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Explosive volcanic eruptions can act as
carbon sinks

Pierre Delmelle 1 , Sébastien Biass 2, Mathilde Paque1 & Benjamin Lobet1

Volcanic soils, covering only ~1% of the Earth’s land, store over 5% of the global
soil organic C stock. The frequent burial of these soils by tephra fallout from
explosive volcanic eruptions is a critical but poorly quantified C storage pro-
cess in soils from volcanically active regions. Using field measurements, we
demonstrate that single eruptions can bury substantial amounts of stable
organic carbon in soils. We develop amodelling framework and estimate that,
in Ecuador alone, at least 1.1 Pg C has been stored in volcanic soils repeatedly
affected by tephra deposition during the Holocene. This stock of tephra-
buried soil organic carbon exceeds the cumulative CO2 emissions from the
source eruptions. Here, we show that explosive volcanism, through the repe-
ated burial of organic C in volcanic soils, acts as a significant regional C sink
over time, ultimately averaging to net C-negative events.

Tephra emissions associated with explosive volcanic eruptions serve
as the primary substrate for volcanic soil formation. Volcanic soils
exhibit a unique capacity for SOC accumulation, particularly during
the first few thousand years of pedogenesis1,2. This property is attrib-
uted to abundant reactive surfaces, the creation of organo-mineral
associations and the development of microaggregation which protect
SOC from microbial decomposition3–5. In addition, being co-located
with Late Pleistocene and Holocene terrestrial volcanoes2, organic
C-rich volcanic soils are prone to repeated and widespread burial by
tephra fallout from explosive eruptions. A tephra deposit just a few
tens of centimetres thick, forming in a few hours to a fewdays, can halt
the development of pre-existing soils while providing fresh parent
material for new pedogenesis. The recurrence of this process, occur-
ring at intervals ranging from a few years to several thousand years, is
responsible for the formation of multi-layered volcanic soils, typically
featuring several subsurface horizons with high SOC content2,6.
Importantly, due to unfavourable environmental conditions for
decomposers and a lower accessibility to decomposers and limited
input of fresh organic matter5,7–10, the buried SOC can be stable over
millennial timescales5,7,11,12. The combination of high SOC accumulation
rates and repeated burial results in volcanic soils generally containing
more organic C than other mineral soil types1,2.

Although it has long been suggested that volcanic soil burial by
tephra increases SOC content2, the causal impact of explosive erup-
tions on SOC stocks in volcanically active regions has still not been

unequivocally demonstrated2,12,13. The difficulty lies in quantitatively
accounting for both the magnitude-frequency relationship of volcanic
explosive eruptions and the accumulation of SOC over time in soils
repeatedly affected by tephra deposition. Measuring total C stocks in
volcanic soils limits our understanding of how explosive volcanism
affects SOC storage over time, as stocks give only a single value of C
inventory in a system for a sampling year. Here, we hypothesise that
repeated tephra fallout from explosive eruptions plays a major role in
the build-up of SOC stocks in volcanically active regions by seques-
tering substantial amounts of organic C in volcanic soils.

The accumulation of SOC in soils ultimately sequesters atmo-
spheric C thatwas initially captured by plants through photosynthesis.
In the soil-plant system, some C is diverted from the short-term (daily
to annual timescale) photosynthesis–respiration cycle into inorganic C
phases during chemical weathering of silicates present in the soil
parent material. However, in the first few thousand years of soil for-
mation, organic C accumulation typically far exceeds CO2 removal by
silicateweathering14. Therefore, weposit that the burial of organic Cby
tephra in volcanic soils is the primary mechanism through which an
explosive eruption may act as a C sink, that is, when more C is
sequestered in the buried soils than is released into the atmosphere as
magmatic CO2 during the eruption.

Based on field data, we first demonstrate that soil burial by tephra
fallout from single eruptions can lead to significant storage of stable
organic C in the subsurface soils. We then develop a modelling
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framework to quantify the spatio-temporal accumulation of the
tephra-buried SOC stock in a region repeatedly affected by explosive
eruptions (Fig. 1) and compare this stored C to the total mass of
magmatic CO2 emissions directly associated with these eruptions.

Results
SOC stock buried by tephra from a single explosive eruption
Weestimated the SOC stock stored in the soil intercalated between the
tephra deposits from the last two eruptions of the Atacazo-Ninahuilca
VolcanicComplex, located in theWesternCordillera of Ecuador, 10 km
southwest of Quito (Fig. 2). These Plinian events (Volcanic Explosive
Index (VEI)15 5), known as N5 (4400 ± 35 BP) and N6 (2270 ± 15 BP),
produced ≥ 1 km3 of dacitic tephra (ref. 16).We sampled 35 soil profiles
at altitudes ranging from 1273 to 3772m within a ~ 1560 km2 area cor-
responding to the 10-cm contour of the N6 tephra deposit (Fig. 2;
“Methods”). The SOCcontent (CSOC) is significantly lower (P < 0.001) in
the soil buried by the N6 tephra fallout (CSOC = 10–36 gC kg−1) com-
pared to the surface soil (CSOC = 23–68 gC kg−1) formed from this
deposit (Supplementary Table 1). Both soils developed from tephra of
the same composition (dacite), over comparable time periods of sur-
face exposures of ~2100 and 2270 years16, respectively, and under
similar climatic conditions; accordingly, it is reasonable to assume that
SOC would have accumulated at roughly the same rate17,18. However,
human-induced variations in vegetation cover may have occurred

locally over time, which could partly account for the difference in soil
CSOC between the buried and surface soils. Alternatively, a more likely
explanation is partial loss of SOC after burial due to mineralisation of
its most labile fraction7,9. The remaining stock of the tephra-buried
SOC is stable on a millennial time scale, as suggested by C-14 ages
ranging from 1800± 60 to 2365 ± 55 yr (Supplementary Table 2).

We found that SOC density (in g C m−2) in soils buried by the N6
tephra is predictable based on altitude (Supplementary Fig. 1), con-
sistent with the idea that temperature and precipitation (which typi-
cally decreases and increases with altitude, respectively) are the
primary factors driving SOC decomposition and storage17–19. By
applying this relationship to a 30-m digital elevation model20, we
estimated the SOC stock buried by the N6 tephra ~2340 years ago,
yielding a total mass of ~18 (3–33) Tg C (Methods). This is a con-
servative result because soil burial by tephra can occur for deposits
thinner than 40 cm, hence covering a larger surface area and increas-
ing the buried SOC stock. Additionally, tephra redistribution following
deposition may increase further the surface area impacted by burial.
We also calculated that the magmatic CO2 emitted into the atmo-
sphere by the N6 eruption amounted to 5.7–8.7 (median = 7.1) Tg of C
(Methods). Thus, the SOC stock buried by the N6 tephra is up to ~6
times larger than the mass of magmatic C released by the source
eruption. Therefore, we contend that soil burial by tephra can turn an
explosive eruption into a negative-C emission event.

Fig. 1 | Conceptual modelling framework for quantifying SOC accumulation in
soils repeatedly buriedby tephra deposits fromexplosive eruptions over time.
a Schematic representation of a region repeatedly affected by tephra fallout.
Multiple volcanoes can produce tephra deposits of which distribution depends on
eruptive andwind conditions. bDevelopment of amulti-layered volcanic soil at the
location indicated by the black dot in (a). Soil formation is reset each time a tephra
fallout buries the pre-existing soil formed from the previous tephra deposit. The

letters “t” and “s” stand for tephra layer and soil, respectively. c Accumulation of
organic C in the soil buried by a tephra deposit. d Conceptual implementation of
the modelling framework to quantify the spatio-temporal evolution of the SOC
stock. The coloured contours represent the extent of the modelled tephra deposit
that buries the pre-existing volcanic soil, and deeper shades of pink represent an
increase in the SOC stock.
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SOCaccumulation in soils repeatedlyburiedby tephraover time
To quantitatively assess how much SOC can be sequestered over time
in a region repeatedly affected by tephra fallout from explosive vol-
canoes, we developed a modelling framework to predict the spatio-
temporal distribution of tephra deposits on the ground and the sub-
sequent accumulation of SOC in the buried soils (Fig. 1 and Supple-
mentary Fig. 2). Additionally, the model enables estimation of the
magmatic CO2 released by the explosive eruptions within a given time
interval. We applied our model ('Methods') using the Ecuadorian seg-
ment of the Andean volcanic belt, ~30% of which is covered with vol-
canic soils formed from tephra21,22 (Fig. 2). We considered only
eruptions of VEI 4, 5 and 6. This region has experienced 42 eruptions
with a VEI ≥ 4 originating from ten volcanoes during the Holocene23.

The spatial distributionof tephra accumulationon thegroundwas
calculated using a probabilistic modelling approach24 ('Methods'). To
account for uncertainties, we considered tephra accumulations asso-
ciated with 10, 50 and 90% exceedance probabilities. We also eval-
uated theminimum tephra thickness necessary for effective soil burial,
testing three values of 10, 30 and 50 cm. Using the eruptive record of
the ten identified volcanoes and correcting for record completeness,
we estimated for continental Ecuador an average recurrence intervalof
eruptions of VEI 4, 5 and 6 and generated 1000 synthetic eruption
catalogues simulating the Holocene eruptive history. Our modelling
framework can be conceptualised as a three-dimensionalmatrix with a
spatial grid covering the EcuadorianAndes at a resolution of 1 kmand a
temporal resolution of 1 month (Fig. 1d). For each time step of a given
catalogue, we first tested if an eruption occurs, in which case a VEI and
a source volcano were sampled based on the eruption record.

Ourmodel provides constraints, at any location in Ecuador, on the
time between two consecutive eruptions that generated tephra
deposits thick enough to bury surface soil. Where burial occurs, this
time interval represents the duration of accumulation of organic C in
the new surface soil that forms from the tephra deposit (Fig. 1b and c).
Volcanic soils exhibit a unique capacity for SOC storage, with
~31 kgCm−2 on average, which is second only to organic soils1 (Histo-
sols). According to refs. 12,25,26, the rate of organic C accretion in
volcanic soils decreases as a power function of soil age, regardless of
the climate zone.We refitted this power lawwith additional data points
and described uncertainties (Supplementary Fig. 4). Using this rela-
tionship, we estimated the cumulative amount of organic C stored in
volcanic soils across Ecuador, with each grid cell’s SOC stock being the
result of 1000 synthetic eruptive catalogues for the Holocene. To
account for the potential loss of labile organic C after tephra burial7,9,
we adopted a cautious approach and divided the computed SOC stock
by two. This is consistent with our field observations at Atacazo-
Ninahuilca and a modelling study9, which shows that the burial of
topsoil can lead to the preservation of up to half of the initial CSOC.

Explosive eruptions drive SOC storage and act as C sinks
Based on themedian time-dependent SOC accrual rate and assuming a
50% probability of soil burial by 30 cm of tephra, our model indicates
that ~1.1 Pg of organic C has accumulated in soils covered by tephra
from Holocene eruptions in Ecuador (Fig. 3). When considering the
10th and90thpercentile of the SOCaccumulation rate-time regression
model (Supplementary Fig. 4), the estimated tephra-buried SOC stock
values are lower (~0.3 Pg) and slightly higher (~1.2 Pg), respectively

Fig. 2 | Locationmapof theAtacazo-Ninahuilca case studyandphotoofamulti-
layered volcanic soil. a Ecuadorian volcanoes (triangles) active during the Holo-
cene. Volcanoes with eruptions of VEI ≥ 4 are displayed as orange triangles. The
green-shaded area represents the extent of volcanic soils21. b Zoom on the rec-
tangle in (a) showing the location of the 35 sampled volcanic soil profiles used to
estimate the SOC stock buried by the tephra from the N6 (2270 ± 15 BP) eruption of

Atacazo-Ninahuilca volcano. The dashed contour is the 10 cm isopach of the N6
tephraand theorange triangle indicates the volcano location. cTypical volcanic soil
profile with the surface soil formed from the N6 tephra deposit and the soil buried
by this tephra and which formed from the older N5 tephra deposit (4400 ± 35 BP).
Background topography is from NASA shuttle radar topography mission20.
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(Fig. 3 and Supplementary Table 6). Higher SOC storage in soils is
predicted for conditions that decrease the minimum tephra thickness
and/or tephra isomass probability, and vice versa. Due to conditions
that are unfavourable formicrobial respiration7,8, the residence time of
buried SOC stocks is likely to be on the order of centuries tomillennia,
as also already indicated by our C-14 analyses at Atacazo-Ninahuilca
(Supplementary Table 2) and other studies5,11,27–29.

Our results unambiguously show that, in volcanically active
regions, the combination of rapid organic C accumulation during
volcanic soil accretion and recurrent soil burial by tephra deposits
leads to substantial storage at depth of organic C. For Ecuador, the
SOC stock in volcanic soils covered repeatedly by tephra during the
Holocene may make up as much as one-third of the country’s total
stock (~3.2 Pg of C to a depth of 1 metre beneath the surface30). Over a
similar period, tephra fallout in Ecuador has led to the sequestration of
asmuch organic C in soils as the regional-scale Bignell loess deposition
episode that could have buried ~0.7–2.7 Pg C in a paleosoil (the Brady
soil in Nebraska, USA) 10,500–9,000 years ago31. However, comparing
SOC stocks on a per square kilometre basis reveals that Ecuadorian
explosive volcanism may have resulted in ~4.5 times greater organic C
storage (Supplementary Methods), highlighting recurrent tephra
deposition as a particularly efficient geological process for seques-
trating C at depth. Our analysis reinforces the idea that soil burial
mediated by volcanic materials constitutes a significant contribution
to the total soil C stock13,32,33.

Repeated tephra fallout events during the Holocene may have led
to the storage of ~1.9MgCkm−2 yr−1, or ~11 TgC yr−1, in Ecuadorian soils.
This estimate, while slightly lower, remains within a comparable range
to the CO₂ drawdown associated with rock chemical weathering in the
Ecuadorian Andes and sub-Andes (2.3–4MgCkm−2 yr−1 (ref. 34)). Basalt
weathering is recognised as the primary mechanism by which volcanic
activity generates a strong CO2 sink, accounting for ~49 TgC yr−1, or
30–35% of the flux derived from continental silicate weathering35

.

Notably, organic C sequestration in tephra-buried soils in Ecuador
alone represents up to ~23% of the CO2 consumption flux from basalt
weathering. Given the extensive distribution of volcanic soils in con-
tinental arc systems with explosive volcanism, such as the Cascades,
Central America, the Andes and Kamchatka, this contribution is likely
much greater at a global scale. In volcanic island arcs, a variable pro-
portion of tephra emissions from explosive activity is deposited off-
shore, thereby reducing the potential for organic C preservation
through soil burial. Nonetheless, explosive eruptions in these regions

can still result in significant SOC sequestration, as suggested by the
high CSOC observed inmulti-layered volcanic soils in Japan36,37 and New
Zealand38,39. We suggest that, over millennial timescales, soil burial by
tephra worldwide may constitute a C sink as efficient as basalt weath-
ering. However, while inorganic C derived from silicate weathering is
transported to the oceans and effectively removed from terrestrial
cycling for over 108 years40, the sequestration of SOC in volcanic soils
occurs over shorter timescales, typically spanning 103–104 years5,7,11,12.

Except for the most restrictive modelling scenarios (e.g., thick
tephra deposit with high probability of deposit formation, or low
percentile in the SOC accumulation rate-time relationship), our esti-
mates (Fig. 3) highlight that the SOC stock buried by tephra fallout
during the Holocene dominantly exceeds, by a factor of ~3–15, the
cumulative magmatic C emissions (0.08–0.4 Pg C) from all VEI ≥ 4
events in our synthetic catalogues of Ecuadorian eruptions (Methods).
While likely minor compared to C storage in volcanic soils developing
over a few thousand years40, atmospheric CO₂ consumption during
tephra weathering would further contribute to the C sink. Our findings
lead to the counterintuitive conclusion that Holocene explosive
eruptions of VEI≥ 4 in Ecuador, through repeated burial of organic C in
volcanic soils, average to C-negative events. This result stands in sharp
contrast to the prevailing view that explosive volcanic activity is a net
source of C emissions to the atmosphere41–43.

Our modelling framework provides a spatially and temporally
explicit estimate of the capacity of explosive eruptions to store organicC
in volcanic soils and can be used to assess the C balance of explosive
volcanism. It canbe readily applied toother volcanic arc regions tobetter
constrain SOC storage in the subsurface soils, thereby helping improve
understanding of the role of volcanic activity in the terrestrial C cycle.

Methods
SOC stock buried by the N6 tephra from Atacazo-Ninahuilca
We sampled 35 volcanic soil outcrops around Atacazo-Ninahuilca
volcano in 2016 and 2017. The outcrops were located within the 10-cm
isopach of the tephra fallout from the 2,270 BP N6 eruption (Fig. 2). All
outcrops contain the N5 and N6 tephra layers and a buried soil inter-
calated between them. The locations and altitudes of the 35 outcrops
and the main properties measured for the surface and tephra-buried
soils are provided in Supplementary Table 1. At each sampling site, we
measured the thickness of the buried soil, i.e. the soil intercalated
between the N5 and N6 tephra fallout from the 4,400 BP and 2,270 BP
eruptions of Atacazo-Ninahuilca volcano16 (Fig. 2). Approximately

Fig. 3 | Cumulative SOCstock involcanic soils repeatedlyburiedby tephra from
VEI ≥4 eruptions in Ecuador during the Holocene. The SOC stock estimates
(horizontal bars) are based on the 10th, 50th and 90th regression quantiles of the
SOC accumulation rate-time relationship (Supplementary Fig. 4) and three

probabilities (30, 50, and 90%) of occurrence of tephradeposits with thicknesses of
10, 30 and 50 cm. The 10th, 50th and 90th percentiles of the cumulative mass of
magmatic C emitted are also shown. The total mass of magmatic C emitted
explosively over the same period is shown for comparison (vertical blue bar).
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100 g of material from the surface and tephra-buried soils were col-
lected using a 7-cm soil corer. A soil sample was obtained by compo-
siting three individual samples collected at different soil depths. For
the buried soil, the soil corer was inserted at least 1-m deep horizon-
tally. In doing so, we ensured as much as possible that the sample
corresponded to a soil material that had remained isolated from the
atmosphere after burial by tephra. The samples were stored in sealed
plastic bags at 4 °C, then air dried prior to analysis. Plant roots and
micro fauna were removed manually before sieving through a 2-mm
mesh. The <2mm soil fraction was homogenised by milling with a
vibratory disk mill (Retsch RS200).

The bulk density (Db soil, in g cm−3) of the tephra-buried soils was
estimated from triplicates of 100 cm3 Kopecky ring samples44. The
coarse material fraction (solid material > 2mm, CF, in weight %) pre-
sent in the soilwas separated andweighed. In general, theCF in the soil
buried under the N6 tephra is low (<1%) but increases (up to 10%) in
outcrops located closer to the volcano. Volcanic soils usually have
acidic pH values2 and carbonates are absent within them. Thus, the C
present in our soils is composed entirely of organic C. The total C
content (CSOC inweight %dry soil) in the surface and tephra-buried soil
samples was measured by dry combustion with an elemental analyser
(Elementar Vario MACRO Cube, precision <0.1%).

For each of the 35 soil outcrops, we calculated the SOC density
(dSOC in kg C m−2) in the N6 tephra-buried soils as follows:

dSOC =
CSOC

100
× 1000×Db soil × z ×

ð1� CFÞ
100

ð1Þ

where z (in m) is the soil thickness.
We related the variations in dSOC to altitude using a linear

regression model (Supplementary Fig. 1). This allowed us to predict a
dSOC value for each grid cell within the ~790 km2 area delineated by the
40 cm-isopach of the N6 tephra (Fig. 1). The SOC stock (in Tg) in the
buried soils was then computed as:

SOC stock=
Xn

i = 1

dSOC, i × Acell ð2Þ

where n is the total number of grid cells (n = 878,014) and Acell the
surface area of a cell (Acell = 900m2).

Magma volume of Atacazo-Ninahuilca’s N6 eruption
The estimate of the magma volume released by an explosive eruption
can be constrained by determining the volume of tephra fallout
deposit associatedwith it44. This is obtained from field reconstructions
that rely on the integration of isopachmaps, i.e. hand-drawn contours
representing equal deposit thickness, inferred from punctual obser-
vations at the outcrop level. Typically, for most Holocene eruptions,
only the medial part of the tephra deposit is preserved in the land-
scape. To account for the missing contribution of distal tephra fallout
to the total deposit volume, the thinning of the tephra deposit with
distance fromthe volcanic ventmustbe describedmathematically. For
the N6 eruption of Atacazo-Ninahuilca, ref. 16 applied an exponential
method and estimated a total volume of tephra fallout of 1.3 km3, to
which an additional 0.8 km3 of pyroclastic density current (PDC)
material was added. However, the exponential method is known to
underestimate the volume of tephra deposits for which only the
medial part is preserved45. As an alternative, we recomputed the tephra
fallout volume of the N6 eruption with a power-law model45 to extra-
polate the thinning trend to missing parts of the deposit. Using a
conservative distal integration limit of 300 km± 50% and incorporat-
ing an uncertainty of 20% on both tephra thickness and isopach area, a
stochastic estimation of the tephra volume24 results in a median value
of 5.0 km3 (3.9–6.5 km3 for the 10–90th percentiles), or 5.8 km3

(4.7–7.3 km3) when accounting for the PDC volume. Assuming a bulk

density of 1100 kgm−3 for tephra deposits46 and a density of
~2500 kgm−3 for a dacitic magma47 such as that involved in the N6
eruption16, the estimatedmedianvolumeof eruptedmagma is ~2.6 km3

(2.1–3.2 km3).

Magmatic CO2 emission from Atacazo-Ninahuilca’s N6 eruption
Explosive volcanic eruptions release substantial quantities of CO2 into
the atmosphere41–43. These emissions originate from degassing of C
originally dissolved in the magma. The paroxysmal phase of the 1991
eruption of Mt. Pinatubo, Philippines, emitted 10 Tg of CO2 per km

3 of
magma42. A similar rate of magmatic CO2 degassing was used for
estimating the CO2 output of the eruptions of Tambora 1815 and
Krakatau 1883 in Indonesia, Rabaul 1994 in Papua New Guinea, as well
as Bishop Tuff, Katmai-Novarupta 1912; Mt. St. Helens 1980 and
Redoubt 1989-1990 in the USA (refs. 41,48). This rate is considered
representative of paroxysmal phases of andesitic, dacitic and rhyolitic
explosive eruptions41. The CO2 emissions during an explosive eruption
can also be inferred by considering a primary silicate melt with a
typical CO2 content ranging from0.2 to0.4weight% (refs. 49,50) and a
50% crystallisation rate duringmagmadifferentiation. Such conditions
will lead to a CO2 content in the residual melt in the range of 0.4–0.8
weight % and therefore, 1 km3 of magma with 50% crystals by volume
will contain 1.3 Tgofmelt (assuming a density of ~2500 kgm−3 (ref. 46))
and approximately 5–10 Tg of CO2. Assuming complete CO2 release
from themagmaduring an explosive eruption, a conservative estimate
for the magmatic CO2 degassing rate (FCO2) is 10 Tg km−3, an estimate
fully consistent with field-based measurements41,42,48.

Knowing the magma volume (Vmagma) of an explosive eruption
(see above), the corresponding mass of magmatic C emitted (MC, in
Tg) is calculated using:

MC = Vmagma × FCO2 ×
mC

mCO2
ð3Þ

where mC and mCO2 are the molar masses of C and CO2, respectively,
and FCO2 = 10 Tg km−3. Applying equation [3] to the N6 eruption of
Atacazo-Ninahuilca indicates that 5.7–8.7 Tg (median = 7.2 Tg) of
magmatic C were released into the atmosphere.

Frequency of Holocene explosive eruptions in Ecuador
We focused our study on eruptions with a VEI of 4, 5 and 6, which are
sub-Plinian/Plinian events producing tephra volumes ranging from 0.1
to 100 km3 (ref. 15). Eruptionswith a lower VEI are disregarded because
the spatial dispersion of their tephra is limited, are either under-
reported23 or missing51 from existing databases, and may feature a
variety of eruption dynamics that do not necessarily follow the rela-
tionship between magma volume and CO2 emission used in this study
(see above). We used the Global Volcanism Program (GVP)23 database
to infer the eruptive history of all Andean Ecuadorian volcanoes during
theHolocene. Thedatabase records 42 eruptions ≥VEI 4 froma total of
ten volcanoes, including 27 VEI 4 (65%), 14 VEI 5 (33%) and one VEI 6
(2%) eruptions (Supplementary Table 3). Cotopaxi volcano dominates
the eruptive record, with 14 eruptions of VEI 4 and 7 eruptions of VEI 5.
Only Quilotoa volcano produced a VEI 6 eruption.

Under the assumption that eruptions of VEI ≥ 4 are independent
events52,53, we estimated a monthly average recurrence interval (ARI)
over the Holocene. The monthly ARI (Supplementary Table 3) was
computed as the number of eruptions of a given VEI normalised by the
time period over which the eruption record is complete (i.e. 520 years
for VEI 4 and 12,020 years for VEI 5 and 6). Supplementary Fig. 5 shows
the cumulative number of eruptions recorded in theGVP catalogue for
the ten selected Ecuadorian volcanoes. Since the record completeness
varies with eruption magnitude53, the eruption frequency obtained
from the GVP catalogue must be interpreted with care. Following
previous studies52,53, we assumed that the catalogue of VEI 4 eruptions
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is only complete after 1500 AD and estimated an ARI for the ten vol-
canoes in continental Ecuador of 1.62 × 10−3 VEI 4 eruptions permonth.
However, there was a transition from rhyolitic to andesitic volcanism
~4000 years ago54, after which only one VEI 5 eruption is recorded.
Evidence for such changes in eruptive dynamics led us to adopt a
conservative approach: we considered the catalogue of VEI 5 eruptions
as complete and estimated an ARI of 9.71 × 10−5 VEI 5 eruptions per
month. Finally, we included only one eruption of VEI 6 for the Holo-
cene, resulting in an ARI of 6.93 × 10−6 VEI 6 eruptions per month.

Using the ARI values, we generated 1,000 synthetic eruption
catalogues spanning theHolocene. The stochastic sampling procedure
was performed in Python 3.9 with the random.choices() function.
Firstly, we sampledwhether aneruption of anyof VEI 4, 5 or 6 occurred
over the 144,240 monthly time steps between the beginning of the
Holocene and 2020 using the sum of the total ARI for each VEI. Sec-
ondly, for time steps when an eruption occurred, we used the total ARI
of each VEI as relative weights to sample the VEI of the eruption.
Thirdly, with sampled VEI, we used the ARI of each volcano as relative
weights to sample a volcano source. Supplementary Fig. 6 summarises
the distributions of eruptions of all VEI sampled over the 1,000 syn-
thetic eruption catalogues. On average, each catalogue contains 248
eruptions (ranging from 200 to 309), with most of the discrepancy
between the observed 42 eruptions in the GVP database attributed to
under-representation of VEI 4 eruptions.

Spatial extent of tephra deposits from VEI ≥ 4 eruptions in
Ecuador
The spatial distribution of tephra fallout resulting fromVEI ≥4 explosive
eruptionswasestimatedusinga scenario-basedprobabilistic approach55.
We modelled three eruption scenarios of VEI 4, 5 and 6 using Atacazo-
Ninahuilca volcano as a source with the Tephra2 advection-diffusion
model within the TephraProb probabilistic framework24. Each scenario
consists of 5,000 runs of Tephra2, where each run samples a set of
eruption source parameters (ESPs; Supplementary Table 4) and a wind
condition stochastically. Wind conditions for Ecuador were obtained
from the ERA5 database from the European Centre for Medium-Range
Weather Forecasts56, using 16 years of four-daily data from 2000 to 2015
(Supplementary Fig. 3). Outputs were compiled into probabilistic iso-
mass maps, which show the spatial distribution of tephra fallout accu-
mulation associatedwith a specific exceedanceprobability. For instance,
for a given VEI and a given spatial coordinate, a tephra accumulation of
10 kgm−2 at a 25%probability threshold implies that adeposit≥ 10 kgm−2

was obtained in 1250 of the 5000 simulations.

Magmatic CO2 emissions from VEI ≥ 4 Holocene eruptions in
Ecuador
Similar to the approach discussed above for the N6 eruption of Ata-
cazo-Ninahuilca, the mass of CO2 emitted by an explosive eruption is
obtained by considering a degassing rate of 10 Tg CO2 per km3 of
magma erupted. For each of the 5000 sets of ESPs sampled for each
VEI value in the probabilistic modelling, we converted the tephra
volume (Vtephra) into a mass of magmatic C emitted (MC, in Tg) using:

MC =Vtephra ×
Db tephra

Dmagma
× 10 ×

mC

mCO2
ð4Þ

where Db tephra is the tephra deposit bulk density (1100 kgm−3

(ref. 46)), Dmagma is themagmadensity (2500 kgm−3 (ref. 47)),mC is the
molarmass of C andmCO2 is themolarmass of CO2. For a given VEI, we
express the 10th, 50th and 90th percentiles of MC.

Spatio-temporal evolution of Holocene tephra deposits in
Ecuador
Following themethodology described above, every synthetic eruption
catalogue records if an eruption occurs at each time step and, when it

does, the corresponding VEI and source volcano are identified. Con-
ceptually, the spatio-temporal reconstruction of tephra accumulation
over the Holocene in the Ecuadorian Andes can be schematised as a
three-dimensional matrix of coordinates [y, x, t], with a spatial domain
at a 1 km resolution and a temporal domain at amonthly resolution. At
every time step of each synthetic eruption catalogue where an erup-
tion occurs, the tephra accumulationmodelled for Atacazo-Ninahuilca
volcano for the relevant VEI is spatially translated to the source vol-
cano and stored in the three-dimensional matrix.

The translation of tephra accumulations modelled for a VEI 4-, 5-
or 6-eruption of Atacazo-Ninahuilca volcano to other volcanoes in the
region can be justified as follows. Firstly, from a computation per-
spective, modelling each eruption (average of 248 eruptions per cat-
alogue) for each catalogue (n = 1000) in a probabilistic way would
require 1.24 × 109 individual runs of the Tephra2 model with
TephraProb24. Our approach reduces this to a more manageable
15,000 simulations. Secondly, Tephra2 relies on an analytical solution
of advection-diffusion equation, which significantly decreases com-
putation time compared to numerical models, and also allows prob-
abilisticmodelling. Since no local topographic effect on ground tephra
accumulation can be resolved by Tephra2, we used a 1 km spaced
computation grid set at a constant elevation of 2500mabove sea level,
which we assume to be representative for all volcanoes in Ecuador.
Finally, Tephra2 works with two-dimensional wind profiles. Existing
analyses of wind data over Ecuador57 suggest that the Andean arc
experiences similar general wind patterns with a dominant westward
direction. Since i) we consider the general wind direction to be of first
order importance in our study compared to small-scale orographic
wind effects and ii) general wind directions inferred from the ERA5
database56 are similar along a north-south profile across Ecuadorian
volcanoes (Supplementary Fig. 3), we assumed wind conditions at
Atacazo-Ninahuilca volcano to be representative for the studied
region.

SOC accumulation rate in volcanic soils
In general, climatic conditions, namely temperature and precipitation,
are key drivers of SOC accumulation, affecting both C input into the
soil and SOC decomposition17,18. Parent material also influences SOC
accumulation due to its control on soil mineralogy, texture and ferti-
lity, which affect net primary productivity and the stabilisation of
organic matter18,58,59. At the regional and continental scales in various
climatic zones, vegetation type is another factor that modulates SOC
storage. Volcanic soils have a large potential for retaining organic C1,2.
This is due to abundant reactive surfaces, the formation of organo-
mineral associations and the development of microaggregation which
protect SOC from decomposition and enhance its residence time.

To describe the rate of organic C accumulation (in gm−2 yr−1) in
volcanic soils of different age, we revisited a previous study12 by adding
measurements, including our own samples of volcanic soils collected in
the Ecuadorian Andes (Supplementary Table 5). The revised dataset
includes 76measurements covering volcanic soils of varying age (~70 to
16,000 yr), formed from parent material composition ranging from
basalt to rhyolite and located in contrasted climate zones (polar to tro-
pical equatorial). As shown in Supplementary Fig. 4, the relationship
between SOC accumulation rate and soil age in volcanic soils can be
described by a power function. The decrease in the rate of SOC accu-
mulation over time is attributed to changes in reactive iron- and
aluminium-bearing soil constituents, which result in a reduced efficiency
of organic matter stabilisation25,26. We used quantile regression to esti-
mate prediction intervals based on the 10th, 50th and 90th percentiles.

Ethics and inclusion statement
The field study in the Atacazo region in Ecuador was conducted with
consideration of ethical and inclusive research practices. While local
researchers were not directly involved as co-authors, we sought advice
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from Ecuadorian volcanologists regarding sampling site selection and
site access. We acknowledge the contribution of local researchers,
whose published data provided insights that guided our selection of
sampling locations. Their work is duly cited.

Data availability
All source data are available in the Supplementary Information.

Code availability
The numerical model used for estimating the C balance of explosive
eruptions in a volcanically active region over time was developed in
Python v.3.11. The code is available on GitHub: https://doi.org/10.5281/
zenodo.10958530.
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