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Explosive eruptions tear apart the frothy, gas-rich magma,
producing fine pyroclasts (hot fragments) composed of
solidified melt (i.e. glass) and crystals. Copious quantities of
hot, buoyant, pyroclast-bearing gas and the enormous
Plinian eruption column that they form are the signatures
of large explosive eruptions (Wilson 2008 this issue; Self
and Blake 2008 this issue). The mixture of gas and pyro-
clasts leaves the volcanic vent and enters the atmosphere at
near-magmatic temperatures. It immediately entrains and
heats air, rises buoyantly to heights that may exceed 35 km,
and then spreads laterally as a giant “umbrella” cloud in the
stratosphere. The fragments return to Earth in two very dif-
ferent ways (Wilson 2008). Some fall gently like snow from
the eruption column and blanket the land surface (forming
fall deposits). More energetic and immediately devastating,
however, are the hot and highly fluid pyroclastic flows that
can move across the ground surface at speeds up to hun-
dreds of kilometers per hour, covering areas of many thou-
sands of square kilometers with ash-flow deposits. 

IMMEDIACY AND MAGNITUDE 
OF THE THREAT?
The consequences of future supereruptions, which were
portrayed in dramatic fashion in the movie Supervolcano,
are discussed by Self and Blake (2008). In short, supererup-
tions are “the ultimate geologic hazard,” in terms of the
immediate and devastating impact of eruption products on
our social infrastructure, and with regard to the longer-term
climatic effects that will arise from loading the stratosphere
with sulfur-rich gases. There is, however, a silver lining of
sorts: the global frequency of volcanic eruptions correlates
inversely with eruption size. Supereruptions, then, occur
extremely infrequently (from a human perspective), on
average one about every 100,000 years (Decker 1990; Mason
et al. 2004). Moreover, the youngest well-documented
supereruption, Oruanui in the Taupo Volcanic Zone of New
Zealand, occurred only (!) 26,000 years ago (26 ka) (Wilson
2008). This event was preceded by Toba’s cataclysmic eruption
roughly 50,000 years earlier, and several lesser-known, post-
100 ka candidates for supereruption status are under study.
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Likely extent of ash cloud (thick dashed line) and of pyro-
clastic flows (inset Landsat image; thin dashed line) pro-

duced during the 74 ka supereruption from the Toba caldera, Sumatra.
Lake Toba (visible in center of inset) fills the 100 km long by 40 km wide
depression formed during caldera collapse. Also shown is the possible
impact zone of a tsunami generated by Toba pyroclastic flows entering
the sea 150–200 kilometers from the source vents, but note that sea
level was about 60 m lower at 74 ka than now. Figure based on origi-
nal illustration by S. Self and S. Blake.

FIGURE 2

Views of (A) the Long Valley caldera, USA, which col-
lapsed during the 760 ka supereruption that formed the

Bishop Tuff (photo by Colin Wilson), and (B) Cascada de Basaseachic, a
waterfall over 300 m high cutting through a single, thick ~28 Ma ign-
imbrite typical of those elsewhere in the Sierra Madre Occidental of western

Mexico. Because of good exposure, ancient supereruption products—
like those in Mexico (McDowell and Clabaugh 1979) and elsewhere in
western North America (e.g. Lipman et al. 1972)—have provided a valu-
able framework to better understand modern supervolcano systems.

FIGURE 3
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Supereruptions require a very large volume of magma with
strong explosive potential. Explosive potential results from
a high content of volatile constituents (mostly H2O) that
can form gas bubbles, combined with high viscosity to
inhibit escape of the bubbles from the magma; it is the
bursting of these trapped bubbles that drives an explosion
(see Zhang and Xu 2008 this issue, regarding the physics of
bubble growth from a lighter perspective). Supervolcano
magmas have high water contents1, and their silica-rich
dacitic and rhyolitic magmas are highly viscous, not unlike
the magmas of many other volcanoes (FIG. 4). What sets
them apart, however, is simply the enormous amount of
eruptible magma that accumulates in shallow chambers,
which are in turn only a minor component of even larger
magma reservoirs (see Bachmann and Bergantz 2008 this
issue; Reid 2008 this issue). As suggested by all the papers in
this issue, deeper-level, hotter, less silicic basaltic and

andesitic magmas, though rarely evident in the products of
the eruptions themselves, provide the thermal energy that
drives the supervolcano system and contribute at least some
of their mass to the silicic erupting magmas (Lowenstern
and Hurwitz 2008 this issue; FIG. 5). Key to growth of large-
volume, silicic magma reservoirs seems to be thick, rela-
tively low-density crust of the type found in continents and
old island arcs. Such crust inhibits buoyant ascent of dense,
low-silica magma, thereby promoting reservoir growth and
facilitating differentiation processes (see Bachmann and
Bergantz 2008).

Explosive eruptions, whether super or “normal” size, may
be triggered by any perturbation that leads either to exten-
sive bubble growth or to failure and fracturing of the rocky
container that surrounds and overlies the magma chamber,
producing conduits to the surface. Expansion of magma—
either through bubble growth or through addition of new
magma—increases pressure, and if this overpressure exceeds
the strength of the surrounding rock, the container will fail
and magma will inject into the resulting fractures, poten-
tially reaching the surface and erupting. This results in
rapid decrease of pressure in the magma, causing bubble
growth and commonly explosion. Possible triggers for
explosive eruptions include (1) gas saturation in crystalliz-
ing magma (volatiles are partitioned into remaining liquid);
(2) replenishment by fresh drafts of magma; (3) escape of
gas-rich, crystal-poor magma from crystal mush and storage
of this low-density, low-strength magma beneath the cham-
ber roof; and (4) earthquakes and faulting, which may frac-
ture chamber walls or destabilize a stagnant mush (e.g.
Anderson 1976; Pallister et al. 1992; Eichelberger and
Izbekov 2000; Bachmann and Bergantz 2003, 2008; Walter
and Amelung 2007; Davis et al. 2007). A central question in
understanding supervolcanoes is why their chambers
escape triggering perturbations for long enough to accumu-
late the gigantic quantities of magma that eventually erupt.
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1 It is noteworthy that, despite the availability of abundant magmatic
water as well as enormous amounts of heat, supervolcano systems
are not unusually productive in terms of hydrothermal mineral
deposits (John 2008 this issue).

Sizes of Eruptions

VOLUME
The amount of material in an eruption can be described in terms of mass
or volume of material. Volume, often of greater interest, can be described
in the following ways:

!! dense rock equivalent (DRE) – estimate of the pre-vesiculation, 
pre-eruption volume of erupted magma (densities range from
~2.2–2.8 × 103 kg m-3). Note that this volume is somewhat greater
than that of equivalent crystallized (glass-free) rocks, which have den-
sities ranging from ~2.6 to 3.0 × 103 kg m-3.

!! the volume of pyroclastic material (for explosive eruptions) – this
vesiculated, often loosely packed material is much less dense than the
magma (its density is highly variable but averages roughly 103 kg m-3)

The volume of pyroclastic material deposited at Earth’s surface, commonly
used to characterize explosive eruptions, is thus two to three times
greater than that of the magma necessary to form the material. 

MAGNITUDE
The magnitude of an eruption has been defined by the mass of erupted
material (lava or pyroclastic), as follows (Pyle 2000):

log10(erupted mass in kg)−7

This calculation yields a value similar to the VEI (see following table)

VOLCANIC EXPLOSIVITY INDEX (VEI)

MODIFIED AFTER NEWHALL AND SELF (1982)

BOX 1

Relative volumes of pyroclastic material erupted at four
young volcanoes, compared with volumes of three

supereruptions discussed in this issue. The two most recent eruptions
shown, from Mount St. Helens and Mount Pinatubo, each caused
extensive damage and received intense media interest. Ejected volumes,
however, were only about 1/10,000 (St. Helens) and 1/500 (Pinatubo)
of the volumes associated with either the 74 ka Toba or the 2 Ma Yel-
lowstone supereruptions. Even the 1883 Krakatau eruption, which
accounted for over 35,000 deaths, was smaller than the Toba and Yel-
lowstone eruptions by two orders of magnitude. The 1815 Tambora
eruption, which had an ejected volume less than 5% of those of Toba
or Yellowstone and was distinctly less than “super,” affected global cli-
mate and was responsible for over 50,000 deaths.

FIGURE 1

VEI
Plume 
height 
(km)

Ejected 
volume 
(km3)

Frequency 
on Earth Example

0 <0.1 >~10-6 daily Kilauea, Hawai‘i

1 0.1–1 >~10-5 daily Stromboli, Italy

2 1–5 >~10-3 weekly Galeras, Colombia, 1993

3 3–15 >~10-2 yearly Nevado del Ruiz, Colombia, 1985

4 10–25 >~10-1 ~every 10 y Soufrière Hills, West Indies, 1995

5 >25 >~1 ~every 50 y Mount St. Helens, USA, 1980

6 >25 >~10 ~every 100 y Pinatubo, Philippines, 1991

7 >25 >~100 ~every 1000 y Tambora, Indonesia, 1815

8 >25 >~1000 ~every 10,000–
100,000 y Supereruptions: Toba, 74 ka
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Did Toba play a role in an observed “bottleneck” in 
human mitochondrial genetic diversity? 
 
 
Maybe. [Ambrose 1998] 
 
No. [Petraglia et al., 2007] 
 
see review by Williams et al., 2012 
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Figure 2. Monthly global-mean surface air temperature profiles for: (a) the Krakatau eruption (1883); (b) PelQ, Soufribre and Santa Maria 
(1902); (c) Agung (1963); (d) El Chichon (1982); (e) composite based on events (a-d); and (0 Pinatubo (1991). The data are expressed as 
departures in degrees Celsius from the appropriate monthly mean for the 5 years preceding month zero, the January of the eruption year. The 

dashed horiontal line indicates the 5 percent significance level 
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Volcanoes impact global climate:  Instrumental data 
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(a) reconstructed (grey) and simulated (red/blue) NH temperature
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  (e) NH temp (950-1250) minus (1450-1850) -0.2
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  (f) NH temp (1900-2000) minus (1450-1850)

Figure 5.8 |  Comparisons of simulated and reconstructed NH temperature changes. (a) Changes over the last millennium (Medieval Climate Anomaly, MCA; Little Ice Age, LIA; 
20th century, 20C) (b) Response to individual volcanic events. (c) Response to multi-decadal periods of volcanic activity. (d) Response to multi-decadal variations in solar activity. 
(e) Mean change from the MCA to the LIA. (f) Mean change from 20th century to LIA. Note that some reconstructions represent a smaller spatial domain than the full Northern 
Hemisphere (NH) or a specific season, while annual temperatures for the full NH mean are shown for the simulations. (a) Simulations shown by coloured lines (thick lines: multi-
model-mean; thin lines: multi-model 90% range; red/blue lines: models forced by stronger/weaker solar variability, though other forcings and model sensitivities also differ between 
the red and blue groups); overlap of reconstructed temperatures shown by grey shading; all data are expressed as anomalies from their 1500–1850 mean and smoothed with a 
30-year filter. Superposed composites (time segments from selected periods positioned so that the years with peak negative forcing are aligned) of the forcing and temperature 
response to: (b) 12 of the strongest individual volcanic forcing events after 1400 (the data shown are not smoothed); (c) multi-decadal changes in volcanic activity; (d) multi-decadal 
changes in solar irradiance. Upper panels show volcanic or solar forcing for the individual selected periods together with the composite mean (thick line); in (d), the composite mean 
of volcanic forcing (green) during the solar composite is also shown. Lower panels show the NH temperature composite means and 90% range of spread between simulations (red 
line, pink shading) or reconstructions (grey line and shading), with overlap indicated by darker shading. Mean NH temperature difference between (e) MCA (950–1250) and LIA 
(1450–1850) and (f) 20th century (1900–2000) and LIA, from reconstructions (grey), multi-reconstruction mean and range (dark grey), multi-model mean and range and individual 
simulations (red/blue for models forced by stronger/weaker solar variability). Where an ensemble of simulations is available from one model, the ensemble mean is shown in solid 
and the individual ensemble members by open circles. Results are sorted into ascending order and labelled. Reconstructions, models and further details are given in Appendix 5.A.1 
and Tables 5.A.1 and 5.A.6.

Volcanoes impact global climate:  Paleoclimate data 

IPCC,	
  2013	
  

data-model comparison provides critical constraint on  
climate sensitivity:  temperature response to change 
in radiative forcing 
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(a) reconstructed (grey) and simulated (red/blue) NH temperature
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Figure 5.8 |  Comparisons of simulated and reconstructed NH temperature changes. (a) Changes over the last millennium (Medieval Climate Anomaly, MCA; Little Ice Age, LIA; 
20th century, 20C) (b) Response to individual volcanic events. (c) Response to multi-decadal periods of volcanic activity. (d) Response to multi-decadal variations in solar activity. 
(e) Mean change from the MCA to the LIA. (f) Mean change from 20th century to LIA. Note that some reconstructions represent a smaller spatial domain than the full Northern 
Hemisphere (NH) or a specific season, while annual temperatures for the full NH mean are shown for the simulations. (a) Simulations shown by coloured lines (thick lines: multi-
model-mean; thin lines: multi-model 90% range; red/blue lines: models forced by stronger/weaker solar variability, though other forcings and model sensitivities also differ between 
the red and blue groups); overlap of reconstructed temperatures shown by grey shading; all data are expressed as anomalies from their 1500–1850 mean and smoothed with a 
30-year filter. Superposed composites (time segments from selected periods positioned so that the years with peak negative forcing are aligned) of the forcing and temperature 
response to: (b) 12 of the strongest individual volcanic forcing events after 1400 (the data shown are not smoothed); (c) multi-decadal changes in volcanic activity; (d) multi-decadal 
changes in solar irradiance. Upper panels show volcanic or solar forcing for the individual selected periods together with the composite mean (thick line); in (d), the composite mean 
of volcanic forcing (green) during the solar composite is also shown. Lower panels show the NH temperature composite means and 90% range of spread between simulations (red 
line, pink shading) or reconstructions (grey line and shading), with overlap indicated by darker shading. Mean NH temperature difference between (e) MCA (950–1250) and LIA 
(1450–1850) and (f) 20th century (1900–2000) and LIA, from reconstructions (grey), multi-reconstruction mean and range (dark grey), multi-model mean and range and individual 
simulations (red/blue for models forced by stronger/weaker solar variability). Where an ensemble of simulations is available from one model, the ensemble mean is shown in solid 
and the individual ensemble members by open circles. Results are sorted into ascending order and labelled. Reconstructions, models and further details are given in Appendix 5.A.1 
and Tables 5.A.1 and 5.A.6.

Volcanoes impact global climate, 
but how much? 
 
 
Fact:  models tend to cool more  
than paleoclimate data suggest 
 
 
problem with model? 
(Timmreck et al., 2010) 
 
or data? 
(Mann et al., 2012, 2013; 
Anchukaitis et al., 2012) 
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with no indication of the initiation of an ice age. Here we
examine three additional factors that may have served to
produce conditions favorable for sustained glacial conditions,
with three different GCM experiments. (Harris [2008]
reported preliminary results for Toba experiments with the
same GCM as Jones et al. [2005], but with a slab ocean. The
results were similar.)
[5] Typically, for smaller eruptions, the e-folding time for

stratospheric residence of volcanic sulfate aerosols is about
1 year [Robock, 2000]. Rampino and Self [1992] suggested
that the normal amount of water vapor in the stratosphere
might limit the formation of sulfate aerosols after extreme
injections, and although they understood that Toba would
have injected a large quantity of water into the stratosphere,
they assume that only 10% of the SO2 injected by Toba
would convert to particles. Bekki et al. [1996] used a simple
model of this phenomenon to suggest that the forcing from
Toba might have lasted for a decade. However, the volcanic
sulfate deposition from the Toba eruption found by Zielinski
et al. [1996] in the Greenland ice cap only lasted about
6 years. To help answer this question we examine the water
vapor response in the stratosphere.

[6] Another feedback avenue is that the cold and dark
conditions after the Toba eruption might have killed much
of the vegetation on the planet, which in most parts of the
world would have produced a higher surface albedo, which
could have then led to further cooling. We examine this
hypothesis with a GCM containing a coupled dynamic
vegetation model that includes this feedback.
[7] It is the SO2 injections into the stratosphere from

volcanic eruptions that cause climate change, as the result-
ing sulfate aerosol particles remain for a few years, blocking
out solar radiation and cooling the surface [Robock, 2000].
Jones et al. [2005] assumed that the SO2 emission from
Toba was 100 times that of Pinatubo, but other estimates put
it closer to 300 times Pinatubo [Bekki et al., 1996;Oppenheimer,
2002]. Would such a larger volcanic forcing have been
more likely to produce an ice age? To answer this question,
we ran a GCM with a range of forcings: 33, 100, 300, and
900 times the Pinatubo forcing.
[8] The Toba eruption certainly must have had signifi-

cant impacts on stratospheric chemistry, which may have
affected ozone and other gases, with a chemical feedback
to prolong or enhance the forcing. To test this hypothesis,
we also conducted an experiment with a model that in-
cludes these chemistry feedbacks, using the most likely
scenario, 300 times Pinatubo.
[9] All but one of our experiments were conducted from

initial conditions representing current Milankovitch orbital
configuration, current vegetation, and current greenhouse
gas concentrations. Rampino and Self [1992, 1993] showed
that the long-term trend of insolation at 65!N in July was
declining during the period of the Toba eruption, indicating
that solar forcing was pushing the Earth toward glacial con-
ditions. CO2 concentration was about 230 ppm, only 60% of
current concentrations.
[10] An additional mechanism, not considered here, is the

increase in surface albedo that would be caused by the ash
blanket from a supereruption that would cover the land near
the eruption. Jones et al. [2007] used a GCM to show that
while an ash blanket deposited over North America from a
Yellowstone eruption would have large local effects, it
would only have a 0.1 K global average cooling. Their
experimental design, which ignored the potential moderat-
ing effect of a stratospheric aerosol cloud or vegetation
growth on the ash, results in an upper bound on the ash
effect. For Toba, much of the ash fell in the Indian Ocean,
so we expect this effect to have also been small for Toba.
[11] Clearly, a volcanic eruption is not required to pro-

duce a glaciation, so it is obvious that if the climate system was
poised to cool dramatically anyway, a slight nudge could have
sped it along. With lower CO2 concentrations, different solar
activity, or even different vegetation patterns producing a
different planetary albedo [Sagan et al., 1979], the sensitivity
of the climate system to massive radiative forcing might have
been higher andmaybemore prone to switch. Such experiments
remain to be done, so we interpret the experiments presented
here as answering the question of whether a Toba-like eruption
could produce an ice age today, and the answer is ‘‘no.’’

2. Climate Models and Experiments

[12] We conducted six GCM experiments, using the
National Aeronautics and Space Administration Goddard

Figure 2. (a) Monthly average global-mean temperature
(red) and precipitation (black) anomalies and (b) monthly
average global-mean downward shortwave radiation
anomalies, all for CCSM3.0 forced with 100 times the
amount of aerosol as the 1991 Mount Pinatubo eruption in
the Philippines put into the stratosphere. The x axis is time
in years.
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Figure 3. For the CCSM3.0 run, (top) percent coverage of four major vegetation types for the year
before the eruption. (bottom) As above but averaged for the 4 years just after the eruption. Broadleaf
evergreen trees virtually disappear, as do tropical deciduous trees.
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three eruptions. The ratio of ensemble-mean maximum cooling
between the YTT and the Tambora eruption is more than 4 for India
(4.7) and South East Asia (4.4), and more than 3 for the African
regions (3.2e3.5). Furthermore, the spread among individual
members of the ensemble is much larger in the Tambora simula-
tions than in the YTT ones. For instance, the largest cold anomalies
over India (based on monthly mean values) between the individual
Tambora simulations yielding the strongest and the weakest cool-
ing effect differ by a factor of two. Such variability is a consequence
of the low signal-to-noise ratio for a Tambora-like eruption, i.e., of
the fact that in this case volcanically-induced anomalies are within
the range of natural variability (between 2 and 3 K for the Indian
region, see the grey lines in Fig. 4).

The temperature anomalies are not only stronger for the YTT
eruption, but they also last longer: by up to 10e20 years for the
selected regions and 32 years for the globe. In the case of the Tam-
bora eruption the cooling exceeds the half standard deviation
threshold for a period of 2.5 (India, South East Asia) to 7 years
(African regions) and 9 years for the globe. For both the Tambora and
the YTT eruption the duration of the volcanic signal in the global
temperature is larger than twice those of the selected regional
temperatures. Such simulated behaviour is related to the persistence
of volcanic signals in the Arctic region, a feature which is primarily
due, in theMPI-ESM, to the concomitant onset of anomalously weak
post-eruption oceanic heat transports in the North Atlantic and of
sea ice/snow e albedo feedbacks (Zanchettin et al., 2011).

Other parameters of the model simulation might also lead to
overestimating the climatic consequences of the YTT eruption. The
global distribution of temperature anomalies is highly dependent
on the initial state of the tropical Pacific, which is not known for the
time of the YTT eruption. This uncertainty was taken into account
by running the model for different initial conditions of the El Niño-
La Niña oscillation cycle.

Uncertainties still exist about the eruption history of the YTT.
The assumed duration of the eruption is one of these uncertainties.
Certainly, the microphysical processes would be different if the
duration of the eruption had been 100 days instead of the assumed
10, but the microphysical processes would also change if injection
pulses would be considered instead of a continuous emission rate,
or if the injection height and therefore the NBH changed. The YTT
probably erupted 73 ka with collapsing eruption columns due to
the extreme mass eruption rates. Very high-resolution simulations
of the eruption plumes of very large co-ignimbrite eruptions
(Herzog and Graf, 2010) demonstrate that the NBH of the co-
ignimbrite plumes is reduced relative to Plinian eruptions due to
the formation of multiple updrafts which are less efficient in the
vertical tracer transport. An NBH of 25 km, as applied for these YTT
simulations, should therefore be considered as an upper limit. The
NBH i.e. the altitude where most of the sulphate aerosol will be
formed after the eruption and distributed around the globe, might
probably just exceed the height of the tropopause resulting in
further reduced lifetime of the aerosol and hence of the radiative
forcing.

Finally, in the model, the stratospheric chemistry is parame-
terized in a simplistic manner. Several changes in the atmospheric
composition are expected after a very large volcanic eruption such
as the YTT. The hydroxyl radical OH is probably not constant as in
this approach but altered due to an increased water vapour flux
through the tropopause (Robock et al., 2009). The huge aerosol
cloudwill change the photolysis rates of various species, and lead to
the uplift of trace gases due to aerosol induced heating (Timmreck
et al., 2003). Hence, to address all these various complex interac-
tions in a sophisticated manner it would have been desirable using
a fully-coupled interactive microphysical chemistry climate model.
Up to now, such a model approach is not available due to existing
technical and resource limitations. So, the analysis employed the
simplified parameterizations, which may be sufficient for a first
order approach.

4.2. Uncertainty in the vegetation response

In order to investigate the sensitivity of the vegetation response
to the general climate state, some of the simulations were repeated
under glacial conditions with a simpler model configuration, as
described in section 2.2. Despite the large differences in the back-
ground climate, the overall response of vegetation is qualitatively
similar but quantitatively less pronounced. Time series for vege-
tation cover for the four selected regions illustrate the smaller
effects on vegetation in a glacial climate (Fig. 12). There are some
changes in vegetation cover immediately after the eruption and
tree cover stays slightly reduced in all regions, but grass cover

Fig. 11. Scatter plot of maximum cooling (K) versus length of perturbation (years) for
the global average and the four specific regions (indicated by different symbols) and
for different volcanoes (indicated by different colors) based on monthly mean values.
The length of perturbation indicates the time from the start of the eruption until the
signal is within 0.5 of the standard deviation. A 61-month running average was used
for the detection of the perturbation length. As a reference results of MPI-ESM
simulations of the 1991 Pinatubo eruption are also depicted in the plot. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 2
Overview of radiative forcing. The global averaged values are given for the time of peak aerosol optical depth (AOD) at 0.55 mm.

Peak AOD
at 0.55 mm

Time (month
after eruption)

Top of the Atmosphere flux anomalies (W/m2) Surface flux anomalies (W/m2)

SW LW NET SW LW Net

YTT 4.28 14 !61.6 44 !17.5 !45.8 5.09 !40.7
Tambora 0.42 10 !11.1 6.36 !4.7 !7.64 0.22 !7.42
Pinatubo 0.22 6 3.68 0.14 !3.54 !3.68 0.14 !3.54

C. Timmreck et al. / Quaternary International 258 (2012) 30e4440 Modeling Toba’s effects in MPI-ESM 
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Borneo stalagmites as records of regional 
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Fig. 2. Comparison  of  Borneo  stalagmite  δ18O records to climate forcings and 
records of paleoclimate from key regions. (A) Greenland NGRIP ice core δ18O 
(gray) (31) with 100yr averages (black), plotted using the GICC05modelext age 
model (32). (B) Hulu/Sanbao cave stalagmite δ18O records from China (1, 2); 
where Sanbao has been offset by +1.6‰   to   match   Hulu), plotted with July 
insolation at 65°N (33). (C) Borneo  stalagmite  δ18O records, plotted with age 
models aligned and adjusted to account for changes in ice volume-related 
changes in global seawater δ18O (8). Also plotted are October insolation at 0°N 
(black) (33) and non-ice-volume-corrected versions of the Borneo stalagmite 
δ18O records (gray). (D) Coral-based estimates of paleo-sea level record (20, 
34, 35) (black symbols) and derived global mean sea level record (15) (solid 
line: average, dotted line: minimum and maximum). (E) Sulu Sea planktonic 
foraminifera  δ18O (24), plotted with revised age model using updated IntCal09 
calibration curve 41kybp-modern   and   aligning   60kybp   δ18O excursion to the 
Hulu/Sanbao  stalagmite  δ18O records. (F) EPICA Dronning Maud Land (EDML) 
ice   core   δ18O (gray) (28) with 7-year averages (black). Vertical blue bars 
indicate the timing of Heinrich events H1-H6 (5) as recorded by the 
Hulu/Sanbao  stalagmite  δ18O records (1, 2). 
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Figure 2. Comparison of Borneo stalagmite δ18O records to climate forcings and records of 
paleoclimate from key regions. (A) Greenland NGRIP ice core δ18O plotted using the 
GICC05modelext age model (Wolff et al., 2010). Greenland Stadial #20 (GS20) is indicated by a 
blue arrow. (B) Hulu/Sanbao stalagmite δ18O records (Wang et al., 2001; Wang et al., 2008). (C) 
Borneo stalagmite δ18O data (gray=uncorrected; colors=corrected for ice volume δ18O changes) 
(Carolin et al., 2013). (D) Coral-based estimates of paleo-sea level (Bard et al., 1990; Cutler et al., 
2003) plotted with a reconstruction of global mean sea level (Waelbrock et al., 2002). Vertical blue 
bars indicate the timing of Heinrich abrupt climate change events. The vertical orange line denotes 
the best radiometric age for the Toba eruption of 73.88±0.64kybp (2σ) (Storey et al., 2012; see 
Figure 1 for a close-up of the Toba time interval). Modified after Figure 2 of Carolin et al., 2013. 
  

Whether or not Toba had a lasting impact on climate, the eruption was closely associated 
with Greenland Stadial 20 (GS20), an abrupt shift to cooler stadial conditions recorded in the 
Greenland ice cores (Figure 2). Therefore, the exceptionally abrupt and large increase in Borneo 
stalagmite δ18O coincident with the Toba super-eruption begs the following question:  Did the 
Toba super-eruption occur during or after the transition to heavier δ18O values indicative of a 
major climatic shift? While it is possible that Toba erupted in the midst of one of the greatest 
climate changes of the last glacial cycle, while having no effect on said transition, a mechanistic 
role for Toba in shaping regional, if not global, climate change during this time period cannot be 
rejected based on available evidence. 
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The handful of well-dated, high-resolution 
records of tropical Indo-Pacific climate that extend 
through the Toba interval provides ambiguous and 
oft-time conflicting information about Toba’s 
regional climate effects. On the one hand, a marine 
sediment core from the northeastern Arabian Sea 
shows no sign of a major climate anomaly 
associated with the Toba ash layer in the same core, 
even while it captures the millennial-scale climate 
changes recorded in Greenland (Shultz et al., 2002). 
Similarly, Lane et al., 2013 find no evidence for a 
major climate anomaly overlying the 2cm-wide 
Toba ash layer in Lake Malawi, southeast Africa 
(located over 7000km from Toba). Borneo 
stalagmites only 1000 km from Toba, reveal a 
millennial-scale δ18O increase reproduced in three 
samples that is remarkable in its abruptness and 
magnitude (Carolin et al., 2013) – a feature that is 
mirrored in several overlapping Chinese stalagmite 
δ18O records (Wang et al., 2001; Wang et al., 2008) 
(Figure 1). Situated between these sites, a SST 
proxy record from the South China Sea captures a 
sharp, prolonged cooling directly associated with a 
2cm layer of Toba ash (Song et al., 2000; Huang et 
al., 2001). 

 
Earth system models indicate that a Toba-

sized eruption would have had significant impacts 
on Earth’s climate system (Robock et al., 2009; 
Timmreck et al., 2010; English et al., 2010), but the 
size, duration, and regional expressions of any 
climatic impacts are as yet poorly constrained.  
When forced with stratospheric sulfate loading 
equivalent to 30-900 times Pinatubo, global 
temperatures cooled by 8-17ºC for 1-2 decades in 
NCAR’s CCSM3 model (Robock et al., 2009). 
However, Timmreck et al., 2010 found that particle 
aggregation during super-eruptions reduced aerosol 
residence times in the stratosphere, causing a 
shorter and much more muted global climate 
response to Toba. Looking beyond global 
temperature anomalies, a number of recent studies 
highlight the potential for significant regional 

climate precipitation and vegetation impacts in response to large tropical eruptions (Timmreck et 
al., 2012a), along with coupled climate effects that can persist for several decades (Zhong et al., 
2011; Miller et al., 2012; Zanchettin et al., 2012). Notably, poor constraints on the temporal 

 
Figure 1. Potential signatures of the Toba 
super-eruption in:  Borneo stalagmite δ18O 
(Carolin et al., 2013) w/ U/Th dates and their 
1σ errors; Hulu/Sanbao stalagmite δ18O 
(Wang et al., 2001; Wang et al., 2008) w/ 
U/Th dates; MD97-2151 SST proxy record 
from the South China Sea (Huang et al., 
2001) with ash layer aligned to 40Ar/39Ar date 
for Toba (orange; Storey et al., 2012; shown 
w/ 2σ errors); NGRIP δ18O (NGRIP 
members, 2004) and EDML δ18O, aligned to 
Toba date using SO4 peaks (Svensson et al., 
2012). Greenland stadial 20 (GS20) is 
indicated for reference. 
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of dark subhedral biotite and rarer hornblende crystal.
The gradational contacts of the tephra layer with host
sediments in the top and bottom are a total of 20 cm in
thickness. This suggests that the tephra had been
reworked by bottom current and biotubation, which
likely diffused the tephra within the host sediments.
Two size fractions (63–150 and !150 !m) were
separated and sampled for morphological and
geochemical analyses.
The morphology of the glass shards was studied by

the Riguku Scanning Electron Microscopy (SEM) at
the Department of Geology, National Taiwan Univer-
sity. The major element compositions of the glass
shards and mineral grains were determined using a
JEOL JXA-8900R Electron Micro-Probe Analyzer
(EPMA) at the Institute of Earth Sciences, Academia
Sinica, Taiwan. Operating conditions were 15 kV,
10 nA and were focused ("1 !m) for accelerated
voltage, probe current and beam diameter. The data
were processed using the ZAF correction routine.
Trace elements and REE were determined by Induc-
tively Coupled Plasma-Mass Spectrometry (ICP-MS)
using a Perkin–Elmer Elan-6000 spectrometer at the
Guangzhou Institute of Geochemistry, Chinese Acad-
emy of Science, and this had good stability ranging
within !5% variation (Liu et al., 1996).

3. Glass morphology

An extensive SEM study was performed on the
large (!150 !m) and small (63–150 !m) grains of
ash samples to examine the morphology of the glass
shards. Figs. 3A and B show the shards that have
predominantly bubble-wall morphologies. Minor
elongated vesicles of pumice fragments also occur.
These morphologic characteristics are very similar
to that of the glass shards of the YTT in the Indian
Ocean and the Bay of Bengal (Rose and Chesner,
1987).

4. Geochemistry

To characterize and correlate the tephra bed in the
SCSB, major and trace elements on fresh glass shards
and major elements on minerals (Tables 1 and 2) were
obtained. The glass samples were immersed in a 4 N
acid and vibrated for 30 min in ultrasonic cleaner.

S.-R. Song et al. / Marine Geology 167 (2000) 303–312306

Fig. 3. SEM photomicrographs of tephra from core MD972151 in
the SCSB. (A) Blocky and angular shards showing normal to elon-
gated vesicles with smooth and conchoidal fractured surface. (B)
Bubble-wall shards showing smooth and slightly curved surface.
Pumiceous shards showing elongated and parallel vesicles. The
length dot line on the bottom shows 250 !m.

200µm 



! 4 

The handful of well-dated, high-resolution 
records of tropical Indo-Pacific climate that extend 
through the Toba interval provides ambiguous and 
oft-time conflicting information about Toba’s 
regional climate effects. On the one hand, a marine 
sediment core from the northeastern Arabian Sea 
shows no sign of a major climate anomaly 
associated with the Toba ash layer in the same core, 
even while it captures the millennial-scale climate 
changes recorded in Greenland (Shultz et al., 2002). 
Similarly, Lane et al., 2013 find no evidence for a 
major climate anomaly overlying the 2cm-wide 
Toba ash layer in Lake Malawi, southeast Africa 
(located over 7000km from Toba). Borneo 
stalagmites only 1000 km from Toba, reveal a 
millennial-scale δ18O increase reproduced in three 
samples that is remarkable in its abruptness and 
magnitude (Carolin et al., 2013) – a feature that is 
mirrored in several overlapping Chinese stalagmite 
δ18O records (Wang et al., 2001; Wang et al., 2008) 
(Figure 1). Situated between these sites, a SST 
proxy record from the South China Sea captures a 
sharp, prolonged cooling directly associated with a 
2cm layer of Toba ash (Song et al., 2000; Huang et 
al., 2001). 

 
Earth system models indicate that a Toba-

sized eruption would have had significant impacts 
on Earth’s climate system (Robock et al., 2009; 
Timmreck et al., 2010; English et al., 2010), but the 
size, duration, and regional expressions of any 
climatic impacts are as yet poorly constrained.  
When forced with stratospheric sulfate loading 
equivalent to 30-900 times Pinatubo, global 
temperatures cooled by 8-17ºC for 1-2 decades in 
NCAR’s CCSM3 model (Robock et al., 2009). 
However, Timmreck et al., 2010 found that particle 
aggregation during super-eruptions reduced aerosol 
residence times in the stratosphere, causing a 
shorter and much more muted global climate 
response to Toba. Looking beyond global 
temperature anomalies, a number of recent studies 
highlight the potential for significant regional 

climate precipitation and vegetation impacts in response to large tropical eruptions (Timmreck et 
al., 2012a), along with coupled climate effects that can persist for several decades (Zhong et al., 
2011; Miller et al., 2012; Zanchettin et al., 2012). Notably, poor constraints on the temporal 

 
Figure 1. Potential signatures of the Toba 
super-eruption in:  Borneo stalagmite δ18O 
(Carolin et al., 2013) w/ U/Th dates and their 
1σ errors; Hulu/Sanbao stalagmite δ18O 
(Wang et al., 2001; Wang et al., 2008) w/ 
U/Th dates; MD97-2151 SST proxy record 
from the South China Sea (Huang et al., 
2001) with ash layer aligned to 40Ar/39Ar date 
for Toba (orange; Storey et al., 2012; shown 
w/ 2σ errors); NGRIP δ18O (NGRIP 
members, 2004) and EDML δ18O, aligned to 
Toba date using SO4 peaks (Svensson et al., 
2012). Greenland stadial 20 (GS20) is 
indicated for reference. 
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multiple sulfate peaks in  
Antarctic ice core tied 
to sulfate peaks in Greenland 
à  relationship to Toba 

 eruption(s)? 



Research questions: 
 
1)  How many times did Toba erupt ~74,000yrs ago? 

 And with what relative sizes? 
 
2)  What were the regional climate impacts of the 

 eruption(s)? 
 
3)  Did the Toba-related climate effects in Borneo  

 occur before, during, or after the initiation of  
 pronounced regional drying? 



Approach: 
 
Find the volcanic markers in the Borneo  
stalagmites. 
 
Compare to oxygen isotope-based  
climate record in same stalagmites. 
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Figure 4. Photos of candidate stalagmite samples for the reconstruction of high-resolution δ18O and ash-
related geochemical markers. High-precision U/Th dates are denoted in yellow, in kybp (individual age 
uncertainties average ±200-500yrs (2σ; Carolin et al., 2013)). Each of the samples shown here is capable 
of delivering decadal to sub-decadal temporal resolution through the age interval in question (denoted by 
a red box), based on available growth rate estimates. Note that low-resolution reconstructions of 
stalagmite δ18O for Secret 2 and 3 are published in Carolin et al., 2013 (see Figures 1 and 2). Cave 
conservation statement:  All of these stalagmites were collected as previously broken samples from the 
cave floor. 
 
U/Th dating:  absolute age control 
 All of the stalagmite U/Th dates required for the project will be generated by a Georgia 
Tech graduate student working in Jess Adkin’s MC-ICPMS lab at Caltech, as part of a long-
standing collaboration (Partin et al., 2007; Meckler et al., 2012; Carolin et al., 2013; see 
attached letter of support). We will use the preliminary age models to sample additional dates, 
with the goal of isolating the time interval of interest (roughly from 70-76kybp) in three 
stalagmites. Given that uncertainties in the correction for detrital thorium translates to age errors 
of ±200-500yrs in the Toba timeframe (2σ; Carolin et al., 2013), it is important to measure 
additional isochrons in the stalagmites to better constrain the 230Th/232Th ratio of the contaminant 
phase to achieve the most accurate U/Th dates. This is especially true for the new samples from 
Fairy City, whose 230Th/232Th ratios may differ from previously published values measured in 
other caves. As stated above, however, the strength of our approach lies in aligning shared 
features across 3 U/Th-dated stalagmites, yielding much more precise dating constraints for such 
features than could be achieved from a single U/Th-dated stalagmite. 
 

Ultimately, we hope to generate at least one date every 500 years through the 72-75kybp 
interval across three samples (N=18 dates plus duplicates and blanks). When combined with 
preliminary dates (N=20 assuming 5-6 per stalagmite plus duplicates and blanks) and isochron 
dates (N=30 assuming 2 isochrons per stalagmite, where 1 isochron = 3-4 dates plus duplicates 
and blanks), we anticipate measuring ~80 dates in support of the project. These dates will be 

Available stalagmites 
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Preliminary synchrotron Fe data 



Preliminary SIMS Sulfur profile 

10µm beam = ~2.2yrs 
20µm sampling res = 4yrs 

data	
  from	
  Stacy	
  Carolin	
  

initiation of  
steep 
δ18O shift in 
bulk data 

~550yrs 



Next steps: 
 
Geochemically fingerprint 
i)  Toba ash 
ii)  Mulu clays 

Compare to synchrotron/SIMS scans  
across Toba horizon 
(Fe, Si, S, Br, K, Al) 
*see review by Frisia et al., 2012 
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concentrations of iron.   Raw counts in the iron band are approximately 10 to 20 times higher than the 
background signal of the stalagmite. Lighter area to the left of the 73,636 date is related to a probable 
change in the crystallographic orientation of calcite in this region. Note that the synchrotron scan is not 
perfectly aligned with the growth/sampling axis, but this can be optimized in future scans. Depths of U/Th 
dating samples, with resulting dates, are indicated in red.  Dark areas associated with the dates are pits in 
the sample from the material removed for dating.  Horizons marked by higher Fe concentrations are 
indicated by green arrows. The radiometric age for the Toba ash is indicated in the text box. 

 
In order to identify any observed Fe bands as Toba 

ash, as opposed to clay layers, we will conduct geochemical 
“fingerprinting” of the layer in question by comparing its 
geochemical signatures to those of 1) Toba ash (generously 
provided by Victoria Smith, Oxford), and 2) Mulu  
clays. Heavily rhyolitic in composition, the Toba tephra is 
70-78% SiO2, 13-14% Al2O3, 1-3% Fe2O3, and 2-4% K2O 
(Figure 7), with a specific range of trace element contents 
(Chesner, 1998 provides an exhaustive summary of major 
and minor element Toba tephra chemistry) – quite distinct 
from the stalagmite’s calcite matrix, as well as any detrital 
clays.  
 

Iron bands with associated Mn and Co were observed 
in 4 other Mulu stalagmite samples in the estimated 74,000 
year region of each stalagmite during quick low resolution 
runs to test the feasibility of this analysis.  Calibration of the 

fluorescence signals and further analysis is needed to determine if elemental ratios of Fe, Mn and 
Co are consistent across the different stalagmite samples. The sample pictured in Figure 6 as well 
as the four other samples investigated (not shown) were analyzed at a resolution of 50 microns 
per data point with data collected for 400 milliseconds per point (dwell time). The sample 
pictured in Figure 6 was analyzed using an incident energy of 10 keV. This allowed us to 
investigate the abundance the elements with atomic number from 22 (Ti) to 30 (Zn). The 8-BM-
B line is capable of running at higher energies such as 22 keV, which we plan to use to 
investigate the abundance of other elements, such as Mo and Br, which have been cited in other 
studies as indicators of volcanic contributions to stalagmites (Bardertscher et al., 2014). .   
Standardization to convert a fluorescence signal to concentration (mg cm-2) will be performed by 
fitting spectra to the signal from thin-film standards NBS-1832 and NBS-1833 (National Bureau 
of Standards, Gaithersburg, MD). Secondary calibration will be performed using ICPMS 
analyses of elemental compositions of the bulk carbonate. The latter work will be conducted on a 
quadrupole ICPMS available in our department, following techniques outlined in Badertscher et 
al., 2014. 
 
B. Dynamical constraints on the West Pacific hydroclimate response to large eruptions 
 
 Our proposed analysis of the NASA/GISS ModelE2-R output builds on a large body of 
paleoclimate modeling research conducted with the water isotope tracer-equipped version of this 
ocean-atmosphere coupled earth system model. Previous work isolates large rainfall δ18O 
responses to Holocene insolation changes (LeGrande and Schmidt, 2009) and abrupt climate 
change events (Lewis et al., 2010). More recent efforts have focused on simulating the global 

 
Figure 7. Plot illustrating the 
geochemical “fingerprinting” of 
Toba ash in Lake Malawi 
sediments (figure modified after 
Lane et al., 2013). Clay 
compositions from Mermut & 
Cano, 2001). 

SiO2%wt%%%

15-keV accelerating voltage, 6-nA beam current, and 10-μmdefocused beam.
On-peak count times were 10 s for Na; 30 s for Si, Al, K, Ca, Fe, Mg, Ti, and
Mn; and 60 s for P. The electron probe was calibrated using a suite of
characterized minerals and oxides standards; accuracy and precision was
monitored by intermittent analysis of fused volcanic glass standards ATHO-G
and StHs6/80-G, from the Max-Planck-Institut für Chemie–Dingwell (MPI-
DING) collection (35, 36) (Table S1).

The revised age model for the top 30 m of MAL05-1C (Fig. 4) was gen-
erated using 15 radiocarbon ages (7) and the latest high-precision YTT age
estimate of 75.0 ± 0.9 ka (4) in a Bayesian P-Sequence depositional model
(37), run in OxCal version 4.1 (38) with outlier analysis (39) and interpolation
at 0.5 m intervals. Radiocarbon dates were calibrated using the IntCal09
curve (40). The approximate sedimentation rate of 0.03 cm·year−1 stated in

the text for the time interval around the YTT deposition was calculated di-
rectly from our age model, using the interval 20–30 m. Across this interval,
the model has a 2-sigma uncertainty of between 2% and 10%.

The analytical methods used to determine TEX86 were identical to those
described elsewhere (32).

Fig. 3. Chemical and visual characteristics of YTT
glass shards. (A) SEM image of glass shards from the
YTT layer in MAL05-1C. Note the dominance of
platy, bubble wall shards as well as one with some
elongate vesicles (Right). (B) Chemical correlation of
glass shards from cryptotephra layer in MAL05-1C
(28.10 MBLF) with both proximal (Sumatra) and
distal (India) deposits of the YTT (29). Glass com-
positions of the YTT (open squares) are clearly dis-
tinct from tephra of the Rungwe Volcanic Province
(26) and of the Olkaria (27) and Eburru (28) volca-
noes, Kenya, which have produced rhyolitic erup-
tions during the last 150 ka.. Uncertainty for data
generated in this study, calculated from 2 SD pre-
cision of secondary standard analyses, is contained
within the YTT symbols.

Table 1. Chemical composition of YTT glass shards in Lake
Malawi, compared with proximal samples from the Toba caldera
in Sumatra, Indonesia and YTT ash from the Indian archaeological
site of Jwalapuram (29)

Sample SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total*

Cryptotephra layer, MAL05-1C 28.10 MBLF
Average

(n = 18)
77.24 0.05 12.41 0.84 0.07 0.05 0.77 2.95 5.61 100

2 SD 1.79 0.04 0.31 0.14 0.08 0.06 0.19 0.37 0.45
Cryptotephra layer, MAL05-2a 26.78 MBLF
Average

(n = 9)
77.22 0.04 12.32 0.84 0.07 0.05 0.78 3.2 5.47 100

2 SD 0.47 0.05 0.27 0.11 0.05 0.03 0.21 0.26 0.26
YTT, Toba caldera
Average

(n = 118)
77.24 0.06 12.54 0.85 0.07 0.05 0.78 3.10 5.20 100

2 SD 0.7 0.06 0.39 0.24 0.09 0.04 0.21 0.34 0.29
YTT, Jwalapuram, India
Average

(n = 113)
77.36 0.06 12.49 0.87 0.07 0.07 0.75 3.25 4.93 100

2 SD 0.28 0.02 0.2 0.09 0.04 0.1 0.78 0.16 0.16

*All data normalized to water free compositions. Table S1 contains the full
dataset and associated secondary standard analyses. For details of analytical
conditions, see Materials and Methods.

Fig. 4. The revised age-depth model for MAL05-1C. A revised Bayesian age-
depth model for the upper 30 m of MAL05-1C based on 15 radiocarbon
dates (24) and the age of the YTT: 75 ± 0.9 ka B.P. (4). Gray shading denotes
modeled 95% confidence intervals. Beyond 30 m depth, no secure inde-
pendent age estimates are available and a tentative age–depth relationship
is projected to 40 m assuming linear sedimentation (dashed lines). The pre-
vious MAL05-1C age model (24) is shown for comparison. For details of model
construction, see Materials and Methods.
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