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The cooling effects of historic volcanic eruptions on world climate are well known but the impacts of even
bigger prehistoric eruptions are still shrouded in mystery. The eruption of Toba volcano in northern Sumatra
some 73,000 years ago was the largest explosive eruption of the past two million years, with a Volcanic
Explosivity Index of magnitude 8, but its impact on climate has been controversial. In order to resolve this
issue, we have analysed pollen from a marine core in the Bay of Bengal with stratified Toba ash, and the
carbon isotopic composition of soil carbonates directly above and below the ash in three sites on a 400 km
transect across central India. Pollen evidence shows that the eruption was followed by initial cooling and
prolonged desiccation, reflected in a decline in tree cover in India and the adjacent region. Carbon isotopes
show that Cs forest was replaced by wooded to open C4 grassland in central India. Our results demonstrate
that the Toba eruption caused climatic cooling and prolonged deforestation in South Asia, and challenge
claims of minimal impact on tropical ecosystems and human populations.
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1. Introduction

The ~73 ka eruption of the Toba volcano in northern Sumatra was the
largest explosive eruption of the Quaternary (Ninkovich et al, 1978a,b;
Chesner et al, 1991) and produced ca. 2500-3000 km> of dense rock
equivalent of pyroclastic ejecta (Rose and Chesner, 1987; Gates and Ritchie,
2007, p. 259) compared to the 100-200 km® from the 1815 Tambora
eruption (Rampino and Self, 1982; De Silva, 2008). The Volcanic Explosivity
Index (VEI) of the Toba super-eruption is 8, or an order of magnitude larger
than the Tambora VEI of 7 (Gates and Ritchie, 2007, p. 259; De Silva, 2008).
The VEI denotes the magnitude of an eruption based on a combination
of erupted tephra volume and eruption plume height (De Silva, 2008).

The Youngest Toba Tuff (YTT) is found across peninsular India and
in the Indian Ocean (Ninkovich et al., 1978a; Westgate et al., 1998). It
provides an isochronous marker in sedimentary sequences with fossil
soils and in deep sea cores that can be directly correlated with the
global climatic records in polar ice cores.
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Volcanic sulfate from the Greenland ice core at ~73 ka (Zielinski
et al.,, 1996) supports the hypothesis proposed by Rampino and Self
(1992) that the Toba eruption caused a six-year volcanic winter . This
sulfate spike also marks the abrupt onset of an 1800-year period of the
coldest temperatures of the last 125,000 years (Zielinski et al., 1996;
Lang et al., 1999; North Greenland Ice Project Members, 2004). This
instant ice age corresponds to the stadial (cold) half of Dansgaard-
Oeschger (D-0) cycle 20, which is the coldest of 23 abrupt stadial-
interstadial cycles between 100 ka and 15 ka (Grootes et al., 1993;
Dansgaard et al., 1993). The magnitude of the climate impact of the
Toba eruption has been questioned because of uncertainties in
estimates of stratospheric sulfate (Oppenheimer, 2002). However,
most models of the climatic impact of the massive stratospheric
sulfate loading following the Toba super-eruption (Bekki et al., 1996;
Jones et al., 2005; Robock et al., 2009) indicate that it may have
enhanced global cooling, particularly during the first two centuries
following this eruption (Zielinski et al., 1996). Global cooling may
have been enhanced by increasing terrestrial albedo over India from
the ash blanket (Jones et al., 2007).

There has been a great deal of speculation about the possible impact
of the ~73 ka Toba super-eruption upon world climate and upon human
populations (Rampino et al, 1985; Ambrose, 1998; Rampino and
Ambrose, 2000). Genetic evidence points to a sudden drop in numbers
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Fig. 1. Distribution of volcanic ash from the 73 ka Toba super-eruption showing location of marine cores and sections sampled in India. Black dots represent Toba tephra occurrences
on land and in marine cores. R is site of first Toba ash discovery at Son-Rehi confluence. B is marine core S0188-342KL in the Bay of Bengal; K is Khunteli; R is Rehi; H is Hirapur. Key to
stratigraphic sections in India: a is coarse sand; b is medium/fine sand; c is silt loam/sandy loam/interstratified sand and loam; d is clay; e is Toba volcanic ash; fis massive carbonate;

and g is gravel; h is sampled pedogenic carbonate horizon.

of the ancestors of living human populations to a few thousand at about
this time (Haigh and Maynard Smith, 1972; Harpending et al., 1993;
Jordeetal.,, 1998), with the survivors possibly concentrated in equatorial
African biotic refugia (Ambrose, 1998; Tishkoff et al, 2009). Modern
humans may have expanded to Asia and Europe some time after this
eruption, arriving in Australia by 50 ka (Bowler et al., 2003) and western
Eurasia by 40-45 ka (Forster, 2004; Mellars, 2006; Richter et al., 2008),
but the date of expansion to Asia relative to the eruption (Petraglia et al.,
2007) and its impact on human populations has been contested

Table 1

(Gathorne-Hardy and Harcourt-Smith, 2003; Scholz et al, 2007;
Cohen et al., 2007). Despite the magnitude of the 73 ka Toba eruption,
its impact on regional and global climate has remained controversial,
with current views polarised into those who have argued on geological
and ice core geochemical evidence for a substantial impact (Rampino
and Self, 1992, 1993; Zielinski et al., 1996; Ambrose, 1998; Rampino and
Ambrose, 2000) and those who argue for minimal or no impact based on
sea surface temperature estimates (Schulz et al., 2002), termite survival
(Gathorne-Hardy and Harcourt-Smith, 2003; see reply by Ambrose,

Particle size distribution of the YTT ash at the Rehi section, Son valley, India. Particle size was determined by laser scatter analysis.

Sample Lab ID* Height above base of Calculation range Diameter Median Mode (pum) Mean Coefficient of Standard deviation
ash (cm) (um) (um) (um) variation %
S54 $54/280,140ud 65 2.84-178.2 39.85 45.45 45.66 59.1 27.01
S54 $54/280,140,70d 65 1.42-170.9 36.24 38.63 40.14 54.8 21.99
S54 $54/280,140d 65 2.84-170.9 36.35 42.13 40.33 54.2 21.86
S58 $58/280,140d 105 2.84-103.8 28.50 29.70 30.55 493 15.07
S60 $60/280,140ud 125 2.84-191.0 52.56 58.00 60.31 59.5 35.90
S60 $60/280,140d 125 2.84-191.0 41.59 52.12 46.65 62.4 29.12
S64 S64/280,140d 250 2.84-191.0 39.06 50.44 4227 52.4 22.16
S65 $65/280,140d 280 2.84-138.8 34.53 58.41 38.19 59.3 22.63
S66 $66/280,140ud 310 2.84-155.1 32.40 35.99 35.82 59.4 21.27
S66 $66/280,140d 310 2.84-183.2 44.24 52.74 54.28 70.7 38.40
Mean 38.53 46.36 43.42 58.12 25.54
Standard deviation 6.71 9.63 8.76 5.96 7.16

ud = undispersed.
2 d = dispersed.
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Provenance, description, weight% loss from heating, weight% carbonate carbon, and d'>C%oppg and d'®0%.ppg values of carbonate nodules and root-casts from localities with Toba ash

on the Son and Narmada rivers, central India.

Field # Location Trench Level Depth cm? Description % Loss Wit%C* 5'3C% 09'%0%.
SONO05-01A Khunteli 1 2 —172 Rootcast 1.7 4.32 —11.98 —6.92
SONO05-01B Khunteli 1 2 —172 Rootcast 1.5 244 —9.71 —4.26
SONO05-01C Khunteli 1 2 —171 Rootcast 0.9 6.64 —12.24 —7.00
SON05-01D Khunteli 1 2 —171 Nodule 1.7 293 —10.79 —5.51
SONO05-01E Khunteli 1 2 —170 Nodule 1.6 340 —11.89 —6.66
SONO05-01F Khunteli 1 2 —170 Rootcast 0.9 5.88 —11.56 —6.12
SONO05-02A Khunteli 1 3 —107 Nodule 1.6 547 —12.36 —6.99
SON05-02B Khunteli 1 3 —106 Nodule 12 3.58 —12.25 —7.14
SON05-02C Khunteli 1 3 —105 Nodule 1.2 7.61 —12.58 —6.59
SONO05-03A Khunteli 1 4 —94 Rootcast 1.9 7.50 —12.20 —6.78
SON05-03B Khunteli 1 4 —94 Nodule 1.9 3.14 —11.82 —6.39
SON05-03C Khunteli 1 4 =065 Rootcast 0.3 3.28 —12.35 —6.81
SONO05-04 Khunteli 1 6 —67 Rootcast 1.2 4.26 —11.95 —6.77
SONO05-05A Khunteli 1 8 =5 Platy lamina 2.7 6.08 —11.99 —6.73
SON05-05B Khunteli 1 8 —4 Platy lamina 23 6.99 —12.14 —6.38
SONO05-05C Khunteli 1 8 —4 Nodule 1.5 6.02 —12.10 —6.98
SONO05-05D Khunteli 1 8 =3 Rootcast 32 5.16 —12.23 —7.21
SONO05-10 Khunteli 1 9 30 Toba ash 49 0.00

SON05-06A¢ Khunteli 1 5 47 Crack fill 2.8 3.92 —12.70 —7.34
SON05-06B¢ Khunteli 1 g 54 Crack fill 2.1 6.78 —12.87 —7.04
SON05-07A Khunteli 1 9 126 Nodule 2.2 3.99 —3.76 —5.18
SONO05-07B Khunteli 1 9 127 Nodule 2.1 4.01 —12.75 —6.60
SON05-07C Khunteli 1 9 127 Nodule 0.8 6.29 —6.54 —5.47
SON05—07D Khunteli 1 9 128 Nodule 0.8 4.36 —2.02 —4.43
SONO05-07E Khunteli 1 9 128 Rootcast 0.7 5.65 —5.75 —4.92
SONO05-07F Khunteli 1 9 129 Rootcast 1.2 3.94 —11.34 —6.82
SONO05-07G Khunteli 1 9 129 Rootcast 1.5 5.02 —7.39 —5.69
SONO05-08A Khunteli 1 9 170 Rootcast 2.6 444 —2.25 —6.17
SON05-08B¢ Khunteli 1 9 170 Crack fill 24 4.01 —12.16 —7.03
SONO05-08C Khunteli 1 o 170 Nodule 3.0 3.76 —4.94 —6.51
SONO05-09A Khunteli 1 10 183 Nodule 44 291 —12.22 —6.89
SONO05-09B Khunteli 1 10 183 Nodule 4.7 4.62 —12.40 —7.02
SONO05-09C Khunteli 1 10 183 Nodule 2.7 4.04 —12.16 —6.91
SON05-09D Khunteli 1 10 183 Nodule 24 5.80 —12.76 —7.30
SONO05-09E Khunteli 1 10 183 Nodule 3.2 3.95 —3.18 —5.35
SONO05-09F Khunteli 1 10 183 Nodule 25 2.55 —12.56 —6.73
SONO05-09G Khunteli 1 10 183 Rootcast 1.7 4.07 —12.00 —6.84
SONO05-18G Rehi 2 8 =23 Nodule 1.4 2.77 —10.21 —6.26
SONO05-18F Rehi 2 8 —20 Nodule 1.5 6.70 —3.50 —5.39
SONO05-18E Rehi 2 8 —17 Nodule 22 6.44 —10.20 —6.31
SONO05-18D Rehi 2 8 —13 Nodule 1.6 7.01 —10.23 —6.32
SONO05-18C Rehi 2 8 —10 Nodule 14 3.83 —10.39 -6.51
SONO05-18B Rehi 2 8 -7 Nodule 13 6.60 -10.20 -6.22
SONO05-18A Rehi 2 8 -4 Nodule 23 443 -10.25 -6.42
SON05-11A¢ Rehi 1 1 -10 Nodule 2.1 3.59 -4.14 -4.51
SONO05-11B¢ Rehi 1 1 -10 Nodule 2.0 5.16 -10.51 -6.67
SONO05-12 Rehi 1 3 37 Toba ash 7.6 0.00

SON05-17E Rehi 2 5 176 Rootcast 22 4.13 —10.01 —5.60
SONO05-17D Rehi 2 5 178 Nodule 29 6.66 —4.39 —5.16
SONO05-17C Rehi 2 5 180 Nodule 0.4 3.83 —4.99 =518
SON05-17B Rehi 2 5 182 Nodule 2.2 7.30 —4.50 —5.63
SONO05-17A Rehi 2 5 184 Nodule 1.7 6.50 —3.97 —5.28
SONO05-16G Rehi 2 3 382 Nodule 23 6.19 —0.67 —6.21
SONO5-16E Rehi 2 3 391 Nodule 2.7 4.54 —5.35 —5.16
SONO05-16F Rehi 2 3 391 Nodule 2.2 494 0.32 —7.00
SONO05-16C Rehi 2 3 392 Nodule 2.1 5.48 0.50 —6.88
SONO05-16D Rehi 2 3 392 Nodule 2.6 4.69 —0.67 —6.87
SON05-16A Rehi 2 3 393 Calcrete 1.2 5.35 —4.80 —5.85
SONO05-16B Rehi 2 3 393 Nodule 2.1 2.89 —3.63 —5.65
SONO05-15F Rehi 2 2 412 Nodule 1.5 8.57 —9.63 —3.37
SONO05-15E Rehi 2 2 413 Rootcast 0.9 5.18 —4.30 —5.48
SONO05-15D Rehi 2 2 414 Nodule 1.1 7.50 —9.77 —3.38
SONO05-15C Rehi 2 2 415 Nodule 1.1 6.90 —9.55 —3.34
SONO05-15B Rehi 2 2 416 Nodule 1.5 6.84 —8.84 —3.10
SONO05-15A Rehi 2 2 417 Nodule 1.5 6.43 —9.15 —3.55
SONO05-14D Rehi 2 2 450 Nodule 2.0 5.63 —5.74 —4.56
SONO5-14E Rehi 2 2 450 Nodule 14 7.26 —9.54 —3.64
SONO05-14B Rehi 2 2 451 Nodule 1.6 2.98 —833 —4.02
SONO05-14C Rehi 2 2 451 Nodule 1.7 7.18 —8.87 —3.44
SONO05-14A Rehi 2 2 452 Nodule 23 8.50 —9.45 —3.07
SONO05-13F Rehi 2 1 479 Nodule 25 7.77 —4.79 —5.71
SONO05-13D Rehi 2 1 480 Nodule 1.5 6.91 —8.10 —6.16
SONO05-13E Rehi 2 1 480 Nodule 1.7 7.39 —7.87 =508

(continued on next page)
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Table 2 (continued)

Field # Location Trench Level Depth cm? Description % Loss ° WtC 5"%C%o 9'80%,
SONO05-13B Rehi 2 1 481 Nodule 2.7 7.12 —4.66 —5.40
SON05-13C Rehi 2 1 481 Nodule 2.8 6.76 —543 —5.53
SONO05-13A Rehi 2 1 482 Nodule 2.6 6.88 —437 —531
SONO05-19A Hirapur 1 3 45 Nodule 4.6 717 —6.08 —4.15
SONO05-19B Hirapur 1 3 44 Nodule 4.6 6.73 —6.27 —4.19
SONO05-19C Hirapur 1 3 44 Nodule 35 9.40 —6.08 —4.18
SONO05-19D Hirapur 1 3 43 Nodule 35 7.24 —6.34 —4.01
SONO05-19E Hirapur 1 3 43 Nodule 9.5 8.21 —6.65 —4.31
SONO05-19F Hirapur 1 3 42 Nodule 4.7 5.93 —6.31 —433
SONO05-20A Hirapur 2 1 109 Rootcast 33 5.98 —9.71 —5.38
SONO05-20B Hirapur 2 1 108 Rootcast 2.7 9.83 —10.00 —4.94
SON05-20C Hirapur 2 1 108 Rootcast 34 8.83 —10.16 —4.91
SONO05-20D Hirapur 2 1 107 Nodule 33 8.31 —10.01 —4.97
SONO05-20E Hirapur 2 1 107 Nodule 31 8.85 —9.82 —4.73
SONO05-21A Hirapur 2 1 87 Rootcast 43 6.57 —10.01 —4.94
SONO05-21B Hirapur 2 1 87 Nodule 35 5.15 —10.09 —4.80
SONO05-21C Hirapur 2 1 87 Nodule 5.1 5.89 —10.27 —5.36
SONO05-21D Hirapur 2 1 87 Nodule 52 6.47 —9.97 —4.95
SONO05-21E Hirapur 2 1 87 Nodule 44 8.86 —9.90 —5.24
SONO05-22A Hirapur 2 3 —22 Nodule 2.7 8.61 —9.82 —4.98
SONO05-22B Hirapur 2 3 —23 Rootcast 34 6.92 —9.57 —5.36
SONO05-22C Hirapur 2 3 —24 Rootcast 3.5 8.10 —10.01 —5.19
SONO05-22D Hirapur 2 3 —25 Rootcast 2.7 7.95 —10.07 —5.06
SONO05-22E Hirapur 2 3 —26 Nodule 44 7.64 —9.53 —5.06
SONO05-22F Hirapur 2 3 —-27 Nodule 4.0 8.57 —9.62 —5.03
SON05-22G Hirapur 2 3 —28 Nodule 4.7 7.27 —9.46 —4.85

a
b

Depth below or height (cm) above base of volcanic ash.
Weight% loss after roasting under vacuum at 380 °C.

¢ Weight% carbonate carbon. Pure CaCOs is ~12% C.

d

pure Cs floral habitat.

Samples excluded from analysis because they fill cracks in the sediment and thus post-date sedimentation and soil formation. Their low 6'3C values indicate they formed in a

¢ Samples excluded from analysis because they formed in coarse laminated sandstone, probably of fluvial origin.

2003), archaeological evidence (Petraglia et al., 2007) and an earlier
candidate for a climatic disaster (Cohen et al, 2007). This debate is
doomed to remain sterile until unequivocal evidence is available
documenting the possible impact of the Toba eruption upon terrestrial
ecosystems. We here report the results of two independent lines of
enquiry into the impact of this eruption on ecosystems in and near to
India. Stable carbon isotopic analyses of fossil soil carbonates directly
beneath and above the Toba ash from sites in the Son and Narmada
valleys of central India, located ~ 3400 km NW of Toba, indicate a change
from forests before the Toba eruption to open or wooded grassland
ecosystems after the eruption. Pollen grains extracted from samples
collected immediately beneath and above the Toba ash from a marine
core, in the Bay of Bengal, show a reduction in tree cover and cooling
followed by prolonged drought. Our results provide the first direct
terrestrial evidence of a significant regional environmental impact of the
Toba eruption.

We hypothesise that other tropical ecosystems may also have been
affected by the Toba super-eruption and subsequent 1800-year-long
stadial. Genetic bottlenecks in humans and other species (Goldberg,
1996; Ambrose, 1998; Luo et al., 2004; Steiper, 2006; Thalmann et al.,
2007; Hernandez et al., 2007), and the regional extinction of 12
southeast Asian large mammal species (Louys, 2007), may have been
initiated by this event, and the course of modern human evolution and
dispersals may have been affected by the environmental impact of the
Toba eruption (Ambrose, 2002, 2006).

2. Distribution of the 73 ka Toba ash

Ash from the 73 ka Toba eruption is widespread across the Bay of
Bengal (Rose and Chesner, 1987), crops out as channel fill or valley-
floor deposits across peninsular India (Acharyya and Basu, 1993;
Shane et al., 1995; Westgate et al., 1998), and is present in marine
sediment cores from the Indian Ocean, the Arabian Sea and the East
China Sea (Pattan et al., 1999; Song et al., 2000; Biihring et al., 2000;
Liu et al., 2006) (Fig. 1).

Williams and Royce (1982) were the first to discover Quaternary
volcanic ash in India, at the Son-Rehi confluence (Fig. 1; Table 1) where
ash from the 73 ka Toba eruption fills a buried channel 3 m deep and
10 m wide (Williams and Clarke, 1984, 1995; Williams et al., 2006).
Geochemical analysis of subsequent ash discoveries across India showed
that they all belonged to the YTT (Acharyya and Basu, 1993; Shane et al.,
1995; Westgate et al.,, 1998). The purity of the ash and its widespread
distribution across India show that a layer of ash sufficiently thick to
preclude contamination with the underlying soils covered much of the
sub-continent to a maximum depth of 10-15 cm, as in the adjacent Bay
of Bengal marine cores (Ninkovich et al., 1978a; Acharyya and Basu,
1993; Gasparotto et al., 2000). Erosion of the unconsolidated ash mantle
deposited across the landscape would have been a rapid process leading
to choking of low order stream channels within a few years, just as on
Mount St Helens after the May 1980 eruption (Collins and Dunne, 1986).

3. Stable carbon and oxygen isotope analysis of soil carbonates in
central India

3.1. Location of sites

We have sampled palaeosol carbonates above and beneath Toba ash
outcrops at three locations with very fine-grained (<67 um) stratified
Toba ash along a NE-SW transect spanning 400 km (Fig. 1), including
two on either bank of the Son River (Khunteli and Rehi) and one near
Hirapur village on the Biranj River (a tributary of the Narmada River)
(Fig. 1). The two Son Valley sites (Rehi and Khunteli) are exposed as Late
Pleistocene cliff sections overlooking the modern river (Williams and
Royce, 1982; Acharyya and Basu, 1993; Williams et al., 2006). The third
site is exposed in a terrace near Hirapur village, located 4 km north of the
Narmada River, on the Biranj River, tributary to the Narmada (Acharyya
and Basu, 1993; Mukhopadhyay and Ramachandra, 1997). Section 3.4
provides detailed descriptions of the stratigraphic sections.

At Hirapur, the Toba ash lies conformably within the 12 m thick
Baneta Formation comprising fine-grained silts and silty/sandy loams
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Fig. 2. 9'3C values of pedogenic carbonates versus depth above/below the base of the Toba ash in the Khunteli, Rehi and Hirapur sections. The stippled section shows the position and
thickness of the Toba ash. The shaded margins show the ranges of 3'>C values of pedogenic carbonates formed in pure C; and pure C, floral habitats.

(Mukhopadhyay and Ramachandra 1997). Pedogenic carbonates occur
below and above the 125 cm thick ash and within the pedogenically
altered upper 55 c¢cm of the ash.

3.2. Methods of analysis

Carbonate samples were prepared for analysis at the Environmen-
tal Isotope Paleobiogeochemistry Laboratory, Department of Anthro-
pology, University of Illinois, Urbana. Nodules ranged from 13 to
50 mm in maximum length. Rootcasts selected for analysis were
>8 mm diameter. All nodules and rootcasts had micritic (fine-
grained) textures with no visible crystallinity. Samples were extracted
from the cores of freshly fractured specimens using a mini-drill with a
diamond burr. To prevent thermal decomposition the drill speed was

Khunteli

set to its lowest setting, and lowered further by reducing the power to
~90 V with a voltage regulator.

Samples of carbonate and Toba ash weighing on average 36 +
14 mg (mean+1 standard deviation) were heated to 380-400 °C
under vacuum for 3h to reduce organic matter, and to remove
adsorbed water and weakly bound clay hydroxyls. Weight loss from
heating (Table 2) is usually greater for samples with lower carbonate
contents. CO-, for carbon and oxygen isotope analysis was generated by
reaction of carbonate samples with 100% phosphoric acid at 70 °Cin a
Kiel Il automated carbonate reaction—-cryogenic distillation device
interfaced with a Finnegan MAT 252 isotope ratio mass spectrometer
at the Illinois State Geological Survey. Samples for reaction weighed
30-110 pg (mean and standard deviation: 59 4 14 pg). Two pure Toba
ash samples taken from the lower, pedogenically unaltered parts of the

Hirapur
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Fig. 3. Oxygen isotope ratios of pedogenic carbonates versus depth above/below the base of the Toba ash in the Khunteli, Rehi and Hirapur sections.
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Khunteli and Rehi sections, weighing 1094 and 542 pg, respectively,
were also heated in vacuo and reacted; they produced undetectable
amounts of CO,. (Table 2) Yields of carbonate carbon are calculated
based on the manometer pressure of purified CO, in the Kiel device,
calibrated by a range of weights of calcite isotopic standard reference
materials NBS-18 and NBS-19, assuming the mineral phase analysed is
calcite (CaCOs). Pure calcite is ~12% C by weight.

[sotope ratios are expressed using the & notation as permil (%o, or
parts per thousand) difference from those of the Pee Dee Belemnite
standard, calculated as:

8% = (Rsample/Rstandard)_1 x 1000

where Ris 13C/'2C or '80/'%0. Precision and replicability of NBS 18 and
NBS 19 standards for '3C is 0.1 £ 0.09%, and for 6'80 is 0.16 + 0.14%.
with the Kiel device on this mass spectrometer.

3.3. Use of stable carbon isotopes to infer vegetation type

The carbon isotope composition of carbonate nodules and rootcasts
formed within sediments and soils interstratified with the YTT can
provide direct evidence for the impact of the Toba eruption on tropical
environments because it provides a quantitative estimate of the
proportions of trees to grasses (Cerling, 1984; Ambrose et al., 2007).
Trees, shrubs, most dicotyledonous herbs and shade-tolerant grasses use
the C; photosynthetic pathway and have low 6'3C values, averaging ca.
—26%0 (Smith and Epstein, 1971). Tropical grasses that are adapted to
strong sunlight, high temperatures, aridity and low atmospheric CO,
concentrations use C4 photosynthesis and have higher 6'>C values,
averaging ~— 12%. (Ehleringer et al., 1997). Heat, water stress and/or
reduced atmospheric CO, concentrations favour the growth of plants
with the C4 photosynthetic pathway (Ehleringer et al., 1997; Collatz et al.,,
1998). Some C, species have evolved cold-tolerant physiological
adaptations (Wang et al, 2008), which may, along with low CO,
concentrations (Ward et al.,, 2008), account for their abundance in low
latitude glacial paleoenvironments.

Soil organic matter derived from C, plants has high 6'>C values,
averaging — 12%., while that from C5 plants averages —2 6%. (Ambrose
and Sikes, 1991). The carbon isotope ratio of pedogenic carbonate
reflects that of the floral biomass, with an enrichment of 14-17%.
(Cerling, 1984). Pedogenic carbonates formed under forests thus have
8'3C values of — 12%. to — 9%, while 5'>C values of those formed under
C,4 grasslands range from — 1%, to + 2%.. The precision and accuracy of
estimates of proportions of C3 and C4 biomass vary due to time averaging
of biomass isotopic composition during carbonate formation. Variation
can be assessed by analysis of several carbonate nodules and rhizoliths
ateach level sampled. The minimum estimate of the range of variation is
no less than the range of isotope ratios of nodules analysed.

Pedogenic carbonate 630 values are a complex function of rain-
water source isotopic composition, distance from evaporative source,
rainfall amount, temperature, humidity, altitude and latitude. All else
being equal, carbonate 6'20 value are highest in hot, arid habitats and
at low latitudes and altitudes (Cerling, 1984).

3.4. Description of the Khunteli, Rehi and Hirapur stratigraphic sections

At Khunteli (Fig. 1) the Toba ash appears to be an avulsion deposit
that occupies a channel fill eroded into the sands and clays of the Late
Pleistocene Khunteli Formation (Williams et al., 2006). In the excavated
section at Khunteli, the upper 175 cm of the sands beneath the ash
consist of alternating medium sand beds 27-56 cm thick and brown
silty clay and clayey silt bands up to 9 cm thick, containing pedogenic
carbonate concretions and rootcasts. The ash is a discontinuous bed of
volcanic ash up to 1.83 m thick. The upper 70 cm of the ash is reworked,
and grades into a massive fine-grained silt palaeosol with pedogenic
carbonates. Vertical cracks filled with carbonate run through the

excavated section. Sediments above the excavated section comprise at
least 4 m of cross-bedded and planar-bedded medium and coarse sands
and fine gravels and an upper unit of carbonate cemented gravels.

The 30 m thick section on the left (north) bank of the River Son
near its confluence with the River Rehi is a lateral variant of Khunteli
Formation, and consists of a basal unit up to 8 m thick of brown medium
sand capped by a laterally discontinuous unit of volcanic ash up to 4 m
thick (Williams and Royce, 1982). In Section 1 of the Son-Rehi YTT
outcrop, the upper 20 cm of the brown sands are coarse and laminated,
and contain sparse small carbonate nodules comprising cemented
coarse sand. In the 5 m deep excavated section (Section 2), the brown
sand is capped by 25 cm of clayey silt (mudstone) with small carbonate
rootcasts. In Section 1 this mudstone is thinner. Small diapiric intrusions
of this mudstone into the overlying pure Toba ash suggest the ash was
deposited over a soft wet mud. In Section 2, the basal 1.1 m of the ash is
pure, but from 1.1 to 3.45 m it grades into an ashy silt-loam with
carbonate nodules and rootcasts. The reworked ash is completely
cemented with carbonate from 3.45 to 3.83 cm above the base of the
ash. 1.8 m of dark brown well-developed vertic palaeosols with
abundant carbonate nodules conformably overlie the cemented ash.

The Toba ash in the 12 m Hirapur section lies within the fine-
grained silts and silty/sandy loams of the Baneta Formation. In Fig. 2 of

Pedogenic Carbonate Carbon & Oxygen Isotopes

Cc3 C4
1 1

Height above/below
base of Toba ash (¢cm}

4 F -
4 +
-] 5k . ] Khunteli
By *
W * 0O
s A - A - 172-0 below
] 6 A =
w0 M . * * 4 0-170 above
Tk ?’ - O + 183 above
3 oyttt
4+ o =
3 ° Rehi
& L ] chi
\? 5 . "
o) . O¢'e A -23-0 below
oL
“ * 4 176-393 above

O + 412-482 above

Hirapur

A -28-23 below

& Iso%rpdb
L
T
1

* +42-45 above

O + 87-109 above

1 1 " 1 1 " 1 1 1 "
-13 -11 -9 -7 -5 -3 -1 |
s3c%
oo pdb

Fig. 4. Bivariate plot of carbon and oxygen isotope ratios of pedogenic carbonates in the
Khunteli, Rehi and Hirapur sections. Samples below the Toba ash: red triangles; within
the ash: black diamonds; above the ash: green circles.
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the report by Mukhopadhyay and Ramachandra (1997) describing
this locality, the Hirapur section label was transposed with that for
Guruwara, which is located about 70 km east on the Narmada River.
Our main excavated section (Trench 2) comprises 3.2 m of brown
sandy clay loam with carbonate nodules in the top 30 cm. The basal
70 cm of the overlying ash is relatively pure, while the upper 55 cm is
reworked, with heterogeneous patches of pure ash and darker clay
loam, and carbonate rootcasts and nodules. A dark brown sandy
palaeosol conformably overlies the reworked ash. Clayey alluvium/
colluvium with historic artifacts unconformably overlies this palaeo-
sol. In Trench 1, located ~ 12 m from Trench 2, the primary ash bed is
25 cm thick, overlain by 22 cm of reworked ash. Carbonate nodules
within the reworked ash formed from plants growing on the overlying
brown clayey loam palaeosol.

3.5. Results of stable carbon isotope analysis

We have analysed the carbon and oxygen isotopic composition of 92
pedogenic carbonate nodules and rootcasts from four excavated
sections. Five additional carbonate samples listed in Table 1 are con-
sidered non-pedogenic. The isotopic composition of carbonates formed
within the first soils formed on Toba ash parent material reflects that of
the plant community.
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Minimum 6'3C and 6'80 values for the localities sampled (Table 2;
Figs. 2-4) increase from NE to SW, possibly reflecting a steeper
gradient of higher average annual temperature and lower rainfall than
prevails today. Khunteli, with the lowest average §'>C values beneath
the ash (—11.9%.) shows that immediately before the Toba eruption,
central India may have supported a relatively dense closed forest on
the east; progressively higher values for Rehi (—10.3%.) and Hirapur
(—9.7%.) suggest more open forest to closed woodland toward the
west. The increase in §'80 values from east to west is paralleled by an
equivalent increase in those of modern rainfall and groundwater,
reflecting a Rayleigh distillation process of rainout from prevailing
westerly air masses carried from the Indian Ocean (Gupta et al., 2005;
Gupta and Deshpande, 2005).

Low 8'3C values (—12.6 to —9.5%.) for 30 of 31 nodules beneath
the Toba ash at all sites show that the ash fell on nearly pure C3
habitats that were probably forested (Fig. 2). High 6'>C values
(—7.4%0 to +0.5%.) for 24 of 27 nodules within the upper parts of
the ash show that the first post-eruption soils supported floras that
were dominated by C; grassland to wooded grassland habitats.
Extremely high 6'3C values (— 0.7%. to + 0.5%.) in the level 3 calcrete
horizon at Rehi indicate nearly pure C4 grassland persisted for a long
time in this part of the Son Valley. Very low &'3C values above the ash
indicate C; forest habitats eventually returned to Khunteli and
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Fig. 5. North Greenland and Greenland Summit ice core oxygen isotope ratios from 10 to 110 ka, showing Dansgaard-Oeschger cycles 19 and 20, and the boundary between Marine
Isotope Stage (MIS) 4 (early last glacial maximum) and MIS 5 (last interglacial). The position of the volcanic sulfate peak attributed to Toba in the Summit GISP2 core (Zielinski et al.,
1996) is indicated with an arrow, and the stadial (cold) and interstadial (warm) halves of D-0 20 are indicated by s and i, respectively. The chronological position of the termination
of the D-O 20 interstadial in the North Greenland core (NGRIP, 2004) is concordant with radiogenic argon dates for the Toba eruption (Chesner et al., 1991), while that for the
Summit cores is approximately 2000 years younger (Dansgaard et al., 1993; Johnsen et al., 2001). Recalibration and correlation of the Greenland ice cores with the U-series dated
Hulu Cave speleothem (Weninger and Joris, 2008) is concordant with the age of the North Greenland core and the argon isotope age of the Toba eruption. The inset figures compare
two 4000-year segments of the North Greenland core (D-0 13 and 20, 46-50 and 72-76 ka, respectively) in order to emphasize the extreme cold, low temperature variance and long
duration of the D-0 20 stadial. These data show that the stadial component of D-O 20 was the longest (1500-1800 years) period with the consistently lowest ice 5'20 values of both

ice core records.
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Hirapur, while low to intermediate values indicate that a mosaic of
forest to wooded grassland habitats eventually predominated at Rehi.

Although low temperatures that followed the eruption during D-O
stadial 20 are considered unfavourable for C, plants, they have a
competitive advantage over Cs plants when atmospheric CO, concen-
trations are low (Ehleringer et al. 1997; Ward et al., 2008), and some C,4
species are remarkably cold-tolerant (Wang et al.,, 2008). Air CO,
concentrations in Greenland ice dropped rapidly during cold stadials
(Smith et al. 1997), so C4 photosynthesis would have remained
advantageous following the Toba eruption during the 1800 year stadial
portion of D-0 20.

The Toba ash was therefore deposited on a landscape covered by
mainly C3 plant communities (probably forests) that were then replaced
by mainly C,4 grasslands or wooded grasslands. However, the time needed
for these soils to develop and for the carbonate concretions to form is not
known and could range from 10? to 10°years. We cannot accurately
estimate how much time elapsed before the post-eruption C4-dominated
grassland environment was replaced by forest and woodland because
terrestrial sedimentation and soil formation rates are highly variable, and
applicable chronometric methods have relatively low precision and
accuracy. However, at Rehi the soil that formed under nearly pure C,4
grassland on reworked Toba ash is over 2.1 m thick. The top 30 cm of this
soil is completely cemented with pedogenic carbonate, indicating that
this grassland may have persisted for more than a millennium (Machette,
1985). This millennial-scale estimate is consistent with the ice core record
of low atmospheric CO, (Smith et al, 1997) and extremely cold

temperatures during the ~ 1800 years' duration of D-O stadial 20 (Fig. 5).

4. Analysis of terrestrial pollen in marine core S0188-342KL, Bay
of Bengal

4.1. Selection of samples for pollen analysis

In order to improve our estimate of the duration and geographical
range of this period of deforestation in central India, we decided to seek
independent evidence from fossil pollen in a marine sediment core in
which Toba ash is well preserved and sedimentation rates can be more
accurately estimated. Marine core S0188-342KL, located in the northern
Bay of Bengal, came from 1256 m water depth at 19°58.41'N and
90°02.03'E (Fig. 1). The sediment consists of greenish-grey foraminifera-
bearing silty clay and the Toba ash is at 598 cm depth within the core. The
core section studied covers the period from ~5500 years before to ~3500
years after the Toba eruption, deduced (a) from the position of the ash
layer on the 6'80 isotopic curve of G. ruber and (b) from the major
element composition of glass shards analysed. The sedimentation rate
above the ash is estimated to be 6.1 cm/Kkyr. Samples selected for pollen
analysis from the marine core had to fulfil two criteria. (a) We needed
close sampling above and below the YTT in order to pick up any abrupt
changes in vegetation cover. (b) We needed samples covering the stage
5/4 transition at lower resolution to identify any gradual changes in
vegetation cover that may relate to this transition rather than the Toba
eruption. The interpretation we present below deals only with sudden
changes around the YTT in the pollen record. Any gradual changes have
been ignored as they are most likely part of the stage 5/4 transition.

4.2. Methods used in the pollen analysis

Samples from core S0188-342KL were processed following the
procedures outlined in van der Kaars et al. (2000). Approximately 3.8-
4.3 ml of sediment was suspended in about 40 ml of tetra-sodium-
pyrophosphate (4 10%) and subsequently sieved over 210 and 7 micron
meshes, followed by hydrochloric acid (10%) treatment and heavy
liquid separation (sodium-polytungstate, SG 2.0, 20 min at 2000 rpm).
Slides were mounted in glycerol and sealed with paraffin wax. A known
amount of Lycopodium marker spores was added to each sample before
chemical treatment in order to establish palynomorph concentrations.

All slides were counted along evenly spaced transects until a
minimum count of 275 dryland pollen grains was reached for core
S0188-342KL. All percentage values were calculated on the total
dryland pollen sum. Pollen concentration values are presented as the
total dryland pollen grains per ml of sediment. The differences in the
pollen counting sums used are tuned to the vegetation from which the
pollen signal is derived. The vegetation types represented in core
S0188-342KL are quite varied and therefore the pollen sum was made
up of all dryland pollen (trees, shrubs and herbs).

4.3. Age model developed for the marine core

Fig. 6 shows the age model that we have developed for marine core
S0188- 342KL. The timescale was constructed by correlating varia-
tions in the a* values (determined from colour reflectance) in core
S0188-342KL (data shown in red) and SO93-126KL (blue) around the
Younger Toba volcanic ash layers (marked by the green vertical line at
73 ka) which are situated at 665 cm core depth in 126KL and at 598 cm
in 342KL (c). Core 126KL was recovered in 1994, twelve years earlier
than core 342KL which is from the same location (19°58.40'N,
90°02.03’E, water depth 1253 m), but which had been so intensively
sampled that it had too little material left for pollen analysis. This
difference in storage period has caused stronger oxidation of the
sediments in 126KL leading to more reddish colours. For better
comparison we thus systematically corrected the a* values for 126KL
by — 0.4. The age model for core 126KL (Kudrass et al., 2001) in turn is
based on radiocarbon dates between the core top and 40,000 calendar
years (40 ka). Variations in the oxygen isotope composition of the
planktonic foraminifera Globigerinoides ruber (white) from 126KL
(b) closely covary with shifts in the oxygen isotope composition of the
Greenland Ice Sheet Project 2 (GISP2) ice (a) in the radiocarbon-dated
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Fig. 6. Age model developed for marine core SO188-342KL (explained in text). From top
to bottom: Greenland Ice Sheet Project 2 (GISP2) 0'80 values of ice; 3'0 values for the
planktonic foraminifera Globigerinoides ruber (white); a* values (more negative values
indicate green while more positive values indicate red) determined from colour
reflectance in core SO93-126KL (shown in blue) and core 342KL (shown in red). The
green vertical line denotes the isochronous time marker of the Toba ash, here estimated
at 73 ka. The yellow bar at the bottom of the figure denotes the range of samples for
pollen grain counts.
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section of 126KL. Therefore the planktonic d'®0 curve was used to
adjust the older part (>40ka) of 126KL to the GISP2 timescale
(Grootes et al., 1993; Meese et al., 1997). We adjusted the age of the
GISP timescale in order to place the end of interstadial 20 at 73 ka,
coinciding with the age of the Toba eruption as determined by
Ninkovich et al. (1978b) and Chesner et al. (1991).

The 73 ka age for the Toba eruption used in our model is based on the
K-Ar age of 73.5 43 ka obtained for the eruption by Ninkovich et al.
(1978b) and the single-grain laser-fusion “°Ar/*°Ar age of 7344
obtained by Chesner et al., 1991). This agrees with the age model for
the North Greenland core, and the U-series dates for the Hulu Cave
speleothem (Weninger and Joris, 2008). We are aware that the error
terms associated with the K/Ar ages obtained for the Toba eruption
could amount to 44 ka. However, we note that establishing an exact age
for the ash is not essential for our purposes, since our concern is to
determine the environmental changes that immediately followed the
eruption. The sedimentation rates obtained using our model are broadly
correct and can be fine-tuned once the pre- and post-Toba eruptive
rocks have been re-dated. Regardless of the absolute age, the YTT
provides an isochronous marker for correlating the cores to each other,
and to the terrestrial sections described above. Moreover, the ice core
evidence for volcanic sulfate from the Toba eruption (Zielinski et al.,
1996) unequivocally ties these tropical marine and terrestrial sequences
to the global climatic record.

4.4. Pollen diagram

The pollen assemblages are dominated by herbaceous taxa, with
substantial numbers of Amaranthaceae/Chenopodiaceae, Artemisia,
Cyperaceae and Poaceae, with minor representation of arboreal taxa
indicating the presence of vegetation largely consisting of herblands
and open woodlands (Figs. 7 and 8). A significant reduction in tree and
shrub numbers and Pteridophyta after the Toba eruption suggests
drier conditions. However, the marked reduction in Stenochlaena
palustris, a fern mostly restricted to wet environments in the lowland
tropics from sea level to 300 m elevation may also point to cooler
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conditions. Overall, the distinct change to more open vegetation cover
and reduced representation of ferns, particularly in the first 5-7 cm
above the Toba ash, would suggest significantly drier conditions in
this region for at least one thousand years after the Toba eruption.

4.5. Direct and indirect impacts of the Toba super-eruption upon plant
cover

Two questions relating to the interpretation of the pollen pre-
served in the Bay of Bengal marine core concern the direct impact of
the eruption upon the plant cover (explosive blast; fires) and the
degree to which the pollen in marine cores is truly representative of
the terrestrial record.

The 1850 BP eruption from Taupo in New Zealand offers a useful
insight into both questions (Wilmhurst and McGlone, 1996; Wilm-
hurst et al., 1999). This eruption covered 30 000 km? of the central
North Island with ash and roughly 20 000 km? with ignimbrite, the
latter destroying all forests beneath the ash flow deposits. The pollen
record shows that forests located up to 170 km east of the Taupo
eruption suffered some degree of damage, but re-vegetation was
complete within 200 years of the eruption, with post-eruption forests
similar to those growing before the eruption. The impacts on plant
cover of smaller eruptions from Taupo were less evident in the marine
record, which showed some slight time lags between the instanta-
neous deposition of volcanic ash and the slower arrival of sediment
brought in by rivers from the source area, but even major eruptions
caused but brief increases of a few centuries' duration in the terrige-
nous sediment influx from fluvial redistribution of volcanic deposits
(Carter et al., 2002). We may conclude from the well-documented
Taupo record that the Toba super-eruption probably had little long-
term effect on deep sea sedimentation rates in the core we have
analysed. There may have been some slight time lags in the arrival of
pollen carried in by rivers after the initial eruption. Given the distance
of the marine core site from Toba volcano (~2200 km), it is extremely
improbable that any of the post-eruption vegetation changes we have
identified reflect the immediate and direct effects of the eruption upon
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the landscape. In any event, these effects are unlikely to have persisted
for more than a very few centuries in this tropical environment. The
longer-term effects we consider more likely to reflect changes in local
and regional climate resulting from the eruption.

5. Discussion
5.1. Possible climatic impact of the Toba super-eruption

The Toba eruption marks the onset of the coldest two millennia of
the Greenland ice cores (Dansgaard et al., 1993; Zielinski et al., 1996;
Lang et al., 1999; North Greenland Ice Project Members, 2004). It is
likely that the formation of the fossil soil carbonates in the Rehi section
and the first 5-10 cm of the marine core above the Toba ash span the
duration of this stadial interval. Small numbers of Middle Palaeolithic
artifacts from gravels and sands stratified below and above a thick
bed of ash in south India have been interpreted as demonstrating
insignificant impacts of Toba on terrestrial environments and human
adaptations in India (Petraglia et al., 2007). Our results challenge this
conclusion because they show that the Toba eruption led to prolonged
drought and deforestation in India, probably lasting for 1000-
2000 years. Cooling arising from the Toba super-eruption is consid-
ered responsible for the extreme cold of ice core stadial 20 (Zielinski
etal., 1996) and is supported by our work. The precise magnitude and
duration of the Toba-induced cooling in other regions of the world is
still not well known, because their environmental records are not
stratified with clear markers of the 73 ka Toba eruption. However,
cores from three large, deep lakes in tropical Africa (Lakes Malawi,
Tanganyika and Bosumtwi) have unusual depositional events at
~73 ka, reflecting apparently synchronous abrupt drops in lake levels
(Scholz et al., 2007). This is consistent with a severe global envi-
ronmental impact for the Toba-induced cooling.

A major uncertainty concerns the physical processes responsible
for such a prolonged duration. Rousseau and Kukla (2000) noted rapid
monsoon retreat in China at the S1/L1 boundary of the long loess-
palaeosol sequence of the Loess Plateau, and suggested that the most
likely cause was sudden rearrangement of the oceanic conveyor belt,
perhaps triggered by the Toba eruption. The cooling effects of historic
eruptions are known to involve the generation of highly reflective
low-level clouds produced by sulfate aerosols and of dust veils
scattering solar radiation (Rampino and Self, 1982; Rampino et al.,
1985; Sadler and Grattan, 1999) and vary spatially over time (Kelly
et al., 1996). However, such cooling is short-lived, lasting only several
years, after which the aerosols and dust particles are scavenged by
falling rain. The cooling generated by the Toba sulfates (Zielinski et al.,
1996) may have been accentuated in high latitudes through positive
feedback effects related to increased albedo from persistent snow
cover at high latitudes (Rampino and Self, 1993; Zielinski et al., 1996;
Kelly et al., 1996; Jones et al., 2005).

The Greenland GRIP Summit ice core record shows a repetitive
sequence of cold (stadial) and warm (interstadial) cycles (see
Williams et al.,, 1998, for a detailed discussion), each ~1-3 ka in
duration. The cycle analysed by Lang et al. (1999) shows a very rapid
16°C change in temperature at about the time of the Toba eruption, but
in the absence of direct geochemical evidence we cannot be certain
that it reflects the climatic impact of the Toba eruption. Millennial-
scale variation in 6'%0 of atmospheric O, in the North Greenland ice
core is correlated with evaporative enrichment in transpired plant leaf
water, and an abrupt increase in percentages of semi-desert plant
biomass in Mediterranean Sea core ODP 976 at ~74 ka (Genty et al.,
2005; Landais et al., 2007). If the Toba eruption did indeed coincide
with the onset of the very cold event just after interstadial 20, as seems
probable (Zielinski et al., 1996), then the Toba eruption may have
provided the catalyst for the prolonged cooling and drying that
followed. In any event, the impact on prehistoric human societies

would have been profound, as indicated by the genetic evidence
(Harpending et al., 1993; Ambrose, 1998; Forster, 2004).

5.2. Implications for prehistoric human migrations

If global primary productivity declined catastrophically for nearly
two millennia following the Toba eruption then it may have been
responsible for the late Pleistocene population bottlenecks reflected
in the genetic structure of living human (Harpending et al., 1993;
Mountain and Cavalli-Sforza, 1997; Watson et al., 1997; Ke et al.,
2001; Forster, 2004), eastern African chimpanzee (Goldberg, 1996),
Bornean orangutan (Steiper, 2006), central Indian macaque (Hernan-
dez et al., 2007) and all tiger (Luo et al., 2004) populations, and the
separation of the nuclear gene pools of eastern and western lowland
gorillas (Thalmann et al., 2007). Molecular genetic dating indicates
that all of these species recovered from very low population sizes
during the early last glacial, ~70-55 ka.

The Toba-induced cooling may have also forced African human
populations to develop new strategies for survival. The final stages of
the transition to modern human behaviour, which included the
development of strategic risk-minimizing social information and
materials long distance exchange networks, appeared in the
archaeological record in East Africa soon after this eruption
(Ambrose, 2002, 2006). This new cooperative social strategy may
have been crucial for human survival in degraded environments
after the eruption, and may have also facilitated the dispersal of
modern humans from Africa and replacement of archaic human
populations outside of Africa during the last ice age (Ambrose, 2002;
Mellars, 2006; Beyin, 2006).

6. Conclusions

The Toba ash provides an unambiguous isochronous stratigraphic
marker for correlation of terrestrial (Westgate et al., 1998), marine
(Song et al., 2000) and ice core (Dansgaard et al., 1993; Lang et al.,
1999; North Greenland Ice Project Members, 2004) environmental
records. Our new carbon isotope evidence from fossil soils found
immediately beneath and above the Toba ash in central India
demonstrates a major isochronous change in vegetation from forest
before the eruption to open woodland or grassland thereafter.
Terrestrial pollen spectra from a marine core collected from the Bay
of Bengal support the terrestrial isotopic evidence indicating initially
cooler temperatures followed by decreased tree cover and prolonged
drought for at least a millennium following the Toba eruption. These
terrestrial and marine archives of climatic change following the Toba
super-eruption provide support for the hypothesis that severe
environmental degradation could have been responsible for large
mammal extinctions in southeast Asia and genetic bottlenecks in
humans and other species that occurred in Africa and southeast Asia
at this time.
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