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ABSTRACT

A new high-precision inverse isochron “°Ar/>°Ar age for the youngest Toba super-eruption is presented:
75.0 + 0.9 ka (1 sigma, full external precision, relative to the optimisation model of Renne et al., 2010,
2011). We present the most accurate and robust radio-isotopic age constraint for the Young Toba Tuff.
4OAr/>%Ar ages for biotite shards harvested from ultra-distal Toba tephra deposits (>2500 km) preserved
in archaeological sites in the Middle Son Valley and Jurreru Valley, India, establish provenance with the
young Toba super-eruption. The air-fall tephra at these sites can be used as an isochronous horizon
facilitating stratigraphic and temporal correlation throughout India. The high-precision “°Ar/3°Ar age for
the young Toba tephra can serve as a tie point for linking of the multiple Greenland ice cores beyond the
GICCO5 timescale, and permits correlation to other absolutely dated palaeoclimate archives for the
testing of synchronicity in the response of the global climate system.
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1. Introduction

The Toba volcano located in northern Sumatra, Indonesia
(Fig. 1), is the largest known Quaternary caldera. The caldera (as
visible today) extends over 2270 km? and is the product of the
young Toba super-eruption. The super-eruption produced approx-
imately 2800 km® of pyroclastic ejecta (2400 km> of dense rock
equivalent) (Chesner, 1998; Mason et al., 2004; Matthews et al.,
2012), a volume of comparable size to the largest Yellowstone
super-eruption (Huckleberry Ridge Tuff; Ellis et al, 2012), but
dwarfing other Quaternary eruptions (Fig. 2), including the 1815
eruption of Tambora. Ash fall from the young Toba super-eruption
covered approximately 40,000,000 km? of South and South-East
Asia (Chesner et al., 1991) (Fig. 1). The young Toba tephra (or tuff)
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(YTT) can be found preserved in marine cores (e.g., ODP 758)
throughout the Pacific Ocean, Bay of Bengal and Indian Ocean.
Astronomical tuning suggests an age for the eruption of c. 73 to
74 ka (Ninkovich, 1979; Oppenheimer, 2002) supporting the radio-
isotopic 4°Ar/*°Ar age of 73 & 4 ka' (relative to Fish Canyon Tuff
sanidine [FCs] at 27.84 Ma; Chesner et al., 1991).

Despite the large magnitude of the young Toba super-eruption,
its impact on both the regional and global climate systems remains
controversial with polarised interpretations. Geochemical evidence
from ice core records support a hypothesis of substantial impact
(Rampino and Self, 1992, 1993; Zielinski et al., 1996; Ambrose, 1998;
Rampino and Ambrose, 2000; Williams, 2012b), whilst evidence
from sea surface temperature estimates, mammal and termite
survival, and archaeological artefacts support a hypothesis of

1 40Ar/39Ar age + analytical uncertainty here and throughout (unless otherwise
stated) are reported at the 1¢ (68%) confidence level.
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Fig. 1. (a) Map showing the location of the Toba caldera, the sample sites in India (Middle Son Valley and Jurreru Valley) and other locations where Toba tephra is found (circles)
(modified from Oppenheimer, 2002; Jones, 2010). (b) The Toba caldera as visible today and the sampling location at Haranggoal (modified from Smith et al., 2011a).

minimal impact (Schulz et al., 2002; Petraglia et al., 2007; Louys,
2012). Some researchers have viewed the Toba super-eruption as
one of the most significant events in the course of human evolution,
leading to cataclysmic changes in terrestrial ecosystems and the
near extinction of our species (Ambrose, 1998; Rampino and
Ambrose, 2000; Williams et al., 2009). Genetic evidence has been
used to suggest a sudden drop in the numbers of the ancestors of
living human populations to a few thousand at c. 74 ka (Haigh and
Maynard Smith, 1972; Harpending et al., 1993; Jorde et al., 1998),
with survivors concentrated solely in African biotic refugia
(Tishkoff et al., 2009). According to these catastrophic hypotheses,
modern humans migrated to Asia and Europe following the young
Toba super-eruption, eventually arriving in Australia by c. 50 ka
(Bowler et al., 2003) and western Eurasia by c. 45 ka (Richter et al.,
2008). However, the timing of expansion from Africa to Asia relative
to the young Toba super-eruption, as well as its direct impact on
human populations, has been strongly contested (Gathorne-Hardy
and Harcourt-Smith, 2003; Scholz et al., 2007; Cohen et al., 2007).

The potential occurrence of YTT as an isochronous marker ho-
rizon across the peninsula of India has sparked debate about the
severity of environmental change and the survivorship of foraging

Toba YTT s
2800 km3

Mt. St. Helens
1980
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HRT A and B
2200 km3

Fig. 2. Eruption volumes for selected Quaternary volcanoes (bulk rock estimates).
Volumes are from Chesner and Rose (1991) for Toba (YTT, MTT and OTT), HRT is
Huckleberry Ridge Tuff, Yellowstone (Ellis et al., 2012), Bishop Tuff from Hildreth and
Wilson (2007), Tambora (Self et al., 2004), Krakatau (Carey et al., 1996), Pinatubo (Scott
et al.,, 1996) and Mt. St. Helens (Sarna-Wojcicki et al., 1981).

populations (Haslam and Petraglia, 2010; Petraglia et al., 2012). The
accurate identification and age of terrestrial deposits of ash is
therefore critical for evaluating the climatic and environmental
effects of the super-eruption and the dispersal and continuity of
hominins in Eurasia.

Here we provide a new high-precision “°Ar/>*Ar age constraint
for the youngest Toba super-eruption. We also provide a method-
ology for “°Ar/*°Ar dating of ultra-distal-tephra and investigate the
ages of tephra located at archaeological sites across India with an
aim to establish tephra provenance. The impacts of the young Toba
super-eruption on both the local and global climate are discussed,
and implications for the evolution of hominin populations are
explored.

2. The Toba caldera and distal tephra in India

The Toba Caldera is the product of subduction of the Indian—
Australian Plate beneath the Southeast-Asian Plate. Three main
eruptive events define the history of one of the largest and most
explosive volcanoes on Earth: the young Toba super-eruption
(producing the YTT, c. 74 ka), Middle Toba eruption (producing
the Middle Toba Tuff, MTT, c. 500 ka), and the old Toba super-
eruption (producing the Old Toba Tuff, OTT, c. 790 ka) (Chesner
and Rose, 1991; Chesner et al., 1991). At proximal locations on
Sumatra each of these deposits are hundreds of metres thick,
welded and crystal rich (up to 40%, containing mineral assemblages
dominated by quartz, sanidine, plagioclase, biotite and amphibole)
(Chesner, 1998). Below the deposits that record explosive volcan-
ism on Sumatra is the Haranggoal Dacite Tuff (HDT, c. 1200 ka;
Chesner and Rose, 1991) and a series of andesites (c. 1300 ka;
Yokoyama and Hehanussa, 1981).

Distally, tephra from the Toba eruptions has been documented
in Malaysia (Scrivenor, 1930), the Bay of Bengal (Ninkovich et al.,
1978), the East China Sea (Lee et al.,, 2004), the Indian Ocean
(Pattan et al., 2001), and sites across the peninsula of India
(Westgate et al., 1998). The general NW distribution of Toba tephra
(Fig. 1) is clearly a result of eruption magnitude and wind direction.
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YTT and OTT, products of the two Toba super-eruptions are orders
of magnitude larger than MTT, and thus were further reaching than
MTT (Chesner and Rose, 1991, Figs. 1 and 2). There has been much
discussion about which tephra (OTT or YTT) is present across the
peninsula of India but in order for the tephra to be used as an
isochronous marker horizon for stratigraphic and temporal corre-
lation, knowledge of the tephra provenance and its age are critical.

Acharyya and Basu (1993) concluded that all tephra deposits
across India were YTT and as such, these units provide a unique
marker horizon permitting correlation. Mishra and Rajaguru (1994)
suggested the young age assignment was at odds with Lower
Palaeolithic artefacts associated with the Bori tephra and as such,
multiple Toba tephra deposits of various ages must be preserved
across India. Westgate et al. (1998) reported glass shard geo-
chemistry from sites in India supporting the conclusion that the
tephra distributed across India is YTT. However, it should be noted
that glass shard chemistry from the different Toba tephra is similar
and whereas tephra correlation to Toba is possible, correlation to
specific eruptions is more problematic. Westgate et al. (1998) also
presented two fission track ages of 121 + 22 ka and 84 + 16 ka from
glass shards, both significantly younger than the OTT, the latter
overlapping at the 1 sigma confidence level with the age of YTT
(Chesner et al., 1991).

Although Acheulean artefacts are found in association with the
tephra horizon in India, researchers have suggested that the use of
Lower Palaeolithic artefacts in the Late Pleistocene was unlikely
(Jones and Pal, 2009). Indeed, it has been noted that for the majority
of locations in India, the stratigraphic association between tephra
and artefacts is problematic and poorly documented (Jones, 2007).

Through “°Ar/3°Ar dating of volcanic glass Westaway et al.
(2011) favour correlation of the tephras across India with OTT.
However, there are statistical issues with the selection criteria for
age steps and ‘plateaus’ (single steps through to four steps, totalling
a maximum of 20—30% 3°Ar) from highly discordant and con-
tinuously changing “°Ar/3°Ar age spectra (step-heating of distal
glass). This contribution does not conform to the best practices
adopted widely in the “°Ar/>*°Ar community (e.g., see discussion in
Renne et al., 2009).

Smith et al. (2011a), realising the difficulty in resolving OTT and
YTT using glass shard chemistry, performed geochemical analyses
on the biotite. The data indicate that owing to subtle differences in
biotite geochemistry, tephra from sampled sites across India could
indeed be directly correlated with YTT.

Currently there is a discrepancy between the stratigraphic ob-
servations, tephra geochemistry, and the archaeology and above
ash correlations. Hence, we have sampled tephra from key sites in
an attempt to resolve the two-decade old question of ‘which Toba
tephra is preserved at various archaeological sites throughout
India?’

3. Sample sites

Tuffs both proximal (Sumatra) and distal (across India) to the
Toba Caldera were collected. The proximal samples were collected
to facilitate determination of a high-precision “°Ar/>*°Ar age for YTT.
Distal samples were collected to allow establishment of a definitive
provenance (and an age) for the primary ash fall horizons at
archaeological sites in India.

3.1. Proximal deposits

The YTT proximal sample was collected at Haranggoal, near the
northern tip of the caldera (Figs. 1 and 3). Four sub-units are
observed in the YTT deposit (Knight et al., 1986). We sampled
(sample NP8, 2°53’11”N, 98°39'41”E) from the base of YTT, the

second sub-unit, at ~1220 m above sea level (m asl) and ~325 m
above the lake surface. The basal YTT unit is 20 m thick, pumice-
rich, slightly welded, lithic and crystal-rich, inversely graded tuff
with pumice clasts that are ~7 cm in diameter. Knight et al. (1986)
provide a full description of the units at Haranggoal. The sampled
unit is overlain by a ~20 m thick, pumice-rich zone with large
clasts (10—20 cm in diameter) in a crystal-rich matrix. It is overlain
by a ~20 m-thick lithic-rich unit containing clasts of welded tuff
and argillite, with large pumices (10—20 cm in diameter) in a fines-
poor, crystal-rich matrix. The rest of the YTT unit at this site,
>100 m, is comprised of a white-grey non-welded tuff, with
pumices up to 63 cm in a crystal- and lithic-rich matrix (Fig. 3).

3.2. Distal deposits

Distal deposit samples were collected from air-fall tephra hori-
zons below reworked tephra in the Middle Son Valley in northern
India (Madhya Pradesh) and the Jurreru Valley in southern India
(Andhra Pradesh). These sites were chosen because they preserve
primary ash-fall layers (4—5 cm thick) in the basal deposits
(Petraglia et al., 2007; Jones, 2010) with black flecks suspected of
being small biotite shards. The identification of air-fall deposits was
based upon a number of field observational criteria: the unit forms
a homogenous, uniformly-bedded deposit which blankets pre-
existing topography with only minor variation in thickness
locally; the unit shows sharp contrast with underlying sediments
and overlying ash deposits; the unit shows no cross bedding fea-
tures, but may have weakly developed planar bedding; the unit is
characterised dominantly by glass shards and the absence of non-
volcanic detrital material (Gatti et al., 2011; Blinkhorn et al,,
2012; Lewis et al., 2012; Matthews et al., 2012). Particle size anal-
ysis has confirmed the difference between the primary and
reworked ash deposits (Matthews et al., 2012; Lewis et al., 2012),
with a minor contribution of coarse sediments owing to bio-
turbation. Targeted analysis of the primary ash shows that mean
grain size is small (<100 pm) with a total absence of coarser-
grained sediments (Lewis et al., 2012).

3.2.1. Middle Son Valley

The Middle Son Valley (Fig. 1) is one of the key terrestrial sites
with a long history of geological and archaeological research
(Sharma and Clark, 1983; Williams et al., 2006; Jones and Pal, 2009;
Petraglia et al., 2012). The Ghoghara section was examined as a part
of a new series of excavations in the region. Cultural and palaeo-
environmental reconstructions previously assumed that the
tephra distributed across the valley had a YTT provenance.

Above the primary air-fall tephra horizon (Fig. 4) there are
several metres of reworked tephra, concentrated as a consequence
of alluvial processes (Jones, 2010; Lewis et al., 2012; Petraglia et al.,
2012). Chronometric ages (OSL) have been obtained for the alluvial
deposits within the valley (Williams et al., 2006), although studies
disagree on the stratigraphic position of the ash-fall in the sequence
(Jones and Pal, 2009; Jones, 2010). Despite the fact that there is an
air-fall tephra at Ghoghara, IRSL dating of this section has produced
young ages below the ash (Neudorf et al., 2012). The OSL ages are
apparently erroneous and claims that grains have been ‘mixed in
slump deposits’ find no stratigraphic support. Westaway et al.
(2011) have suggested the Middle Son Tephra is OTT, which, if
true, would necessitate significant revision of geological, environ-
mental, and archaeological data in the region.

We sampled 1 kg of material approximately 1 cm from the base
and 1 cm from the top of the primary ash fall horizon (Sample GS1,
Rehi-Son confluence, 24°30'7”N, 82°1'2”E). In addition to small
(30—100 pm-sized) glass shards, as suspected, the tephra contains
small (50—90 um-sized) shards of biotite.



D.E Mark et al. / Quaternary Geochronology 21 (2014) 90—103 93

Sampled unit (NP8, 1220 m above sea
level) from massive lapilli tuff near
the base of YTT at Haranggoal,
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Fig. 3. Proximal Toba YTT deposit at Haranggoal, northeast of the caldera (stratigraphic column modified from Knight et al., 1986). Four YTT sub-units are observed at the site. The
sample (NP8) is from the base of the YTT deposit that sits on an unconformity above MTT. Pumice clasts in the photo are ~15 cm in diameter.

3.2.2. Jurreru Valley

The Jurreru Valley (Fig. 1) preserves large quantities of buried
ash that are exposed as a result of modern quarrying. Surveys have
identified a range of archaeological sites spanning from the
Acheulean into the historic period (Blinkhorn et al., 2010; Shipton
et al.,, 2010). A stratigraphic and geomorphological framework for
the Jurreru River Valley has been constructed (Petraglia et al., 2012).
The river bottom preserves a long sequence of sedimentary de-
posits, including a tephra deposit, which forms a distinct marker
horizon. The tephra varies between 1 and 2.5 m thick and extends
over several kilometres. Notable is the presence of a thin
(approximately 4 cm) basal primary air-fall tephra unit found above
palaeosols (Petraglia et al., 2007; Jones, 2010; Blinkhorn et al., 2012;
Matthews et al., 2012). Above the thin primary air-fall tephra layer
(Fig. 5), is again a thick horizon of reworked tephra, a function of
the rivers concentrating ash from the landscape. Middle Palae-
olithic artefacts occur below and above the ash and in deposits as
young as 38 ka (Petraglia et al., 2012).

OSL results from Jwalapuram Locality 3 produced an age of
77 + 6 ka below the ash and 74 & 7 ka in sands and silts above the
ash bed (Petraglia et al., 2007). The below ash ages have been
supported by an OSL age of 71 & 8 ka at Jwalapuram Locality 22
(Haslam et al,, 2012). An OSL dating programme resulted in
reconsideration of the single above-ash age at Jwalapuram Locality
3, with new data suggesting an age no earlier than 55 ka (Balter,
2010; Roberts et al., 2010), although this conclusion is at odds
with stratigraphic observations and the presence of ash-rich silts
immediately overlying the thick reworked ash deposits.

We sampled greater than 1 kg of material (Sample 16-1E-B2,
JV7,15°19'2"N, 78°7'59"E) from the interior portion of the ash-fall
tephra (i.e., away from base and reworked material above). Glass

shards dominate the ash and small black flecks were confirmed as
50—80 um-sized shards of biotite.

4. Methods

The dating of proximal YTT utilised a standard analytical
approach owing to the presence of large crystals of sanidine and
biotite (e.g., Mark et al., 2010; Ellis et al., 2012). The analytical
challenge for this project was the preparation and dating of the
distal YTT deposits. Although the distal samples contain abundant
K-bearing glass shards, volcanic glass shards have been shown (e.g.,
Morgan et al., 2009) to provide unreliable 4°Ar/*°Ar ages likely due
to a combination of post eruption K-loss (potentially due to glass
hydration) and 3’Ar and 3°Ar recoil effects. These effects are
amplified by a high surface area to volume ratio of glass shards and
thus short effective diffusion dimensions (radii of glass shards)
(Morgan et al., 2009).

4.1. Sample preparation

Samples were prepared at the Scottish Universities Environ-
mental Research Centre (SUERC). Detailed methodology for prep-
aration of the proximal samples can be found in Mark et al. (2011a)
and we present a brief summary. An in-depth discussion of the
methodology utilised for the preparation of the distal samples is
presented below.

4.1.1. Proximal samples

Samples of pumice collected from the proximal samples were
crushed to cm-sized clasts using a jaw crusher. A disc mill was used
to disaggregate material and concentrate crystal sizes between 500
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Fig. 4. Stratigraphy at the Middle Son Valley site, India. (A) Excavation at the Ghoghara locality. Note the white ash bed in section. (B) Basal ash layer at Ghoghara identified as an air-
fall deposit (c. 5 cm thick), overlying the brown clay and underlying the medium to coarse grained reworked ash. Small bioturbation features are present (Lewis et al., 2012).
(C) Stratigraphic log of the Ghoghara section. Note location of sample GS1. Photos P. Ditchfield.

and 1500 pm. Samples were washed, sieved and magnetically
separated to produce two aliquots, one concentrated in feldspar
and the other concentrated in biotite. Sanidine (1000—1500 pum)
was handpicked under a binocular microscope using the methods
of Hynek et al. (2010) to ensure a pure separate. After leaching in
dilute HF and rinsing in de-ionised water and methanol, the grains
were parcelled into Cu packets and positioned within an Al holder
for irradiation. Inclusion free biotite was handpicked (1000—
1500 um) under binocular microscope. The biotite was cleaned in
methanol and de-ionised water, parcelled into Cu packets and
positioned within an Al holder for irradiation.

4.1.2. Distal samples

Distal tephra samples were disaggregated gently using
a vibrating plate and pestle and mortar. Samples were sieved and
washed using de-ionised water. The 63—125 um size fraction was
selected due to the highest concentration of biotite shards and
because Paine et al. (2006) and Vanlaningham and Mark (2011)
demonstrated that biotite crystals sufficiently large, >50 pm and
>63 pum, respectively, show no evidence of 3’Ar and 3°Ar recoil.
Magnetic separation was used to concentrate the biotite shards and
under binocular microscope contaminating material (as well as
biotite shards with adhering glass) was removed by hand picking.

Relative to the glass shards that showed evidence of extensive
alteration, the biotite was pristine, supporting the observations of
Smith et al. (2011a). From over 1 kg of material from the two sample
sites, approximately (allowing for weighing of small amounts of
material) 0.02 g of material was harvested from each sample. The
biotite crystals were cleaned in methanol and de-ionised water. The
biotite from both samples was divided into 15 aliquots (approx-
imately 0.001 g biotite per aliquot) for “°Ar/3°Ar dating. Aliquots
were parcelled into Cu packets and positioned within an Al holder
for irradiation.

4.2. “Ar°Ar analytical approach and data handling

International standard Alder Creek Tuff sanidine (ACs, 1.193 +
0.001 Ma; Nomade et al., 2005), a secondary standard referenced
against the Fish Canyon sanidine age (FCs) (28.02 + 0.16 Ma) of
Renne et al. (1998), was loaded adjacent to the samples of unknown
age. Samples were irradiated for 0.08 h in the Cd-lined RODEO fa-
cility of the McMaster reactor. ACs grains (n = 20 per disc) were
analysed by total fusion with a focused CO, laser. The J-parameter
was determined to a precision of c. 0.25%. Both FCs and Taylor Creek
Rhyolite sanidine (TCR-2s) were also loaded adjacent to the Toba
tephra samples to check J-parameter accuracy. Using J-parameter
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Fig. 5. Stratigraphy in the Jurreru Valley, India. (A) Basal tephra layer of air-fall ash at contact with underlying sediments (JV7), overlain by reworked ash. Note horizontal lithified
clay horizon in reworked ash (scale bar 50 cm). (B) Fossilised tree trunk with branching structure in YTT deposit (Blinkhorn et al., 2012). (C) Stratigraphic log of Jwalapuram locality.
Note the location and context for sample JV7 (after Petraglia et al., 2007). Photos A. Durant.

measurements from ACs, both FCs and TCR-2s yield ages that
overlap with those defined by Renne et al. (1998) indicating
appropriate measurements of the J-parameter from ACs for the
determination of unknown ages.

Single grains of sanidine (>1000 pm diameter) and biotite (thick
packets of mica sheets, >1000 um diameter) from the proximal
samples, and distal biotite aliquots (multi-grain, 0.001 g pop-
ulations) were loaded into Cu planchettes in ultra-high vacuum
laser cells with doubly pumped ZnSe windows. A heat lamp held at
100 °C was used to bake splits of the distal samples at ultra-high-
vacuum for two different prolonged durations (17 and 21 days for
the two different samples) owing to the large surface area of the
small crystals. The difference in bake duration was to allow for
quantitative testing of any Ar loss from the fine-grained material
induced by the bake. Proximal samples were baked at 100 °C for
only 3 days at ultra-high-vacuum. Using a CO; laser, the sanidine
crystals were first degassed at low temperature (defocused laser
beam, 0.3 W) prior to total fusion. Radiogenic “°Ar (“°Ar*) yields
were thus improved (several gas aliquots were analysed following
degassing) whilst no 3°Ar was liberated during the degassing step.
Biotite crystals were not degassed at low temperature as significant

39Ar was liberated following initial experimentation. Biotite crys-
tals were fused using a CO; laser.

All gas fractions were subjected to 180 s of purification with two
SAES GP50 getters (one at room temperature, the other at 450 °C)
and a cold finger maintained at —95.5 °C using a mixture of dry ice
(CO2[s)) and acetone. Argon isotope ratios (i.e., ion beam intensities)
were measured using a MAP 215-50 mass spectrometer in peak
jumping mode. The mass spectrometer has a measured sensitivity
0f 113 x 10~ '3 mol/volt. Both the extraction and clean-up processes
were automated, as were the mass spectrometer peak jumping
routines and data acquisition. For the proximal samples full system
blanks were measured after every two analyses of unknowns. We
required improved blank control for the distal samples and full
system blanks were run after every single analysis (unknown and
calibration). Average full system blanks + standard deviation
(n = 129) from the entire run sequence were used to correct raw
isotope measurements of unknowns. Owing to the small amounts
of material from the distal samples, some “°Ar measurements were
less than a factor of ten times larger than full system blank mea-
surements. Mass discrimination was monitored by analysis of air
pipettes after every five analyses (n = 41). The Argon isotope data
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were corrected for backgrounds, mass discrimination, and reactor-
produced nuclides and processed using standard data reduction
protocols. The decay constants of Steiger and Jager (1977) and at-
mospheric argon ratios of Lee et al. (2006), the latter independently
verified by Mark et al. (2011b), were employed.

The BGC software MassSpec was used for data regression. Data
are displayed on ideograms and isotope correlation plots (inverse
isochron plots). The standard error on the mean (SEM) was deter-
mined for all samples that displayed a Gaussian (normal) distri-
bution with a mean square weighted deviation (MSWD) < 1. The
SEM x MSWD'2 used for samples that displayed a Gaussian (nor-
mal) distribution with a MSWD > 1. The software was setup to filter
data for xenocrysts or detrital contamination — any Ar/Ar age >1.5
Median Absolute Deviations (nMADs) from the weighted mean to
be rejected from the age calculations. Data were not rejected on the
basis of %4%Ar*. Using these criteria no data from all runs (for both
proximal and distal samples) were rejected.

5. Results

Fig. 6 shows the proximal sanidine and biotite “°Ar/>*°Ar age data
and Fig. 7 shows the distal biotite “°Ar/>°Ar age data from both
Jurreru Valley and Middle Son Valley. Raw “CAr/3°Ar data are pre-
sented in the online supplementary information (SI#1) along with
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reactor production ratios, background measurements and mass
discrimination factors.

The YTT sanidine measurements yield a normal distribution
with an age (weighted mean) of 74.2 + 0.9 ka (MSWD 0.6, n = 34)
(Fig. 6). Data cast on an isotope correlation plot define a binary
mixing line between initial trapped components of atmospheric
composition (Lee et al., 2006) and K-correlated radiogenic com-
ponent whose age is indistinguishable at the 1 sigma confidence
level with the weighted mean age for the population (Fig. 6). The
YTT biotite also yields a normal distribution with a weighted mean
age (72.6 + 7.2 ka, MSWD 0.3, n = 26, Fig. 6) that is significantly less
precise than, but indistinguishable from the YTT sanidine age. Low
radiogenic “°Ar (“°Ar*) yields (typically less than 8% “°Ar*) are
diagnostic of the proximal biotite and responsible for the large
spread in data compared to the sanidine ages. Data plotted on an
isotope correlation plot (Fig. 6) define an isochron with initial
trapped component overlapping with atmospheric “°Ar/3°Ar (Lee
et al., 2006) and a radiogenic age component that is indis-
tinguishable from the weighted mean age.

The Jurreru Valley distal biotite defines a slightly skewed
(asymmetric) bell-shaped (normal) distribution with a weighted
mean age of 73.9 + 4.4 ka (MSWD 0.7, n = 15, Fig. 7). The data define
an isochron on an isotope correlation plot (Fig. 7) that has an initial
trapped component that overlaps with accepted atmospheric
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Fig. 6. “°Ar/>°Ar age data plotted on ideogram and isotope correlation plots for the proximal samples (Haranggoal, sanidine and biotite).
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Fig. 7. “°Ar/>°Ar age data plotted on ideograms and isotope correlation plots for the distal samples (Middle Son Valley and Jurreru Valley, biotite).

4OAr/38Ar (Lee et al., 2006) and an age component that is indis-
tinguishable at the 1 sigma confidence level with the weighted
mean age.

The Middle Son Valley distal biotite defines a normal distribu-
tion with a weighted mean age of 72.7 + 4.1 ka (MSWD 1.2, n = 15,
Fig. 7). The data cast on an isotope correlation plot define an at-
mospheric trapped °Ar/>*®Ar component (Lee et al., 2006) but the
K-correlated age component does not overlap at the 1-sigma con-
fidence level with the weighted mean age (Fig. 7). This is due to
a higher degree of scatter in the Middle Son Valley sample com-
pared to the Jurreru Valley sample, as demonstrated by the
increased MSWD. Further, a tighter clustering in %*CAr* reduces
dispersal along the isochron and results in a larger uncertainty
envelope associated with extrapolation of the isochron to the x-axis
(Fig. 7). The isochron age is however indistinguishable at the 2
sigma confidence level from the weighted mean age.

Following baking of distal samples for two different durations we
observed no evidence for laboratory induced Ar loss with repro-
ducible ages for all sample aliquots irrespective of bake duration
(Fig. 7). The distal biotite samples surprisingly have greater °Ar*
yields than proximal biotite (Figs. 6 and 7) but relatively poor “°Ar*
yields compared to sanidine. With the expectation of greater surface
contamination in the fine distal grains and to maximise data quality,

the distal biotites experienced an extended bake-out (discussed in
Section 4). However, the observed difference between distal and
proximal biotite grains may result from differences in laboratory
handling and/or from varying depositional processes. For example,
following deposition the proximal deposits experienced compac-
tion and welding with heat (up to 200 °C) in thick deposits (>100 m)
retained for potentially hundreds of years (Rose and Chesner, 1990).
This would imply potential for bulk entrainment and trapping of air
into the deposit and an extended cooling history relative to the distal
deposits (that would have essentially experienced instantaneous
cooling), potentially promoting the proximal biotites to a greater
degree of air contamination.

We aim to test this scenario in the near future by treating both
proximal and distal samples to the same bake-out procedure (i.e.,
samples loaded in the same laser cell for analysis). In hindsight, to
potentially improve the quality of the proximal biotite data, we
should have utilised the same procedure of removing con-
tamination as we did for the distal samples (i.e., extended bake of
the laser cell), although this would not guarantee improved “°Ar*
yields from the proximal samples if depositional processes were
governing the incorporation of atmospheric argon.

No data from either the proximal or distal samples were rejected
(either on the basis of xenocryst/detrital contamination or
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statistical analysis). All four samples, the proximal sanidine and
biotite, the distal biotite from Jurreru Valley and Middle Son Valley,
yielded consistent and reproducible “°Ar/*?Ar ages with varying
levels of analytical precision (Figs. 6 and 7). All inverse isochrons
defined atmospheric “°Ar/*®Ar initial trapped components (Figs. 6
and 7) and do not show the presence of significant excess “°Ar.

6. Discussion
6.1. Provenance and age of the ultra-distal tephra deposits in India

The distal biotite age data for both Jurreru Valley and Middle Son
Valley (Fig. 7) yield “°Ar/*°Ar ages that are indistinguishable from
the previously reported radio-isotopic %°Ar/>°Ar age for YTT,
73 + 4 ka (Chesner et al,, 1991), relative to the use of the same
standard ages and decay constants (see discussion in Section 6.2).
Our data contradict the data of Westaway et al. (2011) who suggest
an approximate age of 800 ka (comparable to an OTT age) for tephra
throughout the Middle Son Valley. The data supports the work of
Smith et al. (2011a) who correlated the distal biotite shards from
both sites to the proximal Toba YTT deposits. Based on similar
biotite composition and indistinguishable “°Ar/>*°Ar ages for sam-
ples from both sites, we show the primary air fall tephra layers at
Middle Son Valley and Jurreru Valley, India, which are separated by
1100 km (and >2500 km from Toba), provide an isochronous
marker horizon permitting both stratigraphic and temporal corre-
lation with YTT. There is no evidence of an ash layer with an OTT age
(i.e., c. 800 ka) preserved at these sites. Given that the YTT eruption
was approximately six times larger than the OTT eruption (and
approximately 45 times larger than the MTT eruption) (Fig. 2) it is
perhaps not surprising that there is no evidence of OTT in such
distal localities to the Toba caldera.

Scattered throughout India there are more exposures of air fall
ash in river valley cuttings and at excavated archaeological sites
(Jones, 2010, Fig. 1). For the Middle Son Valley and the Jurreru
Valley we can now have full confidence in using the age of the YTT
eruption as a marker horizon. However, owing to poor stratigraphic
correlation, the large distances between sites, and the controversial
nature of the archaeological assemblages, a more extensive
4OAr/*°Ar dating programme that adopts the same robust approach
outlined here is required to test the hypothesis that more than one
distal Toba ash fall event is preserved in India. Certainly the work of
Westaway et al. (2011) at other sites (e.g., Bori tephra) requires
thorough examination and testing with renewed data collection.
Work at the NERC Argon Isotope Facility (SUERC) on the prove-
nance of these deposits is on going.

6.2. Age of the young Toba super eruption (YTT)

Interestingly, it is often noted that coeval 4°Ar/>°Ar ages for
sanidine and biotite do not always match due to the presence of
extraneous “CAr in biotite, and its absence in sanidine (e.g., Hora
et al,, 2010). This is not the case for the YTT. The coeval sanidine
and biotite “°Ar/3°Ar data from the proximal YTT deposit (Fig. 6)
have ages that are indistinguishable at 1 sigma uncertainty, with
both the sanidine and biotite having initial trapped components
that overlap with accepted atmospheric argon ratios (Lee et al.,
2006). Therefore the proximal sanidine and biotite data can be
used to define a precise radio-isotopic “°Ar/>*°Ar age for the young
Toba super-eruption. We have cast all “°Ar/>?Ar data proximal data
(sanidine and biotite) on an isotope correlation plot (i.e., global
isochron) to define the most accurate YTT age without making as-
sumptions concerning the initial trapped “CAr/*®Ar component
(Fig. 8). The combination of the low “CAr* biotite data and higher
40Ar* yield sanidine data define an isochron with widely dispersed
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Fig. 8. Isotope correlation plot showing global proximal sample dataset.

data. The data define an initial trapped component of 298.3 + 0.6
overlapping with the accepted atmospheric “°Ar/3®Ar of Lee et al.
(2006) and an age of 74.3 + 0.9 ka.

The °Ar/*°Ar method is a relative dating technique with all ages
referenced back to a standard of known age. Recently Renne et al.
(2010, 2011) published an optimisation model that used con-
straints from “°K activity, K—Ar isotopic data, and pairs of 23%U—
206pp and “°Ar/*°Ar data as inputs for estimating the partial decay
constants of “°K and “°Ar*/*°K ratio of FCs. This calibration has
reduced systematic uncertainties (i.e., improved accuracy) in the
40Ar/3%Ar system and has yielded an age for FCs that is indis-
tinguishable at the 2-sigma confidence level from the astronom-
ically tuned FCs age of Kuiper et al. (2008).

Therefore, to present an accurate “°Ar/>°Ar age for the Toba YTT
we have recalculated our age relative to the optimisation model of
Renne et al. (2010, 2011) using the approach outlined in Ellis et al.
(2012). To allow readers to see the impact on the age of the YTT
when using the different standard ages and decay constants we
have presented the data in this two-step approach: (1) relative to
Steiger and Jdager (1977) and Renne et al. (1998) (Fig. 6), and (2) data
recalculated relative to Renne et al. (2010, 2011). Note that due to
the correlated uncertainties associated with the Renne et al. (2010,
2011) optimisation model, it is not as simple as just plugging
revised standard ages and decay constants along with their un-
certainties into routine age equations with employment of linear
uncertainty propagation — Monte Carlo modelling is required (as
discussed by Renne et al., 2011). When calculated relative to the
optimisation model of Renne et al. (2010, 2011) our data define an
age for the young Toba super-eruption of: 75.0 & 0.9 ka (1 sigma,
full external precision). Note that due to the young age for YTT the
data are relatively insensitive to the propagation of decay constant
uncertainty. The age and its uncertainty include all sources of error
and are hence are directly comparable to all timescales as defined
by other chronometers.

During revision of this manuscript Storey et al. (2012) published
an age for the YTT of 73.9 4+ 0.3 ka (1 sigma, full external precision)
referenced against the FCs age of Rivera et al. (2011). The FCs age of
Rivera et al. (2011) was calibrated by astronomical tuning of the A1
tephra and is out with 2 sigma uncertainty of the FCs age proposed
by Renne et al. (2010, 2011) but, like Renne et al. (2010, 2011) it is
within 2 sigma uncertainty of the FCs age of Kuiper et al. (2008).
However, new (blindly collected) “°Ar/*°Ar data collected by The
Berkeley Geochronology Centre and The Scottish Universities
Environmental Research Centre (Renne et al., in press) for the IrZ
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coal bentonite (the stratigraphically closest marker horizon to the
paleontologically-defined Cretaceous—Paleogene [K—Pg] bound-
ary) show that whereas both the calibrations of Kuiper et al. (2008)
and Renne et al. (2010, 2011) support the choice of 405 ka eccen-
tricity cycles to determine the age of the K—Pg boundary at Zumaya
(Kuiper et al., 2008), the calibration of Rivera et al. (2011) places the
K—Pg boundary exactly intermediate between two possible choices
of 405 ka cycles. Therefore the astronomically tuned age for FCs as
proposed by Rivera et al. (2011) is oddly inconsistent with any as-
tronomical age for the K—Pg boundary, casting doubt on the ac-
curacy of the Rivera et al. (2011) study. Providing the K—Pg tuning
of Kuiper et al. (2008) is correct (and it has not been challenged in
the four years since publication), the “°Ar/>*°Ar calibration of Renne
etal. (2010, 2011) is proven to be the most consistent/accurate with
the astronomical age for the K—Pg boundary (Renne et al., in press).

Recalculation of the YTT age of Storey et al. (2012) relative to the
optimisation model of Renne et al. (2010, 2011) yields 74.2 + 0.4 ka
(1 sigma, full external precision), which is within 1 sigma uncer-
tainty of the age proposed for the YTT here. However, owing to the
excess scatter (MSWD 1.9) in the full “°Ar/*°Ar data of Storey et al.
(2012), scatter beyond what their stated precision would suggest,
we propose our age of 75.0 + 0.9 ka to be the most accurate and
robust temporal constraint for the YTT. In our experience the
scatter observed in the study of Storey et al. (2012) is likely asso-
ciated with: [1] dating of multi-grain aliquots of sanidine (results in
improved experimental precision but significant potential for age
biasing, especially as Storey et al. (2012) reject ages older and
younger than their mean age and stated uncertainties) with the
better approach to date single crystals only (e.g., this study) thereby
permitting the screening of xenocrysts (xenocrysts up to 167 ka are
evident in the study of Storey et al. (2012) and therefore in our
opinion it is not suitable to fuse crystal populations), and [2] ac-
curacy issues associated with the inter-calibration of gain and lin-
earity of multiple ion counters when using the Noblesse noble gas
mass spectrometer (e.g., Coble et al., 2011). We used a single col-
lector configuration on a MAP 215-50 to negate these latter diffi-
culties. Finally, whereas Storey et al. (2012) used a weighted mean
calculation to determine a final age, we rely on the use of an inverse
isochron that makes no assumptions about trapped “°Ar/*°Ar,
allowing the data to define the initial trapped component. In
summary, although not as precise as the age reported by Storey
et al. (2012), 75.0 & 0.9 ka is the most robust and accurate age for
the YTT super eruption.

6.3. Hominin occupation of India during the Late Pleistocene

Previous analysis of sediments and ash deposits in the Son and
Jurreru River valleys strongly suggested an association of the ash
with the YTT event (e.g., Petraglia et al., 2007; Jones, 2010). The
current “°Ar/>°Ar study of the ash is the first robust chronometric
study of the ash deposits in the Son and Jurreru River valleys that
confirm the previous data and inferences about the age of the de-
posits, thus allaying criticisms that the ash could represent the OTT
event (e.g., Westaway et al., 2011). The YTT ash deposits associate
with Middle Palaeolithic assemblages in the Son Valley (Jones and
Pal, 2009; Petraglia et al., 2012) and the Jurreru Valley (Clarkson
et al., 2012; Petraglia et al., 2012). The implication is that claims
for an association between Acheulean artefacts and ash (Sangode
et al., 2007; Gaillard et al., 2010) are likely to be a product of
redeposition and erroneous dating. While allowing for chrono-
metric dating gaps in the Late Pleistocene of India, the presence of
Middle Palaeolithic hominins between c. 77 and 38 ka implies
continuity of human populations, and is thus consistent with
some genetic studies which suggest a pre-Toba colonisation
(Oppenheimer, 2012). In a wider sense, continuity of Middle

Palaeolithic populations in India strongly suggests that hominins
were not decimated by the young Toba super-eruption, thus con-
trasting with catastrophe theories for the near demise of humans
and other hominin species (Ambrose, 1998; Williams et al., 2009;
Williams, 2012a).

6.4. Evidence for forcing of Quaternary climate

The most widespread global effects of volcanic eruptions are not
induced by locally devastating pyroclastic flows or ash that can
penetrate the troposphere. Sulphur injected into the stratosphere
during volcanic eruptions oxidises to form small droplets of sul-
phuric acid (i.e., sulphate aerosol, SO4%~) that decrease the amount
of solar radiation reaching the surface and leads to cooling (Self,
2006). Once in the stratosphere SO42~ settles slowly under grav-
ity into the troposphere at a rate of 35% every 8—11 months (Mather
et al., 2003). S04~ is distributed quickly by winds. For example,
stratospheric SO42~ produced by the 1991 eruption of Pinatubo
(Fig. 2) circled the globe in 22 days (Bluth et al., 1992). As such,
records of large volcanic eruptions can potentially be preserved due
to the accumulation of SO4%~ in palaeoclimate archives such as ice
cores (Hammer et al., 1980, 2003).

Detailed studies of the chemistry of minerals and glass in
pumices from the YTT eruption enable estimation of the minimum
masses of gaseous components released to earth’s atmosphere
during the eruption. The high eruption rate (c. 8 x 10'% g/s) and
eruption duration (c. 14 days) made stratospheric venting of these
gases, ash and aerosol particles likely. H»S was the dominant
sulphur-bearing species in YTT magma and it is estimated that
3.5 x 10 g of H,S was released to the atmosphere (Rose and
Chesner, 1990). The mass of ash and gases released was nearly
two orders of magnitude greater than any known historic eruption.

6.4.1. Greenland ice cores

Back (or down core) to 50 ka the chronology for the GISP2 ice
core is based on the counting of annual layers (Messe et al., 1994)
with the remainder of the depth—age scale based on correlation of
the 8'80 of atmospheric O, records from GISP2 with the Vostock ice
core, Antarctica (Sowers et al., 1993). Conservative uncertainty es-
timates for the period 60—80 ka are +5 ka based on the original
SPECMAP timescale and global O, turnover rate (Sowers et al.,
1993). Within the GISP2 ice core there is evidence of a major
explosive eruption during the period 60—80 ka, suggested by the
distinct SO42~, Ca®* and electrical conductivity (ECM) spikes at c.
71 Kka. Zielinski et al. (1996) suggested a correlation of this spike
with the eruption of YTT (Fig. 9). Given the distance between
Sumatra and Greenland, as well as dispersal models for YTT
(Matthews et al., 2012), it is highly unlikely that volcanic debris (i.e.,
glass shards) from any Toba eruption would be found in the
Greenland ice cores, but entirely plausible that aerosols were
transported this distance and preserved (e.g., aerosols from the
eruption of Tambora were transported a similar distance; Hammer
et al., 1980). The age of the Toba YTT super-eruption and the SO42~
and ECM spike do appear to correlate in time, allowing for the large
uncertainties associated with the GISP2 ice core chronology.

The climatic significance of such correlation if robust is intri-
guing. The SO4%~ and ECM spikes occur immediately prior toa 1 ka
cooling event between interstadial 20 and stadial 20 (Fig. 9) and
suggest that the YTT super-eruption may have modified atmo-
spheric conditions and forced climatic cooling on a centennial scale
(Zielinski et al., 1996). However, the climate was undergoing re-
covery prior to the onset of stadial 20 (Fig. 9) suggesting Toba was
not responsible for prolonged global cooling and onset of stadial 20.
With respect to the large uncertainties associated with the GISP2
chronology beyond 50 ka, the “°Ar/3°Ar age (and uncertainty) for
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Fig. 9. GISP2 ice core data showing the proposed location of the YTT spike relative to
the new high-precision “°Ar/*°Ar age (75.0 + 0.9 ka). Note short-term climatic
recovery prior to the onset of stadial 20 (also shown in NGRIP ice core, see Fig. 10). Note
Haslam and Petraglia (2010) show at high resolution the location of the sulphate spike
in GISP 2, see their Fig. 1.

the YTT spike in GISP2 can be utilised as an absolute time marker
(Fig. 9). Further, the correlation would allow the chronologies of the
multiple Greenland ice cores (e.g., GISP2 and NGRIP) to be pinned
together at c. 75 ka (Fig. 10), beyond the GICCO5 timescale
(Andersen et al., 2006), using the onset of stadial 20.

The NGRIP ice core has an annual layer counting chronology
back to 60 ka (Andersen et al., 2006; Svensson et al., 2008) but
pronounced annual banding in the visual stratigraphy suggests the
counting-based chronology could be extended (Svensson et al.,
2005). Currently, the NGRIP chronology beyond 60 ka is based on
the model ss09sea age scale, as used in the original NGRIP publi-
cations (North Greenland Ice Core Project Members, 2004). Relative
to the positions of interstadials 19 and 20, the location of the SO42~
and ECM spike in the GISP2 ice core, the onset of cooling associated
with stadial 20, and the high-precision °Ar/3°Ar age for the YTT
super-eruption, the chronology for NGRIP at 75 ka appears to be
fairly accurate.

6.4.2. Implications for India

For India, carbon isotope work in the Middle Son Valley (at
Ghoghara, Khuteli) has suggested that Toba ash was deposited on
a landscape covered by C3 plants (forests) and then replaced by C4
grasslands to wooded grasslands. The identification of nearly pure
C4 grassland at the top of the ash horizon was considered to be
consistent with, and represent, cold temperatures due to the onset
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Fig. 10. Correlation of GISP 2 and NGRIP using YTT spike and onset of stadial 20, and
correlation between NGRIP and Hulu Cave using the YTT age and absolute U—Th
chronology. Note the 3 ka difference between the onset of stadial 20 in the North
Atlantic and Monsoon Asia. '®0 records are presented on the same relative scales,
showing the 9'80 response in the ice core to be more pronounced than that of Hulu
Cave.

of stadial 20 following the young Toba super-eruption (Williams
et al,, 2009). It has been pointed out that such inferences are
speculative in the absence of high-resolution deposits and precise/
accurate dating (Lewis et al., 2012). This study presents a new high-
precision YTT age supporting the correlation of YTT to the SO42~
and ECM spike in the GISP2 ice core and providing a tie point for
linking GISP2 to NGRIP at 75 ka. The correlation casts further doubt
on the validity of previous assertions about global cooling and
environmental change across India coinciding with YTT and the
onset of stadial 20 at c. 73 ka (Williams et al., 2009), i.e., the climate
had deteriorated prior to the eruption of YTT at c. 75 ka.

6.4.3. Hulu Cave speleothem

The coincidence of the SO42~ and ECM spike with the post onset
of cooling into stadial 20 and the pinning together of ice cores at
75 ka, allows us to examine the synchrony of the global onset of
stadial 20 by looking at other absolutely dated palaeoclimate ar-
chives. Further, utilising other records with absolute chronologies,
we can examine potential leading or lagging of the North Atlantic
climate system with respect to other regions dominated by differ-
ent climate systems.

High-resolution absolute dated (U-Th) Late Pleistocene mon-
soon records (9'%0) from five stalagmites from Hulu Cave near
Nanjing provide a fully comparable record. Wang et al. (2001)
showed good agreement between the timing of stadial 20 cooling
between Hulu Cave stalagmite and the GISP2 ice core (Fig. 10) be-
tween 69 and 71 ka. However, if the correlation between the SO42~
and ECM spike with the YTT super-eruption is robust (Zielinski
et al,, 1996), then the new high-precision age for YTT suggests
either (Fig. 10): (1) the U—Th chronology (Wang et al., 2001) for
Hulu Cave stalagmite during this time period is inaccurate, or (2)
with respect to different climatic systems, the North Atlantic was
leading Monsoon Asia at this time. At 75 ka there is an approximate
+1 ka uncertainty associated with the Hulu Cave U—Th ages (Wang
et al.,, 2001). Allowing for associated age uncertainties (both U—Th
and “°Ar/*°Ar), there is currently a c. 3 ka offset in the onset of
stadial 20 between the North Atlantic and Monsoon Asia. Further
effort to resolve the 3 ka offset (either with respect to inaccuracies
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in dating or to the lagging of the Monsoon Asia climate system) is
required.

Although other records extend back beyond 75 ka, e.g., Lake
Suigetsu (Nakagawa et al., 2003; Smith et al., 2011b), Cariaco Basin
marine core (Hughen et al., 2004), Monticchio lake core (Watts
et al,, 1996), the notable absence of absolute chronologies for the
appropriate time periods prevents correlation to the Greenland ice
cores and Hulu cave at 75 ka, and thus restricts resolution of further
sequences of climatic events that may test the two hypotheses
proposed above.

6.4.4. Antarctic ice cores

The link between the Greenland and Antarctic ice cores is
already fairly well constrained by the matching (tuning) of meth-
ane records (EPICA Community Members, 2006). However, there is
still some uncertainty in the tuning of ice cores from the two
hemispheres due to offset in the age of ice and air bubbles in the ice
cores. The identification of a direct Toba tie point would enable
correlation (rather than tuning) of records revealing the degree of
synchronicity of inter-hemispheric climate around 75 ka. To the
best of our knowledge a definitive Toba signal, beyond increased
dust content between 70 and 75 ka (EPICA community members,
2004), has not been located within the Antarctic ice cores. Effort
to locate a YTT signal in the Antarctic ice cores could prove fruitful.

6.5. Dating of ultra-distal tephra deposits

Acknowledging the issues associate with 4CAr/3°Ar dating of
volcanic glass shards (Morgan et al., 2009), we focussed on the
dating of distal biotite shards, obtaining statistically robust and
reproducible “°Ar/??Ar ages. The approach developed for dating of
ultra-distal tephra deposits has great potential for tephrostratig-
raphy and tephrochronology (Lowe, 2011), allowing correlation of
isochronous stratigraphic markers across continents when dis-
section by geochemical techniques becomes problematic. With the
continued development of highly-sensitive multi-collector noble
gas mass spectrometers (e.g., Mark et al., 2009; Coble et al., 2011)
that allow for dating of ever decreasing sample sizes, and the
refinement of sample irradiation protocols (e.g., the use of
deuteron—deuteron fusion neutrons; Renne et al., 2005), achiev-
able precision and hence stratigraphic resolution will improve.

7. Conclusions

The study has yielded a high-precision °Ar/>°Ar age for the
young Toba super-eruption: 75.0 + 0.9 ka (1 sigma, relative to
Renne et al., (2010, 2011), full external precision). We have devel-
oped an approach for the dating of ultra-distal tephra using the
4OAr/?°Ar technique by targeting small shards of biotite. Sample
preparation of sub-100 pm shards of biotite is difficult (and tedious)
but in this case the biotite crystal populations have yielded suffi-
ciently precise (c. + 5%) and reproducible “°Ar/>*°Ar ages to allow
establishment of tephra provenance. The “°Ar/3°Ar age data pre-
sented here show that the primary air-fall tephra layers in the
Middle Son Valley and Jurreru Valley correlate with the YTT,
demonstrating that air-fall deposits blanketed northern and
southern India, with the expectation that Middle Palaeolithic
hominins associate with the super-eruption. The study supports
the conclusion that the young Toba super-eruption was not
responsible for the onset of stadial 20, but the 75 ka eruption
occurred post onset of the climatic cooling, as highlighted by
Haslam and Petraglia (2010). The YTT and its high-precision
4OAr/3%Ar age can serve as a tie point for linking of the multiple
Greenland ice cores beyond the GICCO5 timescale, and permits
correlation to other absolutely dated palaeoclimate archives for the

testing of synchronicity in the response of the global climate sys-
tem. The identification of a Toba signal in the Antarctic ice cores
would allow for inter-hemispheric correlation of climate records.
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