148 1.786 14.734 8.968 4.412 7.781 3.487 1.429 0.109
56.235 1.550 16.549 8.177 3.934 7.247 3.932 1.490 0.077
53.274 1.587 16.190 10.078 5.011 8.441 4.390 1.244 0.072
54.031 1.777 15.309 8.699 4.364 7.751 3.494 1.430 0.098
54.454 1.933 14.587 9.419 3.982 7.706 3.657 1.548 0.104
54.557 1.836 15.010 8.970 4.361 7.640 3.504 1.438 0.094
Stb-3 Lag. Stibnite lake sedi. core glass. EPMA 10 20 10 58.990 1.773 14.322 7.018 2.166 3.628 3.996 2.559 0.794
56.725 2.102 13.857 8.920 2.634 5.307 3.526 2.025 0.929
56.138 2.194 15.128 8.221 2.592 6.788 4.540 1.675 0.792
55.636 1.879 14.901 8.008 2.486 6.796 4.004 1.607 0.847
55.519 2119 13.975 10.955 3.105 6.621 3.602 1.652 0.873




55.514 2.022 14.842 10.056 3.163 6.598 4.503 1.685 0.910
55.328 1.951 14.748 10.236 3.413 6.517 4.474 1.730 0.870
54.855 2.026 14.900 10.086 3.071 7.081 4.099 1.849 0.800
54.835 1.823 16.567 8.714 2.262 7.024 4.502 1.532 0.742
54.373 1.828 14.588 9.945 3.694 6.715 4.067 1.554 0.902
54.209 1.706 15.251 10.795 3.573 6.961 4.442 1.319 0.747
54.075 1.826 15.409 9.501 3.584 7626 3.660 1.338 0.764
54.069 1.696 16.308 8.762 3.060 7.408 4.531 1.366 0.790
54.048 1.867 15.387 9.205 2.891 6.924 4.588 1.457 0.747
52.600 2.878 14.053 12.225 3.215 6.611 4.351 1.571 0.829
52.199 2171 13.681 11.360 4.315 7.398 3.734 1.391 0.868
Six-3 Lag. Six Minutes lake sedi. core glass EPMA 10 20 10 57.817 2.255 13.690 7.802 1.920 4.295 3.691 2.587 0.908
56.138 2.194 15.128 8.221 2.592 6.788 4.540 1.675 0.792
55.676 1.888 16.842 8.207 2.182 6.816 4.633 1.507 0.819
55.382 1.863 17.009 8.610 2.861 7.587 4.400 1.267 0.644
55.355 1.732 17.002 8.669 2472 7.309 4.398 1.415 0.704
55.344 2.488 13.895 12.050 2918 5.956 4.479 1.812 1.078
55.316 1.920 15.535 9.254 2.968 7173 4.262 1.470 0.845
55.204 2220 13.839 10.594 3.225 6.321 3.668 1.874 1.014
55.088 2.054 14.069 10.740 3.433 6.477 4.211 1.659 0.894
54.848 2.079 14.197 10.139 3.100 6.808 3.983 1.619 1.005
54.817 1.835 16.324 8.999 2.631 7327 4.378 1.544 0.855
54.643 1.889 15.836 8.720 2.027 6.841 4.380 1.688 0.816
54.574 1.826 14.786 9.319 3.579 7.366 4.399 1.381 0.791
54.188 1.501 17.481 7.755 2370 7.579 4.373 1170 0.679
53.959 1.672 16.014 8.348 2.449 7314 4.137 1.419 0.660
53.950 1.759 15.853 9.298 3.581 7.072 4.186 1.415 0.716
52.385 2128 14.033 10.980 3.947 7.264 4.150 1.345 0.838
51.914 1.586 11.097 14.654 10.760 4.772 3.374 1.394 0.878
Mar-1 Lag. Marcelo lake sedi. core glass EPMA 10 20 10 56.687 2.005 14.996 8.348 2.774 6.490 4.712 1.880 0.945
56.349 2.267 12.940 11.190 3.519 5.791 3.304 1.909 1.003
55.854 1.627 16.702 7.783 2471 7.505 4.555 1.451 0.875
55.708 1.760 14.855 10.057 3.317 6.389 4.587 1.888 0.815
55.452 2.205 14.387 9.526 3.589 6.716 4.411 1.695 0.860
55.371 1.884 16.069 8.814 3.295 7.276 4.543 1.429 0.772
55.142 2228 13.607 10.743 4.183 6.880 3.657 1.749 0.915
55.088 1.684 17.033 8.305 2.834 7.458 4.632 1.542 0.775
55.017 1.890 14.899 9.565 3.261 7.141 4.223 1.653 0.807
54.899 1.704 16.106 9.202 3.183 7.016 4171 1.473 0.771
54.808 2.256 13.823 10.719 3.142 6.501 3.988 1.758 0.948
54.510 1.923 16.186 8.703 2711 7.345 4.010 1.546 0.827
54.316 2.146 14.755 9.665 3.404 6.478 4.282 1.740 0.875
54.303 1.519 17.528 7.740 2271 7.791 4.238 1.340 0.629
53.350 1.917 16.207 9.631 3.493 7.784 4.344 1.243 0.808
52.244 2.823 13.922 11.274 3.556 7.251 3.912 1.598 1.268
51.960 2.744 13.721 11.675 3.849 7.282 4.282 1.570 0.963
Undefined Opr-6 Lag. Oprasa lake sedi. core glass EPMA 10 20 10 54.446 1.839 14.252 10.121 3.909 6.724 3.479 1.334 0.117
63.916 0.995 14.995 6.292 1175 3.523 3.110 3.075 0.102
55.064 1.752 14.834 9.745 3.742 6.967 3.349 1178 0.144
54.803 1.989 14.000 10.194 3473 6.751 3.287 1.336 0.119
64.834 1.241 13.606 6.456 0.842 2.823 2.874 3.818 0.137
54.851 1.869 14.272 9.908 3.781 6.606 3.486 1.403 0.125
55.121 1.965 14.993 9.503 3.622 6.791 3.526 1.422 0.072
54.615 1.643 14.974 9.572 3.866 6.911 3.636 1.267 0.109
54.980 1.669 15.005 9.569 3.851 7.018 3.740 1.286 0.096
55.451 1.723 15.809 8.995 3.229 7.301 4.055 1.158 0.048
54.788 2.459 13.230 10.434 3.370 6.846 2.753 1.959 0.095
55.647 2.111 14.789 9.027 2.538 6.510 3.425 1.709 0.089
H2 (TS, A44E 94T-44 pumice bulk XRF 65.02 0.91 15.69 3.48 0.12 112 1.92 6.1 3.30 0.25
HW5) 49A 94T-49 peat section pumice bulk XRF 64.84 0.85 15.86 3.39 0.12 0.96 1.88 6.19 3.15 0.27
38 93-38 pumice bulk XRF 65.33 0.73 15.79 3.26 0.11 0.91 1.83 6.24 321 0.24
ic 94T-1 pumice bulk XRF 65.79 0.77 15.48 3.44 0.11 0.89 2.01 5.96 3.19 0.22
94T-45 roadcut pumice bulk XRF, INAA 64.30 0.92 15.61 2.40 137 0.12 1.02 1.99 5.96 321 0.24
Layer 3 Cueva 3 cave soil tephra bulk wet chem., XRF, INAA 65.12 0.79 1538 2.20 1.00 0.11 0.88 2.12 6.01 3.36 0.23
HUD136 (unit A) 16 tephra bulk XRF 61.96 0.88 15.56 4.22 0.13 0.96 2.12 5.48 3.10 0.22
HUD204 (unit A) 17 tephra bulk XRF 62.65 0.88 16.23 4.33 0.13 117 2.30 536 293 0.22
glass EPMA 9.6-15 15 10 68.49+0.30 | 0.68+0.02 | 1534+0.08 | 3.05+0.11 0.11+0.04 | 064+0.04 | 1.67+0.02 | 649+0.12 | 3.48+0.10 | 0.12+0.04
plg feldspar rim EPMA 15 15 10 60.00 25.35 0.50 6.82 6.83 0.50
plg feldspar core EPMA 15 15 10 59.83 25.58 0.45 6.98 6.68 0.51
orthopyroxene EPMA 15 15 10 53.36 0.30 0.64 18.61 131 23.87 150 0.09 0.01 0.004
clinopyroxene EPMA 15 15 10 52.29 0.51 1.45 9.40 0.77 14.94 19.90 0.48 0.03 0.002
Fe-Ti oxide pair EPMA 15 15 10 14.30 2.02 76.01 0.98 2.65
44.65 0.24 47.51 113 3.81
HUD203 (unit B) 17 tephra bulk XRF 62.26 0.89 16.36 4.16 0.13 0.94 221 539 2.92 0.22
glass EPMA 9.6-15 15 10 67.23+0.39 | 0.63+0.06 | 15.11+0.21 | 3.00+0.28 0.14+0.03 | 062+0.02 | 1.55+0.05 | 6.44+0.26 | 3.43+0.11 | 0.10£0.02
plg feldspar rim EPMA 15 15 10 60.34 24.57 0.51 6.09 6.94 0.56
plg feldspar core EPMA 15 15 10 59.25 25.32 0.48 7.03 6.61 0.50
orthopyroxene EPMA 15 15 10 53.13 0.31 0.64 18.09 124 23.94 150 0.02 0.004
clinopyroxene EPMA 15 15 10 51.50 0.65 173 8.98 0.67 15.03 19.96 0.40 0.007
Fe-Ti oxide pair EPMA 15 15 10 14.21 2.06 75.52 1.01 2.61
44.35 031 47.58 111 3.88




HUD134 (unit C) 16 tephra bulk XRF 61.07 103 16.77 5.08 0.14 131 2.85 5.1 2.72 0.29
HUD202 (unit C) 17 tephra bulk XRF 61.49 0.91 16.94 431 0.13 091 218 5.30 2.85 0.22
glass EPMA 9.6-15 15 10 67.93+0.38 | 0.60+0.08 | 15.14+0.16 | 3.05+0.23 0.14+0.03 | 064+0.03 | 1.63+0.08 | 630+0.30 | 3.48+0.06 | 0.11+0.04
plg feldspar rim EPMA 15 15 10 60.48 25.49 0.50 6.92 6.74 0.53
plg feldspar core EPMA 15 15 10 59.16 25.80 0.50 7.58 6.37 0.46
orthopyroxene EPMA 15 15 10 53.84 031 0.64 18.01 122 24.38 156 0.05 0.009
clinopyroxene EPMA 15 15 10 51.60 0.66 1.78 9.29 0.74 14.48 20.23 0.46 0.009
Fe-Ti oxide pair EPMA 15 15 10 14.51 2.09 76.06 0.95 2.67
45.04 0.26 47.53 1.08 3.97
CAS-T8 Lag. Castor lake sedi. core tephra bulk XRF 64.0 0.5 15.7 2.6 0.1 1.2 2.1 4.3 3.1 0.1
Mir-1 Lag. Miranda lake sedi. core glass EPMA 10 20 10 64.282 1.182 16.194 4.920 1.477 3.439 2.941 2.675 0.092
64.226 1.254 16.013 4.588 1324 3.263 2.828 2.878 0.108
64.232 1.258 16.132 4.624 1.447 3.335 3.062 2.586 0.117
65.481 1.129 15.852 4.184 0.968 2.960 3.069 2.794 0.113
64.492 1.354 15.502 4.907 1.365 2.857 2.960 2.942 0.119
65.664 1.226 16.494 3.805 1.059 3.361 4.952 2.052 0.074
64.145 1.182 15.939 4.618 1.445 3.315 3.095 2678 0.091
64.636 1.230 16.131 4.468 1.347 3.258 3.191 2717 0.071
64.040 1211 16.017 4.822 1.441 3.160 3.438 2938 0.072
64.105 0.886 18.319 3.057 0.744 4.393 4.991 1.861 0.088
62.864 1191 15.752 4.507 1.368 4.874 3.159 2.572 0.130
64.108 1.297 16.164 4.861 1.578 3.474 2.882 2526 0.118
64.883 1.247 16.268 4.434 1.379 3.148 2.888 2.693 0.069
64.233 1.251 16.001 4.812 1344 3.337 3.226 2.597 0.069
64.591 1214 16.317 4.822 1.562 3.281 3.042 2671 0.088
64.321 1.246 16.250 4.656 1.527 3.258 2.960 2.665 0.076
64.222 1.259 16.217 4.434 1.525 3.336 3.136 2578 0.105
64.022 1.250 15.918 4.425 1375 3.278 2913 2.621 0.117
64.260 1.207 16.167 4.929 1.544 3.377 3.295 2672 0.124
63.903 1332 16.072 4.909 1.459 3.468 3.072 2.597 0.121
64.676 1.180 16.080 4.431 1.356 3.099 2.977 2.785 0.131
63.621 1212 15.933 4.757 1.467 3.363 3.096 2.580 0.111
MD07-3088-279 Off Taito Penin. marine sedi. core glass EPMA 10 15 5 60.10 197 18.40 3.43 0.08 135 597 6.46 1.48 0.67
54.06 2.07 14.75 9.78 0.28 4.54 8.33 4.34 129 0.56
56.43 1.59 16.59 8.10 0.20 3.72 7.29 4.25 152 032
58.72 1.65 16.39 7.24 0.09 291 561 513 1.78 0.48
58.78 1.65 16.07 7.96 0.25 2.88 5.80 4.45 1.84 032
62.10 229 13.79 8.16 0.29 1.62 4.02 5.62 1.54 0.57
62.38 110 18.28 4.55 0.19 0.97 5.90 5.34 0.92 037
65.26 1.14 16.19 4.34 0.00 1.41 2.83 5.75 2.76 0.31
T4 49C 94T-49 peat section tephra bulk XRF 62.49 1.24 16.16 4.24 0.13 1.75 3.21 5.81 2.69 0.26
H1(T2, 49F 94T-49 peat section tephra bulk XRF 61.09 1.50 16.04 513 0.17 2.61 4.48 5.52 176 0.39
HW4) 44 94T-44 tephra bulk XRF 60.12 167 16.09 5.64 0.18 2.01 3.89 5.49 214 0.38
60.53 1.56 16.11 5.49 0.17 198 3.96 5.54 2.26 0.36
60.94 1.50 15.93 531 017 1.87 3.98 5.63 233 037
60.61 1.59 16.06 5.45 0.17 197 4.02 557 227 0.36
pumice bulk wet chem., XRF, INAA 61.12 152 16.00 3.50 2.24 0.18 1.89 3.78 561 237 0.36
glass EPMA 62.89 139 15.61 5.16 0.16 1.81 3.54 5.79 2.81 0.29
65C 94T-65 tephra bulk XRF 60.53 1.48 16.18 551 0.18 1.95 3.82 5.69 2.39 0.35
HUD174 (unit A) 17 tephra bulk XRF 55.92 138 16.53 6.60 0.17 2.01 3.56 5.09 2.14 0.42
HUD187 (unit A) 25 tephra bulk XRF 57.97 134 15.76 5.50 0.16 1.96 4.12 5.79 229 0.50
glass EPMA 9.6-15 15 10 63.10£0.77 | 1.35+0.08 | 15.69+0.18 | 4.98+0.01 0.22+0.07 | 1594002 | 3.07+0.08 | 6.34+0.34 | 265+006 | 038+0.03
plg feldspar rim EPMA 15 15 10 57.64 26.67 0.56 8.89 5.88 031
plg feldspar core EPMA 15 15 10 57.17 26.82 0.50 8.68 5.92 0.34
orthopyroxene EPMA 15 15 10 53.61 0.45 0.89 17.37 1.06 24.65 1.75 0.07 0.002
clinopyroxene EPMA 15 15 10 51.82 0.77 1.80 9.14 0.60 15.49 19.71 0.47 0.003
Fe-Ti oxide pair EPMA 15 15 10 14.73 293 72.71 0.72 3.99
44.08 0.38 46.75 0.74 4.95
HUD186 (unit B) 25 tephra bulk XRF 57.27 137 17.58 6.54 0.16 1.91 3.89 523 2.09 0.48
HUD205 (unit B) 17 plg feldspar rim EPMA 15 15 10 59.61 25.48 0.55 7.09 6.79 0.46
plg feldspar core EPMA 15 15 10 59.77 25.47 0.49 7.14 6.64 0.46
orthopyroxene EPMA 15 15 10 53.99 0.36 0.69 16.30 1.00 25.59 175 0.06 0.00
clinopyroxene EPMA 15 15 10 51.67 0.79 193 9.25 0.60 15.29 19.76 0.45 0.01
Fe-Ti oxide pair EPMA 15 15 10 14.88 291 73.71 0.81 3.66
43.49 0.40 47.39 0.70 4.82
HUD212 (unit B) 29 tephra bulk XRF 56.56 1.26 15.52 515 0.15 1.90 3.90 5.75 224 0.46
glass EPMA 9.6-15 15 10 64.24+043 | 1.21+0.04 | 1529+0.22 | 4.41+0.19 0.16+0.05 | 1.20+£0.02 | 2.72+0.06 | 6.60+0.19 | 2.84+0.02 | 0.26+0.02
plg feldspar rim EPMA 15 15 10 47.24 3427 0.68 17.42 157 0.04
plg feldspar core EPMA 15 15 10 46.16 34.71 0.60 18.22 125 0.02
orthopyroxene EPMA 15 15 10 53.50 0.40 0.99 16.94 0.87 25.25 181 0.04 0.004
clinopyroxene EPMA 15 15 10 52.14 0.72 167 8.85 0.61 15.52 19.74 0.43 0.016
Fe-Ti oxide pair EPMA 15 15 10 15.60 247 73.27 0.83 3.50
44.68 0.34 45.87 0.83 4.81
90-12 90-12 peat section tephra bulk wet chem., XRF, INAA 61.88 1.42 16.24 330 1.60 0.14 1.79 3.84 5.76 2.51 0.30
63.04 123 16.71 4.66 1.64 3.98 5.89 2.59 0.29




glass EPMA 63.26 131 15.96 4.97 0.14 1.66 339 5.85 291 026
90-14 90-14 organic soil tephra bulk XRF? 60.61 138 17.14 4.98 0.18 157 356 513 226 038
glass EPMA 63.85 121 15.74 4.74 0.14 1.48 3.14 5.74 2.79 024
90-236 90-23 peat section tephra bulk XRF? 61.76 139 16.41 5.15 0.15 1.76 4.01 5.48 256 032
62.58 124 16.79 4.55 176 4.38 578 256 036
glass EPMA 63.61 1.26 15.55 5.04 013 1.61 321 5.92 288 025
Opr5 Lag. Oprasa lake sedi. core glass EPMA 10 20 10 53.684 1.245 15.213 9.264 5538 8.675 3.071 1.037 0.08
53.589 1.166 15.799 8.984 5.501 8.955 3271 0.835 0.09
53.268 1215 16.009 8.696 5572 8.984 3231 0.899 0.06
53.300 1.202 15.869 9.032 5615 8.963 3411 0910 0.07
54.154 1.329 15.894 9.480 5.763 8.903 3.459 0.844 0.03
53915 1.348 15.327 9.775 5.693 8.429 3.400 0952 0.07
53.323 1315 14.876 9365 5377 8.876 3235 0986 0.07
53391 1.302 14.837 9.102 5.154 8.822 3.028 0925 0.06
53.388 1375 14.569 10.257 5360 8.448 2.99 0.965 0.08
53384 1.358 14.927 10.076 4.973 8579 3.298 0.893 0.09
53.600 1.280 15.498 9.723 5.489 8.796 3.179 0986 0.06
53.929 1341 16.160 9.772 5319 8.754 3272 0922 0.04
53.376 1.500 13.924 11.197 5.469 8.569 2747 1011 0.09
53.085 1.506 14.166 10.210 4.970 8372 3.084 1.031 0.08
53.537 1.107 17.847 8.141 3.886 9527 3753 0.709 0.07
53386 0917 18.272 7.001 4183 9.631 3.423 0651 0.03
53.428 1.254 15.474 9.669 5.097 8.597 3.084 0948 0.07
54.150 1.105 18.247 7.464 3.767 9211 3.891 0715 0.05
53.049 1417 13.858 10.562 5.022 8.429 2.993 1.038 0.07
53.132 1.226 15.580 9521 4.477 8.945 3.825 0.866 0.05
52.490 1377 14.387 10.127 5355 8.419 2.948 0.896 0.05
53.068 1341 14.678 10.067 5.280 8513 3211 0939 0.08
53.149 0983 18.485 7.695 4.497 9.660 3378 0.696 0.08
54.271 1.281 15.708 9.710 5372 8.754 3350 0.856 0.05
53.377 1.183 15.990 8.704 4.901 9232 3259 0.863 0.08
53.153 1.269 14.793 9.161 5.193 8.566 3.142 0973 0.10
53.782 1.231 15.341 9.095 5.635 8613 3.112 1.126 0.08
#15 Salmi (1941) tephra bulk XRF 59.36 1.79 20.97 5.12 0.11 1.59 3.93 434 251 028
Hu-4 Puerto Hambre/ | peat/lake sedi. core glass EPMA 20 15 5-20 76.22 0.19 13.74 116 0.02 0.16 119 294 435
Lago Chandler 79.29 0.15 11.82 0.88 0.02 0.18 1.07 247 412
77.51 0.8 13.63 1.10 0.02 0.14 119 228 3.95
78.24 0.16 13.88 1.10 0.00 0.18 1.05 1.76 363
LF06-PC16-482 Lago Fagnano lake sedi. core tephra bulk ICP-MS
LF06-PC12-142 Lago Fagnano lake sedi. core tephra bulk ICP-MS
LasCot-475 Las Cotorras peat core glass £DS 1 25 65.44 164 1555 5.60 031 162 338 346 285
65.50 117 17.51 4.65 0.17 1.54 3.06 373 243
66.00 113 17.32 4.06 0.12 131 2.99 4.27 275
65.47 1.20 17.62 353 0.14 1.50 291 4.92 217
66.27 151 16.59 473 029 127 268 3.44 279
65.95 1.01 17.96 4.04 0.05 1.42 266 3.99 1.88
67.01 130 16.11 461 0.14 119 259 3.05 294
66.74 132 16.64 4.40 0.16 1.41 260 374 274
66.10 1.40 16.14 538 026 145 3.07 339 276
66.12 131 15.84 492 0.19 1.29 2.82 3.49 2.9
65.83 137 1639 4.93 0.17 159 3.10 381 273
66.28 1.03 16.82 4.16 0.08 1.45 260 3.86 268
62.28 122 17.09 537 022 253 4.20 3.86 239
65.24 124 16.55 527 0.16 1.49 3.48 371 282
65.38 138 16.70 4.47 0.14 1.49 296 3.88 277
66.47 1.26 1639 4.94 0.08 1.45 295 3.49 292
65.59 129 16.28 4.97 013 132 3.07 4.04 2.86
65.52 1.28 16.41 5.26 013 131 328 391 285
65.37 135 16.34 5.01 0.06 139 3.13 352 2.86
64.57 127 16.08 552 013 1.88 4.04 377 269
65.11 123 16.57 4.44 0.20 152 2.82 4.10 276
PTA-03/12_1090 Potrok-Aike lake sedi. core glass EPMA 19 20 15 15 6530+0.97 | 1.23+0.06 | 16.16+0.09 | 4.93+0.37 0.16+0.04 | 150£026 | 2.97+043 | 4.47+029 | 2.80+0.12 | 035006 | 0.13+0.02
CAR98-11-124 Lago Cardiel lake sedi. core tephra bulk XRF
CAR98-2L-838.5 Lago Cardiel lake sedi. core tephra bulk XRF
CAR99-2L-462.5 Lago Cardiel lake sedi. core tephra bulk XRF
PCAR-99-7-4-60 Lago Cardiel lake sedi. core tephra bulk XRF
PCAR-99-9-11-370 Lago Cardiel lake sedi. core tephra bulk XRF
C5-3002 Lago Pepa lake sedi. core tephra bulk XRF
Cs-2715 Lago Edita lake sedi. core tephra bulk XRF
C5-1031 Lago Mal lake sedi. core tephra bulk XRF
Harb-682.6 Haberton peat core tephra bulk ICP-OES, ICP-MS 113 13.34 1.23 2.06
T1 49H 54749 peat section tephra bulk XRF 58.44 193 16.13 6.39 0.16 261 4.48 552 176 039
Undefined Opr-4 Lag. Oprasa lake sedi. core glass EPMA 10 20 10 62.604 1587 13.308 7.483 2.008 35651 3152 1.799 0.182
62.149 1.753 14.415 7252 1335 4.008 3.665 1.758 0.166
62.507 1.453 15.699 6.473 1.122 4.078 4364 1.671 0.157
61.838 1.562 13.530 7.821 1.836 3.880 4.050 1.948 0.192
62.700 1.550 14.265 7.103 1.608 3.801 3231 1.788 0211
62.972 1.420 15.477 6.711 1.506 4.393 4.314 1.629 0.161
T2 Off Taito Penin. marine sedi. core glass EPMA 10 15 s 55.26 2.00 16.05 937 0.19 359 6.80 464 1.49 0.60
55.35 179 16.47 9.69 023 4.24 8.01 2.10 148 065




55.64 1.74 16.21 9.38 0.18 431 7.78 2.58 138 0.81
56.33 161 15.85 10.10 0.19 4.09 7.83 2.02 1.34 0.63
57.02 1.59 15.97 8.44 013 3.64 6.63 421 171 0.66
57.04 1.96 14.21 10.35 0.22 3.83 7.21 2.54 191 0.72
57.64 171 16.25 8.39 0.21 3.05 6.15 4.41 1.49 0.70
59.67 1.60 16.37 7.06 0.15 273 539 4.46 1.98 0.60
59.69 1.70 15.12 9.72 0.23 2.84 6.33 2.07 1.79 0.51
60.18 1.58 16.32 8.06 0.22 3.14 6.35 1.83 1.73 0.59
60.71 1.50 16.33 7.03 017 227 4.62 4.48 225 0.65
64.56 1.52 16.27 6.17 0.15 2.08 4.54 1.88 2.31 0.52
64.60 129 15.94 527 0.16 1.46 297 528 267 0.36
66.32 1.22 16.66 4.41 0.21 1.25 257 4.14 2.87 0.35
69.12 0.65 16.16 3.43 0.16 0.73 1.50 5.04 3.06 0.14
HW3 Fac-2 Lag. Facil lake sedi. core glass EPMA 10 20 10 54.314 2133 17.346 9.266 2.400 8311 3.574 1.282 0.099
53.268 1.954 17.728 8.379 1.906 8.285 4.249 1.198 0.042
51.606 1.589 16.612 8.558 3.814 7.501 4.278 1.150 0.086
53.769 1.863 17.499 8.159 2.224 8.247 4.373 1.135 0.083
58.986 1.254 13.459 6.338 2.774 6.795 3.664 2.148 0.002
52.997 2.758 13.718 12.519 3.280 6.298 3.872 1.533 0.110
54.277 1911 18.649 6.262 1.484 7.924 3.757 1.181 0.056
52.866 1.478 13.280 8.663 6.385 10.417 3.290 0.831 0.043
54.211 2.633 14.332 12.009 3.820 6.449 3.689 1.222 0.103
52.792 2.209 16.923 10.238 2.022 7.926 4.194 1.378 0.113
54.652 2.304 13.290 10.322 3.845 6.944 3.078 2.036 0.062
59.983 2570 12,678 9.800 1.909 2.812 6.448 1.373 0.070
60.009 1.772 15.066 7777 1.908 5.176 3.777 2323 0.132
62.040 1.233 16.698 5.502 0.884 4.551 4.323 2.624 0.075
57.523 1.561 16.360 6.765 3.087 5.973 3.455 2.049 0.096
59.374 1.836 14.310 8.230 2.129 5.030 3.239 2.415 0.118
Opr-3 Lag. Oprasa lake sedi. core glass EPMA 10 20 10 59.340 2.053 14.721 8.592 2.450 4.910 4.012 2.352 0.122
56.741 2.597 13.871 11.581 3.847 6.432 3.745 1.866 0.089
55.990 2.016 14.935 10.112 3.344 6.479 3.972 1.903 0.089
53.643 1.749 14.000 11.047 4.626 8.390 3.330 0.941 0.045
55.537 2.196 14.825 10.038 2.550 6.219 4.424 2141 0.046
55.236 1.939 15.715 8334 2.194 6.569 4.276 1.880 0.088
58.691 2.027 15.359 9.522 1.831 3.495 7.781 1.294 0.030
57.085 2.813 14.901 11.267 2.447 5.315 3.959 2.063 0.122
52.924 0.986 15.46 11.868 9.070 5.879 3.061 1.047 0.054
56.532 2.068 18.484 6.965 1.239 6.431 5397 1.077 0.043
54.223 2197 12.070 11.489 5.563 8.034 3.547 1.392 0.010
57.719 1.397 17.595 5333 1.401 6.727 5.204 1.533 0.067
55.205 1.680 16.294 8.427 2.764 7.442 4.268 1411 0.037
53.190 1.530 14.002 10.937 4.578 8326 2.899 0.869 0.090
53.546 1.646 14.107 10.940 4.720 8171 3.255 0.967 0.050
54.085 1.726 14.818 10.119 4.233 7.594 3.532 1.089 0.059
Lin-3 Lag. Lincoln lake sedi. core glass EPMA 10 20 10 54.806 2.730 13.901 12.072 3.430 6.926 2.359 1.499 0.142
53.165 1.937 13.085 11.372 4.578 8.441 3.067 1.082 0.097
55.254 2.850 15.726 10.361 1.925 7.036 4.027 1.455 0.114
55.834 2438 13.900 9.496 3.399 7.858 3.271 1.476 0.120
63.276 1.487 14.582 7.032 0.986 4.699 3.758 1.014 0.040
54.077 2.593 13.119 11.661 3.618 7.364 2.741 1.389 0.121
55.528 2.390 16.006 10.008 2116 6.963 3.878 1.322 0.119
54.614 2731 12.538 12.474 4.772 7.483 2.385 1.266 0.081
54.015 2374 11.784 13.192 5.534 6.369 3.016 1.475 0.093
57.427 1.872 13.285 10.704 3.517 7.601 3.224 1.026 0.066
55.959 2.204 14.202 9.075 3.054 6.792 3.537 1.717 0.131
54.715 2234 15.329 10.665 3.524 7.408 3.430 1.156 0.065
52.938 1.226 17.358 10.309 4.358 7.388 3.758 0.725 0.094
53.328 2.822 13.652 12.081 2.745 5.675 3.698 2.078 0.261
54.024 2.764 13.553 10.398 3.113 7.086 3.484 1.788 0.128
54.560 2.797 12.072 12.760 4.169 7.938 2.765 1.346 0.104
55.219 2514 14.435 10.727 2.450 6.398 3.326 1.979 0.141
Lof-4 Lag. Lofel lake sedi. core glass EPMA 10 20 10 54.541 2.396 14.878 10.360 2.675 7.514 3314 1.204 0.113
54.118 2.822 12.207 13.025 2.755 6.649 2.828 1.892 0.137
53.415 2.268 13.382 13.162 5.846 6.109 3.055 1.191 0.100
54.364 1.494 18.161 7.664 3.055 9.474 4.793 0.714 0.048
54.697 2.953 12.642 11.909 3.832 7517 2.876 1113 0.173
53.607 1.972 16.852 8.566 2338 8.425 3.505 1.057 0.069
53.303 2732 13.988 10.766 2.542 6.899 3.539 1.763 0.093
52.592 2.566 12.966 11.457 3.499 7.258 3.286 1.716 0.080
52.797 1.324 17.772 6.358 4.104 10.000 3.955 0.732 0.069
53.382 2.023 17.158 7.013 2.093 8.160 3.985 1.364 0.095
53.751 2.963 11.460 14.920 2.998 6.715 2.439 2.196 0.101
52.681 2217 15.111 9.892 3.141 6.999 4.272 1.627 0.029
53.657 2211 16.615 9.407 2.666 8.240 3.077 1.369 0.115
56.398 1.585 14.330 9.365 4.031 5.360 4.206 2324 0.040
64.014 0.995 14.559 4.224 1.680 4.261 4.146 2.169 0.124
67.073 0.666 14.575 4.196 0.751 2227 2.952 3.161 0.170
67.602 0.635 14.670 4.164 0.588 2.268 3.174 3.253 0.184
Stb-2 Lag. Stibnite lake sedi. core glass EPMA 10 20 10 53.247 2.208 15518 9.711 2.942 7.769 3.684 1.185 0.625
52.718 2437 14.969 9.507 3.459 7.505 3.595 1.691 0.838
Six-2 Lag. Six Minutes lake sedi. core glass EPMA 10 20 10 57.710 2179 14.688 8.932 1.753 5674 4.455 1.836 1.105
55.339 2414 14.507 11.930 3.710 6.951 3.405 1212 0.911
54.898 2.297 15.644 10.178 2.700 7.785 3.908 1.466 0.745
54.773 2.467 14.500 12.490 3.101 7.017 3.622 1.372 0.863
54.468 2.248 15.480 10.877 2.609 7378 3.603 1.340 0.774




53.849 2131 15.763 10.842 3.059 7.610 3.706 1.105 0.695
53.836 2.266 15.638 11.015 2.983 7.674 3.540 1374 0.751
53.829 1.960 16.701 9.406 2.466 7.769 4.050 1.276 0.633
53.677 2.423 14.174 13.065 3.053 6.455 3.764 1.494 0.763
53.628 2.241 14.960 11.794 3.803 7.617 3.329 1.180 0.697
53.475 2.076 15.818 10.935 3.562 7.320 3.825 1.241 0.631
52.885 2.307 14.056 11.993 4.014 7.292 3.218 1.260 0.721
52.613 2114 13.978 13.541 4.686 6.809 3.481 1.295 0.694
52.057 2.297 13.404 12.169 3.760 7.406 3137 1.098 0.827
51.676 1.761 15.197 12.908 5.253 6.389 3.785 1.013 0.604
T3 Off Taito Penin. marine sedi. core glass EPMA 10 15 5 53.83 2.05 16.20 9.42 0.23 3.82 7.62 4.52 138 0.93
56.57 1.85 16.09 8.68 0.02 3.27 7.18 4.48 1.44 0.42
56.67 217 15.34 8.30 0.20 3.19 6.05 5.56 1.68 0.84
56.92 1.68 16.60 8.20 0.05 335 7.21 4.17 138 0.43
56.97 1.88 16.82 7.99 0.24 2.98 6.55 3.95 1.59 1.04
57.69 1.76 16.49 7.06 0.20 3.23 6.23 5.07 157 0.69
57.93 1.63 16.72 7.25 0.19 297 593 5.03 167 0.69
58.09 1.66 16.59 7.22 0.15 3.06 6.05 4.97 161 0.61
58.95 171 16.16 6.95 013 297 5.70 4.98 182 0.63
60.70 1.50 16.02 6.64 0.25 220 4.90 4.89 218 0.72
60.70 1.64 16.83 6.13 0.24 214 4.67 4.88 229 0.49
61.08 161 16.05 6.21 0.13 2.07 4.48 5.11 2.58 0.69
61.20 151 16.19 6.15 0.15 222 4.50 5.08 225 0.77
67.14 0.95 16.20 333 0.19 091 211 5.95 291 031
67.42 0.99 16.35 3.64 0.06 0.92 2.04 527 3.10 0.22
67.48 0.75 15.90 3.45 0.19 0.75 1.47 6.23 3.55 0.23
67.61 1.03 16.71 361 0.09 0.90 273 4.17 2.90 0.25
68.56 0.61 16.18 3.27 0.32 0.87 2.21 4.61 3.19 0.18
EDC-339.5 EPICA-Dome C ice core glass EPMA 10 15 5-10 57.16+1.01| 096+0.12 | 1559+1.95 | 11.06 +1.56 0.24+0.05 | 349+1.17 | 7.77+045 | 3314057 | 0.43+0.06
SDMA-5008 Siple Dome ice core glass EPMA 10 15 10-25 55.31 115 12.99 14.06 0.29 318 737 4.65 0.65 0.23 0.10
55.69 1.05 15.14 12.96 0.29 2.60 8.94 2.59 0.49 0.18 0.07
56.29 0.84 13.32 13.07 031 6.16 7.33 223 0.34 0.07 0.00
56.42 121 16.20 12.05 0.22 242 732 3.48 0.46 013 0.07
56.48 1.02 15.95 1110 0.27 2.46 8.53 3.09 0.55 0.15 033
56.61 119 14.47 1311 0.30 2.44 8.30 2.70 0.59 017 0.05
57.50 121 13.18 13.12 0.27 2.87 6.92 3.90 0.58 0.20 0.20
57.61 0.74 17.29 9.22 0.23 2.36 7.59 4.39 0.44 0.10 0.00
57.81 1.03 15.60 10.81 0.25 2.64 7.42 3.60 0.54 0.15 0.08
58.24 0.98 14.01 12.41 0.29 3.68 6.88 273 0.47 017 0.09
58.49 116 1491 11.92 031 220 7.00 3.16 0.60 0.21 0.00
58.92 093 15.61 10.83 0.30 261 7.01 2.99 0.53 0.11 0.09
64.18 0.62 14.08 8.65 0.24 2.23 5.74 3.49 0.68 0.09 0.00
HW2 Lof-2 Lag. Lofel lake sedi. core glass EPMA 10 20 10 65.396 1121 15.427 4.187 0.453 3.493 5.946 1471 0.021
43.974 0.758 11.596 10.205 16.020 10.995 2415 0.383 0.055
68.272 0.545 14.696 5.585 1.555 2.832 4.766 2.809 0.062
53.408 1.873 14.698 11.259 4.175 5.818 4.920 2117 0.097
Lof-3 Lag. Lofel lake sedi. core glass EPMA 10 20 10 54.290 2.220 15.047 9.687 3.740 7.224 3.509 1.860 0.117
54.654 2.037 14.728 9.331 3.615 7.020 3.460 2.097 0.106
54.121 1.942 14.904 9.486 3.828 7.252 3.758 1.790 0.099
54.317 2155 15.041 9.566 3.705 7.106 3.495 1.895 0.110
54.401 2.141 15.137 9.283 3.628 6.935 3.545 1.833 0.138
54.465 2.001 14.944 9.749 3.567 7.070 3.372 1.945 0.093
54.184 2.077 14.985 9.672 3.619 7.097 3319 1.854 0.129
54.025 2211 14.921 9.609 3.779 7.128 3.547 1.948 0.092
65.804 1.004 16.159 3.291 0.979 1.958 3.367 2.940 0.179
Lin-2 Lag. Lincoln lake sedi. core glass EPMA 10 20 10 63.189 1.152 16.647 5.206 1.460 3.495 3.116 2.763 0.228
61.901 1.222 16.150 5.546 1.616 3.618 3.134 2.680 0.150
62.924 1.147 16.364 5.594 1.466 3618 3.002 2.872 0.168
62.753 1.158 16.230 5.641 1.496 3.574 3321 2.893 0.186
63.199 1.568 14.564 6.549 1.183 2.906 2.983 3.296 0.238
62.387 1.194 16.157 5.780 1.611 3.463 2.978 2.992 0.203
62.674 1.625 14.333 7.213 1.784 3.129 4.161 3.351 0.200
63.375 1.157 16.338 5.154 1333 3373 3.009 3.030 0.168
63.176 1.094 16.883 5.705 1.661 3.620 3.650 2.831 0.197
62.988 1177 16.296 5.288 1329 3.422 3.515 2.895 0.207
62.996 1.343 14.925 6.860 1.544 2.979 3.995 3.537 0.246
62.730 1.223 15.532 5.769 1.390 3.846 4.480 2418 0.167
62.014 1.202 16.083 5.412 1.553 3.707 3.467 2.768 0.175
62.696 1.269 15.993 5.752 1.652 3.704 3.589 2.830 0.200
62.311 1.238 16.637 5.690 1.610 3.773 3.497 2.802 0.166
62.587 1.207 16.428 5.562 1.448 3.561 3.149 2.847 0.197
62.710 1.247 16.292 5.452 1.509 3.550 2.989 2.890 0.203
62.146 1.298 15.509 6.524 1.652 2.956 4.121 3.729 0.224
61.429 1178 15.854 5.952 1.695 3.416 3.412 2.996 0.340
63.277 1.093 17.099 4.981 1.348 3.995 5.655 2.166 0.149
62.686 1.262 16.380 5.574 1.654 3.773 3.272 2721 0.178
63.234 1.162 16.516 5.310 1.516 3.584 3.289 2.880 0.145
61.917 1.207 16.139 6.509 2.593 3.635 3.870 3.584 0.172
62.219 1.226 16.360 5.979 1.571 3.696 3.456 2.807 0.184
63.123 1.235 16.491 5.553 1.310 3.983 4.143 2526 0.144
62.838 1.124 16.407 5.608 1.409 3.434 3.226 2.872 0.156
Stb-1 Lag. Stibnite lake sedi. core glass EPMA 10 20 10 52.451 2.085 16.575 9.631 3.255 8.08 4.08 1.385 1231
52.15 2.288 17.077 9.02 2471 8.437 4.086 1.747 1.253
52.066 1.706 17.298 7.686 2.853 8.941 4.525 1.055 1.013
51.693 2.224 16.626 10.141 3.288 8.066 4.504 1177 1.237
51.618 2415 15.792 9.683 2.762 8.822 4.068 0.931 1331




51.604 2.681 13.968 10.269 3.727 8316 4.318 1315 1.232
51.601 2.464 15.526 11.256 3.571 7.515 4.234 1.433 1.215
51.429 2.468 15.445 10.311 3.651 8.404 4.429 1.408 1.307
51.422 2.978 13.203 11.596 3.695 7.658 3.693 2.351 1.694
51.406 219 14.96 12.146 5338 7.118 4.493 1.344 1.217
51.137 2.698 13.611 11.814 3.832 7.545 3.728 1.607 1.413
51.06 2102 17.38 8.319 3.034 9.011 4.265 0.945 1.181
50.967 2538 14.182 11.405 3.63 7.339 4.399 1.775 1.387
50.658 2476 14.46 12.725 4.512 7.044 4.626 1.406 1.348
50.565 2671 12.85 12.331 4.781 7.278 3.779 1.899 1.518
50.376 3.05 12.873 11.709 345 8.375 3.777 1.778 1.572
49.968 2.855 12.968 11.236 3.443 8.532 4.2 1.101 1.556
49.099 2.105 13.165 13.656 7.086 6.197 4.051 1.343 1191
Six-1 Lag. Six Minutes lake sedi. core glass EPMA 10 20 10 54.579 1.997 17.552 9.083 2978 8.144 5.552 0.906 1.059
54.321 2.026 17.706 9.549 3.246 8.226 5.415 0.985 1.044
53.626 2111 17.376 8.86 2.658 8.488 4.793 1.072 1339
53.157 2.201 16.833 9.109 3.467 8.096 4.768 1.862 1.296
53.128 2.184 17.184 9.559 3.052 7.238 5.103 1.302 1116
52.431 1.658 17.975 8.955 2.998 7.993 4.888 1.167 1.021
52.299 2.662 15.054 10.801 3.405 7.573 4.645 1.631 1413
52.240 2.549 15.870 11.515 3.445 7.411 4.605 1.379 1.523
52.124 2.021 16.866 8.860 3.206 8.756 4.537 1.234 1.014
52.064 2153 15.263 11.186 4.156 7.379 4.573 1.552 1.348
51.904 2425 14.268 11.251 4.513 7.948 4.601 1.383 1.524
51.886 2.285 15.001 10.306 3.621 8.016 4.372 1.562 1.181
51.856 2.580 14.665 10.388 3.439 8.505 4.849 1377 1.222
TL4 Off Taito Penin. marine sedi. core glass EPMA 10 15 5 54.14 1.98 15.21 9.67 0.26 4.51 8.13 4.05 143 0.63
56.51 1.84 16.21 8.19 0.26 3.29 6.79 4.67 157 0.68
59.55 163 16.33 6.56 0.21 2.74 532 4.93 2.07 0.65
60.92 1.92 16.44 6.73 0.21 2.77 529 2.95 2.02 0.73
61.42 1.56 16.43 5.77 013 223 4.48 517 227 0.54
63.68 1.49 16.22 4.57 0.31 1.49 3.44 5.87 2.46 0.46
65.91 141 15.64 4.75 0.14 131 2.66 5.08 2.69 0.42
65.92 1.25 16.28 3.77 0.15 1.07 249 5.96 2.78 0.34
66.44 1.08 16.47 3.74 0.14 112 2.68 5.39 267 0.27
66.87 1.08 16.74 3.86 0.26 115 2.31 4.85 2.62 0.26
66.97 0.95 16.09 337 013 0.97 2.07 6.08 3.14 0.21
67.57 0.97 16.02 3.50 0.25 1.02 2.58 4.84 2.99 0.27
67.57 1.08 15.70 3.66 0.41 0.89 1.80 5.53 312 0.24
69.17 0.79 16.09 3.70 0.14 091 228 3.70 2.96 0.26
69.88 0.91 15.65 2.88 0.11 0.64 1.88 4.86 3.04 0.14
HW1 Fac-1 Lag. Facil lake sedi. core glass EPMA 10 20 10 67.007 1.067 16.485 3.395 0.944 1.797 3.832 3.142 0.111
66.021 1.049 15.985 3.381 1.016 1.752 3.441 3.099 0.152
65.969 0.979 16.322 3.289 0.954 1.888 3.511 2.985 0.141
67.43 1.011 16.694 3.387 0.930 1.994 3.554 2.889 0.140
66.925 1.031 16.577 3322 0.896 1.898 3.613 2.876 0.113
63.068 0.521 16.03 5372 4.949 2738 6.018 1.581 0.002
66.527 0.962 16.454 3.300 0.919 1.935 3.387 2.994 0.082
65.902 1.09 16.282 3.729 0.931 2.082 3.823 2.910 0.123
66.028 0.977 16.444 3.532 0.983 1.985 3518 2.943 0.144
66.274 0.994 16.335 3.412 0.883 1.948 3.657 2.895 0.125
66.569 1.012 16.52 3.273 0.906 1.800 3.601 3.119 0.115
65.824 0.974 16.208 3.448 0.947 1.871 3.483 2.979 0.146
66.21 1.017 16.438 3.370 1.033 1.834 3.643 2.864 0.131
66.99 1.001 15.784 3.388 0.806 1.491 3.170 3.157 0.185
66.856 1.019 16.47 3.425 0.983 1.834 3.736 3.014 0.113
65.833 1.033 16.341 3.322 0.832 1.940 3.446 2.957 0.116
66.615 1.048 16.238 3.373 0.962 1.862 3.629 2.983 0.130
Opr-1 Lag. Oprasa lake sedi. core glass EPMA 10 20 10 54.366 1.752 14.784 8.471 3.986 7.927 4.122 1338 0.094
55.152 1.85 15.073 8.070 3.104 8.056 3.693 1.557 0.102
58.502 1.322 16.456 5.619 3.756 7.379 4.653 1.246 0.077
60.687 129 16.221 5.762 2.362 4.792 3.809 2.388 0.127
55.189 2.039 14.199 9.289 4.266 6.565 3.691 2.195 0.147
57.86 1.961 15.09 8.602 2.864 5336 3.985 2324 0.093
55.027 1.923 14.215 8.557 3.745 7.293 3.353 1.727 0.088
55.11 1.564 15.968 8.000 3.635 7.544 3.907 1.580 0.116
56.514 1.209 16.966 5117 3.307 8.255 3.847 1.524 0.053
53.938 1711 14.54 8.662 4.659 7518 3618 1.596 0.073
53.554 1.606 15.293 8.162 4.372 7.782 3.561 1.497 0.101
54.644 1.551 16.032 7.783 3.795 7.582 3.989 1.568 0.102
54.265 1.655 13.204 13.287 4.884 3.160 3.323 2.853 0.101
54.704 1.56 15.419 7.604 3.489 6.634 3.690 1.661 0.123
53.546 1.734 12.834 9.303 7.276 8.066 2.818 1.327 0.112
56.782 1.569 14.963 7.452 3.230 6.527 3.754 1.435 0.103
Lof-1 Lag. Lofel lake sedi. core glass EPMA 10 20 10 56.214 1.805 16.405 8322 3.199 6.594 3.705 1.602 0.116
41.794 2.050 11.313 12.654 13.44 11.354 2.441 0.327 0.069
41.139 2.259 11.717 12.374 13.34 11.561 2.573 0.306 0.100
40.736 0.471 16.075 16.933 8.663 10.745 1611 0.309 0.042
55.796 1.852 14.861 7.511 3.151 4.560 4.566 3.699 0.110
Lin-1 Lag. Lincoln lake sedi. core glass EPMA 10 20 10 56.303 2.814 14.245 9.281 3.262 6.150 4.519 1.982 0.088
55.437 1.397 16.735 8.258 4.090 9.341 3.271 0.706 0.048
55.920 1.640 16.619 8.768 3.380 8.250 4.139 0.931 0.117
TLS Off Taito Penin. marine sedi. core glass EPMA 10 15 5 54.46 1.70 15.92 8.86 0.13 4.86 8.28 3.83 125 0.72
55.22 2.07 15.25 9.16 0.22 421 732 4.29 126 0.99
55.70 2.04 15.97 8.66 0.09 3.79 7.14 4.48 137 0.75
57.66 1.68 16.36 7.47 0.26 293 6.38 4.91 1.60 0.76




57.97 2.06 15.93 745 0.16 3.02 5.74 4.79 1.78 1.10
59.11 1.64 16.26 7.00 027 281 573 4.77 1.65 0.76
61.54 161 16.16 5.96 0.11 214 4.21 527 242 058
61.81 1.40 16.78 591 0.16 233 4.86 432 1.92 052
63.78 154 15.90 5.20 0.10 155 330 5.80 2.40 043
65.48 1.20 15.74 431 013 127 276 5.65 3.05 0.40
65.60 1.25 16.13 4.65 0.11 154 362 4.16 254 0.40
67.36 1.00 15.97 328 0.19 0.79 173 6.23 326 0.19
68.24 094 15.79 324 0.18 094 213 522 3.09 025
68.28 0.82 16.19 3.87 0.12 0.88 1.80 4.82 3.03 0.20
Ho PC1201AT6-37 Lago Churrasco lake sedi. core ‘tephra bulk ICP-MS
dense glass EPMA, bulk ICP-MS <20 15 510 54.95 2.03 15.7 9.09 0.18 352 6.90 530 154 0.80
olivine EPMA 20 15 5-10 37.73 0.06 0.02 25.50 043 34.92 0.26
37.81 0.04 0.00 24.83 0.46 35.85 0.18
38.74 0.06 0.01 2242 045 37.76 027
37.71 0.04 0.03 25.07 045 36.68 023
clinopyroxene EPMA 20 15 5-10 48.27 1.62 4.16 10.14 024 14.4 19.38 036
48.06 1.84 4.54 1165 039 15.27 163 038
47.06 201 4.90 9.60 027 13.42 19.79 036
5141 072 163 10.26 029 16.29 16.63 021
plg microlites EPMA 20 15 5-10 53.02 29.73 0.88 0.11 1133 456 0.18
55.7 28.83 091 0.11 10.23 529 023
52.68 29.47 0.96 0.15 1159 457 0.17
54.65 28.79 0.88 0.11 10.57 5.17 021
54.25 29.65 075 0.11 11.03 4.95 021
53.51 29.34 059 0.08 10.97 4.96 0.8
PC1203AT12-5 Lago Tranquilo lake sedi. core tephra bulk ICP-MS
dense glass bulk ICP-MS
PC1103ET9-8 Lago Unco lake sedi. core tephra bulk ICP-MS
PC1002877-20 Lago El Toro lake sedi. core tephra bulk ICP-MS
PC11058T7-9 Lago Elida lake sedi. core tephra bulk ICP-MS
dense glass bulk ICP-MS
olivine EPMA 20 15 5-10 36.67 0.11 034 26.35 047 33.86 0.48
36.25 0.07 0.10 28.64 057 3212 028
clinopyroxene EPMA 20 15 5-10 47.73 201 458 10.92 030 13.44 18.09 0.48
49.20 171 368 11.72 037 15.67 15.83 034
plg microlites EPMA 20 15 5-10 59.41 21.86 038 0.04 6.88 6.09 043
58.79 26.00 035 0.03 6.97 7.03 0.42
56.31 27.97 0.86 0.09 953 5.49 030
L50604Av Lago Shaman lake sedi. core tephra bulk ICP-MS
PC1106AT7-34 Lago Mellizas lake sedi. core dense glass bulk ICP-MS
dark pumice EPMA, bulk ICP-MS <20 15 510 57.66 173 15.89 7.99 0.16 2.99 5.87 521 183 067
light pumice EPMA, bulk ICP-MS <20 15 5-10 59.30 1.60 15.91 7.10 0.17 252 524 554 2.04 059
tan pumice EPMA, bulk ICP-MS <20 15 510 65.75 0.90 15.48 435 0.14 1.08 256 6.64 2.90 021
olivine EPMA 20 15 5-10 37.91 0.07 0.04 23.94 039 36.05 035
clinopyroxene EPMA 20 15 510 49.93 16 4.08 13.48 035 15.98 1236 031
49.15 1.43 39 1136 039 15.43 16.56 0.42
orthopyroxene EPMA 20 15 510 51.65 0.19 047 23.23 132 20.29 1.66
51.65 0.17 038 23.07 131 21.01 1.71
53.23 030 056 2217 122 2141 164
plg phenocryst EPMA 20 15 5-10 54.3 29.69 0.82 0.10 11.13 4.88 021
54.76 28.74 096 0.16 10.73 4.89 030
58.09 26.03 1.09 0.11 8.00 6.16 0.49
Undefined L6 Off Taito Penin. marine sedi. core glass EPMA 10 15 B 53.27 188 16.17 9.64 0.13 441 8.22 444 117 0.66
53.92 224 15.44 9.86 0.05 3.97 724 4.72 162 093
55.77 1.74 16.17 8.06 0.12 4.02 7.83 435 115 0.80
60.07 176 16.59 6.46 028 236 5.13 4.64 215 055
62.05 1.29 16.28 5.68 022 2.05 435 535 221 054
64.92 131 16.09 457 023 133 272 5.44 3.04 033
66.85 0.80 16.17 393 024 1.00 260 4.96 3.08 037
68.03 113 15.24 3.69 0.18 0.85 232 5.14 3.14 026
68.24 0.80 16.56 2.79 0.10 0.62 1.38 6.29 3.07 0.14
Undefined %] Off Taito Penin. marine sedi. core glass EPMA 10 15 B 52.05 2.08 15.40 11.45 0.17 450 851 438 0.97 0.48
53.67 1.95 16.71 933 0.19 4.86 8.64 2.82 1.08 074
54.08 1.62 15.28 10.92 021 463 9.04 274 118 029
54.26 158 16.18 937 022 4.91 9.09 271 126 043
54.41 1.80 16.27 9.66 0.19 461 834 271 138 063
55.56 173 16.85 891 0.14 4.49 827 247 116 041
56.84 1.64 15.26 936 0.17 4.16 7.74 261 1.73 0.49
56.84 1.90 15.99 8.85 0.19 3.14 6.17 4.55 1.69 0.69
57.81 1.98 1633 9.16 0.16 326 6.90 225 1.56 059
58.03 1.44 16.46 7.62 0.18 333 639 434 167 055
58.70 1.98 15.14 8.43 0.19 3.00 5.72 4.08 1.82 0.94
59.30 1.66 16.96 775 021 3.12 6.08 253 179 059
60.22 151 16.34 7.06 0.15 245 5.06 4.60 212 0.49
63.19 136 16.37 5.60 0.16 183 366 4.92 242 050
65.14 111 16.27 481 0.12 133 291 524 273 035
69.85 0.63 16.43 3.14 0.14 0.68 1.63 4.68 268 0.14
Undefined 8 Off Taito Penin. marine sedi. core glass EPMA 10 15 S 53.93 195 16.19 543 0.16 2.12 7.88 4.24 139 0.71




54.05 158 16.61 8.91 0.24 4.75 8.61 3.80 1.05 0.40
56.38 1.92 16.58 9.44 0.18 3.57 7.11 2.30 1.54 0.98
56.43 2.02 15.63 10.57 0.19 341 6.99 232 1.60 0.85
56.46 1.80 15.27 9.34 0.18 3.85 7.09 3.88 1.44 0.68
58.16 1.76 16.55 761 017 262 5.55 5.00 1.98 0.60
58.20 1.55 16.43 7.70 0.17 293 5.98 4.58 179 0.67
61.79 1.74 15.97 7.52 0.12 251 5.04 251 2.08 0.72
62.28 1.65 16.06 8.03 0.21 241 5.04 1.42 211 0.79
63.70 137 16.69 5.15 017 1.88 3.70 4.67 219 0.48
67.71 1.38 15.32 4.49 0.16 0.83 2.01 4.57 3.11 0.43
Undefined L9 Off Taito Penin. marine sedi. core glass. EPMA 10 15 53.63 193 16.60 9.73 0.18 4.26 8.94 3.05 1.19 0.51
54.74 253 14.26 10.78 0.22 3.63 7.63 3.67 171 0.83
62.25 1.25 15.94 7.98 0.16 2.62 5.48 171 2.10 0.51
67.92 0.96 16.80 3.86 0.15 0.99 2.59 361 2.87 023
69.51 0.77 16.28 3.11 0.12 0.64 1.59 4.57 3.18 0.22
Undefined TL10 Off Taito Penin. marine sedi. core glass. EPMA 10 15 54.38 1.80 16.66 8.88 0.15 4.10 7.89 4.13 138 0.63
55.86 210 15.36 10.11 0.22 3.49 6.37 3.87 173 0.88
56.17 1.94 16.03 9.82 0.15 3.83 7.86 2.00 156 0.65
56.20 1.59 16.14 9.53 0.18 4.32 8.21 2.02 129 0.51
58.03 1.42 16.55 8.15 0.15 3.19 6.30 3.66 1.79 0.74
59.45 158 16.29 757 0.22 2.98 5.58 3.95 1.89 0.49
60.57 1.39 16.30 7.29 0.15 2.66 539 3.58 2.10 0.59
61.36 126 16.43 6.89 0.15 242 4.87 3.96 222 0.45
61.81 1.53 17.61 6.19 0.14 247 539 2.31 2.00 0.54
61.90 151 15.91 6.74 0.15 2.30 5.02 3.82 2.23 0.42
Undefined TL11 Off Taito Penin. marine sedi. core glass EPMA 10 15 54.09 177 15.78 8.71 0.12 4.85 6.92 532 152 0.91
54.13 2.05 15.42 10.80 0.15 4.00 7.06 4.20 149 0.69
54.31 2.08 16.15 9.77 0.18 413 7.08 4.05 1.48 0.76
55.38 1.53 16.61 9.23 0.16 4.74 8.17 2.24 1.26 0.66
57.57 1.74 17.27 8.06 0.16 3.01 6.27 3.66 153 0.75
57.88 1.87 15.94 9.54 0.12 3.38 6.63 233 1.67 0.63
65.22 136 16.00 5.46 0.16 143 4.09 3.43 2.39 0.44
Undefined TL12 Off Taito Penin. marine sedi. core glass EPMA 10 15 54.97 187 16.21 10.05 0.18 431 8.22 232 1.34 0.53
55.54 1.63 16.54 9.15 0.22 4.46 8.11 2.10 1.55 0.70
56.15 213 15.80 8.69 0.16 3.65 6.76 4.23 1.55 0.88
56.45 1.58 15.96 8.23 0.12 3.85 7.49 4.33 141 0.58
56.69 172 16.20 8.64 0.18 3.42 6.55 4.16 1.81 0.63
57.40 1.65 16.55 7.94 0.17 3.26 6.52 4.24 1.66 0.62
58.99 1.40 16.76 7.08 017 2.76 5.52 5.07 193 033
59.61 1.72 15.94 7.62 0.23 2.62 528 4.38 2.02 0.58
65.17 110 16.25 522 0.14 141 3.35 4.65 2.40 031
65.92 1.02 16.00 4.67 0.11 1.25 3.07 4.89 2.81 0.25




Minor and trace elements (ppm)
) References
S02 Cr203 Lol Total Ti Mn S Rb Sr Zr Nb Y Mo Cs Ba Th u Pb Hf Ta Sc La Ce Nd Sm Eu Th Yb Lu v Cr Co Ni Cu In Ga Pr Gd Dy Ho Er Tm
139 100.00 34,49
133 100.00 34,49
100.00 27 524 178 £ 35 2 371 4 6 9 25 18 49 30 9 322 19 33 12 45 91 19 34,50
-0.55 100.00 34 546 186 11 38 420 15 22 18 87 65 343 32 30 12 51 120 21 51
99.72+0.38 34
100.15 +0.16| 34
99.07 +0.01 34
99.47 +0.93 34
100.48 34
99.75
100.59 34
100.30
0.014 96.23 51
0.001 99.19 34
0.125 98.40
0.002 98.39 34
0.086 94.07 34
0.008 97.10 34
2.02 100.00 34,49
100.00 60 365 365 18 47 5 691 <4 <6 11 8 40 88 41 8 67 <18 <4 7 <4 103 20 34,50
0.05 100.00 60 376 353 16 46 4 662 <4 <6 16 1 41 90 36 7 68 <18 15 6 25 107 25 34,50
0.28 100.00 59 358 355 21 46 <2 685 <4 <6 19 13 28 79 33 <6 59 <18 6 6 15 102 22 34,52
0.11 100.00 BDL 589 | 3489 369 18.9 48.9 715.2 0.6 11.4 BDL BDL 64.4 | 1043 65.8 BDL 28 31 7.5 1000 | 22.8 34
0.09 100.00 192 59.1 | 369.1 | 371.2 | 213 49.8 707.4 4.5 116 9.0 15.7 54.7 96.1 58.9 18.7 55 20 55 1041 | 211 34
99.33+0.32 34
99.63 +0.51 34
100.01 +£0.33, 34
99.93 34
99.90 34
0.007 99.78 34
0.020 100.10 34
0.022 95.49 34
0.009 96.59 34
0.18 100.00 BDL 57.1 | 3646 | 359.7 | 185 49.1 703.9 4.5 11.2 BDL BDL 712 99.9 731 BDL 4.4 4.0 58 98.0 225 34
0.09 100.00 216 59.4 | 370.2 | 367.7 | 203 48.5 727.9 5.0 131 9.4 15.0 55.7 96.1 69.6 15.9 4.9 16 7.4 1065 | 217 34
99.04 +0.52 34
99.67 +0.13 34
100.27 34
99.55 34
0 99.22 34
0 99.63 34
0.025 95.40 34
0.011 96.45 34
0.63 100.00 BDL 574 | 3741 | 3543 | 185 47.9 705.1 6.8 0.1 12.5 BDL BDL 56.5 99.1 733 0.4 10.5 4.5 7.8 1010 | 199 34
0.97 100.00 246 56.2 | 3713 | 3615 | 208 47.4 7110 11 139 10.0 18.0 63.5 | 107.1 87.0 214 6.8 25 87 1069 | 211 34
99.13+0.35 34
100.31 34
100.41 34
0.001 99.91 34
0.002 99.09 34
0.020 95.34 34
0.015 96.91 34
0.07 100.00 BDL 588 | 3543 | 363.8 | 186 48.5 709.9 0.5 9.6 BDL BDL 55.8 | 116.1 714 BDL 7.5 31 5.1 99.1 219 34
0.08 100.00 BDL 594 | 3513 | 367.7 | 189 48.7 692.9 BDL 103 BDL BDL 44.2 916 61.5 BDL 12 2.4 4.6 98.9 213 34
0.36 100.00 232 60.1 | 3495 | 380.6 | 20.1 47.1 7213 4.7 131 9.8 18.1 55.7 | 101.2 739 318 5.7 18 6.6 96.9 216 34
99.25+0.41 34
99.44+0.30 34
100.39 34
100.42 34
0.008 99.07 34
0.014 99.53 34
0.014 95.42 34
0.010 96.47 34
98.05 44 364 307 16 41 31
98.00 41 428 271 15 35 31
97.55 64 284 374 18 46 31
97.27 1







98.55
96.47

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

99.4
99.7

99.3
99.2

99.3
99.2

99.4
99.5

98.26

26

521

192

29

31

98.41

25

532

197

26

31

99.6
99.3

99.4
99.3

97.0+ 1.

47

955+ 2.

47

96.92
98.08
96.75
96.40
97.65
97.44
97.39
97.77
96.63
97.29
98.29
97.85
97.10
98.69
96.58
97.10
98.83
95.96
98.46
97.59
97.94
98.70
97.66

97.27
97.71
98.13
96.04
100.84
97.23
97.76
97.01
101.14
97.42
96.60
97.63
98.44

98.34
97.37
98.06
97.71
97.08
99.31
100.53
97.16
97.58
97.61

95.59
96.49
98.46
96.61
98.82




76

47

31

68

218

50

31

80

51

31

74

48

31

2.20

72

50

1.9

1010

9.3

119

118

51.3

95.0

49.5

9.65

219

141

5.39

0.79

31

2.50

78

49

2.2

1030

9.5

11.9

111

49.4

96.3

459

8.95

2.25

1.41

5.36

0.77

31,36

3.80

79

52

79

126

50

>1

77

20

34,51

0.03
0.02

3.80

100.07 £0.52
100.00
100.04
99.70
99.76

96.00
97.35

170

76

54

919

75

143

43

83

20

34,51
34
51
51
51
51

51
51

0.003
0.003

0.02
0.02

99.88
98.24+0.72
99.01
99.18
98.87
98.94

95.44
97.25

185

74

223

539

26

53

869

60

113

44

79

22

34,51
34
51
51
51
51

51
51




4.80 101.16 71 | 253 | 491 | 22 51 885 | BDL 11 72 | 120 77 6 11 5 13 82 21 34,51
5.10 10034 198 | 74 | 222 | s47 | 26 54 879 14 14 13 68 | 128 47 18 1 3 11 79 21 34,51
99.01+0.60 51
100.66 51
99.87 51
0.001 100.03 51
0.001 99.25 51
0.03 96.31 51
0.01 97.89 51
93.8 9
97.40 1
96.67
96.91
96.71
96.50
98.80
96.63
97.23
97.30
98.44
96.42
97.21
97.12
97.01
97.79
97.15
97.04
96.03
97.73
97.09
96.91
96.14
100 35
100
100
100
100
100
100
100
57.98 65 | 335 | 3/8 | 17 | 44 31
97.86 47 | 396 | 342 | 14 37 31
97.88 a4 | a2 | 324 | 12 36 31
97.96 51 | 362 | 353 | 15 39 31
97.93 50 | 374 | 347 | 14 | 41 31
114 99.21 49 | 388 | 345 39 37
1.60 99.87 47 | 382 | 338 | 14 38 13 | 797 | 68 103 165 | 413 | 859 | 431 | 858 | 243 | 125 | 471 | 0.70 31,37
100.00 37
98.06 48 | 341 | 327 | 16 | 41 31
37 97.52 54 | 318 | 432 | 22 55 773 8 14 82 | 120 93 19 9 14 14 | 101 [ 23 34,51
14 96.79 54 | 366 | 429 | 21 53 788 | 15 16 88 | 118 97 0 12 5 11 99 2 34,51
99.39£0.76 51
99.96 51
99.43 51
0.008 99.86 51
0.006 99.82 51
0.05 95.13 51
0.01 96.92 51
3.2 99.72 289 | 51 | 348 | 479 | 25 50 817 11 15 2 75 | 129 89 2 10 4 14 97 23 34,51
99.98 51
99.98 51
0.003 99.74 51
0.004 99.76 51
0.05 96.03 51
0.01 96.82 51
17 94.59 55 | 351 | 432 | 21 52 773 6 14 78 | 126 93 4 7 6 8 98 22 34,51
98.94£0.54 51
101.22 51
100.95 51
0014 99.83 51
0.008 99.71 51
0.03 95.71 51
0.01 96.55 51
1.10 99.88 53 | 369 | 365 | 16 | 42 13 | 852 | 64 95 143 | 375 | 783 | 409 | 788 | 223 | 117 | 419 | 061 31,37

36




100.00

37

99.29
100.00

50

392

380

a1

37
37

100.04

100.00

52

374

356

37

37
36

37

98.05
98.35
98.05
98.52
100.03
99.13
97.56
96.79
97.68
97.82
98.61
99.59
98.06
96.76
98.75
97.61
97.76
98.77
96.75
97.86
96.24
97.41
98.75
99.53
97.77
96.61
98.16

100.00

37,53

0.04
0.00
0.00
0.00

100.00
100.00
100.00
100.00

8422

1240

49

377

355

41

13

6.5

1.2

126

10.0

1.8

39.9

85.2

423

8.62

241

1.29

4.28

0.61

9.7

10.6

7.53

1.48

4.50

0.58

30

8649

1323

52

380

361

41

1.4

6.3

12

132

9.5

15

403

81.2

42.7

8.66

2.41

1.26

4.39

0.65

9.7

108

7.95

143

4.74

0.56

30

99.85
99.76
99.95
99.46
99.57
98.96
98.94
99.75
99.95
98.97
99.92
98.96
99.16
99.96
99.17
99.95
99.55
99.95
99.03
99.95
98.75

22

100.00

56
59
64

328
319
341

40
37
41

51
48

320
342

42
41

55
62

363
330

43

46
48

330
350

45
41

60

349

45

47

370

415

4.46

55

464

46.9

5.01

313

3.67

27.71

240.03

367.43

11.35

8.09

13.41

29.08

67.31

35.00

7.31

3.49

19.69

8.81

97.91

36

489

248

33

95.98
96.62
97.68
96.90
96.47
98.82

100
100







46,47

0.02
0.00
0.04
0.02
0.07
0.07
0.04
0.03
0.07
0.05
0.04
0.06
0.00

48




96.76
96.74
97.10
96.08
96.69
95.97
97.65
96.03
97.03

97.03
96.80
99.16
97.62
97.76
98.31
96.16
97.63
96.96
96.52
96.12
97.18
96.98
95.02
97.17
96.00

98.08
95.78
95.52
96.01
96.83

98.86
99.44
99.96

100
100

100




100
100
100
100
100
100
100
100
100
100

100

98.9
99.2
99.7
100.2

98.6
98.4
97.4
97.5

99.8
101.3
99.6
100.4
101.0
99.6

8,365
11,527

1,182
1,343

39
34

458
525

203
182

31
32

15
0.6

456

4.8
5.4

11
14

8.7
121

5.2
4.7

26.4
35.0

58.2
80.7

319
425

7.21
9.21

2.16
2.68

1.09
121

3.03
292

0.47
0.46

61

29
27

46

69
204

112
133

7.48
10.10

8.26
10.20

5.80
6.42

1.14
124

3.45
3.81

0.44
0.41

8,346
8,257

1,157
1,091

43
44

222
228

31
33

15
1.2

537

57
5.8

1.2
1.2

9.3
10.0

6.0
53

29.4
31.7

64.9
70.1

341
347

7.57
7.62

229
2.06

110
1.06

3.14
2.75

0.47
0.45

212
215

30

21
21

51
34

109
106

8.23
8.60

8.61
8.4

5.87
5.55

117
111

35
333

0.44
041

7,810

1,097

47

275

34

1.4

584

8.1

13

10.3

6.9

327

71.0

36.3

7.76

231

121

334

0.50

175

26

67

114

8.95

8.89

6.03

1.20

3.61

0.47

8,150

1,161

47

261

33

13

586

6.1

15

6.5

325

70.7

353

7.35

2.35

1.05

3.38

0.43

187

48

35

30

119

8.55

9.0

6.11

116

3.52

0.43

983
98.0

97.5
98.5
95.1
99.6
100.6

10,508
11,121

1,260
1,366

27
22

184
175

31
31

0.7

373
306

37
33

0.9
0.6

5.4
53

4.4
39

233
243

53.7
56.3

299
30.7

6.71
6.58

2.1
2.03

1.02
1.01

2.92
2.65

0.45
037

309
328

47
26

29
34

68
38

108
120

7.01
7.10

7.8
73

5.84
5.26

111
1.00

3.46
313

0.43
032

7,366

44

399

213

29

4.6

13

88

6.9

28.0

63.2

311

6.49

1.79

0.88

297

0.35

7.61

737

5.24

0.94

312

0.38

100
100
100
98.8

98.1
98.7

98.8
99.3
100.6

1011
100.5
100.0

8995
10,311
8,620
5,940

1173
1,284
1,181
1,017

43
45
51
64

440

399
290

263
260
287
362

33
36
36
38

11
13
1.7

502
559
604
720

48
55
6.0
73

1.0
13
1.4
18

8.1
93
10.5
134

55
6.2
7.2
86

347
345
349
40.7

79.2
76.8
78.1
90.1

339
40.8
41.6
43.4

7.32
8.84
9.14
9.50

213
2.55
2.58
2.50

1.03
128
131
135

2.79
3.50
3.80
4.05

0.40
0.54
0.56
0.64

252
254
195
104

56
75
30

31
42
39
30

133
121
114
111

9.20
9.7

10.0
10.7

79

10.1
10.4
1.1

5.41
7.07
7.03
7.18

1.01
131
139
1.48

313
4.17
4.41
4.38

0.27
0.50
0.52
0.60

100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

100




100
100
100
100
100
100
100
100
100
100

100
100
100
100
100

100
100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100
100




Supplementary Table 4.3 Chemical composition data for secondary standards and blanks analysed for this
study.

a) GOR132-G Composition (unnormalised wt %)
(basalt) Na,O | MgO | AlL03 | SiO, K,0 CaO | TiO, | MnO | FeO; | P,0Os | Total
Preferred value 0.83 22.4 11.0 45.5 | 0.0308 | 8.45 | 0.306 | 0.154 | 10.1 | 0.036 | 98.83
0.5(95% Cl) 0.04 0.2 0.2 0.4 0.003 0.12 | 0.013 | 0.007 0.1 0.012
N (analyses) 12 12 11 12 13 14 21 18 14 5
los.d. 0.06 0.31 0.30 0.63 0.01 0.21 0.03 0.01 0.17 0.01

Begbroke EPMA | 0.83 | 22.05 | 10.83 | 45.44 0.04 8.67 | 0.26 0.09 | 10.39 | 0.06 98.67
0.86 | 21.64 | 10.71 | 44.64 0.05 841 | 0.24 0.16 | 10.15 | 0.03 96.90
0.92 | 21.51 | 10.67 | 43.51 0.06 8.47 | 0.29 0.08 | 10.48 | 0.04 96.04
0.78 | 21.77 | 10.77 | 45.28 0.05 8.52 0.17 0.12 | 10.22 | 0.07 97.76
0.85 | 21.85 | 10.83 | 44.38 0.05 8.61 | 0.30 0.14 9.89 0.03 96.91
0.88 | 22.00 | 11.06 | 44.91 0.05 8.55 0.24 0.27 9.94 0.02 97.93
0.81 | 22.24 | 11.21 | 4433 0.02 8.70 | 0.31 0.18 | 10.33 | 0.04 98.17
0.79 | 21.87 | 11.13 | 45.61 0.05 8.56 | 0.31 0.13 | 10.08 | 0.02 98.55
0.84 | 21.64 | 10.76 | 44.42 0.04 8.64 | 0.29 0.19 | 10.19 | 0.03 97.02
0.77 | 21.93 | 11.07 | 45.84 0.02 847 | 031 0.27 9.93 0.03 98.62
0.92 | 22.03 | 11.25 | 46.49 0.01 8.66 | 0.33 0.11 | 10.11 | 0.05 99.95
0.87 | 22.04 | 10.98 | 46.59 0.05 8.62 0.31 0.16 | 10.20 | 0.02 99.85
0.79 | 22.14 | 11.08 | 46.76 0.04 8.48 | 0.32 0.12 9.65 0.07 99.44
0.87 | 22.22 | 11.05 | 46.63 0.03 8.49 | 0.35 0.11 | 10.47 | 0.04 | 100.26
0.89 | 22.27 | 11.05 | 46.34 0.03 8.66 | 0.35 0.18 | 10.50 | 0.04 | 100.31
0.88 | 22.51 | 11.11 | 45.95 0.04 8.69 | 0.26 0.17 9.89 0.02 99.51
0.86 | 22.39 | 10.99 | 46.33 0.03 8.58 | 0.29 0.19 | 10.33 | 0.02 | 100.01
0.93 | 22.41 | 10.89 | 45.47 0.06 8.52 0.31 0.19 9.84 0.05 98.67
0.78 | 22.35 | 11.17 | 44.90 0.02 8.72 0.30 0.19 | 10.51 | 0.08 99.02

0.81 | 22.34 | 11.02 | 45.59 0.05 8.73 0.35 0.09 9.91 0.03 98.94
Mean 0.85 | 22.06 | 10.98 | 45.47 0.04 8.59 | 0.29 0.16 | 10.15 | 0.04 98.63
lor.s.d. of max. | 0.05 0.28 0.17 0.92 0.02 0.09 | 0.05 0.09 0.26 0.04

RLAHA 1 EPMA 0.82 | 22.70 | 11.16 | 45.94 0.02 8.39 | 0.36 0.17 | 10.55 | 0.10 | 100.21
0.85 | 22.11 | 10.91 | 45.94 0.04 8.54 | 0.33 0.18 | 10.07 | 0.02 98.99
0.86 | 22.45 | 11.06 | 45.44 0.03 8.41 | 0.26 0.22 | 10.31 | 0.06 99.10
0.73 | 22.19 | 10.84 | 45.15 0.05 8.54 | 0.29 0.19 9.61 0.06 97.66
0.73 | 22.26 | 10.97 | 45.75 - 8.38 | 0.29 0.16 | 10.17 - 98.72
0.78 | 22.48 | 11.09 | 45.33 0.06 8.60 | 0.31 0.25 9.99 0.02 98.91
0.83 | 22.49 | 10.86 | 45.19 0.02 8.55 0.29 0.13 | 10.21 | 0.03 98.62
0.85 | 22.55 | 10.66 | 45.18 0.04 8.44 | 0.25 0.10 | 1051 | 0.01 98.61
0.70 | 22.25 | 10.77 | 45.63 0.03 8.33 0.26 0.21 | 10.52 | 0.04 98.74
0.68 | 22.24 | 10.79 | 45.25 0.01 8.39 | 0.32 0.20 9.99 0.03 97.91
0.80 | 22.28 | 10.82 | 45.36 0.05 8.37 | 0.30 0.13 | 10.01 | 0.05 98.16
0.82 | 22.39 | 10.92 | 45.35 0.07 8.50 | 0.32 0.16 | 10.20 | 0.01 98.74
0.79 | 22.29 | 10.85 | 45.54 0.02 8.57 | 0.31 0.10 | 10.15 | 0.04 98.66
0.78 | 22.36 | 10.83 | 45.41 0.05 8.42 0.30 0.20 | 10.22 | 0.06 98.62

0.77 | 22.31 | 10.86 | 45.17 0.05 8.56 | 0.30 0.11 | 10.51 | 0.07 98.72

Mean 0.79 | 22.36 | 10.89 | 45.44 0.04 8.47 | 0.30 0.17 | 10.20 | 0.04 98.69
lors.d. ofmax. | 0.06 | 0.15 0.13 0.26 0.03 0.09 | 0.03 0.07 0.26 0.06
RLAHA2 EPMA | 0.86 | 22.31 | 10.99 | 45.21 0.01 8.58 | 0.33 0.15 | 10.57 | 0.05 99.05
0.82 | 22.42 | 10.95 | 45.83 0.02 839 | 0.34 0.18 | 10.24 | 0.05 99.25
0.82 | 22.67 | 11.13 | 45.77 0.04 8.64 | 0.31 0.16 | 10.24 | 0.03 99.80
0.76 | 22.42 | 11.03 | 45.62 0.04 842 | 034 0.13 | 10.03 | 0.02 98.82
0.74 | 22.09 | 10.93 | 45.32 0.03 847 | 0.33 0.13 | 10.17 | 0.04 98.23
0.78 | 22.36 | 11.01 | 45.52 0.06 841 | 031 0.13 | 10.29 | 0.03 98.88
0.82 | 22.38 | 11.03 | 45.32 0.01 836 | 0.31 0.09 | 10.12 | 0.03 98.47




0.74 | 22.35 | 10.99 | 45.60 0.02 8.35 0.28 0.13 10.62 | 0.04 99.11
0.79 | 22.54 | 11.01 | 45.60 0.05 8.72 0.32 0.22 10.46 | 0.03 99.73
0.72 | 22.54 | 10.75 | 45.81 0.03 8.52 0.31 0.08 10.17 | 0.03 98.96
0.73 | 22.33 | 11.10 | 46.00 0.01 8.54 0.28 0.21 9.94 0.04 99.18
0.78 | 22.42 | 11.05 | 46.03 0.05 8.48 0.37 0.19 10.17 | 0.04 99.58
0.84 | 22.48 | 11.05 | 45.70 - 8.52 0.34 0.15 10.81 | 0.08 99.97
0.73 | 22.49 | 11.20 | 46.09 0.02 8.60 0.32 0.17 10.35 - 99.95
0.81 | 22.13 | 10.94 | 4548 0.01 8.49 0.32 0.19 10.07 - 98.45
Mean 0.78 | 22.40 | 11.01 | 45.66 0.03 8.50 0.32 0.15 10.28 | 0.04 99.16
lor.s.d. of max. 0.05 0.15 0.10 0.26 0.04 0.11 0.02 0.06 0.24 0.03
Mean 0.81 | 22.25 | 10.96 | 45.52 0.04 8.52 0.30 0.16 | 10.21 | 0.04 98.81
lor.s.d. of max. 0.07 0.27 0.15 0.62 0.03 0.11 0.04 0.08 0.26 0.05
StHs6/80-G Composition (unnormalised wt %)
(dacite) Na,O | MgO | AlL,03 | Si0, | K,0 | cCaO | TiO, | MnO | FeO; | P,Os | Total
Preferred value 4.44 1.97 17.8 63.7 1.29 5.28 | 0.703 | 0.076 | 4.37 | 0.164 | 99.82
0.5(95% Cl) 0.14 0.04 0.2 0.5 0.02 0.09 | 0.021 | 0.004 | 0.07 | 0.018
N (analyses) 13 13 12 12 14 15 22 21 15 6
los.d. 0.23 0.07 0.31 0.79 0.03 0.16 0.05 0.01 0.13 0.02
Begbroke EPMA 4.62 192 | 17.24 | 62.50 | 1.23 5.33 0.74 0.03 4.43 0.16 98.20
463 | 1.84 | 1696 | 61.73 | 1.33 | 522 | 0.66 0.10 | 4.26 | 0.10 96.82
4.74 1.99 | 17.01 | 62.21 | 1.30 5.33 0.74 0.20 4.66 0.15 98.33
4.68 1.90 | 17.24 | 63.21 | 1.24 5.16 0.72 0.05 4.76 0.13 99.08
4.69 197 | 17.39 | 63.43 | 1.22 5.17 0.69 0.08 4.25 0.13 99.00
4.63 1.84 | 1790 | 6453 | 1.22 5.33 0.72 0.12 4.43 0.10 100.82
4.75 1.95 | 1751 | 63.43 | 1.27 5.29 0.69 0.05 4.07 0.08 99.08
4.74 197 | 17.71 | 63.64 | 1.31 5.50 0.68 0.10 4.48 0.17 100.29
4.63 2.00 | 17.40 | 63.92 | 1.27 5.24 0.68 0.20 4.23 0.11 99.69
4.73 196 | 17.57 | 63.19 | 1.30 5.27 0.65 - 4.55 0.15 99.35
4.70 196 | 17.41 | 64.28 | 1.29 5.26 0.69 0.09 4.05 0.08 99.79
4.72 1.94 | 17.49 | 6450 | 1.26 5.34 0.68 0.06 4.45 0.15 100.58
4.59 1.99 | 17.74 | 65.16 | 1.32 5.33 0.75 - 4.20 0.16 101.24
491 | 193 | 17.83 | 65.68 | 1.26 | 538 | 0.75 0.08 | 456 | 0.15 | 102.54
473 | 1.88 | 1791 | 65.69 | 1.24 | 530 | 0.69 0.09 | 450 | 0.15 | 102.18
4.85 197 | 17.60 | 64.32 | 1.31 5.33 0.71 - 4.26 0.12 100.46
457 1.89 | 1754 | 63.22 | 1.29 5.35 0.66 0.07 4.24 0.14 98.97
4.63 1.90 | 1752 | 64.12 | 1.27 5.20 0.61 0.20 4.24 0.06 99.73
458 1.93 | 1758 | 63.68 | 1.30 5.29 0.67 0.13 4.63 0.14 99.93
484 1.95 | 17.77 | 64.56 | 1.23 5.39 0.67 0.05 4.08 0.16 100.70
Mean 4.70 193 | 1751 | 63.85 | 1.27 5.30 0.69 0.10 4.37 0.13 99.84
1o r.s.d. of max. 0.09 | 0.05 | 0.26 1.05 | 0.03 | 0.08 | 0.04 | 0.10 | 0.22 | 0.04
RLAHA 1 EPMA 456 | 194 | 17.34 | 63.63 | 1.30 | 5.13 | 0.73 0.06 | 4.42 | 0.08 99.20
4.61 1.98 | 17.35 | 63.57 | 1.30 5.24 0.68 0.11 4.45 0.03 99.33
4.26 190 | 17.64 | 63.78 | 1.32 5.20 0.61 0.10 4.57 0.05 99.43
454 1.95 | 1741 | 63.85 | 1.34 5.17 0.72 0.11 4.49 0.09 99.68
456 1.99 | 17.66 | 64.01 | 1.33 5.33 0.64 - 4.42 0.04 99.98
454 1.87 | 17.81 | 64.40 | 1.34 5.09 0.70 0.02 4.42 0.05 100.24
452 1.92 | 1736 | 63.43 | 1.25 5.09 0.71 0.07 4.39 0.08 98.82
447 | 197 | 17.33 | 63.07 | 1.29 | 5.13 | 0.69 0.05 | 438 | 0.10 98.47
470 | 197 | 1745 | 6333 | 1.32 | 521 | 0.71 0.08 | 4.49 | 0.16 99.41
445 | 199 | 17.57 | 6297 | 1.30 | 5.29 | 0.73 0.02 | 456 | 0.20 99.08
435 | 201 | 17.34 | 62.75 | 1.29 | 541 | 0.69 0.09 | 451 | 0.16 98.59
449 | 195 | 17.51 | 62.89 | 1.23 | 536 | 0.72 0.08 | 4.47 | 0.20 98.88
4.40 2.01 | 1745 | 63.45 | 1.35 5.31 0.75 0.07 451 0.19 99.49
4.52 1.99 | 1759 | 63.65 | 1.33 5.27 0.75 0.06 4.58 0.16 99.89
4.74 1.95 | 17.67 | 63.62 | 1.29 5.25 0.75 0.08 4.58 0.14 100.07
Mean 451 1.96 | 17.50 | 63.49 | 1.30 5.23 0.70 0.07 4.48 0.12 99.37
1o r.s.d. of max. 0.12 0.04 0.15 0.44 0.03 0.10 0.04 0.05 0.07 0.10




RLAHA 2 EPMA 458 1.93 | 17.30 | 62.96 | 1.35 5.21 0.68 0.08 4.42 0.19 98.71
4.64 2.00 | 17.58 | 63.81 | 1.35 5.27 0.62 0.03 4.25 0.16 99.70
4.55 1.97 | 1756 | 63.70 | 1.27 5.03 0.66 0.06 4.40 0.19 99.40
4.46 203 | 17.72 | 63.55 | 1.32 5.29 0.73 0.06 4.51 0.20 99.86
4.85 1.95 | 17.86 | 63.34 | 1.27 5.23 0.75 0.08 4.57 0.20 100.11
4.35 199 | 17.87 | 63.84 | 1.32 5.25 0.66 0.03 4.53 0.17 100.00
4.43 198 | 17.63 | 63.42 | 1.36 5.32 0.64 0.04 4.43 0.17 99.43
4.89 201 | 17.62 | 62.10 | 1.37 5.37 0.73 0.11 4.40 0.20 98.81
4.63 1.97 | 1752 | 63.20 | 1.32 5.29 0.72 0.09 448 0.19 99.41
4.35 1.99 | 17.30 | 63.69 | 1.29 5.15 0.78 0.12 4.57 0.02 99.27
4.72 1.98 | 1749 | 63.56 | 1.28 5.25 0.69 0.05 434 0.04 99.40
4.73 1.94 | 1758 | 63.77 | 1.34 5.20 0.71 0.06 4.50 0.07 99.89
4.55 1.94 | 1758 | 63.72 | 1.27 5.16 0.73 0.10 4.43 0.10 99.57
4.55 1.99 | 17.63 | 63.46 | 1.35 5.16 0.68 0.06 4.45 0.18 99.50
4.37 1.97 | 1757 | 63.50 | 1.27 5.27 0.72 0.09 4.16 0.14 99.07
Mean 4.58 198 | 1759 | 63.44 | 1.31 5.23 0.70 0.07 4.43 0.15 99.47
lor.s.d. of max. 0.18 0.03 0.16 0.43 0.04 0.08 0.05 0.04 0.11 0.08
Mean 461 | 1.95 | 17.53 | 63.62 | 1.30 | 526 | 0.70 | 0.08 | 4.42 | 0.13 | 99.59
lors.d ofmax. | 0.16 | 004 | 021 | 0.78 | 0.04 | 0.09 | 0.04 | 0.10 | 0.16 | 0.08
. Composition (unnormalised wt %)
ATHO-G (rhyolite) - -
Na,0 | MgO | Al,03 | Si0, | K,0 | CaO | TiO, | MnO | FeO; | P,05 | Total
Preferred value 3.75 | 0.103 | 12.2 75.6 2.64 1.70 | 0.255 | 0.106 | 3.27 | 0.025 | 99.66
0.5(95% Cl) 0.31 | 0.010 0.2 0.7 0.09 0.03 | 0.016 | 0.005 | 0.10 | 0.004
N (analyses) 14 16 17 16 21 17 27 24 20 7
los.d. 0.54 0.02 0.39 1.31 0.20 0.06 0.04 0.01 0.21 0.00
Begbroke EPMA 3.85 0.12 11.90 | 73.38 | 2.60 1.66 0.23 0.06 3.20 - 97.01
3.91 0.08 11.81 | 73.56 | 2.60 1.75 0.22 - 3.30 0.02 97.26
3.89 0.08 | 1195 | 73.42 | 2.61 1.62 0.28 0.13 3.68 0.04 97.69
3.99 0.12 12.02 | 75.37 | 2.83 1.69 0.22 0.10 3.32 0.01 99.67
3.79 0.09 12.14 | 76.00 | 2.65 1.59 0.22 0.12 3.39 0.02 100.02
3.81 0.10 12.08 | 74.23 | 2.71 1.62 0.27 - 2.95 0.04 97.80
3.89 0.10 12.22 | 74.44 | 2.62 1.68 0.24 0.06 3.25 0.04 98.53
3.95 0.09 12.31 | 74.15 | 2.72 1.68 0.28 0.23 3.38 0.02 98.80
3.85 0.08 12.10 | 75.34 | 2.62 1.65 0.24 0.05 3.08 0.01 99.02
3.91 0.10 12.25 | 75.90 | 2.75 1.72 0.24 0.11 3.18 - 100.15
3.87 0.08 12.08 | 76.72 | 2.62 1.66 0.21 0.06 3.49 0.04 | 100.84
3.97 0.11 12.21 | 75.74 | 2.59 1.61 0.18 0.03 3.31 - 99.74
3.84 0.08 12.11 | 76.20 | 2.77 1.66 0.32 0.15 3.35 0.01 100.49
3.84 0.11 1192 | 7564 | 2.71 1.63 0.22 0.12 3.23 0.04 99.46
3.85 0.08 | 12.24 | 75.96 | 2.58 1.59 0.28 0.19 3.22 - 99.98
4.03 0.10 | 12.28 | 75.12 | 2.64 1.63 0.24 0.11 3.20 - 99.36
3.89 0.08 | 12.17 | 75.95 | 2.63 1.70 0.22 0.12 3.05 0.05 99.84
3.89 0.07 12.21 | 75.65 | 2.59 1.73 0.24 0.30 3.17 0.06 99.90
3.86 0.10 | 12.14 | 76.07 | 2.68 1.68 0.23 0.13 2.90 - 99.79
4.05 0.07 12.32 | 76.85 | 2.61 1.68 0.22 0.09 3.20 0.04 | 101.13
Mean 3.90 0.09 12.12 | 75.28 | 2.66 1.66 0.24 0.12 3.24 0.03 99.32
1o r.s.d. of max. 0.07 0.02 0.14 1.06 0.07 0.05 0.04 0.16 0.19 0.02
RLAHA 1 EPMA 413 0.07 1240 | 7491 | 2.75 1.70 0.25 0.06 3.31 0.02 99.61
4.25 0.11 12.37 | 75.50 | 2.83 1.71 0.27 0.06 3.16 0.02 | 100.27
4.25 0.10 | 12.32 | 76.06 | 2.77 1.66 0.22 0.06 3.38 - 100.82
417 0.11 12.05 | 75.19 | 2.74 1.73 0.25 0.10 3.19 0.05 99.58
4.09 0.10 | 1199 | 74.60 | 2.80 1.67 0.23 0.11 3.17 0.01 98.78
4.16 0.11 1221 | 74.74 | 2.73 1.68 0.21 0.08 3.22 0.01 99.15
4.23 0.08 12.15 | 75.15 | 2.69 1.59 0.27 0.11 3.26 0.01 99.55
4.23 0.09 12.34 | 75.39 | 2.73 1.70 0.25 0.17 3.12 0.03 100.04
4.25 0.09 12.07 | 74.66 | 2.70 1.79 0.19 0.07 3.56 0.03 99.41
411 0.09 12.20 | 74.89 | 2.67 1.61 0.21 0.12 3.31 - 99.21




429 | 010 | 1231|7527 | 273 | 170 | 027 | 012 | 337 | 0.04 | 100.22

402 | 011 | 1203 | 7489 | 258 | 1.70 | 0.25 | 0.08 | 3.20 | 001 | 98.88

410 | 010 | 11.99 | 74.82 | 267 | 161 | 021 | 008 | 3.14 | 003 | 98.74

4.04 | 008 | 1209 | 7498 | 269 | 165 | 027 | 019 | 3.16 | 002 | 99.16

395 | 012 | 1218 | 7526 | 273 | 171 | 026 | 013 | 3.11 | 0.05 | 99.49

Mean 415 | 010 | 12.18 | 75.09 | 2.72 | 1.68 | 0.24 | 0.10 | 3.24 | 0.03 | 99.53
iorsd ofmax. | 0.10 | 002 | 0.14 | 037 | 006 | 0.05 | 0.03 | 007 | 0.13 | 0.03

RLAHA2EPMA | 4.16 | 0.08 | 12.11 | 7476 | 269 | 1.70 | 0.25 | 0.08 | 3.40 | 0.03 | 99.25

415 | 013 | 1215 | 75.08 | 2.79 | 169 | 021 | 0.13 | 3.32 | 005 | 99.70

416 | 011 | 1232|7534 | 280 | 168 | 023 | 0.18 | 3.42 | 0.06 | 100.28

400 | 011 | 1241|7564 | 277 | 164 | 027 | 013 | 3.29 | 0.04 | 100.30

415 | 005 | 1225 | 75.16 | 2.82 | 160 | 022 | 011 | 3.03 | 006 | 99.44

416 | 009 | 1224 | 7492 | 279 | 164 | 027 | 009 | 3.30 | 004 | 99.54

418 | 010 | 12.28 | 75.73 | 2.73 | 167 | 0.24 | 0.08 | 3.46 | 0.04 | 100.50

3.92 | 007 | 12.18 | 7549 | 2.76 | 1.77 | 027 | 0.09 | 3.03 | 0.03 | 99.60

415 | 010 | 12.17 | 7495 | 2.68 | 1.62 | 0.22 | 0.08 | 3.28 | 0.03 | 99.29

424 | 010 | 12.13 | 74.84 | 268 | 157 | 025 | 011 | 3.31 | 002 | 99.24

415 | 007 | 1227 | 7524 | 2.72 | 164 | 024 | 0.09 | 3.26 - 99.70

416 | 007 | 1228 | 75.40 | 2.78 | 162 | 029 | 0.17 | 3.30 | 0.01 | 100.08

423 | 008 | 1221|7531 272 | 170 | 027 | 0.10 | 3.30 - 99.91

411 | 010 | 1222 | 75.05 | 2.63 | 171 | 030 | 007 | 3.00 | 0.02 | 99.21

3.80 | 010 | 12.20 | 75.10 | 273 | 164 | 022 | 015 | 2.99 | 0.05 | 98.97

Mean 412 | 009 | 1223|7520 2.74 | 166 | 025 | 011 | 3.25 | 004 | 99.67
iorsd.ofmax. | 0.12 | 0.03 | 008 | 028 | 0.05 | 0.05 | 003 | 0.05 | 0.16 | 0.03

Mean 404 | 009 | 12.17 | 7520 | 2.70 | 1.67 | 0.24 | 0.11 | 3.24 | 0.03 | 99.49
iorsd ofmax. | 0.16 | 002 | 0.13 | 0.72 | 007 | 0.05 | 0.04 | 0.13 | 0.17 | 0.03




b)

Whole rock composition (ppm)

Element Sc \ Cr Co Ni Cu Zn Ga Rb Sr Y Zr Nb Mo Cs Ba La
<LDL <LDL <LDL <LDL <LDL 1.16 <LDL <LDL <LDL 0.92 <LDL <LDL <LDL | <LDL | <LDL <LDL 0.001
Blank sample analyses <LDL <LDL <LDL <LDL <LDL 1.75 0.15 0.002 <LDL <LDL <LDL 0.05 <LDL <LDL | <LDL <LDL 0.003
<LDL <LDL <LDL <LDL <LDL 1.84 0.14 <LDL <LDL <LDL 0.006 <LDL <LDL | <LDL | <LDL <LDL <LDL
Pub. BHVO-2 mean 32 317 280 45 119 127 103 21.7 9.8 389 26 172 18 - - 130 15
Pub. BHVO-2 10 s.d. 1 11 19 3 7 7 6 0.9 1.0 23 2 11 2 - - 13 1
30.10 | 353.80 318.17 42.90 | 131.35 142.22 110.41 | 20.06 9.48 426.18 | 22.70 | 17261 | 1894 | 4.36 0.10 142.79 | 14.92
Sample analyses 29.29 | 368.62 335.18 42.06 | 135.94 | 148.05 115.04 | 19.41 9.90 44564 | 21.65 180.25 | 18.89 6.17 0.10 152.07 | 14.71
Pub. AGV-2 mean 13 120 17 16 19 53 86 20 68.6 658 20 230 15 - 1.16 1140 38
Pub. AGV-2 1o s.d. 1 5 2 1 3 4 8 1 2.3 17 1 4 1 - 0.08 32 1
9.95 135.40 17.59 12.03 <LDL 60.09 102.97 | 15.42 | 7457 | 721.88 | 13.51 | 251.37 | 13.29 1.72 0.97 >UDL 29.31
Sample analyses 12.42 | 136.29 18.11 15.49 <LDL 61.85 103.71 | 20.28 | 75.52 | 725.00 | 17.71 | 259.92 | 14.27 | 2.04 1.20 >UDL 37.69
Whole rock composition (ppm)
Element Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U
<LDL 0.0004 | 0.0019 <LDL <DL | <LDL | <LDL | <LDL <LDL | 0.0004 | <LDL | 0.0003 | <LDL | <LDL | <LDL 0.06 0.003 | 0.0006
Blank sample analyses <LDL 0.0013 0.0022 0.0007 | <LDL | <LDL | <LDL | 0.001 | <LDL <LDL <LDL <LDL <LDL | <LDL | <LDL 0.02 <LDL 0.0004
<LDL <LDL 0.0009 <LDL <DL | <LDL | <LDL | <LDL <LDL <LDL <LDL <LDL <LDL | <LDL | <LDL 0.02 <LDL <LDL
Pub. BHVO-2 mean 38 - 25.0 6.2 - 6.3 0.9 - 1.04 - - 2.0 0.28 4.1 1.4 - 1.2 -
Pub. BHVO-2 10 s.d. 2 - 1.8 0.4 - 0.2 - - 0.04 - - 0.2 0.01 0.3 - - 0.3 -
sample analyses 40.04 5.19 23.29 5.83 1.95 5.88 0.88 5.01 0.93 2.40 0.31 1.88 0.26 4.47 1.19 2.33 1.27 0.46
41.98 5.00 22.39 5.52 1.92 5.62 0.82 4.89 0.87 2.29 0.29 1.78 0.24 | 436 1.19 1.81 1.23 0.43
Pub. AGV-2 mean 68 8.3 30 5.7 1.54 | 4.69 0.64 3.6 0.71 1.79 0.26 1.6 0.25 5.08 0.89 13 6.1 1.88
Pub. AGV-2 10 s.d. 3 0.6 2 0.3 0.10 0.26 0.04 0.2 0.08 0.11 0.02 0.2 0.01 0.20 0.08 1 0.6 0.16
sample analyses 76.57 6.31 25.23 4.48 1.22 3.66 0.49 2.82 0.54 1.44 0.20 1.30 0.19 4.82 0.86 13.59 5.14 1.64
76.52 7.93 32.07 5.85 1.58 4.87 0.63 3.71 0.70 1.95 0.26 1.73 0.25 5.67 0.92 15.59 6.44 2.04

LDL = lower detection limit
UDL = upper detection limit




Supplementary Table 4.4 Complete unnormalised composition dataset for Volcan Hudson matrix glass

samples.
. Tephra Composition (unnormalised wt. %)
Eruption - -
code | Na,0 | MgO | ALO; | SiO, | K,0 | CaO | TiO, | MnO | FeO; | P,0s | Total
1991 JA12 5.92 146 | 1564 | 61.13 | 2.61 | 3.21 | 1.17 | 0.04 4.99 0.40 96.57

594 | 137 | 16.12 | 61.85 | 2.65 | 3.01 | 1.20 | 0.18 | 4.97 | 0.36 97.66
321 | 140 | 16.14 | 6299 | 254 | 3.01 | 1.18 | 0.15 476 | 0.40 95.79
6.03 | 144 | 16.21 | 63.70 | 257 | 3.12 | 1.14 | 0.18 | 4.94 | 0.38 99.70
541 | 146 | 16.18 | 63.02 | 256 | 3.03 | 1.19 | 0.18 | 4.86 | 0.37 98.25
349 | 140 | 1640 | 6449 | 264 | 3.14 | 1.25 | 0.17 490 | 041 98.28
4.26 | 1.40 | 1587 | 61.21 | 2.54 | 299 | 1.14 | 0.12 532 | 0.40 95.25
574 | 133 | 1598 | 60.79 | 2.62 | 299 | 1.15 | 0.15 502 | 0.33 96.09
598 | 1.22 | 16.05 | 63.66 | 2.64 | 2.69 | 1.03 | 0.22 4.23 | 0.23 97.96
567 | 1.41 | 1598 | 60.30 | 252 | 298 | 1.26 | 0.19 5.06 | 0.40 95.75
4.26 | 140 | 16.42 | 63.02 | 2.60 | 295 | 1.16 | 0.22 516 | 0.34 97.54
6.45 | 1.32 | 1586 | 63.13 | 296 | 2.61 | 1.16 | 0.09 461 | 035 98.52
599 | 1.37 | 16.19 | 62.85 | 2.63 | 296 | 1.16 | 0.11 4.74 | 0.30 98.31
582 | 1.41 | 16.05 | 60.51 | 254 | 3.24 | 1.19 | 0.24 5.02 | 0.36 96.39
548 | 134 | 1648 | 63.68 | 2.77 | 278 | 1.11 | 0.18 | 4.81 | 0.30 98.92
587 | 1.36 | 16.30 | 63.16 | 2.63 | 2.86 | 1.21 | 0.19 470 | 0.36 98.64
582 | 1.37 | 16.48 | 63.08 | 2.69 | 292 | 1.18 | 0.23 4.97 | 0.40 99.14
578 | 136 | 16.16 | 62.71 | 2.66 | 298 | 1.24 | 0.10 | 4.86 | 0.44 98.29
6.05 | 1.50 | 16.45 | 62.64 | 2.66 | 3.09 | 1.24 | 0.21 4.84 | 0.37 99.06
576 | 138 | 16.44 | 63.03 | 2.67 | 3.14 | 1.20 | 0.22 494 | 040 99.17
583 | 149 | 1649 | 6292 | 258 | 3.04 | 1.19 | 0.20 | 4.95 | 0.42 99.09
552 | 146 | 16.71 | 63.03 | 2.64 | 3.14 | 1.30 | 0.12 5.10 | 0.45 99.46
572 | 144 | 1593 | 61.86 | 2.64 | 293 | 1.23 | 0.22 466 | 043 97.06
337 | 142 | 1654 | 64.02 | 272 | 3.04 | 1.30 | 0.16 | 490 | 0.41 97.88
Rl4g 540 | 155 | 1635 | 62.13 | 242 | 3.54 | 1.20 | 0.24 544 | 0.40 98.67
6.08 | 155 | 16.28 | 62.51 | 250 | 3.50 | 1.23 | 0.13 4.85 | 0.39 99.02
551 | 149 | 16.13 | 6232 | 2.60 | 3.25 | 1.30 | 0.14 5.08 | 0.42 98.25
563 | 151 | 16.19 | 62.25 | 264 | 3.14 | 1.23 | 0.13 495 | 035 98.03
583 | 1.82 | 16.01 | 60.94 | 237 | 3.75 | 1.35 | 0.21 6.03 | 0.42 98.73
556 | 1.54 | 1595 | 61.10 | 245 | 349 | 1.29 | 0.16 | 4.97 | 0.39 96.90
550 | 1.65 | 16.12 | 6154 | 256 | 3.38 | 1.21 | 0.26 | 4.97 | 043 97.61
543 | 1.60 | 1594 | 59.52 | 2.40 | 3.50 | 1.25 | 0.19 549 | 042 95.73
576 | 150 | 16.25 | 60.64 | 2.49 | 3.32 | 1.23 | 0.20 530 | 0.44 97.13
596 | 161 | 16.01 | 6141 | 245 | 359 | 1.36 | 0.13 5.25 | 0.46 98.23
573 | 144 | 16,56 | 62.00 | 254 | 3.14 | 1.20 | 0.14 | 491 | 0.40 98.06
572 | 150 | 16.26 | 62.39 | 253 | 3.22 | 1.21 | 0.11 501 | 0.40 98.34
566 | 152 | 16.26 | 62.04 | 258 | 3.31 | 1.21 | 0.24 536 | 0.38 98.56
6.22 | 1.54 | 16.69 | 63.37 | 254 | 3.11 | 1.29 | 0.22 5.07 | 0.49 | 100.53
587 | 147 | 16.07 | 62.68 | 2.60 | 3.09 | 1.22 | 0.19 527 | 0.44 98.89
598 | 144 | 16.21 | 63.05 | 2.67 | 292 | 1.25 | 0.09 473 | 0.42 98.77
595 | 1.73 | 1644 | 61.92 | 255 | 3.50 | 1.28 | 0.18 529 | 0.49 99.33
581 | 143 | 16.20 | 62.44 | 2.60 | 291 | 1.30 | 0.17 522 | 042 98.50
6.18 | 1.44 | 16.13 | 6250 | 2.64 | 3.04 | 1.19 | 0.21 492 | 0.37 98.61
570 | 157 | 16.49 | 62.80 | 2.53 | 3.19 | 1.24 | 0.17 536 | 043 99.48
596 | 1.72 | 16,55 | 62.25 | 2.47 | 3.38 | 1.30 | 0.13 551 | 0.48 99.76




597 | 146 | 16.27 | 62.60 | 258 | 3.21 | 1.21 | 0.19 501 | 0.38 98.89
578 | 155 | 16.46 | 63.26 | 2.56 | 3.20 | 1.28 | 0.21 525 | 042 99.97
588 | 148 | 1636 | 62.67 | 2.61 | 3.15 | 1.19 | 0.21 501 | 0.42 98.99
T8? JA1l 6.03 | 1.24 | 1634 | 66.17 | 2.70 | 2.80 | 1.09 | 0.20 | 4.35 | 0.29 | 101.19
595 | 1.27 | 16,52 | 6333 | 264 | 2.77 | 1.10 | 0.10 | 4.74 | 0.29 98.72
6.16 | 1.27 | 1636 | 63.95 | 2.62 | 2.77 | 1.13 | 0.14 | 4.67 | 031 99.38
6.09 | 1.20 | 16.14 | 64.04 | 2.64 | 2.73 | 0.99 | 0.12 459 | 033 98.86
572 | 133 | 16.25 | 6255 | 255 | 3.04 | 1.14 | 0.16 | 4.84 | 031 97.88
591 | 1.25 | 1645 | 63.25 | 2.63 | 2.64 | 1.06 | 0.19 459 | 0.28 98.27
6.02 | 1.28 | 16.32 | 62.54 | 2.70 | 2.90 | 0.99 | 0.09 4.47 | 0.29 97.61
6.15 | 1.20 | 16.45 | 63.61 | 257 | 282 | 099 | 0.16 | 4.54 | 0.34 98.82
567 | 1.23 | 1632 | 62.27 | 261 | 271 | 1.03 | 0.16 | 4.74 | 0.31 97.05
6.20 | 1.17 | 16.24 | 6441 | 2.70 | 2.70 | 1.10 | 0.07 468 | 0.32 99.58
598 | 1.24 | 16,50 | 65.19 | 262 | 2.79 | 1.11 | 0.11 473 | 0.28 | 100.54
6.12 | 1.35 | 16.12 | 63.23 | 254 | 293 | 1.16 | 0.03 432 | 030 98.10
6.01 | 1.09 | 16.05 | 60.37 | 2.74 | 2.66 | 1.04 | 0.18 | 4.56 | 0.28 94.98
599 | 1.27 | 16149 | 6393 | 266 | 299 | 1.12 | 0.24 | 497 | 0.34 99.99
576 | 1.35 | 16.19 | 62.86 | 2.63 | 2.76 | 1.13 | 0.21 497 | 0.38 98.25
585 | 143 | 16.17 | 6252 | 264 | 294 | 1.13 | 0.16 | 4.78 | 0.38 98.01
6.12 | 1.31 | 16.25 | 63.23 | 265 | 2.71 | 1.01 | 0.20 | 4.73 | 0.37 98.59
587 | 132 | 16.25 | 6336 | 270 | 2.72 | 1.15 | 0.08 | 491 | 0.38 98.75
598 | 1.39 | 16.14 | 62.88 | 2.63 | 294 | 1.07 | 0.18 | 456 | 0.33 98.11
6.02 | 1.35 | 16.39 | 6257 | 2.69 | 2.78 | 1.12 | 0.17 478 | 0.38 98.26
6.01 | 1.29 | 16.20 | 6293 | 259 | 282 | 1.10 | 0.14 | 4.76 | 0.38 98.22
599 | 1.29 | 16,57 | 63.82 | 279 | 285 | 1.16 | 0.19 439 | 033 99.37
6.06 | 1.21 | 16.15 | 62.95 | 258 | 2.50 | 1.05 | 0.23 441 | 0.35 97.50
583 | 131 | 16.27 | 62.86 | 2.66 | 2.72 | 1.13 | 0.20 | 453 | 0.32 97.82
? JA10 452 | 445 | 1549 | 5150 | 1.18 | 8.23 | 2.26 | 0.20 | 10.26 | 0.68 98.76
459 | 431 | 1558 | 5135 | 1.29 | 8.13 | 2.27 | 0.18 | 10.25 | 0.71 98.65
447 | 422 | 1566 | 51.34 | 1.19 | 8.18 | 2.16 | 0.09 | 10.71 | 0.73 98.75
460 | 424 | 1545 | 4948 | 1.22 | 815 | 230 | 0.26 | 9.80 | 0.71 96.19
479 | 411 | 1448 | 50.01 | 1.43 | 7.78 | 2.70 | 0.30 | 10.77 | 0.99 97.36
444 | 451 | 1541 | 50.09 | 1.28 | 8.03 | 2.24 | 0.22 | 10.31 | 0.76 97.28
448 | 428 | 15.76 | 51.45 | 1.17 | 832 | 2.11 | 0.19 | 10.25 | 0.65 98.65
457 | 427 | 1580 | 51.08 | 1.21 | 8.03 | 2.17 | 0.14 | 9.78 | 0.70 97.76
462 | 427 | 1531 | 50.19 | 1.24 | 8.13 | 2.22 | 0.22 9.78 | 0.67 96.65
438 | 412 | 1555 | 4878 | 1.15 | 8.11 | 2.29 | 0.17 | 1045 | 0.72 95.73
460 | 447 | 1477 | 4968 | 1.32 | 793 | 2.32 | 0.28 | 10.78 | 0.73 96.87
457 | 425 | 1580 | 52.15 | 1.25 | 8.14 | 2.27 | 0.23 9.80 | 0.64 99.09
455 | 439 | 1567 | 5243 | 1.20 | 829 | 219 | 0.16 | 9.92 | 0.68 99.47
453 | 421 | 1562 | 5135 | 1.21 | 812 | 2.21 | 0.18 | 10.55 | 0.73 98.69
412 | 440 | 1547 | 5296 | 1.20 | 8.11 | 2.38 | 0.13 | 10.34 | 0.71 99.81
430 | 426 | 1526 | 51.25 | 1.26 | 8.09 | 2.40 | 0.13 | 10.42 | 0.83 98.19
427 | 439 | 1493 | 50.85 | 1.26 | 7.93 | 2.34 | 0.22 | 10.50 | 0.84 97.52
448 | 446 | 1511 | 51.24 | 1.29 | 7.82 | 2.24 | 0.22 | 10.20 | 0.83 97.89
464 | 436 | 1559 | 51.35 | 1.30 | 8.01 | 2.20 | 0.22 | 10.38 | 0.79 98.86
401 | 435 | 1520 | 51.18 | 1.27 | 8.02 | 2.32 | 0.18 | 10.29 | 0.87 97.70
419 | 447 | 1502 | 51.60 | 1.31 | 799 | 2.32 | 0.18 | 10.55 | 0.86 98.50
428 | 427 | 1546 | 5152 | 1.30 | 813 | 2.24 | 0.20 | 9.73 | 0.78 97.92
423 | 438 | 1531 | 5133 | 1.22 | 819 | 2.24 | 0.20 | 10.48 | 0.82 98.40




T6? JAS 503 | 240 | 1467 | 5891 | 2.21 | 497 | 1.84 | 0.25 792 | 0.74 98.94
3.65 | 3.71 | 1479 | 55.02 | 1.51 | 695 | 1.86 | 0.11 9.22 | 0.75 97.56
423 | 405 | 1462 | 53.21 | 1.26 | 7.63 | 1.79 | 0.19 9.73 | 0.66 97.37
4.07 | 437 | 1468 | 5150 | 1.29 | 7.85 | 1.80 | 0.15 | 10.05 | 0.68 96.43
391 | 3.01 | 15.00 | 57.16 | 2.05 | 5,51 | 1.81 | 0.25 799 | 0.71 97.40
4.08 | 292 | 1594 | 57.07 | 1.83 | 6.02 | 1.60 | 0.11 8.08 | 0.61 98.25
3.74 | 2.84 | 15.67 | 57.57 | 1.89 | 594 | 1.71 | 0.21 8.00 | 0.60 98.17
3.81 | 284 | 1579 | 57.96 | 1.81 | 6.04 | 1.61 | 0.18 | 830 | 0.59 98.93
439 | 256 | 13.63 | 5459 | 2.24 | 554 | 196 | 0.18 | 9.50 | 0.86 95.45
400 | 474 | 1598 | 50.84 | 1.13 | 8.86 | 1.39 | 0.20 | 846 | 0.51 96.10
4.07 | 443 | 1459 | 53.77 | 1.33 | 7.86 | 1.78 | 0.15 9.85 | 0.72 98.54
479 | 257 | 1599 | 5542 | 1.78 | 5.72 | 1.49 | 0.12 751 | 0.67 96.07
3.77 | 397 | 1432 | 5266 | 1.39 | 794 | 1.83 | 0.14 | 9.58 | 0.76 96.34
3.85 | 455 | 1590 | 53.73 | 1.34 | 812 | 1.41 | 0.15 8.29 | 045 97.78
418 | 3.78 | 1461 | 53.74 | 1.31 | 7.50 | 1.81 | 0.22 9.59 | 0.74 97.48
471 | 3.04 | 1582 | 5639 | 1.74 | 6.00 | 1.60 | 0.16 | 833 | 0.75 98.54
456 | 3.03 | 1556 | 56,56 | 1.79 | 596 | 1.60 | 0.16 | 833 | 0.72 98.26
414 | 469 | 16.04 | 5358 | 1.19 | 838 | 1.38 | 0.29 8.73 | 0.60 99.02
4.65 | 297 | 1599 | 56.67 | 1.81 | 5.75 | 1.57 | 0.17 8.11 | 0.77 98.45
426 | 332 | 1565 | 55.87 | 1.75 | 6.42 | 1.55 | 0.26 7.92 | 0.65 97.66
4.65 | 234 | 1569 | 59.17 | 2.20 | 4.82 | 1.61 | 0.15 6.90 | 0.65 98.17
419 | 355 | 1570 | 55.24 | 1.55 | 6.65 | 1.55 | 0.13 8.15 | 0.63 97.36
458 | 293 | 1599 | 57.00 | 1.78 | 595 | 1.68 | 0.17 8.28 | 0.68 99.03
463 | 281 | 16.06 | 56.65 | 1.80 | 5.89 | 1.50 | 0.17 7.86 | 0.73 98.11

? JA8c 508 | 195 | 1571 | 58.72 | 2.14 | 430 | 1.45 | 0.11 6.09 | 0.51 96.06
428 | 205 | 1599 | 60.12 | 2.26 | 438 | 1.40 | 0.17 591 | 0.56 97.13
459 | 233 | 1576 | 59.72 | 2.13 | 4.82 | 1.44 | 0.24 6.43 | 0.60 98.04
497 | 235 | 1549 | 57.89 | 2.02 | 465 | 1.35 | 0.11 6.79 | 0.61 96.23
493 | 234 | 1563 | 57.69 | 2.09 | 485 | 1.47 | 0.19 593 | 0.60 95.73
498 | 224 | 1578 | 57.71 | 2.07 | 4.83 | 149 | 0.12 6.83 | 0.58 96.64
522 | 2.16 | 1574 | 59.08 | 2.18 | 450 | 1.38 | 0.12 559 | 0.50 96.47
494 | 235 | 1567 | 58.09 | 2.00 | 475 | 1.45 | 0.15 6.44 | 0.57 96.42
513 | 234 | 16.14 | 59.80 | 2.06 | 4.89 | 1.46 | 0.21 6.77 | 0.56 99.37
5.04 | 225 | 15.84 | 59.61 | 2.21 | 473 | 1.52 | 0.22 6.66 | 0.57 98.64
356 | 221 | 1560 | 60.72 | 2.75 | 4.26 | 1.51 | 0.12 7.15 | 0.56 98.44
491 | 221 | 1592 | 59.39 | 2.25 | 451 | 1.48 | 0.02 6.38 | 0.66 97.74
540 | 2.01 | 15.88 | 59.93 | 2.27 | 429 | 1.34 | 0.17 6.08 | 0.62 97.98
520 | 230 | 1596 | 5896 | 2.13 | 491 | 1.49 | 0.16 6.63 | 0.64 98.40
488 | 2.28 | 16.06 | 59.12 | 2.22 | 479 | 1.54 | 0.19 6.78 | 0.64 98.49
469 | 226 | 1575 | 58.76 | 2.12 | 459 | 1.47 | 0.20 6.16 | 0.58 96.58
459 | 2.24 | 16.02 | 59.66 | 2.21 | 472 | 1.50 | 0.14 6.63 | 0.67 98.40
493 | 203 | 1497 | 60.65 | 251 | 427 | 1.74 | 0.15 7.36 | 0.77 99.37
491 | 2.26 | 16.05 | 60.04 | 2.16 | 470 | 1.46 | 0.20 6.80 | 0.69 99.27
494 | 238 | 16.05 | 59.20 | 2.07 | 4.88 | 1.52 | 0.07 6.70 | 0.59 98.38

JA8b 482 | 225 | 1588 | 58.84 | 2.03 | 492 | 1.31 | 0.15 6.28 | 0.55 97.02
460 | 228 | 16.05 | 5859 | 2.07 | 495 | 145 | 0.15 6.31 | 0.53 96.98
4.67 | 2.28 | 1599 | 58.65 | 2.08 | 491 | 146 | 0.13 6.32 | 0.58 97.08
387 | 416 | 1513 | 5241 | 1.39 | 766 | 1.51 | 0.20 | 9.08 | 0.56 95.97
442 | 3.78 | 1598 | 5493 | 1.34 | 7.58 | 1.52 | 0.09 8.40 | 051 98.55
485 | 2.29 | 1583 | 58.60 | 2.08 | 4.75 | 1.33 | 0.17 6.78 | 0.61 97.27




391 | 3,51 | 13.77 | 5451 | 164 | 7.16 | 1.89 | 0.29 9.73 | 0.72 97.13
393 | 3.64 | 13.87 | 54.28 | 1.69 | 695 | 2.04 | 0.22 | 10.06 | 0.76 97.43
3.80 | 3.47 | 1358 | 53.69 | 1.68 | 6.95 | 2.03 | 0.21 | 10.73 | 0.78 96.91
408 | 366 | 13.75 | 53.79 | 1.68 | 7.30 | 1.98 | 0.15 | 10.74 | 0.77 97.91
3.87 | 3.66 | 1399 | 55,53 | 1.74 | 7.29 | 1.97 | 0.15 | 10.29 | 0.71 99.19
395 | 3.65 | 1421 | 56.15 | 1.52 | 7.12 | 2.01 | 0.17 | 10.29 | 0.70 99.76
503 | 234 | 1596 | 57.89 | 2.02 | 4.78 | 1.40 | 0.09 6.57 | 0.60 96.68
519 | 2.07 | 1579 | 5897 | 2.28 | 445 | 1.40 | 0.16 583 | 0.58 96.71
4.82 | 230 | 16.04 | 58.68 | 2.10 | 4.82 | 1.47 | 0.11 6.87 | 0.68 97.88
519 | 213 | 16.10 | 5945 | 2.14 | 446 | 1.42 | 0.24 593 | 0.64 97.70
520 | 207 | 16.19 | 59.87 | 2.25 | 440 | 1.42 | 0.16 6.51 | 0.62 98.70
390 | 335 | 1528 | 54.26 | 152 | 733 | 1.78 | 0.14 | 9.42 | 0.83 97.82
483 | 243 | 1590 | 5836 | 2.18 | 495 | 1.44 | 0.12 6.72 | 0.64 97.57
397 | 331 | 1490 | 5473 | 167 | 734 | 1.87 | 0.23 9.92 | 081 98.75
424 | 346 | 13.10 | 53.86 | 1.82 | 6,55 | 2.07 | 0.24 | 9.86 | 0.90 96.12
497 | 221 | 1554 | 5834 | 2.24 | 472 | 149 | 0.15 6.54 | 0.64 96.83
4.87 | 247 | 16.16 | 59.07 | 2.16 | 5.03 | 1.47 | 0.16 6.75 | 0.65 98.80
JA8a 419 | 408 | 1366 | 52.71 | 1.48 | 791 | 1.84 | 0.18 | 10.49 | 0.68 97.22
339 | 3.72 | 13.47 | 5259 | 156 | 765 | 1.91 | 0.24 | 985 | 0.72 95.09
414 | 3.84 | 1359 | 53.47 | 145 | 7.60 | 1.91 | 0.19 | 10.18 | 0.70 97.05
4.08 | 429 | 1440 | 53.11 | 1.32 | 866 | 1.66 | 0.21 9.66 | 0.48 97.85
394 | 3.81 | 13.29 | 52.77 | 1.51 | 7.48 | 2.05 | 0.14 | 10.54 | 0.82 96.35
3,59 | 395 | 1344 | 5313 | 146 | 7.87 | 204 | 0.19 | 10.63 | 0.73 97.01
3.78 | 3.88 | 14.02 | 53.21 | 1.36 | 7.90 | 1.87 | 0.07 9.96 | 0.66 96.73
3.83 | 354 | 1416 | 52.75 | 1.51 | 7.02 | 2.20 | 0.23 | 10.56 | 0.62 96.40
376 | 5.12 | 1486 | 52.29 | 1.20 | 8.14 | 1.58 | 0.15 9.14 | 0.56 96.78
3.89 | 455 | 15.28 | 52,59 | 1.27 | 805 | 1.67 | 0.18 | 9.55 | 0.67 97.69
3.78 | 396 | 1420 | 54.05 | 1.43 | 7.88 | 1.96 | 0.18 | 10.40 | 0.76 98.60
3.86 | 3.86 | 1467 | 53.36 | 1.35 | 8.09 | 1.94 | 0.23 9.86 | 0.74 97.96
3.78 | 3.87 | 1471 | 53.08 | 1.40 | 8.09 | 1.84 | 0.24 | 10.05 | 0.77 97.83
391 | 416 | 15.66 | 52.58 | 1.23 | 8.03 | 1.60 | 0.22 9.06 | 0.65 97.09
4.07 | 435 | 1524 | 5151 | 1.22 | 792 | 1.70 | 0.19 9.49 | 0.66 96.36
3,51 | 403 | 1417 | 5402 | 147 | 7.63 | 1.93 | 0.15 | 10.44 | 0.79 98.14
3.66 | 438 | 1454 | 5215 | 1.26 | 863 | 1.77 | 0.24 | 9.59 | 0.49 96.72
3,53 | 397 | 1403 | 53.118 | 143 | 7.71 | 1.97 | 0.21 | 10.07 | 0.81 96.91
3.87 | 471 | 15.06 | 52.27 | 1.34 | 7.87 | 1.64 | 0.17 9.52 | 0.69 97.15
359 | 408 | 1421 | 53.74 | 1.38 | 7.83 | 1.95 | 0.30 | 10.38 | 0.76 98.22
JA7 442 | 379 | 1337 | 49.72 | 1.52 | 7.77 | 259 | 0.14 | 1239 | 0.79 96.51
3.69 | 445 | 1401 | 49.88 | 1.29 | 841 | 2.27 | 0.22 | 11.19 | 0.71 96.12
432 | 345 | 1361 | 51.22 | 1.58 | 7.54 | 2.83 | 0.25 | 12.02 | 0.85 97.67
459 | 401 | 1401 | 52.07 | 1.42 | 8.04 | 249 | 0.22 | 11.89 | 0.79 99.52
448 | 3.81 | 1345 | 4968 | 1.46 | 7.83 | 251 | 0.22 | 12.43 | 0.86 96.74
427 | 358 | 13.84 | 5298 | 146 | 7.97 | 2.74 | 0.18 | 12.16 | 0.79 99.97
431 | 357 | 13.78 | 52.36 | 1.56 | 7.61 | 254 | 0.21 | 11.47 | 0.81 98.23
421 | 337 | 13.44 | 5261 | 166 | 7.63 | 293 | 0.20 | 1259 | 0.91 99.54
417 | 431 | 1397 | 51.20 | 1.36 | 8.17 | 2.31 | 0.24 | 11.16 | 0.69 97.59
412 | 357 | 13.40 | 50.37 | 1.60 | 8.18 | 2.80 | 0.19 | 12.15 | 0.82 97.20
426 | 424 | 13.71 | 50.01 | 1.36 | 834 | 2.34 | 0.27 | 11.32 | 0.67 96.52
420 | 390 | 13.77 | 51.37 | 1.52 | 7.90 | 2.46 | 0.29 | 11.63 | 0.76 97.79
392 | 3.71 | 13,57 | 50.92 | 1.58 | 7.55 | 2.77 | 0.17 | 12.56 | 0.83 97.57




419 | 3.63 | 13.67 | 50.79 | 1.59 | 7.59 | 2.53 | 0.21 | 11.44 | 0.75 96.39
4.00 | 3.87 | 1461 | 52.00 | 1.36 | 8.26 | 2.31 | 0.24 | 11.22 | 0.74 98.61
3.97 | 470 | 12.72 | 49.62 | 1.40 | 7.64 | 2.49 | 0.21 | 12.39 | 0.78 95.92
404 | 414 | 1449 | 5190 | 1.32 | 8.11 | 239 | 0.22 | 11.12 | 0.75 98.48
3.70 | 3.29 | 1407 | 51.88 | 1.77 | 7.41 | 2.77 | 0.13 | 11.89 | 0.89 97.79
414 | 3.74 | 1365 | 51.82 | 1.53 | 7.80 | 2.70 | 0.23 | 12.00 | 0.89 98.51
4.04 | 3.75 | 13.73 | 52.20 | 1.62 | 7.76 | 2.68 | 0.23 | 12.00 | 0.89 98.91
JA6 3.97 | 5.06 | 1497 | 53.09 | 1.07 | 882 | 1.77 | 0.26 | 10.16 | 0.64 99.80
4.08 | 484 | 1505 | 51.45 | 1.02 | 876 | 1.61 | 0.23 9.66 | 0.54 97.24
392 | 461 | 1435 | 51.69 | 1.07 | 898 | 1.67 | 0.15 | 10.20 | 0.57 97.19
3.64 | 517 | 1490 | 5149 | 1.14 | 9.27 | 1.60 | 0.18 | 9.50 | 0.48 97.37
400 | 494 | 1478 | 5136 | 1.05 | 875 | 1.70 | 0.20 | 9.56 | 0.66 97.00
405 | 485 | 1544 | 52.70 | 1.19 | 9.15 | 1.69 | 0.10 | 9.62 | 0.40 99.20
3.86 | 477 | 1520 | 51.70 | 1.02 | 880 | 1.57 | 0.14 | 9.89 | 0.56 97.49
3.85 | 474 | 1466 | 51.30 | 1.01 | 876 | 1.59 | 0.06 | 9.30 | 0.60 95.87
376 | 492 | 1487 | 52.76 | 1.06 | 8.72 | 1.60 | 0.21 9.67 | 0.62 98.18
415 | 462 | 1544 | 5331 | 1.05 | 878 | 1.68 | 0.16 | 9.75 | 0.63 99.56
390 | 468 | 1572 | 53.67 | 1.37 | 893 | 1.57 | 0.21 9.01 | 0.40 99.46
411 | 483 | 1474 | 5493 | 1.09 | 859 | 1.69 | 0.21 | 10.30 | 0.66 | 101.16
394 | 479 | 1567 | 5535 | 1.22 | 892 | 1.58 | 0.23 8.86 | 0.37 | 100.94
391 | 476 | 1497 | 5431 | 1.01 | 886 | 1.51 | 0.12 | 10.21 | 0.59 | 100.25
3.66 | 490 | 1483 | 5242 | 1.09 | 865 | 1.68 | 0.18 | 9.86 | 0.67 97.92
331 | 445 | 1435 | 53.27 | 1.15 | 849 | 1.87 | 0.14 | 9.87 | 0.72 97.62
3.66 | 470 | 15.12 | 5241 | 1.12 | 871 | 1.67 | 0.17 | 10.13 | 0.73 98.42
3,53 | 481 | 1482 | 52.08 | 1.08 | 855 | 1.64 | 0.12 9.79 | 0.72 97.15
345 | 505 | 1499 | 5163 | 1.13 | 9.09 | 1.59 | 0.16 | 9.32 | 043 96.83
3,50 | 505 | 1570 | 51.75 | 1.14 | 9.00 | 1.48 | 0.23 9.34 | 042 97.62
3.69 | 493 | 1522 | 5199 | 1.18 | 876 | 1.50 | 0.21 9.71 | 051 97.70
345 | 490 | 1545 | 5248 | 1.24 | 896 | 1.65 | 0.17 9.45 | 0.50 98.25
3,57 | 490 | 1520 | 5251 | 1.01 | 875 | 1.65 | 0.24 | 9.38 | 0.66 97.87
330 | 467 | 1513 | 50.51 | 1.43 | 868 | 1.58 | 0.20 | 9.34 | 041 95.25
JAS 371 | 484 | 15.00 | 49.79 | 1.33 | 935 | 1.56 | 0.10 | 9.75 | 0.42 95.84
400 | 483 | 1512 | 51.83 | 1.38 | 9.17 | 1.54 | 0.14 | 9.56 | 0.42 97.99
392 | 5.15 | 1449 | 49.07 | 1.55 | 869 | 1.61 | 0.21 9.95 | 045 95.07
3.68 | 479 | 1530 | 50.26 | 1.40 | 9.04 | 1.55 | 0.34 | 9.22 | 041 96.00
4.03 | 446 | 1433 | 50.79 | 166 | 8.74 | 1.88 | 0.12 | 10.04 | 0.51 96.55
3.87 | 497 | 1567 | 51.94 | 1.30 | 9.32 | 1.57 | 0.16 | 885 | 0.39 98.04
3.76 | 4.88 | 1522 | 4996 | 1.43 | 893 | 1.51 | 0.14 | 9.71 | 0.40 95.94
394 | 407 | 13.88 | 51.69 | 1.73 | 842 | 1.84 | 0.27 | 10.57 | 0.51 96.92
588 | 0.58 | 1498 | 66.60 | 3.58 | 1.67 | 0.65 | 0.20 293 | 011 97.17
543 | 1.73 | 15.85 | 6255 | 247 | 3.72 | 1.22 | 0.11 533 | 0.46 98.88
548 | 0.60 | 1455 | 6541 | 3.45 | 1.53 | 0.74 | 0.05 303 | 011 94.94
3.77 | 5.16 | 1479 | 52.13 | 1.48 | 9.05 | 1.59 | 0.16 | 9.54 | 041 98.07
3.78 | 482 | 1558 | 50.44 | 1.34 | 9.09 | 1.40 | 0.11 9.43 | 0.40 96.38
390 | 517 | 16.18 | 53.92 | 1.29 | 9.38 | 1.55 | 0.05 8.51 | 0.40 | 100.34
338 | 433 | 1437 | 5292 | 161 | 873 | 1.87 | 0.28 | 10.17 | 0.48 98.15
359 | 444 | 1438 | 5266 | 1.73 | 847 | 1.78 | 0.21 | 10.27 | 0.56 98.07
322 | 501 | 1554 | 51.81 | 1.30 | 9.23 | 1.60 | 0.10 | 950 | 0.46 97.77
519 | 053 | 1485 | 66.65 | 3.58 | 1.45 | 0.66 | 0.00 2.86 | 0.11 95.87
545 | 0.62 | 15.19 | 68.39 | 3.73 | 1.52 | 0.73 | 0.13 296 | 0.12 98.84




367 | 513 | 1544 | 5193 | 1.40 | 897 | 1.69 | 0.19 9.05 | 0.45 97.91
534 | 057 | 1483 | 65.89 | 3.56 | 1.56 | 0.66 | 0.07 311 | 0.12 95.71
507 | 1.74 | 15.74 | 60.12 | 250 | 3.77 | 1.36 | 0.06 5.24 | 0.55 96.16
343 | 507 | 1577 | 51.93 | 1.35 | 9.15 | 1.42 | 0.22 9.42 | 041 98.17
H2 (T5) JA4d 540 | 0.62 | 1532 | 69.14 | 3.47 | 1.53 | 0.68 | 0.21 2.88 | 0.12 99.37
518 | 0.58 | 15.06 | 65.88 | 3.40 | 1.52 | 0.69 | 0.16 3.17 | 0.10 95.73
547 | 059 | 1491 | 6533 | 3.51 | 1.57 | 0.67 | 0.19 293 | 0.10 95.28
525 | 0.60 | 1496 | 65.83 | 3.50 | 1.44 | 0.65 | 0.09 2.57 | 0.10 95.00
537 | 059 | 15.08 | 66.12 | 3.47 | 1.58 | 0.64 | 0.18 2,70 | 0.11 95.84
575 | 058 | 15.24 | 66.62 | 3.43 | 1.52 | 0.66 | 0.09 2.84 | 0.12 96.85
522 | 0.63 | 15.03 | 66.30 | 3.44 | 1.59 | 0.70 | 0.03 299 | 0.10 96.02
535 | 059 | 1520 | 67.88 | 3.38 | 1.60 | 0.66 | 0.05 320 | 0.11 98.03
528 | 0.62 | 15.25 | 67.42 | 3.37 | 1.58 | 0.71 | 0.12 3.03 | 0.09 97.46
537 | 055 | 15.04 | 66.46 | 3.54 | 1.53 | 0.66 | 0.03 321 | 0.15 96.53
556 | 059 | 15.11 | 68.01 | 3.44 | 1.59 | 0.59 | 0.14 299 | 011 98.13
542 | 058 | 15.08 | 66.66 | 3.52 | 1.54 | 0.65 | 0.02 2.78 | 0.12 96.36
537 | 0.60 | 15.24 | 66.99 | 3.49 | 1.55 | 0.59 | 0.06 281 | 0.11 96.81
530 | 0.61 | 15.10 | 67.43 | 3.54 | 147 | 0.66 | 0.08 2.89 | 0.11 97.19
533 | 058 | 15.04 | 67.29 | 3.57 | 1.49 | 0.65 | 0.04 294 | 0.14 97.08
560 | 0.60 | 1551 | 6855 | 3.59 | 1.55 | 0.74 | 0.14 290 | 0.17 99.35
567 | 059 | 15.28 | 68.02 | 3.42 | 1.51 | 0.68 | 0.14 2.77 | 0.14 98.22
564 | 057 | 1479 | 66.63 | 3.47 | 1.46 | 0.64 | 0.16 2.88 | 0.11 96.34
555 | 0.64 | 1513 | 67.50 | 3.50 | 1.53 | 0.77 | 0.12 299 | 0.14 97.88
566 | 058 | 15.08 | 66.75 | 3.48 | 1.58 | 0.65 | 0.08 2.72 | 0.13 96.69
557 | 055 | 15.15 | 67.70 | 3.53 | 1.49 | 0.77 | 0.07 299 | 0.13 97.95
532 | 059 | 15.14 | 67.33 | 3.48 | 1.58 | 0.65 | 0.05 2.86 | 0.14 97.13
592 | 056 | 1493 | 67.29 | 3.53 | 1.58 | 0.70 | 0.10 2.86 | 0.11 97.58
JAda 560 | 0.60 | 15.24 | 6845 | 3.43 | 145 | 0.62 | 0.10 2.77 | 0.10 98.36
488 | 1.14 | 1562 | 63.80 | 293 | 294 | 1.06 | 0.18 | 4.73 | 0.32 97.59
526 | 0.63 | 15.17 | 66.08 | 3.40 | 1.63 | 0.76 | 0.23 298 | 0.12 96.25
535 | 0.63 | 15.10 | 66.54 | 3.52 | 1.53 | 0.63 | 0.11 296 | 0.12 96.51
554 | 059 | 1524 | 66.29 | 3.59 | 1.54 | 0.63 | 0.07 3.18 | 0.12 96.79
550 | 053 | 1529 | 67.64 | 3.52 | 1.48 | 0.68 | 0.22 3.05 | 0.13 98.05
534 | 062 | 1526 | 68.73 | 3.37 | 1.58 | 0.71 | 0.11 2.71 | 0.12 98.55
553 | 058 | 1528 | 68.23 | 3.51 | 1.59 | 0.76 | 0.11 3.09 | 0.14 98.81
562 | 0.64 | 1542 | 68.68 | 3.46 | 1.58 | 0.72 | 0.07 3.02 | 0.12 99.33
535 | 056 | 1536 | 66.79 | 3.45 | 1.56 | 0.56 | 0.13 2.77 | 0.14 96.66
497 | 1.28 | 1538 | 63.96 | 3.00 | 3.12 | 1.07 | 0.19 475 | 0.25 97.98
524 | 054 | 1494 | 68.29 | 3.45 | 1.57 | 0.67 | 0.09 295 | 0.10 97.83
529 | 058 | 1464 | 66.30 | 3.45 | 1.42 | 0.66 | 0.20 2.78 | 0.14 95.44
512 | 1.19 | 1550 | 65.10 | 3.06 | 2.6S | 0.90 | 0.16 | 4.24 | 0.26 98.22
554 | 064 | 1520 | 67.80 | 3.51 | 1.65 | 0.57 | 0.12 2.84 | 0.20 98.07
544 | 0.80 | 15.21 | 66.16 | 3.43 | 1.94 | 0.81 | 0.10 349 | 0.15 97.53
534 | 059 | 1490 | 67.31 | 3.58 | 1.53 | 0.68 | 0.12 3.04 | 011 97.20
551 | 0.62 | 1524 | 68.22 | 3.47 | 144 | 0.62 | 0.11 2.84 | 0.11 98.19
559 | 0.62 | 15119 | 67.67 | 3.66 | 1.53 | 0.72 | 0.11 290 | 0.13 98.12
564 | 091 | 1563 | 66.43 | 3.29 | 242 | 0.83 | 0.09 3.56 | 0.15 98.96
534 | 096 | 15.83 | 64.25 | 3.04 | 291 | 0.90 | 0.15 394 | 0.26 97.57
539 | 135 | 15,62 | 64.27 | 3.01 | 3.08 | 1.06 | 0.16 502 | 0.33 99.27
549 | 057 | 15.36 | 68.54 | 3.60 | 1.58 | 0.72 | 0.15 294 | 0.13 99.08




534 | 0.60 | 15.06 | 67.70 | 3.51 | 1.52 | 0.70 | 0.11 295 | 0.14 97.62
Ri3a 548 | 044 | 15.12 | 66.69 | 3.54 | 1.26 | 0.61 | 0.14 2.56 | 0.09 95.92
521 | 0.61 | 15.22 | 68.07 | 3.51 | 1.54 | 0.69 | 0.04 292 | 0.17 97.97
534 | 0.64 | 1559 | 6831 | 3.46 | 1.52 | 0.69 | 0.05 2.68 | 0.13 98.40
512 | 0.64 | 1536 | 68.96 | 3.44 | 1.62 | 0.77 | 0.10 3.13 | 0.13 99.27
501 | 055 | 15.08 | 6592 | 3.41 | 154 | 0.73 | 0.13 2.81 | 0.09 95.27
506 | 059 | 1535 | 68.11 | 3.50 | 1.66 | 0.68 | 0.09 292 | 0.15 98.12
499 | 048 | 1525 | 69.32 | 3.63 | 1.31 | 0.60 | 0.11 241 | 0.08 98.19
536 | 0.60 | 15.04 | 69.48 | 3.49 | 1.53 | 0.69 | 0.05 2.76 | 0.08 99.07
583 | 056 | 1549 | 69.10 | 3.42 | 148 | 0.74 | 0.11 2.88 | 0.11 99.73
4.06 | 056 | 15.26 | 66.00 | 3.58 | 1.52 | 0.71 | 0.17 3.09 | 0.13 95.09
538 | 0.62 | 1523 | 67.09 | 3.46 | 1.48 | 0.67 | 0.12 2.73 | 0.11 96.89
569 | 0.62 | 15.21 | 68.24 | 3.53 | 1.48 | 0.76 | 0.09 299 | 0.12 98.72
565 | 0.67 | 1555 | 6848 | 3.58 | 1.57 | 0.70 | 0.05 3.14 | 0.18 99.56
597 | 0.64 | 1558 | 68.84 | 3.57 | 1.67 | 0.64 | 0.16 292 | 0.11 | 100.10
535 | 065 | 15.11 | 67.85 | 3.63 | 1.57 | 0.68 | 0.15 296 | 0.13 98.08
582 | 0.60 | 15.68 | 68.88 | 3.61 | 1.52 | 0.67 | 0.04 2.89 | 0.12 99.84
553 | 049 | 1513 | 69.62 | 3.68 | 1.24 | 0.56 | 0.13 241 | 0.08 98.88
564 | 0.64 | 1551 | 69.01 | 3.51 | 1.52 | 0.69 | 0.11 2.79 | 0.11 99.53
588 | 045 | 15.24 | 69.76 | 3.76 | 1.26 | 0.51 | 0.10 239 | 0.12 99.49
568 | 0.60 | 1542 | 68.77 | 3.55| 145 | 0.66 | 0.17 2.80 | 0.12 99.20
579 | 0.60 | 15.15 | 67.87 | 3.50 | 1.50 | 0.75 | 0.00 2.87 | 0.16 98.18
570 | 0.62 | 15.60 | 68.77 | 3.55 | 1.45 | 0.70 | 0.09 291 | 0.13 99.53
577 | 059 | 15.29 | 6840 | 3.60 | 1.65 | 0.67 | 0.09 295 | 0.16 99.17
591 | 044 | 1488 | 69.09 | 3.78 | 1.28 | 0.56 | 0.15 2.64 | 0.10 98.84
T4? JA3 551 | 0.82 | 15.19 | 6566 | 3.28 | 1.95 | 0.87 | 0.12 3.37 | 0.18 96.94
559 | 0.84 | 1523 | 6541 | 3.29 | 1.87 | 0.83 | 0.18 3,55 | 0.13 96.92
552 | 0.88 | 1548 | 66.56 | 3.24 | 2.07 | 0.73 | 0.09 3.34 | 0.20 98.12
544 | 0.80 | 15.18 | 68.02 | 3.29 | 1.93 | 0.89 | 0.09 3.24 | 0.13 99.01
442 | 079 | 1546 | 67.07 | 3.43 | 1.99 | 1.00 | 0.18 330 | 0.17 97.81
5.67 | 0.77 | 15.25 | 66.52 | 3.29 | 1.83 | 0.83 | 0.05 335 | 021 97.76
534 | 0.88 | 1546 | 66.40 | 3.35 | 2.14 | 0.92 | 0.16 348 | 0.17 98.30
6.11 | 0.77 | 15.13 | 65.56 | 3.12 | 2.02 | 0.90 | 0.09 345 | 0.17 97.32
444 | 081 | 1535 | 65.11 | 3.23 | 1.91 | 0.89 | 0.24 340 | 0.18 95.56
555 | 085 | 15.15 | 64.57 | 3.43 | 1.89 | 0.84 | 0.09 3.30 | 0.18 95.83
567 | 0.88 | 15.60 | 67.16 | 3.18 | 2.16 | 0.90 | 0.22 344 | 0.16 99.37
541 | 0.78 | 15.11 | 64.94 | 3.28 | 203 | 0.82 | 0.01 341 | 0.15 95.94
550 | 0.82 | 1529 | 67.18 | 3.20 | 2.06 | 0.87 | 0.10 338 | 0.16 98.57
554 | 079 | 1542 | 67.16 | 3.33 | 1.81 | 0.85 | 0.10 3.55 | 0.20 98.75
526 | 092 | 1568 | 66.42 | 3.21 | 2.10 | 0.87 | 0.10 357 | 0.22 98.35
520 | 0.81 | 1550 | 67.21 | 3.47 | 1.84 | 0.86 | 0.07 345 | 0.20 98.60
547 | 073 | 1538 | 67.84 | 3.46 | 1.82 | 0.94 | 0.19 343 | 0.22 99.48
526 | 0.84 | 1553 | 66.74 | 3.36 | 1.92 | 0.88 | 0.12 331 | 0.19 98.15
542 | 0.76 | 1555 | 67.26 | 3.43 | 1.86 | 0.91 | 0.11 336 | 0.21 98.89
562 | 0.81 | 15.89 | 67.51 | 3.60 | 1.97 | 0.90 | 0.11 343 | 0.21 | 100.04
553 | 0.81 | 1547 | 67.08 | 3.47 | 1.87 | 0.81 | 0.13 344 | 0.22 98.82
572 | 0.69 | 1564 | 67.27 | 3.39 | 1.81 | 0.80 | 0.18 3.32 | 0.20 99.00
544 | 0.82 | 15.44 | 67.30 | 3.45 | 1.86 | 0.77 | 0.07 352 | 0.16 98.83
515 | 0.81 | 15.10 | 65.95 | 3.43 | 1.89 | 0.86 | 0.10 3,50 | 0.21 97.00
561 | 090 | 1535 | 67.03 | 3.44 | 1.90 | 0.87 | 0.16 3.74 | 0.20 99.21




T3?? JA2b 514 | 1.27 | 16.26 | 6231 | 2.71 | 259 | 1.15 | 0.10 | 4.26 | 0.30 96.08
481 | 117 | 1527 | 63.63 | 3.05 | 2.66 | 1.14 | 0.08 | 4.87 | 0.32 96.98
537 | 1.17 | 1557 | 64.01 | 3.00 | 243 | 1.07 | 0.20 3.99 | 0.30 97.11
541 | 1.22 | 1548 | 62.68 | 2.85 | 244 | 1.16 | 0.15 452 | 0.32 96.23
530 | 214 | 1578 | 62.54 | 253 | 405 | 1.19 | 0.13 555 | 0.34 99.53
464 | 116 | 1547 | 63.30 | 296 | 2.40 | 1.15 | 0.13 464 | 033 96.20
536 | 1.10 | 15.80 | 64.51 | 3.03 | 2.21 | 0.97 | 0.11 3.86 | 0.29 97.23
546 | 144 | 1563 | 62.61 | 2.85 | 293 | 1.31 | 0.05 510 | 0.39 97.76
446 | 1.06 | 1575 | 63.82 | 3.00 | 2.46 | 1.02 | 0.17 4.61 | 0.28 96.64
537 | 1.16 | 1542 | 63.85 | 3.06 | 258 | 1.18 | 0.04 | 453 | 0.39 97.56
6.09 | 1.22 | 16.73 | 63.83 | 2.88 | 2.56 | 1.13 | 0.13 4.25 | 0.37 99.18
583 | 1.18 | 1575 | 64.79 | 3.01 | 248 | 1.22 | 0.19 444 | 031 99.20
6.06 | 095 | 16.36 | 65.48 | 296 | 2.03 | 0.94 | 0.16 3.30 | 0.26 98.51
536 | 1.21 | 1576 | 65.01 | 293 | 250 | 1.06 | 0.18 | 453 | 0.31 98.84
555 | 1.09 | 16.04 | 6554 | 299 | 232 | 1.13 | 0.20 | 4.22 | 0.26 99.35
498 | 1.70 | 1591 | 63.16 | 2.60 | 3.80 | 1.32 | 0.06 547 | 0.45 99.43
578 | 1.49 | 16.04 | 64.04 | 2.80 | 291 | 1.28 | 0.19 471 | 0.48 99.72
551 | 1.22 | 15.06 | 62.28 | 2.80 | 2.65 | 1.13 | 0.08 | 4.58 | 0.38 95.68
551 | 1.66 | 1596 | 63.16 | 2.65 | 3.23 | 1.14 | 0.17 5.18 | 0.36 99.01
559 | 1.08 | 1556 | 64.61 | 298 | 2.23 | 1.13 | 0.09 420 | 0.33 97.81
572 | 1.10 | 1549 | 63.99 | 294 | 238 | 1.10 | 0.10 | 4.37 | 0.30 97.50
577 | 1.17 | 16.13 | 6535 | 3.05 | 2.38 | 1.06 | 0.18 | 4.22 | 0.28 99.61

JA2a 575 | 0.87 | 15.70 | 68.48 | 3.16 | 2.04 | 0.89 | 0.17 3.51 | 0.17 | 100.73
596 | 1.31 | 1583 | 65.78 | 2.78 | 2.74 | 1.22 | 0.22 4.83 | 035 | 101.01
597 | 0.63 | 1549 | 6852 | 3.73 | 1.37 | 0.79 | 0.03 313 | 0.12 99.78
542 | 1.12 | 16.06 | 66.20 | 2.85 | 2.44 | 1.04 | 0.15 4.40 | 0.25 99.93
543 | 0.80 | 15.72 | 63.97 | 3.30 | 1.94 | 0.79 | 0.15 344 | 0.17 95.70
524 | 142 | 16.27 | 6598 | 2.73 | 292 | 1.20 | 0.07 4.81 | 0.30 | 100.94
585 | 062 | 1493 | 67.64 | 3.63 | 144 | 0.78 | 0.13 313 | 0.14 98.29
592 | 062 | 15.11 | 67.72 | 3.63 | 1.47 | 0.79 | 0.15 3.39 | 0.16 98.96
575 | 071 | 15.02 | 67.81 | 3.65 | 1.54 | 0.79 | 0.09 3.34 | 0.17 98.87
570 | 1.25 | 15.02 | 63.05 | 290 | 2.70 | 1.22 | 0.12 502 | 0.33 97.31
564 | 1.23 | 1550 | 64.82 | 292 | 242 | 1.15 | 0.26 | 4.48 | 0.29 98.71
596 | 0.63 | 15.06 | 68.01 | 3.59 | 1.50 | 0.82 | 0.15 349 | 0.16 99.37
577 | 1.28 | 1561 | 64.05 | 2.74 | 292 | 1.16 | 0.18 | 4.85 | 0.36 98.92
548 | 097 | 15.70 | 63.27 | 3.09 | 2.09 | 0.91 | 0.28 367 | 0.24 95.70
531 | 079 | 15.01 | 64.86 | 3.16 | 1.82 | 0.86 | 0.10 346 | 0.18 95.55
527 | 096 | 15.06 | 64.29 | 3.07 | 225 | 099 | 0.16 | 4.14 | 0.28 96.47
570 | 1.37 | 15.83 | 61.50 | 257 | 292 | 1.15 | 0.12 4.85 | 0.36 96.37
584 | 144 | 1596 | 6450 | 2.88 | 2.86 | 1.24 | 0.19 4.87 | 0.36 | 100.14
565 | 1.38 | 1633 | 64.27 | 2.89 | 2.87 | 1.20 | 0.18 | 4.89 | 0.39 | 100.06
591 | 0.89 | 1562 | 68.39 | 3.40 | 201 | 0.84 | 0.09 3.20 | 0.21 | 100.56
6.07 | 1.58 | 16.06 | 63.12 | 2.66 | 3.47 | 1.27 | 0.15 532 | 0.48 | 100.18
583 | 1.22 | 1595 | 6535 | 290 | 2.61 | 1.20 | 0.19 490 | 0.33 | 100.49

H1(T2) JA1 557 | 1.06 | 1557 | 66.46 | 298 | 2.37 | 1.11 | 0.01 4.20 | 0.25 99.58
4.83 | 2.83 | 1560 | 59.54 | 2.04 | 548 | 1.72 | 0.16 7.25 | 0.54 99.99
431 | 407 | 1577 | 55.03 | 1.49 | 752 | 1.62 | 0.28 | 8.68 | 0.54 99.31
434 | 402 | 1578 | 57.26 | 1.59 | 7.39 | 1.77 | 0.21 8.77 | 0.58 | 101.70
4.07 | 407 | 1558 | 56.28 | 1.52 | 7.60 | 1.67 | 0.25 8.48 | 0.58 | 100.10
503 | 1.28 | 1570 | 65.97 | 2.81 | 2.68 | 1.09 | 0.20 | 4.60 | 0.29 99.62




552 | 140 | 1592 | 6463 | 2.74 | 3.17 | 1.19 | 0.13 4.69 | 0.35 99.74
542 | 133 | 1578 | 64.10 | 2.83 | 297 | 1.25 | 0.27 454 | 0.35 98.83
6.10 | 1.27 | 1549 | 6462 | 2.89 | 2.75 | 1.11 | 0.16 | 450 | 0.34 99.22
567 | 152 | 16.24 | 64.70 | 2.65 | 3.13 | 1.21 | 0.20 506 | 040 | 100.78
535 | 131 | 1564 | 62.27 | 279 | 290 | 1.07 | 0.26 | 4.99 | 0.29 96.85
575 | 1.40 | 1594 | 6443 | 2.71 | 3.19 | 1.24 | 0.00 5.53 | 0.37 | 100.55
567 | 1.22 | 15.87 | 65.24 | 298 | 253 | 1.15 | 0.12 437 | 0.35 99.50
581 | 1.36 | 1576 | 63.70 | 2.81 | 298 | 1.16 | 0.14 503 | 0.39 99.13
557 | 1.31 | 1590 | 64.75 | 290 | 2.71 | 1.28 | 0.15 4.67 | 0.32 99.56
562 | 1.40 | 1577 | 64.21 | 2.88 | 299 | 1.14 | 0.06 516 | 0.33 99.55
549 | 148 | 1556 | 62.04 | 2.66 | 295 | 1.27 | 0.21 5.04 | 0.46 97.15
579 | 139 | 16.00 | 6255 | 2.85 | 3.02 | 1.23 | 0.18 | 4.74 | 0.37 98.13
565 | 1.25 | 1593 | 65.13 | 3.06 | 287 | 1.19 | 0.16 | 4.80 | 0.39 | 100.42
489 | 241 | 1512 | 59.87 | 2.28 | 474 | 1.59 | 0.15 6.91 | 0.61 98.58
436 | 1.37 | 1594 | 64.87 | 294 | 271 | 1.24 | 0.08 | 4.73 | 0.42 98.66
559 | 1.60 | 1591 | 6246 | 2.62 | 3.06 | 1.23 | 0.13 488 | 041 97.90
567 | 1.32 | 1579 | 65.10 | 290 | 2.84 | 1.20 | 0.18 | 4.82 | 0.37 | 100.19
RI2e 562 | 150 | 16.10 | 6598 | 2.74 | 3.06 | 1.25 | 0.15 479 | 0.32 | 101.50
576 | 1.32 | 16.10 | 65.88 | 2.78 | 2.89 | 1.18 | 0.14 | 456 | 0.33 | 100.94
526 | 148 | 16.07 | 6530 | 2.70 | 3.01 | 1.18 | 0.15 5.08 | 0.35 | 100.58
579 | 138 | 1632 | 6542 | 2.77 | 299 | 1.24 | 0.19 4.89 | 0.37 | 101.36
571 | 1.48 | 16.02 | 65.19 | 2.70 | 3.03 | 1.26 | 0.20 | 4.77 | 0.36 | 100.72
566 | 1.51 | 16.07 | 6454 | 2.71 | 299 | 1.24 | 0.09 4.68 | 0.32 99.79
594 | 136 | 1639 | 6484 | 278 | 296 | 1.15 | 0.14 | 455 | 0.37 | 100.48
511 | 145 | 1630 | 6451 | 2.69 | 299 | 1.19 | 0.15 521 | 0.35 99.94
531 | 144 | 16.13 | 6350 | 2.74 | 294 | 1.15 | 0.13 472 | 033 98.40
556 | 1.33 | 1585 | 66.71 | 2.87 | 2.71 | 1.16 | 0.28 | 4.86 | 0.29 | 101.62
540 | 1.20 | 16.21 | 66.96 | 296 | 2.70 | 1.21 | 0.18 | 4.43 | 0.30 | 101.53
504 | 138 | 16.04 | 60.80 | 2.65 | 3.18 | 1.25 | 0.21 506 | 0.37 95.96
578 | 1.38 | 16.08 | 64.19 | 2.84 | 297 | 1.15 | 0.20 506 | 0.32 99.97
572 | 135 | 16.17 | 65.18 | 2.88 | 2.86 | 1.21 | 0.14 | 4.63 | 0.40 | 100.54
581 | 1.40 | 1595 | 6435 | 2.86 | 294 | 1.24 | 0.11 491 | 035 99.92
566 | 1.27 | 1583 | 65.01 | 292 | 259 | 1.27 | 0.18 | 4.38 | 0.33 99.45
590 | 141 | 16.01 | 6451 | 276 | 268 | 1.12 | 0.10 | 4.71 | 0.36 99.54
561 | 142 | 1593 | 64.67 | 2.81 | 294 | 1.29 | 0.19 472 | 0.33 99.93
568 | 1.25 | 15.12 | 61.50 | 2.80 | 2.85 | 1.17 | 0.13 454 | 0.37 95.41
596 | 143 | 1595 | 64.84 | 2.81 | 298 | 1.19 | 0.21 4.81 | 0.38 | 100.58
597 | 144 | 1642 | 6403 | 2.76 | 3.31 | 1.12 | 0.15 4.68 | 0.38 | 100.26
591 | 1.38 | 16.04 | 64.02 | 2.81 | 285 | 1.24 | 0.10 | 4.83 | 0.34 99.53
553 | 134 | 16.13 | 6498 | 287 | 283 | 1.17 | 0.10 | 4.71 | 0.32 99.99
584 | 134 | 1560 | 6348 | 2.84 | 2.77 | 1.10 | 0.17 4.45 | 0.37 97.97
551 | 144 | 16.06 | 64.67 | 2.88 | 3.01 | 1.19 | 0.23 499 | 0.36 | 100.34
90-22 6.23 | 1.30 | 1532 | 63.39 | 3.05 | 246 | 1.08 | 0.14 | 4.85 | 0.31 98.13
6.34 | 1.60 | 1543 | 62.10 | 2.84 | 3.00 | 1.24 | 0.11 509 | 043 98.18
569 | 1.74 | 15.80 | 62.14 | 2.69 | 3.37 | 1.20 | 0.19 5.08 | 0.35 98.24
577 | 153 | 15.61 | 61.87 | 2.87 | 3.16 | 1.28 | 0.16 5.16 | 0.39 97.81
6.42 | 147 | 1562 | 6336 | 2.82 | 297 | 1.19 | 0.16 | 4.94 | 0.35 99.30
552 | 194 | 15.07 | 59.27 | 232 | 471 | 1.34 | 0.14 6.61 | 0.41 97.34
542 | 1.89 | 1546 | 61.07 | 2.61 | 413 | 1.29 | 0.13 5.34 | 0.40 97.74
582 | 156 | 15.61 | 62.72 | 2.83 | 3.04 | 1.20 | 0.17 494 | 0.39 98.27




6.40 | 1.11 | 15.23 | 64.29 | 3.01 | 253 | 0.97 | 0.12 421 | 0.25 98.12
6.31 | 1.19 | 1549 | 64.28 | 3.18 | 256 | 1.07 | 0.16 | 4.66 | 0.36 99.26
574 | 148 | 15.62 | 62.13 | 2.72 | 3.12 | 1.17 | 0.08 5.23 | 0.45 97.74
577 | 1.63 | 1554 | 61.72 | 256 | 3.16 | 1.26 | 0.19 5.27 | 0.42 97.53
559 | 148 | 1543 | 6349 | 3.00 | 3.20 | 1.23 | 0.13 506 | 0.37 98.97
6.32 | 1.25 | 1545 | 63.01 | 295 | 264 | 1.14 | 0.14 | 486 | 0.34 98.10
6.28 | 1.33 | 1536 | 63.04 | 2.86 | 2.67 | 1.18 | 0.22 475 | 0.35 98.03
6.31 | 1.16 | 15.20 | 64.72 | 296 | 240 | 1.02 | 0.14 | 4.40 | 0.27 98.58
6.13 | 1.36 | 15.79 | 63.98 | 2.80 | 253 | 1.24 | 0.10 | 4.48 | 0.36 98.76
6.11 | 1.31 | 15.82 | 63.26 | 2.84 | 2.78 | 1.14 | 0.12 471 | 041 98.50
587 | 1.10 | 1540 | 63.52 | 2595 | 239 | 1.13 | 0.21 4.65 | 0.28 97.49
574 | 155 | 1566 | 63.17 | 2.89 | 2.75 | 1.26 | 0.20 | 4.81 | 0.44 98.48
6.46 | 1.36 | 1557 | 63.12 | 2.77 | 292 | 1.15 | 0.20 | 4.91 | 0.37 98.83
6.08 | 1.35 | 1544 | 6257 | 2.86 | 2.83 | 1.18 | 0.19 4.69 | 035 97.55
595 | 140 | 15.69 | 6393 | 2.86 | 2.81 | 1.23 | 0.19 4.89 | 0.36 99.31
597 | 1.26 | 1577 | 63.83 | 294 | 259 | 1.21 | 0.15 456 | 0.32 98.61
6.13 | 1.63 | 1558 | 6241 | 2.74 | 3.05 | 1.24 | 0.15 5.00 | 0.44 98.38
6.27 | 1.32 | 1542 | 63.00 | 297 | 2.75 | 1.21 | 0.11 472 | 035 98.11
557 | 1.35 | 15.68 | 6445 | 299 | 252 | 1.15 | 0.15 474 | 031 98.91
6.39 | 1.22 | 1560 | 63.00 | 2.88 | 2.81 | 1.14 | 0.23 470 | 0.33 98.30
RI1 6.49 | 1.07 | 16.65 | 65.74 | 3.00 | 2.11 | 0.97 | 0.19 3.85 | 0.21 | 100.28
6.55 | 1.00 | 16.82 | 66.50 | 2.78 | 2.13 | 0.97 | 0.13 3.72 | 0.26 | 100.87
6.22 | 1.06 | 1691 | 66.35 | 297 | 2.10 | 0.96 | 0.11 3.71 | 0.23 | 100.61
6.40 | 098 | 16,55 | 66.18 | 3.03 | 2.14 | 0.98 | 0.19 3.74 | 0.22 | 100.42
6.44 | 1.05 | 1632 | 64.69 | 2.86 | 2.02 | 1.04 | 0.23 3.78 | 0.25 98.68
6.11 | 1.13 | 16.65 | 65.14 | 2.85 | 2.24 | 0.97 | 0.17 415 | 0.27 99.68
6.50 | 1.01 | 16,51 | 65.56 | 290 | 2.05 | 0.94 | 0.12 3.79 | 0.22 99.60
6.27 | 1.12 | 16.67 | 65.29 | 2.84 | 2.32 | 1.08 | 0.11 4.03 | 0.29 | 100.02
6.37 | 1.09 | 16.84 | 66.20 | 290 | 2.29 | 0.97 | 0.21 419 | 0.21 | 101.27
6.21 | 1.33 | 1632 | 6401 | 2.71 | 2.62 | 1.20 | 0.19 405 | 031 98.96
6.35 | 1.09 | 16.27 | 65.05 | 2.82 | 2.20 | 1.02 | 0.16 | 4.04 | 0.26 99.26
6.19 | 096 | 16.59 | 65.74 | 2.89 | 2.06 | 0.93 | 0.24 356 | 0.24 99.40
6.60 | 1.04 | 16.87 | 6598 | 294 | 2.11 | 1.02 | 0.23 3.61 | 0.25 | 100.65
593 | 1.03 | 1631 | 6453 | 2.89 | 208 | 0.94 | 0.14 345 | 0.26 97.56
6.42 | 1.23 | 16.88 | 65.59 | 2.82 | 2.15 | 1.02 | 0.20 3.81 | 0.29 | 10041
6.39 | 1.01 | 1697 | 6550 | 3.03 | 2.11 | 1.03 | 0.16 356 | 0.24 99.98
6.41 | 1.08 | 16.07 | 63.69 | 295 | 2.00 | 0.94 | 0.25 3.66 | 0.25 97.30
6.51 | 1.21 | 16.66 | 6457 | 2.78 | 2.34 | 1.05 | 0.09 3.88 | 0.29 99.37
6.28 | 1.08 | 16.31 | 65.07 | 293 | 2.17 | 0.98 | 0.20 3.53 | 0.26 98.83




Supplementary Table 5.1 Whole rock composition data for samples of Volcan Sollipulli eruption deposits.

Unit Chufquén cone Alpehué Redondo cone Circum-caldera
Sample Scoria Lava Pumice Lithic Ignim. Scoria lavas

Code 211/03 | 305/07 | 305/08 | 211/10 | 214/02 | 224/01 | 227/03 | 301/03 | 206/01 | 211/09 | 208/01 | 214/04
Sio, 52.22 52.76 53.65 58.76 67.81 67.37 54.20 66.78 51.96 47.98 66.74 61.79

w TiO, 0.831 1.254 1.284 0.570 0.442 0.459 0.980 0.510 0.955 1.455 0.643 0.984
2 Al,04 18.46 17.40 17.62 18.95 15.49 15.18 17.91 15.67 17.82 20.45 15.78 16.34

;\g‘ Fe,031 8.75 9.79 9.99 5.90 3.25 3.34 8.83 3.75 9.47 11.47 4.58 6.53
s MnO 0.153 0.162 0.166 0.154 0.075 0.077 0.148 0.086 0.156 0.161 0.098 0.131

g MgO 5.61 4.86 431 0.46 0.74 0.77 4.98 0.93 5.86 411 1.21 2.28

% Ca0 10.26 8.70 8.00 1.96 2.52 2.42 8.21 2.64 9.33 7.12 3.19 4.85

E Na,O 3.07 3.77 4.00 4.66 5.02 5.00 3.82 4.86 3.10 3.04 5.23 4.94
E K,O 0.699 0.982 1.091 1.218 3.108 3.146 1.080 2.922 0.628 0.579 2.658 1.997
§ P,0s 0.158 0.306 0.367 0.146 0.122 0.119 0.195 0.131 0.171 0.403 0.137 0.265
§ SO3 <0.002 | <0.002 | <0.002 | 0.006 0.004 0.004 0.041 0.003 0.011 | <0.002 | <0.002 | <0.002

= LOI -0.25% | -0.01* | -0.01* 6.16 1.90 2.30 0.33 2.29 1.11 3.00 0.04 0.04
Total 99.95 99.97 | 100.46 | 9895 | 100.48 | 100.17 | 100.71 | 100.58 | 100.58 | 99.77 | 100.30 | 100.14

Sc 25.38 26.03 23.81 6.07 6.03 21.36 24.85 1191 15.65

Cr 109.70 | 76.50 15.15 <LDL <LDL 70.36 108.54 5.03 3.39

Co 25.08 39.15 23.39 3.57 3.73 24.40 26.92 13.99 11.63

Cu 96.27 66.82 57.25 14.68 19.56 59.61 108.56 33.30 36.86

Zn 80.97 88.06 98.44 44.52 49.57 83.02 90.23 70.02 84.88

Ga 14.43 15.68 16.07 14.09 14.76 14.92 14.16 16.99 15.28

Rb 15.31 23.04 25.95 83.12 92.43 26.75 16.07 70.24 48.51
Sr 640.31 | 602.00 | 620.22 240.43 | 239.97 | 556.94 523.13 331.73 | 479.08

Y 11.92 18.54 19.30 18.81 20.41 15.70 13.66 25.06 21.62

g Nb 2.35 5.13 5.87 7.68 7.97 3.82 211 7.38 6.28

6' Mo 0.48 0.68 1.09 1.99 2.14 0.70 0.44 1.67 1.19

g Cs 1.13 0.95 1.23 4.60 4.79 1.41 0.92 3.56 2.39
5 Ba 237.11 | 337.53 | 422.02 679.24 | 733.79 | 345.08 228.22 681.46 | 574.58
E La 8.25 14.04 16.35 21.11 22.87 11.46 6.66 23.12 19.57
f: Ce 24.66 39.89 46.64 51.40 56.30 32.71 20.77 57.88 56.52

g Pr 2.44 4.10 4.66 5.11 5.43 331 2.00 6.18 5.42
E Nd 11.30 18.73 20.12 19.10 20.00 13.53 9.76 23.41 21.69

% Sm 2.57 4.34 4.29 3.75 3.88 3.04 2.45 4.81 4.55

g’ Eu 0.85 1.29 1.33 0.80 0.83 0.93 0.83 1.12 1.22

_‘2’ Gd 2.50 4.08 4.08 3.16 3.39 3.04 2.72 4.54 4.22

§ Tb 0.37 0.60 0.61 0.51 0.55 0.46 0.43 0.71 0.66

§ Dy 2.48 3.71 3.81 3.23 3.46 2.93 2.83 4.38 3.96

= Ho 0.52 0.78 0.75 0.68 0.71 0.60 0.56 0.89 0.82

Er 1.49 2.21 2.20 2.10 2.23 1.77 1.61 2.71 2.39

m 0.21 0.30 0.31 0.32 0.34 0.24 0.24 0.40 0.35

Yb 1.33 2.02 2.10 2.28 241 1.65 1.52 2.73 2.37

Lu 0.20 0.32 0.31 0.35 0.37 0.25 0.23 0.43 0.37

Hf 1.87 3.08 331 5.45 5.80 2.59 1.84 5.84 4.50

Ta 0.16 0.32 0.35 0.52 0.54 0.24 0.14 0.55 0.39

Pb 9.60 9.14 10.51 23.86 25.22 9.49 7.15 23.87 18.63

Th 2.85 2.58 2.53 8.60 9.44 2.79 1.35 7.69 5.87

u 0.90 0.74 0.79 2.50 2.70 0.84 0.46 2.26 1.64

LDL = lower detection limit

* Excluded from calculation of total




Unit

Circum-caldera lavas

Chufquén Valley lavas

Sharkfin sequence

Sample Lava subsequence
Code 218/01 | 210/10 | 216/07 | 213/02 | 213/04 | 213/05 | 209/03 | 209/06 | 209/09 | 210/03 | 210/04 | 225/03 | 209/05
Sio, 63.41 60.66 63.34 55.16 54.75 55.41 50.31 50.47 50.27 50.16 51.04 49.71 49.31
L TiO, 0.772 0.933 0.988 0.752 0.676 0.672 0.845 0.842 0.871 1.020 1.040 0.855 0.730
E. Al,O4 16.47 16.35 15.66 18.49 18.56 18.85 21.35 21.18 21.31 20.19 19.83 20.90 21.48
;\g“ Fe,O37 593 6.70 6.01 7.38 7.29 7.40 7.58 7.79 7.72 8.47 8.61 791 6.95
s MnO 0.113 0.131 0.126 0.131 0.127 0.129 0.113 0.119 0.115 0.126 0.135 0.128 0.111
g MgO 2.12 2.21 1.62 5.23 5.28 5.42 4.20 4.24 4.32 4.57 5.13 4.04 418
% Cao 4.71 4.96 3.65 893 9.09 9.23 11.24 11.10 11.32 10.77 10.55 11.08 10.33
E Na,0 4.84 4.82 5.17 3.38 3.22 3.23 2.77 2.87 2.88 3.05 3.22 2.79 1.96
E K,0 2.071 2.047 2.734 1.007 0.983 0.973 0.478 0.473 0.377 0.466 0.656 0.496 0.863
§ P,05 0.165 0.264 0.312 0.173 0.151 0.153 0.161 0.161 0.166 0.189 0.210 0.161 0.152
§ SO3 <0.002 0.005 0.004 <0.002 | <0.002 | <0.002 | <0.002 | <0.002 | <0.002 | <0.002 | <0.002 | <0.002 | <0.002
2 LOI -0.03* 0.23 0.35 0.30 0.40 0.35 0.93 0.76 0.88 0.89 0.85 0.76 2.35
Total 100.58 99.31 99.97 100.93 | 100.53 | 101.82 99.97 100.01 | 100.24 99.90 101.27 98.84 98.40
Sc 16.76 15.58 11.78 21.99 18.72 20.82 20.08 19.55 21.75 23.07
Cr 7.72 6.20 <LDL 58.11 61.43 60.85 97.22 93.85 | 131.86 | 127.80
Co 12.83 11.75 7.69 22.62 18.87 21.75 20.03 18.75 21.71 22.39
Cu 61.95 33.01 14.05 87.30 87.69 82.71 85.40 85.18 89.75 88.15
Zn 75.06 81.53 85.74 73.29 71.91 72.25 69.81 71.99 74.27 71.41
Ga 18.52 15.58 14.32 15.73 12.54 14.52 14.58 13.40 13.47 14.24
Rb 54.58 53.57 75.11 21.62 21.45 21.20 9.22 3.29 9.31 10.74
Sr 469.51 | 466.41 | 370.30 | 694.01 | 707.83 | 705.39 | 710.42 714.38 | 704.93 | 658.95
Y 24.15 22.97 23.86 13.27 9.91 11.45 11.50 10.78 12.13 13.37
g Nb 6.16 7.42 8.19 291 2.64 2.69 2.15 2.17 3.62 3.77
6‘ Mo 1.08 1.33 1.70 0.68 0.61 0.63 0.29 0.22 0.23 0.36
g Cs 1.76 2.64 3.16 1.22 1.02 1.09 0.47 0.08 0.64 0.58
5 Ba 582.25 | 576.28 | 728.75 | 311.30 | 307.10 | 306.58 | 202.41 234.37 | 272.97 | 286.78
E La 21.95 19.88 21.81 10.79 9.03 10.31 7.61 7.33 8.66 9.43
f: Ce 49.89 54.43 65.20 29.71 28.75 28.94 23.52 24.12 27.89 27.48
g Pr 5.77 5.54 5.83 3.05 2.45 2.74 2.24 2.17 2.56 2.80
E Nd 23.07 22.16 23.53 12.90 10.25 10.96 10.86 10.66 11.84 13.12
% Sm 4.87 4.73 493 2.88 2.20 2.49 2.47 2.40 2.71 3.03
g’ Eu 1.25 1.26 1.19 0.88 0.69 0.74 0.85 0.83 0.91 1.01
_‘2’ Gd 4.61 4.56 4.64 2.70 2.03 2.27 2.57 2.46 2.69 2.97
§ Tb 0.71 0.68 0.70 0.42 0.31 0.34 0.38 0.38 0.39 0.44
§ Dy 4.50 4.27 4.52 2.44 1.93 2.15 2.38 2.33 2.58 2.76
= Ho 0.90 0.86 0.91 0.50 0.38 0.42 0.48 0.47 0.50 0.55
Er 2.72 2.49 2.67 1.47 1.15 1.23 1.39 1.33 1.42 1.58
Tm 0.40 0.36 0.40 0.21 0.16 0.17 0.21 0.19 0.20 0.22
Yb 2.77 2.49 2.64 1.46 1.13 1.20 1.29 1.25 1.28 1.48
Lu 0.42 0.37 0.39 0.21 0.16 0.18 0.19 0.18 0.18 0.22
Hf 5.25 4.80 5.81 2.28 1.97 1.98 1.82 1.81 1.96 2.06
Ta 0.40 0.45 0.55 0.18 0.16 0.16 0.14 0.14 0.23 0.23
Pb 20.95 17.16 19.89 12.69 10.89 11.46 7.00 6.81 6.86 7.31
Th 7.15 5.21 6.82 3.80 3.43 3.72 1.59 1.50 1.62 1.73
U 2.21 1.56 2.15 1.17 1.00 1.09 0.55 0.42 0.45 0.58




Unit Sharkfin sequence
Sample Intrusions
Code 209/07 | 209/12 | 210/05 | 210/07 | 210/13 | 216/03 | 216/05 | 216/06 | 216/08 | 223/01 | 223/03 | 305/02
Sio, 50.55 52.85 52.72 49.82 51.37 52.87 52.66 51.57 53.35 54.56 51.94 52.45
w TiO, 1.020 1.225 1.234 1.030 0.863 0.948 0.809 1.021 0.791 1.020 1.000 0.959
E. Al,O; 21.11 17.62 17.63 18.41 17.79 17.53 17.53 18.92 18.23 18.34 18.45 18.16
;\;‘ Fe,O31 8.53 10.32 9.44 8.69 9.16 8.11 7.80 8.85 8.21 8.17 8.48 8.34
s MnO 0.124 0.165 0.154 0.132 0.146 0.148 0.134 0.142 0.141 0.134 0.138 0.147
g MgO 3.63 4.37 4.77 5.99 7.53 4.84 6.15 5.71 5.30 4.66 5.12 5.51
% Cao 10.79 8.70 8.75 9.36 9.17 9.32 9.21 8.76 9.53 7.82 8.89 9.21
% Na,O 3.16 3.90 3.60 3.39 2.91 3.49 3.31 3.72 3.28 3.97 3.52 3.52
E K,0 0.650 0.926 1.090 0.917 0.739 1.105 1.038 1.032 0.790 1.372 0.827 0.995
§ P,0g 0.210 0.243 0.278 0.278 0.194 0.211 0.191 0.297 0.163 0.306 0.308 0.246
§ SO; <0.002 | <0.002 0.041 <0.002 | <0.002 0.002 <0.002 0.012 <0.002 0.002 <0.002 | <0.002
= LOI 0.44 0.62 0.65 0.39 0.69 1.17 0.66 0.21 0.23 0.16 0.82 0.96
Total 100.21 | 100.93 | 100.37 | 98.41 | 100.56 | 99.74 99.49 | 100.24 | 100.01 | 100.51 | 99.48 | 100.49
Sc 19.89 26.21 25.79 21.93 22.30 19.13 19.95 20.08 19.91 17.00 17.07
Cr 36.09 29.85 83.46 | 159.02 | 201.81 | 102.76 | 159.61 | 95.78 55.27 59.00 65.28
Co 18.81 23.20 24.83 25.35 32.35 19.34 22.42 25.32 19.93 19.62 21.79
Cu 102.85 | 104.34 | 102.56 | 102.95 81.30 84.51 86.16 53.95 88.12 73.74 72.27
Zn 75.92 95.37 88.88 82.55 81.81 78.70 82.48 86.97 78.40 82.23 85.82
Ga 14.58 15.87 16.32 14.07 14.23 12.23 13.53 14.98 12.04 14.39 13.61
Rb 12.90 18.35 27.37 22.56 19.07 22.81 17.98 18.77 14.90 27.10 13.65
Sr 720.68 | 570.24 | 626.55 | 668.41 | 540.88 | 744.24 | 825.46 | 896.32 | 693.24 | 775.75 | 824.01
Y 11.70 17.14 18.76 14.31 14.08 12.91 12.97 15.13 9.64 16.11 14.07
g Nb 3.29 4.18 4.66 5.93 3.13 3.68 3.65 4.82 2.22 5.42 4.83
6 Mo 0.39 0.56 0.70 0.63 0.46 0.69 0.48 0.26 0.42 0.72 0.49
5 Cs 0.38 0.42 1.27 0.43 0.91 0.87 0.56 0.49 0.63 0.52 0.63
5 Ba 248.53 | 289.76 | 378.68 | 394.25 | 274.14 | 365.69 | 365.01 | 394.65 | 255.74 | 448.62 | 382.26
z La 8.60 9.88 12.95 11.36 9.70 11.99 13.25 16.53 8.19 17.71 15.19
f: Ce 27.49 30.02 39.28 35.61 28.08 42.15 41.91 49.12 27.11 52.72 48.36
é Pr 2.53 3.02 3.95 3.30 2.85 3.29 3.49 4.60 2.27 4.83 4.28
g Nd 11.13 14.80 18.56 14.55 13.14 14.28 16.09 20.24 9.77 19.31 19.27
% Sm 2.52 3.63 4.43 3.29 3.02 3.01 3.17 4.12 2.16 3.85 3.93
g’ Eu 0.84 1.19 1.27 1.03 0.93 0.93 0.93 1.22 0.69 1.10 1.13
E‘ Gd 2.51 3.55 4.10 3.20 3.08 291 293 3.57 2.04 3.36 3.45
§ Tb 0.38 0.55 0.61 0.46 0.44 0.42 0.41 0.51 0.30 0.47 0.49
§ Dy 2.34 3.46 3.85 2.79 2.81 2.58 2.69 3.18 1.89 2.95 2.97
= Ho 0.48 0.73 0.78 0.57 0.58 0.54 0.54 0.62 0.39 0.61 0.61
Er 1.40 2.10 2.30 1.65 1.71 1.56 1.56 1.82 1.09 1.74 1.73
Tm 0.19 0.30 0.32 0.24 0.24 0.22 0.21 0.25 0.16 0.25 0.25
Yb 1.25 1.92 2.10 1.50 1.56 143 1.49 1.64 1.03 1.70 1.55
Lu 0.19 0.29 0.31 0.22 0.23 0.22 0.22 0.25 0.16 0.25 0.24
Hf 1.87 2.60 3.10 2.34 2.39 2.65 2.66 2.88 1.79 3.14 3.02
Ta 0.20 0.27 0.29 0.38 0.20 0.24 0.23 0.28 0.14 0.31 0.29
Pb 5.66 7.00 10.32 7.33 7.69 10.72 17.26 11.22 7.98 7.86 9.31
Th 1.41 1.81 2.87 1.78 194 4.47 4.45 3.57 2.86 4.37 3.05
u 0.42 0.58 0.93 0.62 0.62 1.25 1.19 0.95 0.73 1.21 0.85




Unit Sharkfin sequence
Sample Hyaloclastite subsequence Scoria

Code 209/10 | 209/11 | 209/17 | 210/06 | 210/09 | 210/12 | 305/03 | 305/04 | 223/04 | 305/06
Sio, 50.03 51.49 49.33 53.46 51.64 52.47 53.02 55.33 54.41 51.74

w TiO, 0.913 1.065 0.747 0.769 0.742 1.239 1.329 1.233 0.782 0.780
E. Al,O; 19.49 19.08 17.44 18.34 17.99 17.58 17.85 17.96 17.10 18.38

;\;‘ Fe,031 8.60 8.90 7.79 7.38 7.51 9.37 10.04 8.27 7.49 8.77
s MnO 0.135 0.143 0.127 0.120 0.120 0.149 0.139 0.141 0.131 0.141

g MgO 5.33 5.03 7.63 5.34 6.61 4.62 2.81 2.60 5.73 5.50
% Ca0o 9.04 9.79 10.18 8.92 8.81 8.60 8.16 7.58 8.03 10.41

S Na,O 1.88 3.25 2.14 3.07 2.44 3.60 3.56 3.79 3.67 2.77
E K,0 1.260 0.672 0.692 1.017 1.084 1.042 1.128 1.508 1.264 0.662
§ P,0g 0.178 0.213 0.186 0.173 0.175 0.277 0.327 0.307 0.180 0.154
§ SO; <0.002 | <0.002 0.004 0.004 0.025 <0.002 | <0.002 | <0.002 | <0.002 | <0.002

= LOI 3.40 0.68 3.53 1.52 2.17 0.87 151 1.30 0.58 0.64
Total 100.26 | 100.31 | 99.81 | 100.11 | 99.33 99.81 99.87 | 100.02 | 99.37 99.95

Sc 20.51 24.04 20.06 17.78 23.04 19.16 21.44
Cr 103.69 | 121.28 | 145.45 148.67 84.52 138.17 | 117.57

Co 24.66 24.41 28.62 24.98 22.60 22.70 23.97

Cu 90.86 100.91 84.32 61.13 102.90 74.71 61.93

Zn 72.66 79.11 73.24 74.29 88.87 75.20 77.05

Ga 12.94 15.07 13.25 13.62 14.47 14.94 12.84

Rb 32.40 14.12 11.51 24.21 25.80 30.43 16.32
Sr 547.51 | 645.77 | 831.33 719.92 | 617.42 715.32 | 643.19

Y 11.95 15.04 10.60 12.67 17.40 16.09 10.38

g Nb 2.68 3.28 2.50 3.56 4.75 4.70 2.51

6 Mo 0.08 0.49 0.25 0.30 0.64 0.90 0.42

5 Cs 1.36 0.87 0.53 1.15 1.26 1.69 0.98
5 Ba 273.07 | 290.50 | 292.08 323.84 | 387.27 414.66 | 241.58

Z La 8.21 10.01 12.94 12.65 12.90 16.51 7.34
i Ce 25.25 29.50 35.74 34.85 39.28 43.00 23.29

é Pr 2.44 3.02 3.48 3.36 3.75 4.22 2.19
g Nd 11.44 14.03 15.45 14.96 17.13 17.58 10.10

g | sm 266 | 342 | 3.00 313 | 402 355 | 236

g’ Eu 0.88 1.05 0.93 0.88 1.15 1.01 0.76

E‘ Gd 2.69 3.29 2.68 2.89 3.77 3.27 2.32

S| T | 039 | 048 | 037 041 | 055 049 | 034

§ Dy 2.51 3.08 2.29 2.66 3.53 3.21 2.16

= Ho 0.51 0.63 0.45 0.52 0.72 0.63 0.46

Er 1.49 1.80 1.24 1.56 2.01 1.83 1.27

Tm 0.20 0.25 0.18 0.22 0.28 0.26 0.18

Yb 1.32 1.68 1.14 1.45 1.89 1.78 1.21

Lu 0.20 0.25 0.17 0.23 0.28 0.26 0.18

Hf 1.94 2.33 191 2.73 2.98 3.39 1.87

Ta 0.17 0.20 0.14 0.23 0.30 0.28 0.17

Pb 7.53 8.98 7.33 10.77 10.64 13.24 9.54

Th 1.66 2.10 3.60 3.96 2.68 591 2.29

u 0.55 0.71 0.91 0.98 0.87 1.67 0.82




