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Abstract we propose that the first Neoproterozoic Snowball Earth event, the Sturtian glaciation, was
initiated by the injection of sulfate aerosols into the stratosphere. Geochronological data indicate that the
Natkusiak magmatic assemblage of the Franklin large igneous province coincided with onset of the Sturtian
glaciation. The Natkusiak was emplaced into an evaporite basin and entrained significant quantities of sulfur,
which would have led to extensive SO, and H,S outgassing in hot convective plumes. The largest of these
plumes could have penetrated the tropopause, leading to stratospheric sulfate aerosol formation and an albedo
increase sufficient to force a Snowball. Radiative forcing was maximized by the equatorial location of the
Franklin and the cool Neoproterozoic background climate, which would have lowered the tropopause height,
increasing the rate of stratospheric aerosol injection. Our results have implications for understanding
Phanerozoic mass extinction events, exoplanet habitability, and aerosol perturbations to the present-day climate.

1. Introduction

The Neoproterozoic Era witnessed two Snowball Earth glaciations, the ~717-660 Ma Sturtian glaciation and
the ~645-635Ma Marinoan glaciation [Rooney et al., 2015]. These glaciations are the largest episodes of
climate change in the geological record [Hoffman and Schrag, 2002], yet we do not understand how they
were initiated. Of particular importance is the transition into the first Neoproterozoic Snowball event, the
Sturtian glaciation (Figure 1), which was preceded by over one billion years of apparently clement conditions.

Previously, it has been proposed that the Neoproterozoic climate was cool as a result of the predominance of
equatorial continents with newly rifted margins and increased planetary weatherability [Cox et al., 2016;
Godderis et al., 2003; Macdonald et al., 2010; Rooney et al., 2014; Schrag et al., 2002]. The rifting of the super-
continent Rodinia occurred near the equator from ~850 to 650 Ma [Li et al., 2013] and was accompanied by
the emplacement of multiple large igneous provinces (LIPs), including the Franklin LIP (Figure 1a). These
newly rifted margins and the emplacement of rift-related LIPs at low latitude would have increased global
weatherability [Godderis et al., 2003; Macdonald et al., 2010; Rooney et al., 2014] and phosphorous input to
the oceans, which would have led to more organic carbon productivity and burial in tropical deltas
[Cox et al., 2016]. A low-latitude paleogeography may have also limited the “land area feedback” in which
silicate weathering rates decline with the growth of ice sheets on high-latitude continents [Schrag et al.,
2002]. Hence, Neoproterozoic paleogeography may have been more sensitive to ice-albedo runaway.
Alternatively, it has been proposed that long-term Neoproterozoic cooling was due to decreased volcanic
outgassing [McKenzie et al., 2016]. Whether it was a change in geological sources or sinks of CO,, or a change
in the sensitivity of the silicate weathering feedback (in the sense of Maher and Chamberlain [2014]), the fact
that there were two Neoproterozoic Snowball Earth events in rapid succession suggests that background
conditions played an important role.

From this cool background climate state, various proximal triggers for the Snowball transition have also been
proposed to overcome the silicate weathering feedback, including short-term perturbations to the green-
house gas inventory [Schrag et al., 2002; Tziperman et al., 2011] and/or the planetary albedo [Bendtsen and
Bjerrum, 2002; Feulner et al., 2015; Stern et al., 2008]. Previous explanations invoking a short-term drawdown
of CO, or methane were motivated by an apparent correlation between perturbations to the carbon cycle
and the onset of glaciation [Schrag et al., 2002; Tziperman et al., 2011]. However, recent geochronology has
demonstrated that the pre-Sturtian Islay carbon isotope excursion occurred more than 10 Myr before the
initiation of the Sturtian by 716.5 + 0.2 Ma [Macdonald et al., 2010; Rooney et al., 2014; Strauss et al., 2014],
ruling out a direct link. Albedo changes due to the emergence of eukaryotic algae [Feulner et al., 2015] rely
on the coincidence of a putative evolutionary milestone for which there is no evidence. Finally, others
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Figure 1. Paleogeographic and geochronological constraints on the onset of
the Sturtian glaciation and the Franklin Large Igneous Province. (a)
Neoproterozoic paleogeography modified from Li et al. [2013] and Zhang et al.
[2013]). I = India; SA = southern Australia; NA = northern Australia; T = Tarim;

SC = South China; M = Mongolia; EA = East Antarctica; Si = Siberia; NC = North
China; L = Laurentia; NS = North Slope; ES = East Svalbard; G = Greenland;

B = Baltica; A = Amazonia; WA = West Africa; Aw = western Avalonia;

Ae = eastern Avalonia; Sf = So Francisco; C = Congo; K = Kalahari; R = Rio Plata.
(b) Neoproterozoic timeline with carbon isotope chemostratigraphy, modified
from Cox et al. [2016]. (c) Geochronological constraints on the onset of the
Sturtian glaciation. (d) Geochronological constraints on the Franklin large
igneous province. Geochronological data and sources are in Table S1 in the
supporting information. Note that the Franklin large igneous province erupted
at the equator, and the most precise date of sulfur-rich sills correlate with onset
of the Sturtian glaciation, but the carbon isotope excursions do not.

have invoked albedo forcing by
meteorite impacts or explosive
felsic volcanism [Bendtsen and
Bjerrum, 2002; Stern et al., 2008].
However, there is no evidence for
a major meteorite impact at the
time of the Sturtian onset, and
albedo perturbations on the time-
scale of less than a year are unli-
kely to drive runaway glaciation.
Here we propose an alternative
scenario, in which multiyear to
decadal emissions of sulfur from
the Franklin LIP were the proximal
trigger that caused the Sturtian
Snowball transition.

2. Synchronicity of the
Sturtian Snowball
Glaciation With Eruption
of the Franklin LIP

While the Islay carbon isotope
excursion is not synchronous with
the Sturtian Snowball glaciation
(Figure 1b), the emplacement of
the largest Neoproterozoic LIP is.
The most precise date on the
initiation of the Sturtian glaciation
comes from Yukon, Canada, where
onset is bracketed between U/Pb
zircon dates of 717.4+0.1 and
716.5+0.2Ma [Macdonald et al.,
2010] (Figure 1c). These dates
are indistinguishable from the
most precise date on the Franklin
LIP of 716.3+0.5Ma [Macdonald
et al., 2010] (Figure 1d). Volcanic
rocks associated with the Franklin
LIP cover an area of >3 Mkm?
over northern Laurentia and
southern Siberia [Ernst et al., 2016]
(Figure 1a), which was at equato-
rial latitudes during its formation
[Denyszyn et al., 2009b; Macdonald
et al, 2010]. On Victoria Island
of the Canadian Arctic, the Franklin
LIP is represented by the Natkusiak
magmatic assemblage, which con-
sists of basalt and gabbroic dikes
and sills that intruded carbonate,
organic-rich shale, and sulfur eva-
porite of the Shaler Supergroup
[Dostal et al., 1986]. The amount
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of metamorphic CO, released from the emplacement of gabbroic sills of the Natkusiak assemblage was small
relative to background levels and likely did not have a significant climate effect [Nabelek et al., 2014].
However, due to melting and assimilation of sulfur from the evaporites, many of the sills and dikes have extre-
mely high sulfur concentrations, ranging from 100 to 100,000 ppm [Bedard et al., 2016], and sulfur isotope
compositions indicative of contamination from entrained sedimentary rocks (see Figure S2 in the supporting
information). Finally, these sulfur-rich sills are the same sills that have been dated at 716.3 £ 0.5 Ma, which is
synchronous within error with the Sturtian glaciation onset [Macdonald et al., 2010] (Figure 1c). Inspired by
these observations, we propose that the emplacement of the Franklin LIP near the equator into a sulfur-rich
basin and subsequent sulfur emission to the atmosphere was the critical event that initiated the Sturtian
Snowball Earth.

3. Volcanic Plume, Aerosol, and Climate Modeling

During a volcanic eruption, sulfur is outgassed as a combination of SO, and H,S [Textor et al., 2003]. Once
in the atmosphere, these gases react with O,, H,0, and OH to form H,SO,4, which condenses with H,0O
onto condensation nuclei to form radiatively active sulfate aerosols [Turco et al., 1979a]. Weak volcanic
plumes inject sulfur into the troposphere, where sulfate aerosols are consumed in days to weeks and
have little long-term radiative effect [Chin et al., 1996]. Conversely, strong plumes penetrate the tropo-
pause and reach the stratosphere, where H,SO, aerosols can have lifetimes of a year or more
[McCormick et al., 1995].

Unlike explosive volcanic eruptions such as the 1991 Pinatubo event, the eruptions associated with the
Franklin LIP were basaltic in nature, leading to large fire fountains that would have driven hot convective
plumes into the atmosphere [Stothers et al., 1986]. This has two major consequences. First, the probability
of a hot volcanic plume penetrating the tropopause is determined by the degree of thermal energy at the
plume base, which can be very high given that basaltic magmas typically have temperatures of 1000K or
more. Second, and most critically, basaltic eruption sequences during LIP formation can occur over very long
time periods (years to decades), potentially causing a much longer-term climate impact [Self et al., 2014].

To evaluate our hypothesis that the Sturtian glaciation was initiated by the creation of sulfate aerosols from
equatorial basaltic volcanism, we modeled the height to which hot, buoyant sulfur-bearing plumes from fire
fountains could reach in the atmosphere, the chemical and microphysical evolution of sulfur in the atmo-
sphere, and the radiative effects of sulfate aerosols once they formed. To simulate the volcanic plumes, we
used a one-dimensional steady state model incorporating turbulent entrainment. This relatively simple
approach is justified based on extensive previous comparisons with observations and laboratory experiments
(see discussion in the supporting information). Our sulfur aerosol microphysics model is sectional (82 bins
total) and incorporates particle growth, coagulation, sedimentation, and mixing. Sulfate aerosol radiative
forcing was calculated using Mie theory and a one-dimensional radiative-convective correlated-k model
[Wordsworth et al, 2010; Wordsworth et al, 2013]. We also used this model to provide atmospheric
temperature-pressure profiles as input to the volcanic plume model. A complete description of our modeling
approach is given in the supporting information.

4, Results

First, we investigated the dependence of the maximum thermal volcanic plume height on the strength of an
individual Franklin LIP eruption and on the background climate. Our modeling indicates that plume height is
a strong function of volume eruption rate, with eruption rates of 10°-10° m%/s leading to plume heights
greater than the present-day tropical tropopause (~12km) under Neoproterozoic atmospheric conditions
(Figure 2). We estimate these rates to be representative of the peak values produced during eruptions
associated with the Franklin LIP (see supporting information). Furthermore, our climate modeling shows that
tropopause height is a strong function of surface temperature (Figure 2a). This is because a warmer surface
injects more water vapor into the atmosphere, reducing the lapse rate. Hence, very warm climates can
“shield” the Earth from stratospheric aerosol injection by even the largest volcanic plumes [see also Glaze
et al.,, 2017]. Conversely, a cool background climate in the Neoproterozoic would have made it a particularly
dangerous time for a sequence of large basaltic eruptions to occur.
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Figure 2. (a) Equilibrium atmospheric temperature profiles produced from the radiative-convective climate model for vary-
ing CO, concentrations under Neoproterozoic conditions. The black, red, green, and blue lines correspond to simulations
where the background CO5 levels were 30, 300, 3000, and 30,000 ppm, respectively. (b) Maximum Franklin LIP plume
height as a function of volume eruption rate. In both panels, asterisks indicate tropopause height, defined as where the
lapse rate first drops below 2 K/km. The grey box brackets the maximum plausible volume eruption rate during formation
of the Franklin LIP (see the supporting information).

Our microphysical model converts SO, and H,S gas to H,SO, aerosols on a time scale of 30-40 days. Once
formed, the aerosols remain in the stratosphere for 1-2 years, with the aerosol loading peaking in the first
3-6 months, in agreement with observations of the 1991 Pinatubo eruption (see the supporting information).
We find that the radiative forcing caused by episodic injections of SO, into the equatorial stratosphere
increases with the quantity of SO, injected (Figure 3a), but the increase is sublinear due to particle coagula-
tion, which increases mean particle size and sedimentation rate for large eruptions [Pinto et al., 1989]. For a
single eruption, mean global forcing in the following year increases from —2.7 W/m? given 20 Mt SO, injec-
tion (cf. Pinatubo [McCormick et al., 1995]) to —12 W/m? for 500 Mt SO, (sensitivity to parameters described in
the supporting information). Estimating the rate at which sulfur was released from the Franklin LIP on a
decadal time scale is challenging, but 500 Mt/yr is similar to estimates of SO, release rate from more recent
LIPs [Self et al., 2014]. For comparison, the radiative forcing due to CO, doubling on the present-day Earth is
around 3.7 W/m? [Myhre et al., 1998].

The eruption sequence of fissure eruptions associated with a LIP is poorly constrained. The best historical ana-
log is the 1783-1784 Laki fissure eruption in Iceland, which emitted ~122 Mt SO, over 8 months with ~10
pulses that produced eruptive columns extending 9-13 km [Thordarson and Self, 2003]. However, many larger
flow fields have been identified in the geological record, which require longer total durations [Self et al.,
2014]. If these eruptions had higher magma output rates than Laki, different types of lava would have been
produced. For example, using peak output rates from Hawaii and Laki, Thordarson and Self [1998] estimated
that the 1300 km® Roza flow field of the Columbia River Basalt Group formed in ~10-20 years. Larger flows,
such as those associated with the Deccan and Siberian Traps, may have lasted an order of magnitude longer
[Self et al., 2014] and had multiple eruptive centers. Nonetheless, because a robust eruption time series for a
multiyear fissure eruption does not exist, particularly for the sulfur release from an fissure eruption through a
sulfur-rich basin, we model the radiative effect of pulsed yearly equatorial volcanic eruptions under
Neoproterozoic conditions assuming 20, 100, and 500 Mt of SO, injection to the stratosphere (Figure 3a).
This covers the range of SO, emissions from the historical Pinatubo and Laki eruptions over longer time per-
iods and also explores the larger SO, concentrations estimated for the Franklin LIP.

The ability of volcanic aerosols to force a Snowball transition depends on both the starting climate state and
on the rate at which the upper layers of the tropical ocean can cool. Based on radiative-convective modeling,
we estimate that a —10 W/m? global mean aerosol radiative forcing would be sufficient to cause runaway gla-
ciation for CO; levels of 3000 ppm (Figure 3b). These CO, levels yield approximately present-day global mean
temperatures in our model given the fainter Neoproterozoic Sun. For lower background CO, levels, as might
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5. Discussion

If the Franklin LIP caused a Snowball Earth, then why are other LIPs not also associated with Snowball Earth
events? The Siberian Traps, which erupted around 250 Ma at the end of the Permian, are similar in size to the
Franklin LIP, but instead of cooling, they appear to be associated with warming and extinction [Ganino and
Arndt, 2009]. Another LIP, the Central Atlantic Magmatic Province (CAMP), may have caused temporary cool-
ing followed by warming [Schoene et al., 2010]. The different outcomes are likely related to several factors: the
background climate conditions, changes in background planetary albedo with different paleogeography, the
latitude of the eruptions, the composition of the country rock that the LIPs were emplaced into (a sulfate-rich
basin, coal deposits, and an ancient mountain belt for the Franklin, Siberian Traps, and CAMP, respectively),
and timing of SO, injection relative to the cumulative release of gases such as CO,. Although Neoproterozoic
paleogeography likely favored a cool climate [Li et al., 2013; Marshall et al., 1988], the Siberian Traps and
CAMP erupted during the ice-free Late Permian and Late Triassic, respectively, when warm conditions
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extended to Earth’s polar regions [Taylor et al., 1992]. Consequently, there would have been a higher tropo-
pause that would have prevented stratospheric aerosol injection by all but the most powerful volcanic erup-
tions (Figure 2). Moreover, the Siberian Traps erupted at high latitude, whereas the CAMP and Franklin LIP
erupted at equatorial latitudes [Denyszyn et al., 2009b]. Consequently, albedo changes associated with the
Siberian Traps would have primarily affected mid-to-high latitudes in one hemisphere, whereas the CAMP
and Franklin LIP would have maximized albedo at low latitude, where solar forcing is highest. Because aerosol
radiative forcing is most negative when surface albedo is low, and a high-latitude eruption in a cold climate
occurs over snow or sea ice, an equatorial eruption is far more effective at forcing a Snowball transition than a
high latitude one (see the supporting information). Deeper in Earth’s past, in the Archean and Proterozoic, a
warmer climate caused by elevated levels of CO, or other greenhouse gases [e.g., Feulner, 2012; Wordsworth
and Pierrehumbert, 2013b] may have elevated the tropopause sufficiently to shield the Earth continuously
from significant stratospheric sulfate aerosol injection.

The geological record preserves evidence for two Cryogenian glaciations, the Sturtian and the Marinoan.
Although there is not evidence for a LIP during the onset of the Marinoan glaciation, this may be a matter
of preservation. The low-latitude rifting of Rodinia continued throughout the Neoproterozoic, and it is likely
that this was associated with additional LIPs. Geochronological constraints suggest that the Sturtian glacia-
tion lasted ~58 Myr and that the nonglacial interlude before the Marinoan started was short, between 8.6
and 19.4 Myr [Rooney et al., 2014]. If planetary weatherability remained high during the Cryogenian due to
continued low-latitude paleogeography and recently emplaced continental flood basalt provinces [Cox
et al, 2016], transport-limited weathering in the aftermath of the Sturtian glaciation may have returned
the Earth on a 10 Myr time scale to a climate state sensitive to further short-term perturbations in the
planetary albedo [Mills et al., 2011]. After the Marinoan glaciation, the removal of a basaltic carapace
and drift of continents to higher latitudes [Li et al, 2013] likely reduced global weatherability and
climate sensitivity.

6. Conclusion

Based on a combination of geological evidence and atmospheric modeling, we have proposed that the prox-
imal trigger for the Sturtian Snowball Earth was a sudden increase in planetary albedo caused by the emission
of sulfate aerosols from basaltic volcanism. Further tests of our hypothesis will be possible via tighter con-
straints on the geochronology of the Sturtian glaciation and the Franklin LIP, and better estimates of sulfur
release with melt inclusion studies along with three-dimensional coupled ocean-atmosphere modeling of
the climate effect of stratospheric aerosol emissions. Mercury anomalies have been observed in sedimentary
records that span the Permian-Triassic and Triassic-Jurassic boundaries and have been attributed to the
Siberian Traps and CAMP, respectively [Thibodeau and Bergquist, 2017, and references therein]. Our model
predicts that similar mercury signals will be present in sedimentary successions deposited during onset of
the Sturtian glaciation.

Our proposed scenario for initiation of the Sturtian has several important implications beyond the
Neoproterozoic. In the Phanerozoic, the correlation of LIPs and meteorite impacts with both glaciations
and mass extinction events has long suggested a causal link. However, our results imply that the timing
and location of major volcanic and impact events may matter as much as, or more than, their overall magni-
tude. For exoplanets, our results indicate that volcanically active planets may be much more vulnerable to
Snowball transitions than traditional habitable zone ideas based on the carbonate-silicate cycle [Kasting
et al,, 1993] would suggest. Finally, if the largest known glaciation event in Earth’s history was indeed trig-
gered by stratospheric sulfate aerosols, this should give some caution to similar geo-engineering strategies
proposed recently to decrease or eliminate anthropogenic climate change [Rasch et al., 2008].
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1. Materials and Methods

1.1. Geological Setting

Igneous rocks associated with the Franklin LIP are dominated by mafic dikes and sills
that intrude the Canadian Shield and Proterozoic basins on the Arctic margin of Lauren-
tia (Fig. 1A in main text), and may be correlative with similar aged intrusions on the

southern margin of Siberia [Ernst et al., 2016]. The dikes presumably fed large basaltic
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provinces that have since been largely eroded. Preserved extrusive volcanic rocks include
the Natkusiak Formation basalt of Minto Inlier, Victoria Island [Dostal et al., 1986; Jef-
ferson et al., 1985], the Mount Harper Volcanics of the Coal Creek inlier in the Ogilvie
Mountains [Coz et al., 2013; Mustard and Roots, 1997], Yukon, the Pleasant Creek Vol-
canics of the Tatonduk inlier, which straddles the Yukon-Alaska border [Macdonald et al.,
2011], and the Kikiktak Volcanics of Arctic Alaska [Coz et al., 2015]. These extrusive rocks
are composed predominantly of tholeitic basalt to basaltic andesites, typical of continental
flood basalts.

The Natkusiak magmatic assemblage consists of dolerite sills that intruded the Shaler
Supergroup [ Young, 1981; Rainbird, 1993], northwesterly striking dikes, and a succession
of plateau basalts [Dostal et al., 1986]. Sedimentary strata of the underlying Shaler
Supergroup were updomed, beveled and faulted before and during the emplacement of
the Natkusiak magmatic assemblage [Rainbird, 1993; Bedard et al., 2012]. Sills range in
thickness from 5 to 100 m; some are differentiated with olivine accumulation at their base
and pegmatites in their upper levels [Dostal et al., 1986]. Exposures of the Natkusiak
Formation basalts have been separated into a northern lobe [Jefferson et al., 1985] and a
southern lobe [ Williamson et al., 2016] of exposures preserved in synclines. The Natkusiak
Formation basalts are thickest in the northern lobe, with a maximum preserved thickness
of ~ 1100 m, and has been divided into seven members [Jefferson et al., 1985]. In the
southern lobe, the Natkusiak Formation is up to 200 m thick and has been separated
into four units that have been correlated with Jefferson et al.’s (1985) ‘basal member’,

‘pyroclastic member’, and ‘lower massive member in the northern lobe [ Williamson et al.,
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2016]. Thus, it appears that units above the ‘Lower Massive Member’ in the northern
lobe are not preserved in the southern lobe.

Nabelek et al. [2014] estimated the amount of metamorphic CO, released from the
emplacement of the gabbroic sills associated with the Franklin LIP into carbonate strata
of the Shaler Supergroup. Along with carbonate, the Shaler Supergroup includes organic
rich shale and evaporite deposits at multiple horizons that are several tens of meters
thick. FEwvans [2006] estimated a volume of 30,000 km? in the upper evaporites of the
Kilian-Redstone River deposits and 90,000 km? in the lower evaporites of the Minto Inlet
Formation. Although the total amount and rate of S release during the emplacement
of sills in the Shaler Supergroup is poorly constrained, disseminated copper sulfides are
present within basalt flows, outlining clasts in the pyroclastic member, and as veins in
all of the members [Jefferson et al., 1985]. Additionally, many of the sills and dikes have
extremely high sulfur concentrations [Jefferson et al., 1994; Bedard et al., 2016]. Although
dikes have been observed that feed the sills, feeder dikes for the basalts have not been
observed. Yet, it is assumed that at least some of the dikes fed the basalts as is suggested
by their similar chemistry [Dostal et al., 1986; Heaman et al., 1992]. Some of the sills
are folded around a volcanic center near Kilian Lake that has been correlated with the
pyroclastic member [Jefferson et al., 1994], suggesting that at least some of the sills formed
before or very early in the eruption sequence. However, other sills are vesiculated and
feed flows higher in the basaltic stack. Although fissure eruption centers have not been

identified associated with the Franklin, the exposure is limited and it does not mean they
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were not there, and several circular to keyhole shaped eruption centers have been mapped
[the largest one identified is ~ 3 x 2 km [Jefferson et al., 1994]].

Paleomagnetic data from the Franklin LIP provide the most robust Neoproterozoic pole
for Laurentia and is an important tie point for Neoproterozoic paleogeography [Buchan
et al., 2000]. Data spanning six key regions, the Canadian Mainland, Victoria Island,
Baffin Island, Devon Island, Ellesmere Island and northern Greenland, yield a grand
mean pole that restores Laurentia and the Natkusiak assemblage of the Franklin LIP at
ca. 717 Ma to within 9 degrees of the equator [Buchan et al., 2000; Denyszyn et al., 2009a]
(Fig. 1A in main text).

U-Pb zircon and baddeleyite ages from the Franklin LIP rocks span ca. 725-710 Ma (Ta-~
ble S1). This spread could represent distinct pulses of magmatism; however, for younger,
better dated LIPs, most of the volume is erupted in << 1 Myr [Self et al., 2014]. Instead,
this large spread may also be due to imprecise multigrain techniques and upper inter-
cept ages, and we suggest that the most precise dates represent the best age constraint
on the Franklin LIP. The most precise, single grain chemical abrasion-isotope dilution-
thermal ion mass spectrometry (CA-ID-TIMS) on zircon and baddeleyite associated with
the Franklin LIP yield ages between 717 and 716 Ma (Table S1). It has been also pro-
posed that the ca. 725 Ma Dovyren Intrusive Complex in the Lake Baikal region of Russia
represents a component of the Franklin LIP in SW Siberia [Ernst et al., 2016]. If true it
would provide evidence that Franklin magmatism initiated well before the onset of the

Sturtian glaciation and covered an area beyond that defined by the radiating dyke swarm
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in north-central to northeastern Laurentia. However, the Siberian age is imprecise and
hence this correlation remains speculative.

A quartz-rich rhyolite flow in member D of the Mount Harper Volcanics was dated at
717.4 £ 0.2 Ma and a tuff interfingering with glacial deposits of the overlying Rapitan
Group was dated at 716.5 £+ 0.2 Ma, both with U-Pb CA-ID TIMS on zircon [Macdonald
et al., 2010]. These dates have been interpreted to bracket the onset of the Sturtian
glaciation [Macdonald et al., 2010]. Additional recent ages on the Franklin LIP and the
onset of the Sturtian glaciation confirm this age model (Table S1). In China, an ash
bed within stratified diamictite of the lowermost Chang-an Formation was dated with
secondary ion mass spectrometry (SIMS) on zircon at 715.9 4+ 2.8 Ma [Lan et al., 2014a).
In Arctic Alaska, a 719.5 £+ 0.3 Ma CA-ID-TIMS age on zircon from volcaniclastic strata
at the top of the Kikiktak Volcanics and directly below the Hula Hula diamictite is
consistent with both a Sturtian-age of the Hula Hula diamictite and a tight temporal
relationship between the Franklin LIP and the onset of the Sturtian glaciation|[Coz et al.,
2015]. Sills that intrude evaporite rich-strata of the upper Shaler Supergroup dated at
716.3 £ 0.5 Ma (ID-TIMS on baddelyite) [Macdonald et al., 2010] are indistinguishable
from the constraints on the onset of the Sturtian glaciation (Fig. 1 in the main text).
Importantly, the dated sill, sill 6a near Kilim Lake, is one of most sulfur-rich sills analysed

to date [Jefferson et al., 1985].

1.2. Geochemistry
Subaerial continental flood basalt (CFB) volcanism is characterized by the repeated

effusion of ~ 10® km? of basaltic magma in less than 1 Myr. Each eruption comes from a
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dyke-fed fissure and can last up to a decade or more [Self et al., 2014]. During eruptions,
gas fluxes of > 1 Gt per year of SO, and CO,, are possible [Self et al., 2005]. These volumes
can increase when magmatic systems invade volatile-rich sediments as more volatiles are
entrained into the melt. The occurrence of spatter, spatter-fed lava, and scoria mounds
along eruptive fissures in the Columbia River CFB and in Icelandic fissure eruptions
suggests the occurrence of violent fire-fountaining events [Self et al., 2006]. It has been
estimated that these fire fountains exceeded 1.5 km in height with convective plumes rising
to heights in excess of 13 km [Self et al., 2005].

Estimates of gas-release budgets with melt inclusion studies are limited to individual
CFB eruptions in the mid-Miocene Columbia River CEB [Thordarson and Self, 1996],
the Deccan Traps [Self et al., 2005], Siberian Traps [Black et al., 2012], and studies of
Icelandic fissure eruptions [Thordarson et al., 1996]. These studies suggest that ~75%
of volative S species present in the rising melt are released at the vents largely as SO,
[Self et al., 2005]. The months-long Laki eruption in Iceland is estimated to have released
~120 Mt of SO, with maximum fluxes reaching 6 Mt per day [Thordarson et al., 1996].
Estimation of S gas release from ancient eruptions is compromised by weathering and
ground water alteration, which leads to the removal of volatile elements. Nonetheless,
using melt inclusions it has been estimated that a single flow with in the Columbia CFB
released ~12 Gt of SO, [Thordarson and Self, 1996]. Melt inclusion studies are beyond
the scope of this study and it is not clear that there is material preserved in the Franklin

LIP that is pristine enough for such a study.
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In crystal-poor or altered CFBs, original S content of the lava can be estimated with
the S content of undegassed dikes and sills normalized to TiO,/FeO, [Thordarson et al.,
2003]. S saturated melts from LIPs typically have between 1000 and 2500 ppm of S
prior to degassing and flows contain much lower concentrations between 200 and 300
ppm [Self et al., 2005]. Major, minor, and trace element concentrations including S
concentrations and S isotopes from sills and dikes associated with the Franklin LIP were
compiled by Bedard et al. [2016]. S concentrations in sills range from 100-100,000 ppm
and S isotopes show increasing variability with increasing concentration indicative of wall-
rock assimilation (Fig. S1). At these high S concentrations, and with the late addition
of S out of equilibrium with the melt, normalization of S concentrations to TiO,/FeO,
is both insignificant and not appropriate. If we assume ~75% of S remains in melt [Self
et al., 2005], and that the sills were variably degassed from original S concentrations less
than 2500 ppm, the upper end of this range is greater than that of basaltic flows in the
Columbia River CFB [Thordarson and Self, 1996], the Deccan Traps [Self et al., 2005],
Siberian Traps [Black et al., 2012], and the Icelandic fissure eruptions [ Thordarson et al.,
1996].

Crustal S is incorporated into mafic magmas predominantly via direct melting and as-
similation of wall rock and xenoliths rather than by the liberation of sulfur during contact
metamorphism in the thermal aureole [Robertson et al., 2015]. Although previous work
has questioned the viability of releasing sulfur via intrusions into evaporites due to the
high melting temperature of pure anhydrite (~1450°C), the melting temperature of mix-

tures of anhydrite and dolomite, which is probably closer to the composition of the wall
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rock intruded by the Natkusiak sills, is much lower (~1000°C) [Robertson et al., 2015].
Moreover, hydrothermal systems associated with the Franklin LIP may have partially
dissolved the evaporites, and if these fluids were saline, the solubility of anhydrite greatly
increases with NaCl activity at temperatures between 600° and 800°C [Newton and Man-
ning, 2005]. We suggest that excess S was incorporated into magmas primarily through
the melting and dissolution of evaporite layers in the Minto Inlier and Killian formations
of the Shaler Supergroup when intruded by sills, and then was rapidly degassed as bubbles
in shallow intrusions, fissure eruptions, and in flows that were fed by these sills.
Petrographic analysis has revealed abundant disseminated pyrite and immiscible metal-
lic sulfur in the sills. Bulk S isotope studies preserve a wide range of compositions
(Fig. S1), differing from the value of mantle derived LIPs (~ 0%¢ VCDT). Although
Jefferson et al. [1994] argued that trace element compositions suggest that the sulfur was
sourced from sulfidic shale of the Wynniatt Fm, the high S concentrations and the en-
riched S isotopic values of several of the sills are consistent with the S also coming from
the entrainment of carbonate and sulfur evaporates into the sills (Fig. S1). However,
because we are concerned with decadal fluxes of SO, the source and the total amount of
S entrained and released in magmatic system are not critical. What is important is that
the sills that are coincident with the onset of the Sturtian glaciation contain considerably

more S than typical CFBs.
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1.3. Radiative-convective climate model

To estimate the climate effect of Franklin LIP eruptions, we combine radiative-
convective, aerosol microphysics and volcanic plume modeling tools. In the following
sections, each of these components is described in detail.

To calculate Neoproterozoic tropopause height, we used a 1D radiative-convective
model. The model atmospheric temperature structure is calculated as a function of sur-
face temperature assuming adjustment to a moist adiabat in the troposphere, following
the methodology in Wordsworth and Pierrehumbert [2013]. The tropopause height is
then defined using the standard Earth-based empirical measure as where the magnitude
of the vertical temperature gradient drops below 2 K/km (d7'/dz > —2 K/km). To relate
CO, molar concentration to surface temperature, we performed iterative 1D radiative-
convective calculations with moist adjustment in the troposphere and an assumed rela-
tive humidity of 0.77 [Manabe and Wetherald, 1967]. In the stratosphere, the temperature
profile is allowed to evolve freely until thermal equilibrium is reached.

Atmospheric radiative transfer is calculated using a correlated-k approach | Wordsworth
et al., 2013]. The absorption effects of CO, and H,O (infrared and visible) and O; (UV)
are taken into account; absorption by other gases is set to zero. Rayleigh scattering in
the shortwave by N, and O, is taken into account, but the radiative effects of clouds
are neglected. The surface albedo is set to 0.24, a value that allows the model to re-
produce the present-day mean surface temperature (288 K) in simulations with present-
day solar flux, surface pressure and atmospheric composition. Such an elevated surface

albedo implicitly accounts for the effect of low-lying clouds (a standard assumption in
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1D radiative-convective modelling). The radiative forcing due to clouds is uncertain in
Earth’s paleoclimate [Goldblatt and Zahnle, 2010; Sloan and Rea, 1996], so inclusion of a
fixed cloud forcing here would not have led to greater insight.

For the CO, and H,O line absorption, we computed high resolution spectra over a
range of temperatures, pressures and gas mixing ratios. We used an 6 x 8 x 8 temper-
ature, pressure and H,O molar concentration grid with values 7" = {100, 150, ...,350}
K, p={107,1072,...,10"} mbar and fu,o = {107%,1077,..., 107"}, respectively. The
correlated-k method was used to produce fast coefficients for the radiative-convective
simulations, with the CO, mixing ratio chosen in advance for each calculation. The
H,O continuum was implemented using the MT-CKD parametrization [Clough et al.,
1989; Pierrehumbert, 2011]. We used 80 spectral bands in the longwave and 82 in the
shortwave, and sixteen points for the g-space integration, where g is the cumulated dis-
tribution function of the absorption data for each band. Twelve new bands were added
to the shortwave compared to previous studies [ Wordsworth and Pierrehumbert, 2013] to
give sufficient resolution in the ultraviolet to model absorption by ozone accurately.

Ultraviolet O, absorption cross-sections are derived from the MPI-Mainz UV /VIS Spec-
tral Atlas [Serdyuchenko et al., 2014] while the solar spectrum is taken from the VPL
database [Segura et al., 2003]. Calculations were performed with two O; molar concen-
tration profiles: one assumed present-day values, while the other assumed an O, profile

appropriate to an atmosphere with oxygen levels 1/10"" of today.
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1.4. Aerosol radiative transfer

We use Mie theory to calculate aerosol extinction efficiency, single scattering albedo
and asymmetry parameter as a function of wavelength for a given particle size distri-
bution ouput by the microphysical model. The aerosol radiative forcing is calculated
using the two-stream approximation, with Eddington scaling used in the shortwave and
hemi-isotropic emission assumed in the longwave [Meador and Weaver, 1980]. We assume
that absorption dominates in the longwave and that scattering dominates in the short-
wave. Delta scaling is applied to the shortwave optical coefficients to ensure that the
forward peak of the phase function is correctly captured at large particle size parameters.
We describe the phase function using the Henyey-Greenstein approximation [Liou, 2002].
For the aerosol particle refractive indices, we use the data given in Tisdale et al. [1998],
which were measured at stratospheric temperatures (~200 K). Solar zenith angle 6, was
calculated by diurnal and seasonal averaging across the microphysics box domain, with
weighting by the instantaneous insolation [Hartmann, 2015]. For the equatorial eruption
simulations (see next section), this yielded 6, = 43.8°, while for the midlatitude case the
value was 0, = 55.4°. Finally, for the equatorial eruption simulations shown in Fig. 3A in
the main text, we used a pre-aerosol tropical planetary albedo of 0.24. This was obtained
by averaging albedo data from the Earth Radiation Budget Experiment (ERBE) mission
[ Pierrehumbert, 2011; Barkstrom, 1984] over the simulation domain. The same procedure
was used to obtain the albedo value of 0.365 for the second mid-latitude eruption plot in

Fig. S8.
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1.5. Volcanic plume model
The volcanic plume model simultaneously solves the equations of mass, momentum
and energy transport for an axisymmetric, steady-state circular plume that entrains the

surrounding air as it rises. These equations are defined as

(il_];l = %(pgurQ) = 2ap,ur (1)
% = d%(fm) = 9(pa = py)r* 2)
St = 2 (henaTy) = 20par T — pusi’s. ®)
with

fi = pgur? (4)
f, = fiu (5)
fs = ficpgTy. (6)

Here « is an entrainment coefficient, z is altitude, u is the vertical speed of the plume,
r is the plume radius, p, is the density of ambient air, p, is the mean density of gas
in the plume, g is gravity, 7, is the local atmospheric temperature, 7, is the plume gas
temperature and ¢, , and ¢, 4 are the specific heat capacity at constant pressure of ambient
air and of the plume gas, respectively. The plume specific heat capacity and gas constant
are modified as it moves upwards to account for the entrainment of ambient air.

After boundary conditions at the surface are chosen (see below), (1-3) are integrated
upwards until the vertical speed of the plume equals zero. The height at which this occurs
is then defined as the maximum plume height. This plume model is based on the method-

ology of Glaze and Baloga [1996]. Tt is a generalization of the classic incompressible model
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of Morton et al. [1956], which has been validated via numerous laboratory experiments
and comparison with observations of real volcanic eruptions [Stothers et al., 1986]. For
the numerical integration upwards we use a simple forward Euler approach, with vertical
resolution increased to the point where the results converge (1000 levels here).

To initialize our model, we use the same approach as in a previous study that successfully
predicted the plume heights of the historic Laki, Mauna Loa and Askja eruptions [Stothers
et al., 1986]. Specifically, we link @ to the volume eruption rate Vi, [m?/s] via the

expression

Q - pmagmav;arupt[(l —qf — Q’U)Cp,ma,gmaATc + <chp,magma + Q’ucp,’u)ATg]‘ (7)

Equation (8) assumes that the plume is heated by a combination of volatiles, fines and
clasts, with a negligible contribution from fire fountain lava blobs. Here py4gmaq is the
magma density, which we take to be 2900 kg/m?® — a value appropriate to basaltic com-
position, ¢y is the specific concentration of fines [kg/kg| and g, is the specific concentration
of volatiles. ¢, magma and cp, are the specific heat of magma and volatiles, respectively.
AT, is the temperature drop of clasts in the fire fountain while AT} is the temperature
drop of volatiles and fines in the plume. See Table S2 for definitions and values of all
model parameters.

We assume conservative values for the key unknown parameters: ¢ = 0.01 kg/kg,
¢ = 0.02 kg/kg, AT, = 50 K and AT, = T,0 — 1,1 = 1400 — 220 = 1180 K (here T,
is the assumed final plume temperature). We assume the dominant volatile by mass is
water vapor. The contribution of sulfur and other comparatively minor species to the

heat budget is neglected. The initial mass flux is calculated from the heat flux assuming
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a circular vent as in Glaze and Baloga [1996]

Q

fl,() - ch,v(Tg,O — Ta,O) ’

(8)

where 0 denotes initial (surface) variables. Fissure systems tend to produce lines of cir-
cular cones to key-hole shaped vents that range from tens of meters to kilometers in
diameter, but more elongated eruptive centers also occur. Glaze et al. [2017] found that
elongated geometries produce larger plumes, but for simplicity we use a conservative cir-
cular geometry here. Finally, a conservatively low initial plume speed of vy = 10 m/s is
assumed. In general, we find low sensitivity of the results to the initial plume speed over
wide ranges (up to several hundred m/s) because the initial thermal energy is many times

greater.

1.6. Aerosol microphysical model

We model key aspects of the sulfate aerosol microphysics, focusing on those processes
that play the most important role in determining total radiative forcing. Our model de-
scribes the evolution of SO, and H,SO, gas, Aitken particles (aerosol condensation nuclei),
and the aerosols themselves. Aerosol particles undergo nucleation onto Aitken particles,
growth, sedimentation and coagulation. In the microphysical model, the stratosphere
is treated as a single box that exchanges material with the troposphere. The advan-
tage of this idealized approach is that it captures the key processes governing aerosol
optical depth and mean radius while allowing rapid exploration of sensitivity to poorly
constrained parameters. Given the uncertainties, this approach is a more robust one than

using a complex off-the-shelf model tuned to present-day Earth conditions.
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Once they reach the tropical stratosphere, sub-tropical transport barriers cause aerosols
lofted there to remain mostly confined to that region [Volk et al., 1996; Neu and Plumb,
1999]. Orbital observations of stratospheric aerosol loading after Pinatubo showed that
aerosol optical depth at 0.5 um remained above 1/2 the peak value for around 45 weeks,
with a strong peak in forcing in the 30°S-30°N latitude region [McCormick et al., 1995;
Grant et al., 1996]. Modeling the stratospheric meridional circulation in the Neopro-
terozoic is challenging due to uncertainties in topographic wave forcing and stratospheric
wave-mean interaction, but the aerosol transport following eruptions of the Franklin LIP
should have been broadly similar.

In this study we treat the tropical and midlatitude stratosphere as distinct domains.
For the tropical eruption simulations shown in the main text, we defined the domain base
as 16 km and the domain volume as V' = 2nrgsAz, with rg Earth’s radius, s = 1.04rg,
corresponding to a latitudinal extent from 30° S to 30° N, and Az = 15 km the height
of the simulation domain. Our microphysical model is sectional, with 82 particle bins
ranging from 0.01 pum to 4.14 pm radius. Bin spacing is defined geometrically, with the
particle volume increasing by a factor of 1.25 each time the bin number increases. Once
the microphysical model produces aerosol mass loading and size distribution data as a
function of time, its results are fed into the radiative transfer model to yield net radiative
forcing in the domain. Global net radiative forcing is then calculated by multiplying the

results by a factor 2mrgs/4nrs,.
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The model prognostic equations take the general form

ony, (t) ony, Ny
— P Lot ok oM ©)
at 8t growth Texchange
ani ’I"Z‘,t 8nz 87’LZ n; n;
ot ot growth ot coag Tsedim Texchange

where n; and n; are molar concentrations of gas and aerosol species, respectively, and r;
is the aerosol particle size in bin i. P, and Lj; are chemical production and loss terms,
while the time derivative terms describe changes due to particle growth and coagulation.
Tewchange A Tseqim, are timescales for exchange of material with the troposphere and
adjacent stratospheric regions, and for aerosol sedimentation. The equations are solved
using the Klopfenstein-Shampine algorithm (ode15s in Matlab).

The transformation of SO, into H,SO, in the stratosphere proceeds by a chain of pho-

tochemical reactions, the most important of which are [Turco et al., 1979a]

SO, + OH + M — HSO, + M (11)
HSO, + OH — SO, + H,0 (12)
SO, + H,0 — 1,50, (13)

In our model, the chemical production and loss terms P; and L; are defined by the key
sulfur reactions shown in Table S3. We neglect the outgassing of H,S in our model.
As we find that the SO, injection rates to the stratosphere required to force a Snowball
transition are orders of magnitude lower than the upper limits on Franklin SO, outgassing
rates, inclusion of H,S would have added complexity to the model without fundamentally

changing the nature of the conclusions.
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The model is initialized by the injection of a given mass of SO, gas mgo, into the
box. Injected masses are calculated as multiples of the SO, injected by Pinatubo [approx.
mso,0 = 20 Mt; Self et al. [2014]]. The number density of Hy,O and the background
gas density [M] are calculated from a standard present-day atmospheric profile [Anderson
et al., 1986] (Table S2), while the OH number density is set to yield the characteristic SO,
to Hy,SO, conversion timescale observed after Pinatubo of 35 days [Read et al., 1993]. The
sensitivity of the results to changes in OH levels are described in the next section. At the
first model timestep, the aerosol distribution is set to consist of condensation nuclei only.
We assume that condensation nuclei are transported into the stratosphere along with the
sulfur-bearing gas. The number concentration in the first particle bin is initialized as
n{ = nea(mso,/mso,0), where mgo_o = 20 Mt. We find that ne, = 100 particles cm™
yields closest correspondence with Pinatubo observations. This value is similar to the
observed condensation nuclei number density at the tropopause on present-day Earth
[ Turco et al., 1979b]. Sensitivity of the results to variations in this parameter are also
described in the next section.

Aerosol particle nucleation and growth

Aerosol particles grow through absorption of both H,SO, and H,O. Equilibration with
H,O0 is rapid, however, and the variation of equilibrium H,0:H,SO, droplet weight ratios
with height in the atmosphere is not high [Turco et al., 1979a]. For simplicity, here we
assume that droplets have a fixed H,SO, specific concentration gi,so, = 0.75 kg/kg, a

value appropriate to Earth’s present-day lower stratosphere [Turco et al., 1979a].
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Aerosol particles are assumed to form on Aitken particles, which we treat as a monodis-
perse population of small (r, = 0.01 um) particles. The growth of particles by condensa-
tion of H,SO, is given by

g dr, _ mu,s0,Du,s0, (71,80, — MsatH,30,) (14)
dt TpPpqi,so, (1 + ApKn)

where 7, is the particle radius, pg is the particle density, mpu,so, is the molecular mass of
H,S0,, Dy,s0, is the molecular diffusion coefficient of H,SO, in air (calculated following
the procedure for trace gases described in Jacobson [2005]), n,so, is the number density
of HySO, molecules near the droplet and ngun,s0, is the H,SO, condensation number
density [Turco et al., 1979a]. The latter is derived from the H,SO, vapor pressure curve,
for which we use the coefficients given in Kulmala and Laaksonen [1990]. Growth rate
was then converted to the rate of change of aerosol number concentration by a derivative

with respect to particle radius

S =g (on). (15

growth

Kn; = lu,s0,/rp is the Knusden number for H,SO, diffusion in air, while we define ),

here as

~ 1.33+0.71/Kn,

P _—
P 1+1/KI11

(16)

The H,S0, diffusion coefficient Dy,50, and mean free path in air ly,s0, were calculated

using standard methods [Jacobson, 2005, with Sutherland’s formula

- 416.16 Torar \"°
. = 1.8325 x 107° 17
1 8 (Tstmt+ 120) (296.15) (17)

used to calculate the dynamic viscosity of air as a function of temperature.

Aerosol particle sedimentation
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Sedimentation is modeled using the Stokes velocity equation

2
Vsedim = §fC’ngpp/na7 (18)
where g is gravity and p, is air density. Here
o =1+ Kny(A + Be /K2 (19)

is the Stokes-Cunningham low pressure correction factor, with A =1.249, B =042, C' =
0.87, Kny = 4, /7, the Knudsen number for air diffusion and [,;, the mean free path of air
[Jacobson, 2005]. The sedimentation timescale is then calculated as Tsegim = 2 fait/Vsedim,
where 27,y = 5.9 km is the distance that an average particle needs to fall to exit the
stratosphere.
Aerosol particle coagulation

When they collide, aerosol particles may coagulate. Over time this process shifts the
particle distribution towards larger radii, increasing the sedimentation rate and decreasing

the radiative forcing per unit mass. We describe coagulation using the discrete equation

(9ni
ot

i—1

= +% Z Kjiomjni_j —n; Z K, jn; (20)
coag =1 j=1

where n; is the aerosol number concentration in the ¢th bin, ¢ is time and K ; is the co-
agulation kernel. Total particle volume conservation is ensured by use of a bin-dependent
volume fraction correction term [Jacobson et al., 1994]. We validated our coagulation
scheme by comparison with analytical results for the constant K;; = Ky case [Smolu-
chowski’s result; see e.g. Seinfeld and Pandis [2012]].

The coagulation kernel is calculated using the Fuchs equation, which is valid both in the

high and low particle Knudsen number regimes. Specifically, for two particles of diameter
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d, 1 and d, 2, we define

K12 = 27T(D1 + DQ)(dpJ + d ’2)/8

with
B _ dp,l + d ,2 8<D1 + DQ)
dp1+ dpo + 2\/9% + 9% \/(C% + C%)(dp,l +d ,2)
1
= ———[(dy; + 1) — (&2, + 2)*?] — d,,
g 3dp,ili [( D, + ) ( p,z+ z) j| 212

mean particle speed

|8kpT
C; = )
T™m;

mean free path

and particle diffusivity

D, — kT fc
37rnadp,i

(21)

(22)

(23)

(24)

(26)

with m; the particle mass and kp Boltzmann’s constant [Seinfeld and Pandis, 2012]. Our

coagulation physics is appropriate to the interaction of H,SO, aerosol particles in the

stratosphere that form from SO, days to weeks after an eruption [Turco et al., 1979a, b;

Pinto et al., 1989]. More complex aggregation processes may occur for volcanic ash in

plumes in the immediate aftermath of eruptions [Telling and Dufek, 2012; Carazzo and

Jellinek, 2013], but for simplicity we do not consider the short-term climate effects of ash

and dust here.
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1.7. Bifurcation Plot
Figure 3B in the main text was produced using a classical Budkyo-Sellers type model

of the ice-albedo feedback. We assume that surface albedo depends on temperature as

A T<T,
_ 2
A(T) = § Ao+ (A — Ao)((CTFi_—TTOO))g T, <T <Ty (27)
AO T Z TO

with Ty the temperature at which ice entirely disappears from the surface, T; the temper-
ature at which ice coverage is global, A; the albedo of snow/ice and Ag the albedo of the
ice-free planet. Justification of the terms in this equation are given in e.g., Pierrechumbert
[2011]. Here we take representative values T; = 260 K, Ty = 290 K and A; = 0.6. Ay is
set to be 0.24, as in the ice-free tropopause height simulations. The radiative-convective
model was then run assuming a 1 bar N, atmosphere and various CO, molar concentra-
tions to produce absorbed solar radiation and outgoing longwave radiation for a range of
surface temperatures Ts. The radiative imbalance AF = OLR — AS R was then produced
as a function of T via interpolation.

In some coupled 3D general circulation models with ocean dynamics included, Neo-
proterozoic Snowball glaciations occur close to lower CO, partial pressures than those
modeled here [Voigt and Marotzke, 2010; Pierrehumbert et al., 2011; Yang et al., 2012].
While we do not attempt to capture the effects of sea ice and ocean dynamics here, we note
that the basic effects of aerosol forcing would play out similarly starting from a lower CO,,
climate state. As discussed in the main text, CO, levels, while not well constrained prior
to glacial onset, were probably low due to the predominance of low-latitude continents [Li

et al., 2013] and enhanced global weatherability [Marshall et al., 1988|.
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1.8. Ocean Thermal Inertia
The energy balance equation for the tropical ocean mixed layer can be approximated

as

d
&(pwcp,wTd) =ASR— OLR = AF (28)

with p,, = 1000 kg/m? the density of liquid water, ¢,,, = 4200 J/kg/K the heat capacity
of liquid water, T" temperature and d the depth of the mixed layer [Pierrehumbert, 2011].
For a radiation imbalance AF caused by aerosol forcing we can write the characteristic

cooling timescale as

_ PuwCpwdAT
Teool = T

(29)
Given AF = 10 W/m?, a required global mean AT of 5 K and a mixed layer depth
of 50 m, 7.y = 3.3 y. This simple calculation neglects the enhanced vertical mixing
that has been observed in some coupled ocean-atmosphere GCM simulations of Snowball

transitions [Voigt and Marotzke, 2010], and hence may represent a lower limit on the

required timescale.

2. Model Validation and Sensitivity Tests

2.1. Radiative-convective climate model

To validate our radiative-convective model, we ran it assuming present-day globally
averaged insolation and surface pressure, clear-sky conditions and a solar zenith angle
of 60°. Results are shown in Figure S2. As can be seen, the model reproduces Earth’s

present-day mean temperature profile reasonably accurately.
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2.2. Volcanic plume model

We compared our plume model with analytic and numerical results from the literature
[Morton et al., 1956; Stothers et al., 1986; Glaze and Baloga, 1996]. Figure S3 shows
the results of a single simulation with moderate values of heat flux and initial plume
velocity. This figure reproduces Fig. 2 in Glaze and Baloga [1996], validating our model.
Figures S4-S5 show the results of the combined plume / tropopause height modelling for
different atmospheric ozone and nitrogen abundances. These figures demonstrate that our

conclusions are not dependent on uncertainties in these parameters.

2.3. Aerosol Microphysics

In addition to testing subcomponents of the model vs. analytic results (see previous
section), we validated the aerosol microphysical model by comparison with observations
of the Pinatubo eruption event. Given a single injection of 20 Mt SO, into the tropical
stratosphere, our model predicts a global mean radiative forcing of -2.0 W/m? over two
years, which falls in the -1 to -3 W/m? range observed in the two years after Pinatubo
[McCormick et al., 1995]. Our predicted peak optical depth at 0.5 ym wavelength is 0.2
and our peak effective particle radius is around 0.5 pum, both of which are also close to
the observed post-Pinatubo values [Russell et al., 1996]. Finally, our peak aerosol sulfur
mass burden is 8 Mt of S, which is close to the values obtained by complex 3D models
with coupled microphysics and chemistry (Figure S6) [Dhomse et al., 2014]. To test the
response of the microphysical model to uncertain parameters, we also performed a range

of sensitivity studies. See Table S4 for details.
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Figure S7 shows the effective particle radius (as defined in Hansen and Travis [1974])
and stratospheric aerosol S burden as a function of time for the three simulations displayed
in Figure 3A in the main text. Figure S8 shows the radiative forcing from a similar set of
simulations run in a domain centered on the mid-latitude northern hemisphere, assuming
an ice-covered surface. Radiative forcing is significantly less negative in this case due to
the increased surface albedo, which decreases the aerosol cooling effect. Aerosol transport
rates from mid-latitudes to the tropics in the stratosphere are slow, so in contrast to the
Franklin LIP, a high-latitude eruption would be unlikely to force a Snowball transition.
Finally, we also tested the dependence of our radiative forcing predictions on the pre-

aerosol planetary albedo. The results are shown in Fig. S9.
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Table S2. Standard parameters used in the volcanic plume, climate and aerosol microphysics
modeling.

Parameter Values

Plume entrainment coefficient « 0.1

Specific heat capacity of atmosphere at constant pressure c,,

Specific heat capacity of volatiles in plume ¢, ,

1040 J/K /kg
1900 J/K /kg

Specific concentration of fines in eruption gy 0.01 kg/kg
Specific concentration of volatiles in eruption g, 0.02 kg/kg
Magma density pmagma 2900 kg/m?
Magma specific heat capacity cagma 1100 J/K/kg
Solar flux Fy 1284 W m~2
Surface pressure p; 1.0 bar
Ice-free global mean surface albedo Ay 0.24
Ice-covered global mean surface albedo A; 0.6

Total ice loss temperature T 290 K

Global ice coverage temperature T; 260 K
Aerosol droplet H,SO, specific concentration g, so, 0.75 kg/kg
Sulfuric acid density pm,so, 1840 kg/m?
Water density pm,o 1000 kg/m?3
H,S0,-air collision diameter dy_so, 43 x 107 m
Plume condensation nuclei parameter ne, 100 particles cm ™3
Troposphere-stratosphere exchange timescale Tezchange 1.0y

Mean stratosphere temperature Ts.qr 218.6 K
Mean stratosphere pressure Py q 5.3 x 10° Pa

Mean stratosphere OH concentration nog
Mean stratosphere H,O concentration ng,o

5.5 x 105 molecules/cm?
7.0 x 10'? molecules/cm?
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Table S4. Results from the aerosol microphysical model when key parameters are varied.
(Mg) and (resf) are the time-mean total S aerosol burden and particle radius, respectively. All

simulations are run for three years with yearly eruptions that inject 100 Mt of SO, (5x Pinatubo).

Simulation (Mg) (Mt) (refs) (pom)
Standard case, 5x Pinatubo 27.3 0.67
nior = 5.5 x 107 molecules/cm? 11.2 0.68
nox = 5.5 x 10° molecules/cm? 31.0 0.63
nen = 10 particles cm ™3 24.3 0.83
nen = 1000 particles cm ™3 28.3 0.63
Tewchange = 0.5y 17.1 0.57
Tewchange = 2 Y 35.8 0.75
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Figure S1.

X-29

Sulfur concentration and isotope data from the Natkusiak magmatic assemblage,

sedimentary rocks of the Shaler Supergroup, and contact metamorphic rocks. Data plotted from

geochemical database of Franklin sills, Natkusiak Basalts and Shaler Supergroup rocks [Bedard

et al., 2016].
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Figure S2. Radiative-convective equilibrium temperature profile for Earth’s atmosphere under
cloud-free conditions with CO, molar concentration of 300 ppmv, solar zenith angle of 60°, 1 bar
atmospheric pressure and present-day insolation. The red line shows model results with ozone UV
absorption included. Dashed and dotted lines show the US standard mid-latitude and tropical

atmosphere, respectively.

DRAFT February 15, 2017, 9:43am DRAFT



MACDONALD AND WORDSWORTH: VOLCANIC SNOWBALL EARTH INITTATION X-31

z [km]

. — . . .
lume
0.8} T 087 ]
06 1 EO.S F ]
=
0.4} 1 N 04+t | 1
0.2 1 0.2 | 1
0 L ! 0 L.
300 350 0 450

0 200 400 600 40
r[m] TIK]
1 T .
08¢ — — ambient ]
= 0.6 1
=,
NO04r ]
0.2} \ ]
O L 1 \
0 0.5 1 15
]

u [m/s] p [kg/m®

Figure S3. (top left) Plume radius (top right) temperature (bottom left) plume vertical speed
and (bottom right) density vs. altitude as simulated by the axisymmetric plume model. In the
bottom right panel, the circle and asterisk indicate the maximum plume height and the neutral
buoyancy height, respectively. For this simulation we assumed Qy = 5.6 x 107 J/s, ry = 3 m,

Tyo = 525 K and up = 10 m/s and the same thermodynamic parameters as Glaze and Baloga

1996].
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Figure S5. Same as Figure 54 but also assuming background N, pressure of 0.8 bar.
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Figure S6. (top) Aerosol effective radius and (bottom) stratospheric sulfur loading as a

function of time simulated by the aerosol microphysics model. The model initial conditions

correspond to a single Pinatubo-like injection of 20 Mt SO, into the stratosphere.
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Figure S7.  (top) Aerosol effective radius and (bottom) stratospheric aerosol S burden vs.

time for the standard set of 1x, 5x and 25x Pinatubo aerosol forcing simulations (corresponds

to Fig. 3A in the main text).
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Same as Fig. 3A in the main text, except assuming a tropopause height of 10 km

and simulation box domain from 30° N to 80° N, corresponding to the situation following a

high latitude basaltic fissure eruption. The pre-aerosol mid-latitude planetary albedo is 0.365

(present-day value) in the top plot and 0.5 (high ice/snow cover case) in the bottom plot. At

the highest eruption rate in the bottom plot, the combination of large aerosol particles and high

pre-aerosol albedo leads to a small net warming.
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Figure S9. Same as Fig. 3A in the main text, except for pre-aerosol tropical planetary

albedo of 0.3 (top plot) and 0.2 (bottom plot). The lines in the plot correspond to tropical mean

radiative forcing, while the values in the legend are global means.

DRAFT February 15, 2017, 9:43am DRAFT



	77_Macdonald&Wordsworth_GRL_2017
	ms_SI


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


