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Tambora
(Stothers, 1984, Self et al. 2004, Sigl et al., 
2015)

Toba
(Robock et al. 2009, Timmreck et al. 
2010, William, 2012, Smith et al. 2018) 

Year of eruption 1816 ≈ 74 ka
Caldera size 100 km2 3 000 km2

Dense Rock Equi. 33 km3 2 500 – 3 000 km3

Ash distance 550 km 9 000 km
Sulfur emitted 27-29 Tg 35 – 850 Tg
Cooling forcing 17 W m-2 18 – 100 W m-2

Global temp. drop 1.0 to 1.5 °C 3 to 17 °C
Highlight The year without summer MIS 4-5, Population bottleneck, 

No doubt Toba was a massive eruption, still dynamics and 
characteristics of the eruption remain largely unknown



T1 T3T2T4

A. Svensson et al.: Direct linking of Greenland and Antarctic ice cores 759

Fig. 8. Comparing volcanic ice core markers in Greenland (GISP2, GRIP, and NGRIP) and Antarctica (EDML, DF-1, DF-2, EDC) around
the suggested Toba match covering the match points T1–T4. The upper curves show NGRIP �18O and deuterium excess (d-excess) including
a piecewise linear fit (straight lines). DF-1 and DF-2 refers to Dome Fuji cores 1 and 2, respectively. GISP2 sulphate is from Zielinski et
al. (1996) and GISP2 ECM is from Taylor et al. (1997). GRIP ECM is from Wolff et al. (1997) and DF-1 ECM is from Fujita et al. (2002).

www.clim-past.net/9/749/2013/ Clim. Past, 9, 749–766, 2013

Modified from
Svensson et al., 
2013.

Based on bipolar 
comparison, four 
possible sulfate peaks 
in ice cores for the 
Toba has been 
reported
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[Savarino et al., 2003]
[Baroni et al., 2007, 2008]
[Matter et al., 2006] 
[Cole-Dai et al., 2009, 2013] We used the Δ33S 

proxy to verify that 
these sulfate peaks 
are at least of 
stratospheric origin 
as it should be for 
mega-eruptions

We abundantly documented that 
stratospheric volcanic sulfate possess a 
unique Δ33S composition
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[Farquhar et al., 2001]
[Ono et al., 2013, 2008]
[Hattori et al., 2013] 
[Whitehill et al., 2013, 2015] 

SO2 + UV ➞ Δ33S, Δ36S

Δ33S tracer:  ➞ independent any chronology
➞ independent any location
➞ independent of deposition flux

Mechanism to 
generate a 
non-zero Δ33S
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Supplementary Table 4: Uncertainties arising when isotopic values are corrected from the background 

contribution, obtained through Monte Carlo error propagation method.  

Supplementary Figure 1 – Left: Schematic representation of the evolution of ∆17O (OH) with altitude in the 

stratosphere, adapted from Zahn et al.3 OH 17-excess is maximum around 30 km of altitude. It then decreases by 

half above 40 km. In that sense, the 17O-excess of sulfate could reflect the altitude of formation of the aerosols in 

the stratosphere. 
Right:  A similar trend is followed by H2O with a lower magnitude (adapted from Zahn et al.3 fig. 10).   
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Volcanic fraction 1σ - δ34S 1σ - Δ33S 1σ - Δ36S

0.9 0.68 0.02 0.24
0.8 0.82 0.03 0.30
0.7 1.03 0.04 0.41
0.6 1.34 0.05 0.55
0.5 1.80 0.06 0.78
0.4 2.53 0.09 1.13
0.3 3.75 0.13 1.69
0.2 6.21 0.23 2.87
0.1 13.70 0.52 6.49

Zahn et al., 2008

Decrease Δ17O 
with increase
altitude

We also used the Δ17O of 
sulfate as a qualitative proxy 
of altitude injection

SO2 + OH à H2SO4

1 from OH

3 from O2/H2O

Main oxidation pathway in the stratosphere

High altitude eruptions have low Δ17O 
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Hemisphere eruptions can be significant; such eruptions are
understood to be especially efficient to cause summer monsoon
reductions and Nile failures which have occurred following the
high-latitude eruptions of, e.g., Katmai 1912, Laki 1783, Katla
939, and in the 44 BCE time period34,35. The climatic signal
observed by Sigl15 is undetectable in Southern Hemisphere tree
ring reconstructions from Tasmania36, but this finding is not
surprising as volcanic cooling signatures are hardly detectable
in temperature reconstructions from the Southern Hemisphere
for any major volcanic eruptions37. The 42 BCE example thus
illustrates a strength of a combined isotopic/bipolar synchroniza-
tion approach to detect stratospheric high-latitude eruptions.

The isotopic method has an advantage of distinguishing
stratospheric from tropospheric eruptions and provides a way
to check bipolar tie-points used in that dating framework. On the
other side, it does not distinguish bipolar from hemispheric
events. Thus, it makes sense that in the long run, the bipolar and
isotopic methods be combined to resolve stratospheric from
tropospheric as well as those that are global from those that are
hemispheric and to generate the finest reconstructions of
stratospheric volcanic eruption history. Such reconstructions will
ultimately be needed to decipher the full fabric of the connections
between eruptions and climate.

Oxygen isotopes reveal particularly powerful eruptions. We
note that while the Δ33S signal has been diagnostic stratospheric
versus tropospheric character of eruptions, we see no evidence
that the characteristics of this signal change with eruption mag-
nitude and dynamics, both of which would provide further links
to climate. We thus shift our focus to information provided by
oxygen isotopes (16O, 17O, 18O) and more precisely by the oxygen
anomaly Δ17O (or 17O-excess) used to quantify a deviation from
the mass-dependent relationship linking ratios δ17O and δ18O.
For those eruptions identified as stratospheric, information from
oxygen isotopes appears to provide a way to identify particularly
violent stratospheric injections of sulfur which is explored below.

In the troposphere, SO2 oxidation by ozone occurs in aqueous
phase and can generate significant non-zero Δ17O of H2SO4

38,39.
In the stratosphere, lack of liquid water limits such chemistry and
reaction with OH radicals becomes the main oxidation pathway
for SO2. The OH radicals control Δ17O of stratospherically-
produced H2SO4, and deliver an oxygen anomaly of approxi-
mately 4‰ to stratospheric sulfates formed in usual conditions.

Figure 2 shows Δ17O of 14 studied stratospheric events
(Supplementary Table 2). Most display oxygen isotope anomalies
between 2 and 5‰, consistent with the OH-oxidation pathway

and similar to tropospheric observations24,40, but three strato-
spheric volcanic events (1259 CE Samalas, with an estimated
SO2 injection up to 40 km41, 575 CE, and 426 BCE) yield sulfate
with very low Δ17O (below 1.5‰), which is also lower than
typical atmospheric aerosol background42. Sigl15 links each of
these three eruptions to a significant global climatic impact,
and we suggest the diminished Δ17O is reflective of the way
that sulfurous gas is injected into the stratosphere and diagnostic
of large eruptions with potentially significant climate impact. Our
observation for Salamas (Δ17O= 0.76‰) confirms a previous
determination24 that reports a negligible excess (Δ17O= 0.8 ±
0.2‰). The 426 BCE eruption is newly identified as a low Δ17O
event that also may be large.

Next, we examined more closely the 575 CE and 426 BCE
events through analysis of subsamples (Fig. 3), to gain insight into
evolution of Δ17O during a large volcanic sulfate deposition event.
These data reveal a sharp and significant decrease of Δ17O at the
time of maximum sulfate deposition, further supporting the
notion that the low Δ17O is a feature of these large eruptions and
may link to a shutdown of the OH-oxidation pathway. Such a
link has been proposed for large eruptions by Savarino et al.24
who argue that a shutdown of the OH-oxidation pathway and
the emergence of new oxidation pathways associated with lower
(or nil) Δ17O follow the injection of a large amount of SO2 into
the stratosphere. An alternatively possibility is that the reduced
signal reflects a change of Δ17O(OH) with altitude such as
predicted by Zahn et al.43

The shutdown of the OH-oxidation pathway after large
stratospheric injections, as previously considered24 could result
from more than one process. As suggested from models, very
large sulfur loading, and subsequent massive gas phase oxidation
of SO2, can cause severe OH depletion44. Another process
involves halogen chemistry associated with large volcanic
eruption plumes45,46 that would cause severe ozone depletion47
and shutdown the OH-oxidation channel. Both possibilities
would yield variable Δ17O of volcanogenic sulfate in the
stratosphere following eruptions that injected significant sulfur
high into the stratosphere. Both cases would also require opening
new and unknown oxidation pathways with the consequence of
lowering Δ17O.

For context on what these pathways might be, we focus on
processes occurring in the troposphere, where three main
pathways of oxidation are OH-oxidation in the gas phase, and
O3 and H2O2 oxidation in the liquid phase, where the two latter
pathways are responsible for the consistent positive Δ17O38.
Indeed, OH and H2O are constantly exchanging atoms in the
atmosphere. Any 17O-excess inherited from O3 by OH is erased
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Fig. 2 Δ17O on 14 stratospheric events. All blue dots refer to Δ17O values, in per mil. The three light blue dots, standing below the Δ17O= 1.5 dotted line,
display particularly low 17O-excess. If two samples were measured for a same event, the smallest anomaly is displayed on the graph. Data are not corrected
from background oxygen isotopic composition (see Methods for further explanations). Error bars are 1 s.d.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08357-0
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Gautier et al., 2019

Volcanic Δ17O 

Large eruptions: 1259 
CE, 575 CE, 426 BCE 
have low Δ17O 
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All three eruptions are 
clearly stratospheric

Peak B preserved only
⊖ phase

Δ33S of the proposed 
Toba’s layers
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The sulfur isotopic
composition of the T1, T2, T3 
eruptions is indistinguishable
from previous stratospheric
eruptions
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Summary & Conclusions

Peak T1: High SO4
2-, +/- Δ33S, Lowest Δ17O observed 

Possible candidate for Toba

Peak T2: Medium SO4
2-, - Δ33S, high Δ17O 

Missing positive component that precludes
any conclusion

Peak T3: Medium SO4
2-, +/- Δ33S, Low Δ17O 

Possible candidate for Toba
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In progress … 
Geochemical analysis if 
shards are present

likely occurred on a timescale of 1e2 years, as indicated by the time
shift between the eruption and deposition. Evidence for strato-
spheric transport of volcanic ash to Central EAP in association with
strong explosive eruptions is not new. At Vostok, it has been
observed (Delmonte et al., 2004) that small particles with modal
values around 1.5e1.7 mm are generally associated with strato-
spheric ash entering the troposphere during stratosphere/tropo-
sphere folding, jointly with sulphate and likely 10Be. We believe
that in the case of injection of large quantities of volcanic ash to

great heights in the stratosphere also some relatively large particles
can be transported in the stratosphere at great distance from the
source, as suggested by presence of some large dacitic glasses in
VK-14 sample.

A limited subset of glass analyses from a Vostok sample indicate
distinctive high-silica rhyolitic composition with sub-alkaline af-
finity. In the TAS diagram, this evolved component appears sepa-
rated from the two main glass populations previously discussed
(insets of Fig. 4), suggesting a different source. Note that this

Fig. 4. (a) Total alkali-silica (TAS) classification diagram and alkaline/sub-alkaline division line (Rickwood, 1989, and references therein) showing the normalised analyses of ice-core
shards. An¼ Andesite, D¼Dacite, Ph¼ Phonolite, Rh ¼ Rhyolite, T¼ Trachyte. The inset shows the TAS diagram with fields (dotted lines) indicating the three major element
compositional clusters. (b) The TAS classification diagram as above showing the whole data set (in grey-scale) compared with glass geochemical analyses for the most likely
correlatives (data from Alloway et al., 2017; Narcisi et al., 2012, 2016, 2017; Palais et al., 1992). The inset shows the TAS diagram with fields (dotted lines) indicating the three major
element compositional clusters. Geochemical comparison with further potential sources is provided in Supplementary Material.

B. Narcisi et al. / Quaternary Science Reviews 210 (2019) 164e174 169

Narcisi et al., 2019

Trachitic

Dacitic
Rhyolitic
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Svensson et al., Clim Past, 2013

« Based on ice core data there are thus several possible 
candidates for Toba eruption(s), and it cannot be excluded

that several of them are related to Toba. ../..
Several closely spaced large Toba eruptions could, 

however, help to explain why none of the identified ice
core events are as strong as would be expected from

current geological evidence », 
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The End


