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A global reconstruction of subaerial volcanic activity over the last 40 Kyr shows a
pervasive high-latitude increase in volcanism between 12 Ka and 7 Ka that more
than doubles global volcanic activity. This increase can be understood as a consequence of melt generated in response to deglacial decompression. We estimate
that increased volcanism during this 5 Ka period emitted an additional 1000 to
5000 Gt of CO2 into the atmosphere. Such a flux is consistent in timing and
magnitude with ice core observations of a 40 ppm increase in atmospheric CO2
concentration during the second half of the last deglaciation. Anomalous volcanic
emissions also persist later into the Holocene, and it appears that elevated volcanic
activity helps maintain high levels of CO2 during interglacials.
Ice volume and atmospheric CO2 concentrations vary in near lock-step with one another over
the course of the late Pleistocene glacial/inter-glacial cycles. The ocean is an obvious candidate
for control of glacial time scale variations in atmospheric CO2 (1), even if the exact mechanisms
are uncertain, because this large carbon reservoir exchanges with the atmosphere over millenial and
shorter time scales. Here we argue that the vast carbon reservoir associated with the solid Earth also
influences the ocean-atmosphere system at millenial timescales and, in particular, that deglaciation
induces volcanism and thereby increases atmospheric CO2 concentrations. In this view, volcanism
forges a link between glacial variability and atmospheric CO2 concentrations.
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Deglaciation and increased volcanism
Volcanism influences climate at time scales ranging from annual (2) to tectonic (3). Evidence
has also accumulated for the converse, that climate influences volcanism (4). Earth tides (5–8),
atmospheric pressure and temperature (9), and water storage (10, 11) all appear to influence the
timing of certain volcanic eruptions. If such subtle changes in environment can influence eruptions,
it is no surprise for the massive changes environment associated with deglaciation to also affect
volcanism (12–19). Indeed, deglaciation coincides with increased volcanism in Iceland (14, 17,
20, 21), France and Germany (22), eastern California (19, 23), the Pacific Northwest (24), and
Chile (4, 25, 26). This confluence of evidence suggests that deglaciation promotes a widespread
increase in volcanism, perhaps of sufficient scale to feed back upon global climate.
But are these indications of increased deglacial volcanism more than outliers picked from a
background of volcanic variability? To test the global extent and magnitude of increased volcanism
during the last deglaciation we combine a dataset of volcanic eruptions over the last 40Ky (27) with
a much more complete dataset covering olnly the Holocene (28, 29), removing redundant events.
We also remove small events (having a volcanic explosive index less than two) and events whose
ages which are not bracketed between certain dates, leaving a total of 5352 volcanic events during
the last 40,000 years. We exclude small events because these are less likely to be consistently
identified in the past (28, 29). Nonetheless, there exists a bias against older observations — 80%
of dated eruptions are less than 1000 years old (Fig. 1) — which needs to be considered carefully
in the temporal and spatial evaluation of the data.
The age of each volcanic event is represented using a probability distribution (30) and the location is represented using global maps of volcanic activity. Activity is calculated as a function of
longitude and latitude using a weighted average, A(φ, θ) =

!N

i=1

Pi,j λi where Pi,j is the probabil-

ity that event i occurred during interval j. The weighting term, λi = s/(s + ri )2 , depends on the
distance, ri , between each point, (φ, θ), and each volcanic event, i. The smoothing length scale, s,
is set to 500 km. We select three distinct intervals — the glacial (40 Ka to 20 Ka), the deglacial
(17 Ka to 7 Ka), and the late Holocene (5 Ka to the present) — and explore changes in the dis-
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tribution of volcanism by computing the ratio of deglacial activity first to the glacial and then to
the late Holocene activity (Figs. 2a,b). Both of these activity ratio maps indicate that the relative
proportion of volcanic activity shifted toward the Southern Andes, Kamchatka, the Aleutian Arc,
and the Cascades and Cordillera regions during the last deglaciation, a list which comprises all
the major volcanic regions that appear to have experienced substantial unloading of ice during the
last deglaciation (21, 31–35). Importantly, both maps show consistent patterns even though the the
deglacial/glacial activity is biased towards high values and deglacial/late-Holocene activity ratios
are biased low by the diminishing observations back in time. This consistency in the face of opposite biases indicates that the increase in deglacial volcanic activity observed at high latitudes is not
an artifact of observational bias.
To better quantify the relationship between volcanism and deglaciation it is useful to develop
a globally mapped proxy to indicate which regions undergo deglaciation. We estimate such a
deglaciation proxy using the modern ice mass balance obtained from temperature and precipitation
reanalysis (36, 37). Reassuringly, regions predicted to have the greatest modern mass balance are
glaciated today (38) (Fig. 2c) and were more glaciated in the past (31,32). To compare the deglacial
activity ratios to the deglaciation proxy, we first normalize each of the two activity ratio maps to
unit standard deviation (to remove the effects of observational bias) and then average them together.
Activity ratios increase markedly when the ice mass balance is greater than -6 m/yr (Fig. 3).
For example, activity ratios along the Western Pacific Rim increase by more than a factor of five
between the tropics and the more glacially-prone northern regions. Along with earlier regional
studies, our global analysis of volcanic events supports the hypothesis of a deglacial influence on
volcanism.
Temporal variability of global volcanic activity
The foregoing analysis suggests that volcanic events are divisible into unglaciated regions, presumed to have a steady activity rate, and glaciated regions, presumed sensitive to ice unloading. It
is then possible to examine the temporal change in volcanism and account for the reporting bias by
normalizing the data from glaciated regions to that from unglaciated regions. We approximate the
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true frequency of eruptions in unglaciated regions as a constant, u◦ , and relate it to the observed
frequency, u" , using an observational bias term, u"t = u◦ bt . The bias term, bt , is expected to decrease with time as a power-law process (28). For glaciated regions we have gt" = gt bt , where the
true frequency, gt , is time dependent. Assuming that the sampling bias is consistent between both
groups (39) allows us to use the frequency of unglaciated eruptions as a control by which to estimate the glaciated frequency, gt = u◦ gt" /u"t . Global volcanic frequency is then vt = u◦ (1 + gt" /u"t ),
which we present as fractional deviations from the present, vt /v◦ = (1 + gt" /u"t )/(1 + g◦ /u◦ ).
The mass balance estimates provide a measure to divide the volcanic events into glaciated and
unglaciated groups. A threshold of -9 m/yr gives an equal frequency of events between the glaciated
and unglaciated groups during the last 2 Kyr, though a threshold of -6 m/yr also seems plausible
based on where activity shifts toward higher values (Fig. 3). Either threshold indicates that the
ratio of glaciated to unglaciated eruption frequencies, gt" /u"t , is lowest during the last glacial, built
rapidly near ∼12 Ka, peaks at 7 Ka, and then subsides back toward glacial levels in the recent past
(Fig. 4b). The -6 m/yr threshold indicates that global activity was double that of today between 12
Ka and 7 Ka, whereas -9 m/yr indicates that global activity increased by a factor of five, and we
expect that the actual value lies between these bounds. Regardless of which threshold is used, the
increase in volcanic activity above modern values is statistically highly significant (p < 0.01) (40).
Our estimate of the time-history of global volcanism is consistent with an independent, more
regional estimate from Greenland (41), which indicates that the interval between 15 Ka to 8 Ka
has the greatest frequency of volcanic events and that the interval between 13 Ka and 7 Ka has the
largest eruptions. That an uptick in volcanic activity occurs at 12 Ka, as opposed to the beginning
of the deglaciation at 18 Ka, can be understood in that deglaciation in Northern volcanic regions
— including Alaska (33), the Cordillera (34), and Iceland (21) — appears most pronounced near
12 Ka. The deglaciation of southern South America appears spread out over a longer interval,
initiating near 17 Ka and proceeding in a series of steps toward almost complete deglaciation by 11
Ka (35). A further possibility is for there to be poor preservations of tephra from eruptions early
in the deglaciation because of emplacement onto ice that subsequently melted away. There also
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exists the possibility that rising sea level would suppress volcanic activity on islands (42–44), but
recalculation excluding all island volcanoes yields similar results.
Physical Mechanisms
Glacial unloading can directly influence volcanic activity by decreasing mantle pressure, which
increases melt production and the potential for eruption (17). Unloading 1 km of ice decreases the
underlying pressure by 10 MPa and would melt 0.1% of a melt region, or produce 100 m of melt
in a region 100 km thick. Mountain glaciers and small ice caps are estimated to have decreased in
volume from 1.9 million km3 during the Last Glacial Maximum to a volume of 0.12 million km3
today (31). If only a tenth of the glacier loss influences magmatic production (consistent with unloading 200 m thick ice from a 60 km swath along 15,000 km of convergent margin) one anticipates
18,000 km3 of melt production. This is akin to doubling global subaerial volcanism for 5000 years.
If a quarter of the glacier melt is involved, melt production is consistent with a five-fold increase
in subaerial volcanism for 5000 years. Thus, the upper and lower bounds on volcanic activity from
the volcanic eruption data are broadly consistent with the magmatic production expected from unloading of mountain glaciers and small ice caps. A more rigorous analysis of volcanism in Iceland
found that the deglaciation of a 2 km thick ice cap was responsible for 3100 km3 of erupted material (17,21), consistent with the timing and extent of dated lava flows and in keeping with our global
estimate. Following the same logic, we expect the deglacial rise in sea-level to decrease submarine
volcanism, a point to which we return later.
Glacial loading and unloading could also serve to pace eruptions. The eruptability of a particular
volcano can be viewed as a balance between the forces generated by melt and gas production within
the volcano edifice and the confining pressure and integrity of the surrounding rocks. Removing
ice reduces the confining pressure and could trigger volcanoes near the threshold of eruptability.
Volcanic systems with recharge time scales similar to that of the glacial cycles may become phase
locked with the climate forcing (45). In this scenario, even a weak climate effect could cause
synchronization of volcanic eruptions with deglaciation. Volcanic systems with longer time scales
tend to be larger, so that systems that become phase-locked with glacial cycles are liable to be
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among the largest. These effects could lead to an even greater volume of eruptions than would
result from the pressure-melting effects discussed above. Furthermore, far field effects, such as
from the unloading of the continents and the rising sea level, may encourage volcanism by opening
passageways or altering the pressure in magmatic chambers (15, 18, 44).
It is also worth noting that the co-location of glaciation and volcanoes is no accident. The elevation and orographic influences on precipitation inherent to volcanic regions will promote glaciation.
In addition, the current plate configuration puts many volcanoes at high latitudes and on the western flank of the Americas, thus giving mountains well-situated to capture precipitation from the
moisture-laden westerlies coming off the Pacific and to retain it as ice. The Sea of Okhotsk also
contributes to precipitation in Kamchatka. Thus we should expect a close correspondence between
the locations of mountain glaciers and volcanoes, particularly for our current plate configuration.
Implications for the carbon cycle
The data demonstrate a relationship between deglaciation and greater volcanic activity. We
hypothesize that elevated volcanism during deglaciations contributes to the rise in atmospheric
CO2 during deglaciation and sets up a positive feedback wherein increased greenhouse gases promote further deglaciation and volcanic activity. Conversely, waning volcanic activity during the
Holocene would contribute to cooling and reglaciation, thus tending to suppress volcanic activity
and promote the onset of an ice age. This hypothesis depends on the amount of CO2 emitted from
volcanoes, as well as the amount which remains airborne. In principle, such a calculation depends
upon nearly all aspects of the climate system, including parts of the solid earth. We are nonetheless
able to make order-of-magnitude estimates through scaling modern CO2 emissions by our estimates of past volcanic activity. We then represent the accumulation of CO2 in the atmosphere and
its equilibration with the ocean using a simple, two box model.
There are various approaches to quantifying modern CO2 fluxes from convergent margins and
ocean ridges. The first is to estimate CO2 flux from global magma production rates. Long term
estimates for crustal production at convergent margins are estimated to be 20 to 40 km3 per km of
arc length per Ma (46), but this estimate has been criticized as being too low by a factor of two (47),
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and both of these estimates are minima with respect to magma additions because they are the net of
production after losses due to erosion. A value of 80 km3 /km/Ma and a 35,000 km total arc length
gives a magma production rate of more than 3 km3 /yr, in accord with other estimates (47–49). The
long term average CO2 flux can be obtained by multiplying magma production rates by the primary
CO2 contents of arc magmas, but primary CO2 cannot be determined directly because it is almost
entirely degassed prior to erupting (50). We estimate the concentration of carbon in the mantle by
multiplying an average CO2 /Nb ratio of ∼500 (51, 52) by an average Nb content of ∼3 ppm in arc
basalts, yielding 0.15% CO2 in the mantle, in agreement with estimates based on modeling the 3 He
flux from the mantle (53, 54). Because carbon isotope data and CO2 /3 He ratios both indicate that
the mantle contributes only 10% to 20% of the total CO2 at arc volcanoes (53, 54), we arrive at a
total estimate of 0.65% to 1.5% CO2 in primary arc magmas. 1% CO2 and 3 km3 /yr of magma
production leads to a global emission rate of 0.1Gt/yr (assuming a density of 3 Gt/km3 ). It is harder
to parse emissions from non-convergent margin subaerial volcanoes, but they likely add another
0.05Gt/yr (53, 55). Note that no distinction is made between CO2 contributions from intruded and
extruded magma because we expect the CO2 to outgas in either case (56, 57).
An alternative estimate of CO2 emissions relies on data from currently active volcanoes. Williams
et al. (58) used global estimates of SO2 combined with CO2 /SO2 ratios to estimate current emissions of 0.07 ± 0.05 Gt of CO2 per year. The implied lower bound, however, seems inconsistent
with the measurement that Mt. Etna alone emits 0.04 Gt/year. Inclusion of data from Popocatepetl Volcano (59), which began erupting after the Williams et al. study, would have increased the
estimate by 15%. Other authors have used CO2 /3 He ratios to estimate global carbon flux from arc
volcanoes (53, 55, 60–62), with most estimates near 0.1Gt/year. A recent simulation of arc volcanism combined with observational studies (63) suggests that the range of emissions found in these
other studies are plausible, but the upper end of the range (∼0.14 Gt CO2 /yr) is most likely. We
thus estimate modern subaerial volcanic emissions to be between 0.1 to 0.15 Gt CO2 /year.
Assuming that past changes in volcanic activity are proportional to changes in volcanic CO2
emissions, the time history of CO2 fluxes can be estimated by multiplying current volcanic emis-
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sions by the ratio between past and present volcanic activity. Lower and upper bounds on CO2
emissions come from selecting, respectively, mass-balance thresholds of -6 m/yr and -9 m/yr and
modern fluxes of 0.1 and 0.15 Gt of CO2 per year. This leads to 1000 to 5000 Gt of CO2 emitted
above a baseline scenario of current emissions during the last deglaciation.
It is also neccessary to account the rise in sea level following from the unloading of ice from
the continents, which will tend to decrease ridge volcanism. Because water is roughly a third the
density of the mantle, the 135 m deglacial rise in sea level is equivalent to suppressing 45 m of
mantle ascent beneath an ocean ridge. Given an average mantle upwelling rate of ∼3 cm/yr, this
is equivalent to suppressing ∼1500 yrs of melt at ridges. Measurements of CO2 /3 He and CO2 /Nb
ratios from ridge system indicate that total emissions are ∼0.1 Gt/yr (51–53). 1500 yrs of lost
emissions then equates to ∼150 Gt CO2 , or an order of magnitude less than the estimated increase
in arc CO2 emissions. Ridges have a minor influence on carbon emissions because they are depleted
in CO2 by a factor of 5 to 10 relative to arc volcanism (51–54), and the greater rates of magma
production at ridges means that variations in loading cause smaller fractional changes in magma
production and CO2 emissions. Thus the suppression of ridge volcanism by rising sea-level has
little consequence for ocean-atmosphere carbon values.
While volcanic emissions and silicate weathering of CO2 are largely in balance with one another
at million year time scales (3), we expect the increased flux of CO2 from subaerial volcanism
during deglaciation to transiently increase the concentration of atmospheric CO2 . A simple twobox model, similar to that of (64), is used to estimate the time variable volcanic influence upon
atmospheric CO2 ,
da/dt = −Ft + Vt − Wo ,

(1)

db/dt = Ft .
Here a and b are the amounts of inorganic carbon in the atmosphere and ocean, measured in Gt of
CO2 . The atmosphere-ocean flux is F = (a" − b" (1 − q)/q)/τ , where the primes indicate anomalies
away from equilibrium. q represent the fraction of volcanic carbon remaining in the atmosphere
once the atmosphere comes into equilibrium with the ocean and is taken to be between 10% and
8

15% (65,66). Estimates of τ range from ∼300 years (65) to ∼1800 years (66), depending on which
model is used and which feedbacks are included. Even longer ocean equilibration time scales are
possible (67), and we assign wide bounds on τ of 300 yrs to 2000 yrs. V is the volcanic flux of
carbon into the atmosphere. We assume that at 100 Ky time scales the volcanic flux is balanced
by the carbon sink associated with silicate weathering, W , and that the average CO2 emissions
between 40 and 20 Ka equal the unmonitored rates between 100 Ka and 40 Ka. Note that while
this model is simplistic, it is able to reproduce the major features in the time history of atmospheric
CO2 found in more complete atmosphere-ocean carbon models (64, 65).
To explore the range of possible atmospheric CO2 scenarios consistent with our estimates, we
perform an ensemble of 10,000 model runs using parameters drawn from a uniform distribution
between the upper and lower bounds discussed previously. The box model is initialized at 40 Ka
with the atmosphere and ocean in equilibrium. We compare the time history of atmospheric CO2
expressed in the ensemble of model runs against observation from the Dome C (68) and Taylor
Dome (69, 70) ice cores in four intervals (Fig. 4d,e). (1.) During the glacial, between 40 Ka
and 18 Ka, model results indicate atmospheric CO2 decreases by 10 ppm (5 to 20 ppm, 90% c.i.),
marginally consistent with the observed 20 ppm decrease. This suggests that the trend toward
lower atmospheric CO2 levels during glaciation is, at least in part, attributable to excess weathering
relative to volcanic emissions. (2.) The first half of the deglaciation (18 and 13 Ka) contains a
modest ∼10 ppm (5 to 40 ppm, 90% c.i.) volcanogenic CO2 increase, whereas observations show a
50 ppm rise. As is well appreciated, factors independent of volcanism exercise important controls
on glacial-interglacial variations in CO2 (1, 71), a point highlighted by the minimal volcanic CO2
emissions during this interval. (3.) The second half of the deglaciation (13 Ka to 7 Ka), however,
contains a 40 ppm (15 to 70 ppm, 90% c.i.) increase in volcanogenic CO2 which is consistent with
the observed increase in atmospheric CO2 , particularly with respect to the sharp uptick starting at
12 Ka (Fig. 4). (4.) In the late Holocene, after 7 Ka, volcanic CO2 contributions wane owing
to lower volcanic activity and on-going equilibration with the oceans, while observations instead
indicate rising CO2 levels during this interval. It appears that this divergence between the expected
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volcanogenic CO2 and observations is peculiar to the Holocene, a point to which we return.
Tests of the Volcanic Hypothesis
To test our hypothesis of enhanced volcanic emissions of CO2 during deglaciation, we first
consider the implications of a 1000 to 5000 Gt CO2 release from volcanoes for the ocean carbonate
system. The vast majority of CO2 emitted by volcanoes eventually enters the oceans, increasing
ocean acidity and, absent other effects, leading to a shoaling of the carbonate saturation horizon. If
we assume that volcanoes injected ∼3000 Gt CO2 into the ocean, and also account for a 4◦ C ocean
warming (72) and 100 ppm increase in atmospheric CO2 concentration coming out of the last
glacial, we expect the carbonate compensation depth to shoal by one to two km. Such a shoaling is
consistent with observations of carbonate dissolution in the Pacific (73,74) but not the Atlantic (74).
However, this carbon emission scenario neglects the biospheric uptake of ∼1500 Gt CO2 indicated
by the ∼0.3 per mil increase in ocean δ 13 C between the glacial and Holocene (75). Furthermore,
an additional ∼500 Gt CO2 of biological uptake is needed to compensate for volcanic emission
of carbon having an isotopic ratio of −3.8 ± 1.2 per mil (61, 76, 77). When we account for this
offsetting biological uptake, the expected changes in carbonate saturation horizon is no more than
a few hundred meters. A definitive calculation of how volcanic emissions influence carbonate
chemistry is precluded by uncertainties in other key components of the system, e.g. coral reef
building (78), but we can conclude that the observed changes in ocean carbonates do not conflict
with a sizable volcanogenic CO2 flux.
It is also possible to test the glacio-volcano-CO2 hypothesis using proxy data from previous
interglacials. Our findings indicate that deglaciation triggers greater volcanic emissions of CO2
and that these anomalous emissions persist into interglacials. Interglacial trends in CO2 should
thus be more positive following larger deglaciations. The combined atmospheric CO2 records from
Vostok (79) and EPICA Dome C (80) permit analysis of interglacial trends in CO2 over the last 650
Kyr (Fig. 5). After smoothing the record using a 5 Kyr running average, we define the beginning
of an interglacial to be the local maximum in CO2 following the upward crossing of a 255 ppm
threshold. This definition yields appropriate dates of 10 Ka and 128 Ka for the beginning of the
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last two interglacial periods and has the advantage of avoiding uncertainties in the relative timing
of changes in ice volume and CO2 . The slope of the atmospheric CO2 between the start of the
interglacial and the subsequent 15 Kyr (or 10 Ky for the present interglacial) is determined using
a least-squares fit. An average of globally-distributed benthic marine δ 18 O records (81) is used to
estimate the magnitude of each deglaciation. Magnitudes are found by taking the δ 18 O difference
between the local maximum and minimum bracketing each deglaciation after smoothing the δ 18 O
record using a 5 Kyr running average. Trends in interglacial atmospheric CO2 demonstrate a nearly
linear relationship with the magnitude of deglaciation (r2 = 0.86, n= 6, p< 0.01, Fig. 5). This
suggests that the mangitude of deglaciation influences interglacial CO2 trends, as anticipated from
our glacio-volcano-CO2 hypothesis (82). The present interglacial has a trend in CO2 substantially
more positive than predicted by the regression, suggesting the presence of an anomalous source of
CO2 , possibly related to an early anthropogenic influence on atmospheric CO2 (83).
We are able to make one further check of our analysis. The intercept of the regression relationship between CO2 trends and deglacial magnitude is -8 ppm/Ky, which we interpret as the trend
in interglacial CO2 absent increased volcanic emissions. Neglecting feedbacks between volcanic
CO2 and other parts of the carbon system, we estimate the time history of non-volcanic atmospheric
CO2 by subtracting our mean estimate of the volcanic contribution to atmospheric CO2 from the ice
core observations of atmospheric CO2 (Fig. 4e). Non-volcanic atmospheric CO2 has a downward
trend of -8 ppm/Ky during the period between 10 Ka and 6 Ka, in agreement with the downward
trend predicted by the regression relationship. (We do not fit the trend over the more recent interval
because of its anomalous behavior relative to other interglacials and the possibility of an anthropogenic influence.) Our reconstruction of volcanogenic atmospheric CO2 , bolstered by the strength
of the regression relationship between the amplitude of deglaciation and the subsequent trends in
atmospheric CO2 during the late Pleistocene, indicates that volcanic emissions maintain high levels
of atmospheric CO2 during interglacials. In so much as high CO2 inhibits reglaciation, we also
expect that volcanic activity influences the duration of interglacials.
Discussion and conclusions

11

The analysis we have presented indicates a feedback between glacial cycles and subaerial volcanism. While there is both good observational evidence and theoretical support for the concept
that deglacial unloading promotes volcanism, the climatic consequences of such increased volcanic
activity are less clear on several counts: (1.) Primary CO2 contents at both convergent and divergent margin magmas are insufficiently constrained. (2.) The relationship between total magma
production rates and CO2 emissions is not well understood. Much of the CO2 loss must occur at
depth during magma ascent and be added passively to the atmosphere rather than through eruption.
(3.) We have not considered changes in rates of weathering, even though these are also expected to
respond to variations in climate and glaciation. Finally, (4.) the rate of equilibration and partition
of CO2 between the atmosphere, ocean, biosphere, sediments, and solid earth is poorly constrained.
There is also a question regarding the relative importance of the competing volcanic influences
on climate associated with atmospheric aerosol loading (2, 18, 84) and CO2 emissions. Consider
the case of the Mount Pinatubo eruption in 1991, which was well monitored and appears to be the
second largest eruption within the last century. It injected about 17 Mt of SO2 into the atmosphere
and had a peak radiative cooling effect of 4W/m2 at the surface, causing surface temperatures to
cool by about 0.5◦ C (2). The aerosol cooling effect diminished with an e-folding time scale of
approximately one year. By comparison, we estimate volcanism contributes ∼40 ppm to the early
interglacial atmosphere, causing an increase in radiative forcing of 1 W/m2 (85). In this rough
view, volcanic CO2 forcing is equal in magnitude but opposite in sign to the aerosol effect of a
Mount Pinatubo eruption every ∼4 years. The competing influences of volcanic CO2 and aerosol
emissions is like the case of the tortoise and the hare: a persistent flux of CO2 combined with a
long atmospheric residence may make volcanic CO2 emissions a powerful climate driver at glacial
time scales. It is also possible that both cooling and warming effects had significance for the last
deglaciation. Perhaps the large increase in volcanism near 12 Ka is associated with an increase
in aerosol loading sufficient to drive some regions into a short-term resumption of glacial like
conditions, i.e. the Younger Dryas. Climate may then have shifted back toward more interglaciallike conditions after a couple thousand years because of the continued increases in atmospheric
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CO2 .
A balance appears to exist between emissions of CO2 from volcanoes and uptake by weathering
at hundred-thousand year and longer time scales (3). At shorter time scales, however, we suggest
that deglacially induced anomalies in volcanic activity cause imbalances in the atmospheric carbon
budget which accumulate through deglaciations and persist into interglacials. Volcanic emissions
are often dismissed as too small to matter on glacial time scales, but the factor of two to five
changes in activity that we document persist for thousands of years and are capable of increasing
atmospheric concentrations by 20 to 80 ppm. While multiple other mechanisms must contribute
to glacial/interglacial CO2 variability (1, 71), the volcanic mechanism is notable for its coincidence
with the observed secondary deglacial rise of atmospheric CO2 (86). Thus, the deglacial rise and
interglacial excess of CO2 can, in part, be understood as a feedback induced by the deglaciation
itself and mediated by volcanic activity. By similar logic, the glacial drawdown in CO2 may partly
owe to a deficit in volcanic emissions relative to CO2 drawdown by weathering and other processes.
All this suggests that the Earth system is deeply coupled. We expect interactions between the
Earth’s interior, surface, and atmosphere to amplify and modify the cycling between glacial and
interglacial climates, so long as the climate and continental configuration engender co-location of
volcanoes and ice. Finally, we estimate that volcanoes emit an excess 0.1 to 0.5 Gt of CO2 during
deglaciation. Humans presently emit ∼30 Gt of CO2 per year. If volcanic emissions influence
the course of glacial/interglacial climates, it gives us pause that the accumulated volcanic CO2
emissions during ∼10,000 years of deglaciation would, at current rates, be replicated by only a
century of anthropogenic emissions.
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Fig. 1: The timing of volcanic events in our combined database. Shading indicates the probability
that a volcanic event occurred within each 50 year interval between 40 Ka and the present. Events
are listed in order of the expected value of their age. Note the observational bias toward recent
years; ∼80% of the events occur within the last 1000 years.
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Fig. 2: Volcanic activity maps. (a) The ratio of deglacial (17 Ka and 7 Ka) to glacial (40 Ka and
20 Ka) volcanic activity. Activity ratios (white-red shading) are only shown in regions within a
10◦ radius of a volcano (black dots). (b) Similar to (a) but the ratio between deglacial (17 Ka and
7 Ka) and late Holocene (5 Ka to the present) activity. Note the difference in scale between (a)
and (b) which reflects the observational bias towards fewer eruptions identified in the past. (c)
The modern ice mass balance estimated from NCEP reanalysis (36) (shading in m/yr) is used as a
proxy for the magnitude of deglaciation. The mass balance is almost everywhere negative because
the resolution of the NCEP smooths the highest topographic features and spreads out regions of
conentrated rainfaill. Nonetheless, regions presently containing glaciers (38) (indicated by 3◦ × 3◦
black grid boxes) coincide with the least negative mass balance values.
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Fig. 3: The deglacial activity ratio at each volcano (Fig. 2a,b) is plotted against the proxy for
the magnitude of the deglaciation (Fig. 2c). Activity ratios are taken with respect to both glacial
(Fig. 2a) and inter-glacial (Fig. 2b) values and, after normalized to unit variance, are averaged
together. Deglacial activities are greater in regions which underwent greater deglaciation. Likewise,
volcanoes at higher latitudes (latidue is indicated by the shading) were generally more active during
the last deglaciation.
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Fig. 4: Sequence of events from the last glacial to the present. (a) The rate of change in sea level estimated

from coral records (88) along with a Monte Carlo derived estimate of the 90% confidence interval (gray
shading). (b) The number of volcanic events per Kyr for glaciated (red) and unglaciated (black) volcanoes,
combined from two datasets (27,29). Note that the y-axis is logarithmic. (c) Estimated global volcanic activity (both glaciated and unglaciated, red line). Dashed lines indicate the 99% interval for the null-hypothesis
of no systematic difference between glaciated and unglaciated events, which our deglacial estimates greatly
exceed. (d) The contribution to atmospheric CO2 from volcanic activity (red line). Quantities indicated by
solid lines and gray shading in b, c, and d are the averages and 90% confidence intervals derived from a
10,000 member ensemble of model runs (see text). (e) CO2 concentrations from Dome C (68) and Taylor
Dome (69, 70), placed on a consistent timescale (89) (black dots), and a smoothed version using a 2 Kyr
window (black line). Also shown is the residual atmospheric CO2 after removal of the volcanic contribution
(red dash-dot line). The vertical shaded bar indicates the time period between 12 Ka and 7 Ka.
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Fig. 5: A simple relationship exists between the magnitude of deglaciation and interglacial trends
in atmospheric CO2 during the late Pleistocene. (a) An average of many benthic marine δ 18 Ocalcite
records (81) is used as a proxy for changes in ice volume. Dots indicate the local minimum and
maximum bracketing each termination. Values are departures from the mean, and the y-axis is
reversed. (b) The combined atmospheric CO2 record from Vostok (79) and EPICA Dome C (80).
The beginning of interglacials are identified as the first local maximum following an upward crossing of a 255 ppm threshold (dots). (c) Detail of each glacial termination as recorded in the benthic
δ 18 O record. Time and amplitude are expressed as departures from the local minimum following
deglaciation. Colors indicate the termination number with one being the most recent. (d) Deglacial
and interglacial CO2 values indicated as departures from the local maximum following deglaciation. (e) Amplitude of the deglaciation plotted against the trend in interglacial CO2 values. CO2
trends are fit over the 15 Kyr subsequent to deglaciation or, for the Holocene, the 10 Kyr available
to us. Termination six is excluded because its interglacial CO2 values are too low. The anomalous
behavior of termination one may reflect an anthropogenic influence.
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