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The East African Rift is one of Earth’s largest continental landforms. It is recognized as a critical region
for understanding hominin evolution yet has also undergone important transformation through
ongoing tectonic and volcanic activity. An understanding of the interplay of rift kinematics, magma
genesis and geomorphic evolution requires firm geochronology but this has been lacking for much of
the East African Rift. Here we present detailed stratigraphic observations and high-precision 40Ar/39Ar
ages for major volcanic units in the Central Main Ethiopian Rift. Our new data identify a volumetrically
major episode of explosive volcanism between circa 3.85–3.42 million years ago, after aproximately
5-million years-long quiescence. Four other pulses followed but with intensity and magnitude
declining over time. We suggest that the observed temporal clustering and the pulsatory volcanic
activity may have influenced environmental conditions in the area, with possible implications for
hominin evolution.

TheEastAfricanRift (EAR) is an ideal place to analyse the interplaybetween
tectonic and volcanic processes during continental rifting, as it is an active
magmatic rift recording different stages of extension from incipient rifting
to break-up1–3. Being also considered the ‘cradle of mankind’, rift develop-
ment has also been inferred to have had direct consequences on hominin
evolution, given the drastic landscape modifications induced by tectonics
and the intense volcanic activity4–6 or other environmental drivers such as
availability of water and wet/dry climate cycles7–9.

Within the EAR, the Main Ethiopian Rift (MER; Fig. 1) represents an
area of particular relevance to understand these rift-related processes and
their possible impact on human evolution. Intense volcanic activity char-
acterises the Miocene-recent MER evolution, as testified by several calderas
or caldera-related structures and by the deposits of numerous high-volume,
high-intensity explosive eruptions10. Previous works5,11 identified a major
pulse of explosive silicic volcanism that occurredwithin and adjacent to the
centralMER(CMER)at the endof theMiddlePleistocene,between0.32 and
0.17Ma (Fig. 1). It includes caldera-forming eruptions12,13 associatedwith at
least four volcanic complexes (Aluto, Corbetti, Shala and Gedemsa; Fig. 1)
described collectively as an ‘ignimbriteflare-up’5,11,14. Intense explosive silicic
volcanism also peaked earlier in the area, at circa 3.5Ma, with a widespread
Pliocene ignimbrite, the Munesa Crystal Tuff (MCT)10, first recognised
along the easternmargin of the rift and possibly representing the largest and

most widespread event of this period. Deposits with similar lithology and
stratigraphic position occur along the western rift margins (near Kella vil-
lage; Fig. 1) and have been correlated with this ignimbrite, suggesting a bulk
volume of 2000 km3 10, an order of magnitude greater than the <200 km3

volume estimated for the Late Pleistocene pulse5. However, field and geo-
chronologic data for the CMER include old and low-precision K/Ar
determinations from the 1990s and earlier, hindering understanding of the
relationship between rifting and volcanism and their potential impact on
Plio-Pleistocene environmental changes and hominin evolution. Accord-
ingly, we conducted detailed stratigraphic investigations along a 100-km-
long section of the CMER, that are supported by more than fifty high-
precision 40Ar/39Ar age determinations (Figs. 1, 2 and Supplementary
Table 1). Our findings establish, with highly improved resolution, robust
regional-scale correlations between the main volcanic units, enabling us to
reassess the volcanic sequence in the context of the tectonic evolution of
the CMER.

Results
Volcanostratigraphic units
The stratigraphy of the eastern margin of the CMER is dominated by
three distinctive and widespread ignimbrites (MCT, Kencherra Ignim-
brite and Golja Ignimbrite; Fig. 2). The oldest, the MCT sensu strictu
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(3.412 ± 0.004Ma; Supplementary Table 2), is a moderately alkali-rich
rhyolitic-comendite ignimbrite. It forms a 150–200m-thick, crystal-rich
deposit, increasingly welded towards its base10, along the Munesa-
Langano fault scarp (Fig. 1 and Supplementary Fig. 1a) and is found at
the bottom of geothermal boreholes in the Aluto-Langano area10,15,16. A
lithologically and compositionally similar crystal-rich ignimbrite, pre-
viously tentatively correlated with MCT10, is exposed in cliffs of the
southern part of the eastern margin (Figs. 1, 2, sect. 6). Despite the
textural similarities, compositional data along with slightly older age
(3.691 ± 0.007Ma, 'H1.A' unit, Fig. 2, sect. 6 and Supplementary Table 1)
show it to be a different event.

Two other early Pleistocene ignimbrites are prominent along the
eastern CMER margin: the Kencherra and Golja Ignimbrites. The former
(1.263 ± 0.004Ma; Supplementary Table 2) is a high-grade17, densely wel-
ded ignimbrite of rhyolitic composition (comendite but close to the pan-
tellerite boundary), with a basal, metre-thick vitrophyre capped by a
fiamme-bearing, thinly foliated unit, reaching 10–20m in thickness (Sup-
plementary Fig. 1b). It underlies the 10–30-m-thick Golja Ignimbrite
(1.159 ± 0.006Ma; Supplementary Table 2) along the eastern margin. This
younger unit is variably welded, rhyolitic (pantelleritic) and grades from a
basal vitrophyre to a progressively less welded facies featuring large,

rhyolitic, variably flattaned white pumices and progressively enriched in
black trachytic scoriae toward the top (Supplementary Fig. 1c). Smaller-
scale (discontinuous) deposits of comparable age are found along both the
eastern and western margins ('H6.A', 'D1.A', 'K2.A', 'K6.A' and 'I6.A' units;
Supplementary Table 1). The Kencherra and Golja Ignimbrites are locally
separated from the underlyingMCT s.s. by some silicic pyroclastic units and
mafic lavas and scoriae associated with nearby cinder cones (Fig. 2, sects. 3
and 4).Above theGolja Ignimbrite, on the eastern side of theCMER, several
unwelded to welded, trachytic to rhyolitic ignimbrites dated between 0.76
and 0.66Ma are more sparsely found. The youngest unit mapped there
(“H3.A” unit; 0.158 ± 0.002Ma; Supplementary Table 1 and Fig. 2, sect. 6)
closes a sequence of several unwelded to densely welded ignimbrites,mostly
pantelleritic in composition and younger than circa 0.30Ma. These are
found both on the rift floor and in patches on the adjacent eastern plateau.

The Plio-Pleistocene volcanic succession along thewestern riftmargin,
around Butajira village, lies upon a thick sequence of Miocene (10.2 to
9.4Ma) subalkaline basaltic lava flows (Figs. 1, 2). The pyroclastic sequence
includes a Pliocene, welded crystal-rich ignimbrite (Kella-Butajira Ignim-
brite; Fig. 2, sect. 1 and Supplementary Table 2), previously correlated with
the MCT of the eastern margin10 but distinctly older (3.537 ± 0.004Ma
versus 3.412 ± 0.004Ma).

Fig. 1 | Tectonic and volcanic features of the study area. Digital Elevation Model
(Shuttle Radar Topography Mission, SRTM 30m resolution) of the CMER, with
main volcanic and morphological features. Plio-Pleistocene calderas are delineated
with dotted/continuous white lines as follows: It: Iteya; Ge: Gedemsa; Ga:

Gademotta; Al: Aluto; Sh: Shala; Co: Corbetti; Ha: Hawassa; Wa: Wagebeta. Faults:
black lines (axial faults in red in the inset). Red dots: investigated sites along the
margins. White diamond: small cities/villages. Numbered white bars denote the
main sectors studied for the stratigraphic reconstruction of Fig. 2.

https://doi.org/10.1038/s43247-024-01703-1 Article

Communications Earth & Environment |           (2024) 5:568 2

www.nature.com/commsenv


In the similar age interval, still slightly older than the MCT, we also
recognise two other thick, welded or partially-welded ignimbrites (Worabe
ash flow and Guraghe Ignimbrite; Fig. 2, sects. 1 and 2). At the top of
the sequence, in the areas of Kella and Worabe, multiple Pleistocene pyr-
oclastic deposits are exposed, the youngest with an age of 1.196 ± 0.004Ma
(Fig. 2, sects. 1 and 2). The Kencherra and Golja ignimbrites are not found
there. The monogenetic volcanism of the Butajira Volcanic Field, dated at
0.13Ma18, represents the last volcanic activity in this area, and it is restricted
to the rift floor.

Record of episodic volcanism
Statistical analysis (Supplementary Method 1) of our new 40Ar/39Ar dataset
reveals a cyclic eruptive pattern during the past 4Myr (Fig. 3), with allmajor
eruptions clustered in distinct phases separated by protracted periods of
quiescence or minor volcanism:

Pliocene silicic volcanism (P1, 3.85–3.41Ma). This first phase fol-
lowed about 4.6Myr of quiescence after the emplacement of Late Mio-
cene lava flows circa 8.5Ma10, which are exposed on the western margin.
We identify at least five widely dispersed comenditic-rhyolite, crystal-
rich units within a narrow time interval between 3.85–3.41Ma. The
predominantly welded ignimbrites are tens to hundreds of metres thick.
From oldest to youngest they are the “Guraghe Ignimbrite” near Butajira,
“H1.A” ignimbrite South of Munesa, “Worabe ash flow”, “Kella-Butajira
Ignimbrite” and “MCT s.s.” (Supplementary Tables 1, 2 and Fig. 2). The
source areas of these eruptions are-unknown, except for the MCT source
possibly located in the Langano – Munesa area, close to the eastern
margin10. We estimate a total bulk volume of these “Pliocene Ignim-
brites” of 740–1100 km3 (580–870 km3 Dense Rock Equivalent, DRE;
Fig. 3 and Supplementary Method 2 for details). Pliocene silicic products
of similar age are also reported in the southern CMER (associated with

Fig. 2 | Volcanic stratigraphy and geochronology of the CMER. Composite
stratigraphic columns of the western (1–2) and eastern (3–6) margins of the CMER.
Dated samples are indicated by black arrows. Unit and sample names are shown in
blue; the ages (below the corresponding sample) are in red. The coloured vertical

bands beside stratigraphic columns identify time intervals in which the dated
deposits can be grouped. Dotted red tie-lines correlate the sequences across the
different sectors.
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Hawassa and Wagebeta calderas)10 and north of the investigated area
(Melka Kunture)19, suggesting that the P1 phase affected the entire
CMER and that our volume estimate is a minimum (Supplemen-
tary Fig. 4).

Bimodal volcanic activity (P2, 2.44–1.55Ma). Volcanism resumed
about 1Myr after the end of P1, with the emplacement of locally dis-
persed rhyolitic ash and pumice flows, and of small mafic lava flows and
scoria cones dated to circa 1.9 Ma and restricted to the central-northern
parts of the eastern margin (Fig. 2, sects. 3 and 4). The mafic products
appear to signal the onset of a major phase of rift re-organisation asso-
ciatedwith the development of a segmented intra-rift fault system (Wonji
Fault Belt) between 2 and 1.6 Ma10,16,20,21.

Lower Pleistocene silicic volcanism (P3, 1.29–1.16Ma). This phase
was dominated by the emplacement of the Kencherra and Golja Ignim-
brites (Fig. 2), exposed along the eastern margin of the CMER only. The
wide dispersal, relatively uniform thickness all along the fault scarps at
different elevations, and homogeneous depositional facies of these two
units suggest emplacement by pyroclastic density currents over a much
less rugged topography than that of the present-day rift. Together with
other less continuous deposits of age-correlative units exposed along the
eastern and western margins, the cumulative volume of the products of

this phase lies between 50 and 120 km3 (DRE volume of 40–90 km3, Fig. 3
and Supplementary Method 2 for details).

Middle Pleistocene silicic volcanism (P4, 0.76–0.66Ma). This
includes trachytic and rhyolitic ignimbrites exposed along some sections
of the main eastern boundary faults of the CMER. The lack of correlative
deposits on the western margin could reflect the presence of a topo-
graphic barrier in the rift at the time of eruption, or a general shift of the
emission area toward the eastern margin. The distribution of these
ignimbrites is poorly constrained, precluding a meaningful estimate of
their volume. However, their depositional features and discontinuous
occurrence along the rift border faults suggest they record less intense and
lower magnitude eruptions than those of cycles P1 and P3.

Middle-to-upper Pleistocene silicic volcanism (P5, 0.30–0.16Ma).
This phase is associated with the activity of at least four calderas (Fig. 1)
inside the rift5. Along the eastern CMER (both on the rift floor and the
eastern plateau up to 2100 m above sea level, Fig. 2), we identify deposits
of this age interval that are clearly cut and offset by rift faults. 40Ar/39Ar
ages define two groups, 303–280 ka (with at least six eruptions) and
183–158 ka (at least seven eruptions), separated by a ~100 kyr hiatus, so
suggesting that the phase of magmatism already identified by Hutchison
et al.5 was possibly separated into twomain pulses. The areal distribution

Fig. 3 | Main volcanic phases of the CMER. a The last 4 Ma of volcanism in the
CMER. Four classes (grades) are distinguished (on the axis to the right) based on
depositional facies, thicknesses, and dispersal (1- lava flows and scoria cone; 2-
m-thick localised pyroclastic deposits; 3- unwelded to welded ignimbrites of inter-
mediate thickness (<10 m) covering at least 15 km2; 4- widely distributed, 15–100-
m-thick, ignimbrites). #* indicates the number of units included in each phase. Age
error is usually less than the corresponding symbol (except in two cases for which
error bars are shown). b Identified ages in the distal tephra record (as discussed in

Supplementary Discussion 1); the location of the distal tephra layers is shown in
Supplementary Fig. 5. c Age-volume plot for the major volcanic clusters. The right-
hand logarithmic axis represents the bulk DRE volume estimate for each cluster
(vertical, coloured bars); the left-hand linear axis indicates the cumulativeminimum
volume (represented by the grey line). Minimum volume estimates for two phases
between 2.44–1.55Ma and 0.8–0.6 Ma cannot be constrained from the
available data.
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of these deposits, extended in this work to a larger sector of the eastern
margin, suggests that the previous cumulative volume estimate between
10–150 km3 for these middle-upper Pleistocene silicic deposits5 possibly
reaches into the upper end of this range.

Discussion
The detailed stratigraphic, geochronologic and petrologic study of the
CMER activity demonstrates that short phases of intense and voluminous
explosive activity alternated with periods of lesser andmore diffuse activity.
This pattern poses questions about the temporal distribution of the main
phases of activity in relationship to rift evolution and kinematics. Addi-
tionally, our findings refocus attention on the significance of volcanism for
understanding hominin evolution6,22,23 (Fig. 4), on the distal tephra deposits
whose dates constrain the ages of fossils, and on taphonomic biases in the
fossil record.

Volumetric and petrogenetic trends over time
In parallel with the temporal clustering of major volcanic eruptions, we
identify important trends in the volume and composition of magmas
erupted with a clear link between the erupted magma volumes and the
length of apparent quiescence between consecutive clusters. The intense,
high-magnitude activity of the Pliocene phase was preceded by the longest
period of quiescence (i.e. 4–5Myr), while the subsequent ignimbrite flare-
ups were characterised by shorter repose periods and reduced productivity
(Fig. 3). Based on cluster durations and estimated magma volumes, the
magma eruption rate for P1 ranges between 1.3–2.0 km3 kyr-1 (seeMethods
for details), up to one order of magnitude higher than those for P3 and
P5 (Fig. 3).

These rates are comparable to other ignimbrite flare-ups elsewhere24.
The strongly evolved character of these products, possibly derived from
more than 90% crystallisation of primitive basaltic magmas25, implies that

the volume of magma that arrived in the shallowmagmatic system was ten
times larger than the erupted material. In this assumption, a total of at least
6000–11,000 km3 of magma were intruded in the crust of the CMER in the
last 4Myr, resulting in aminimummagma feeding rate for this period in the
range 1.6–2.8 km3 kyr-1 (see Methods for details). The clear transition with
time toward a progressively higher peralkalinity of the most evolved pro-
ducts (from comendite to pantellerite), togetherwith the smaller volumes of
individual eruptions post P1 (as well as the lower eruptive rates of the
following phases), likely reflect changing conditions of magma storage and
crystallisation in the first 10 km of the crust25 (progressively smallermagma
reservoirs at lower temperatures). These, in turn, might be related to a
general local decrease in time of the rate of magma supply (and possibly
production) from the mantle, following possible changes in geodynamic
processes3 (extension rate, localisation of deformation, etc.).

Large-scale correlations and implications for volcanic evolution
The cyclic pattern of volcanismemerging fromour data (Fig. 3) is consistent
with the distal tephra record of largeMEReruptions (SupplementaryData 1
and Supplementary Fig. 5), possibly sourced also from volcanic centres out
of the CMER. A statistical analysis of the 40Ar/39Ar ages of these distal
deposits indicates several pulses of explosive activity broadly coincidingwith
the CMER 40Ar/39Ar record (Supplementary Fig. 5). In particular, P1, the
phase with eruptions of highest intensity and magnitude, correlates with a
period of major tephra accumulation in the marine record between 4.0 and
3.2Ma. It also coincides with deposition of distal tephra layers in Afar and
the Turkana Basin (Supplementary Fig. 5), notably the Tulu Bor Tuff and
Sidi Hakoma Tuff, that are associated with hominins and other fossils26–29

and which had been correlated by several authors with the MCT26–28

(Supplementary Discussion 1 and Supplementary Fig. 6).
The volcanic activity in the EARS has been commonly subdivided into

large volcanic phases30 (Supplementary Fig. 7). Detailed analysis may

Fig. 4 | Volcanic phases in the CMER and hominin species in East Africa.
a 40Ar/39Ar chronogram of volcanic activity of the last 4 Myr in the CMER (this
work). Vertical grey bars identify major pulses of silicic volcanism characterised by
large explosive eruptions. The four classes are based on the distinction reported in
Fig. 3a. b Age interval of key hominin species in their evolutionary context in East

Africa, reconstructed as reported in Supplementary Discussion 2. Coloured hor-
izontal bars refer to the fossil record occurring in the area nearly restricted to
Ethiopia and surrounding areas. The thin lines further extend the age intervals to the
whole eastern African fossil record (Supplementary Fig. 8).
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document a markedly discontinuous temporal distribution of volcanic
activity even within large volcanic phases, as exemplified by our high-
resolution stratigraphy of the CMER revealing a pulsatory rather than a
continuum pattern over the last 4Ma (Supplementary Fig. 7). Based on our
data, although it is difficult to definitively exclude the occurrence in the
CMERof some volcanic activity during the inter-clusters periods, it appears
that all the activity was modulated through peaks of high magma eruption
rate producing large eruptions able to disperse their products up to the
margins of the rift. Therefore, even though we are well aware of potential
sampling bias when studying the products of a long period in a large area
(e.g. we did not focus our sampling campaign on the rift floor, and thus, we
may not have recorded the products of smaller eruptions sourced from this
area), we can confidently affirm that our exhaustive sampling of the rift
margins includes all the largest eruptions of the CMER. Investigating the
products of the different sectors of the whole rift system with a high-
resolution tephrochronology approach will likely refine this emerging pat-
tern, with implications on the dynamics of rift formation, evolution and the
timescales of rift-related processes3,31–34.

Environmental perspectives
The thick, densely welded ignimbrite deposits emplaced during these
temporal clusters of activity blanketed wide areas of the rift (areas in excess
of 104 km2). Thiswould have hadprofound and immediate regional impacts
on hydrological, environmental and ecological regimes, making large areas
uninhabitable for prolonged times and potentially inducing hominins
mobility5,35–37. The reduced number of hominin species in eastern Africa
during themajor clusters of intense activity (Fig. 4) could bearwitness of this
correlation. In particular, our data suggest that most hominins speciation
took place during a period of low intensity, low volume, volcanic activity
(P2, Fig. 4), whereas somemoments of relevant species turnover within the
hominins lineage coincide with periods of high volcanic activity (Fig. 4 and
Supplementary Discussion 2). These local, immediate effects of volcanic
activity may have been compounded by global-scale climatic perturbations
associated with emissions of large quantities of sulphur and halogens into
the stratosphere. We estimate that each individual episode of the Pliocene
cluster (P1) could have released around 200 Tg of sulphur (Supplementary
Discussion 3), over 20 times greater than that released into the stratosphere
by the 1991 eruption of Mt. Pinatubo38,39. Although these estimations are
affected by large uncertainty also in the most favourable cases40, only a few
events of comparable sulphur yield are recorded in ice cores spanning the
Holocene41. Futuremodelling studies should thus explore how severalmega
eruptions occurring in a row during a time interval of 104-105 years may
have led to global climate disruption in the Pliocene.

Our new scheme of time distribution of CMER volcanism provides a
robust template for a careful re-evaluation of its geological and environ-
mental evolution, also suggesting that this kindof approach, if reproduced at
the scale of the whole rift, could reveal important processes up to now
obscured by the still low-resolution of the available
chronostratigraphic data.

Methods
Fieldwork and sampling
Since one of the main goals is to study the long-term distribution of vol-
canism in the CMER from its early stage of rifting in the Pliocene and
considering that the rift floor is mainly covered by the products of the
Pleistocene-Holocene volcanism and lacustrine deposits, we conducted two
field surveys in 2019 and 2020 focusing on the eastern and westernmargins
of the rift, which allow the observation also of the older volcanic products.
Field campaignsweremainly basedon the collectionof geological-structural
data, the study of the different deposits observed and the sampling of a large
number of volcanic rocks. In total, 163 samples have been collected (Sup-
plementary Data 3), mostly from ignimbrites and, to a minor extent, from
lava flows and pyroclastics…, etc. Samples were collected on most of the
volcanic units recognised in the field from different outcrops and, where
possible, from the same outcrop at different stratigraphic positions within a

single unit, in order to characterise its vertical facies variation. To each
distinct volcanic deposit, we assigned a unit name (Supplementary Data 3)
indicative of the sampling site and stratigraphic position within the outcrop
(e.g., the outcrop at siteA1 presents four overlaying volcanic units which are
named, from the bottom to the top, 'K1.A', 'K1.B', 'K1.C' and 'K1.D').When
outcrops of the same deposit are observed in multiple investigated sites, the
unit takes the name of the site where it has been first observed or from the
toponymwhere it is best exposed. The general term 'ignimbrite' is intended
as the deposit (whetherwelded or not) of pyroclastic density currents (PDC)
formed during large explosive eruptions42–44. Other lithological terms (ash
flow, pumiceflow…, etc.) were used to describeminor PDCdeposits locally
found in the different stratigraphic sections.

The eastern and western margins were divided into sectors (each area
comprehensive of multiple investigated sites), and for each one, we recon-
structed a composite stratigraphic column by considering the volcanic
stratigraphy observed at the investigated sites (i.e. the occurrence marker
beds definedbydiagnostic features, facilitate identification and allow tracing
correlations) and by integrating this information with geochronological
data where the volcanic units do not occur in stratigraphic succession.
Composite stratigraphic columns are reconstructed without considering
faults but simply reporting in stratigraphical order the volcanic succession
occurring in each area.

40Ar/39Ar dating
In order to build a comprehensive geochronological database, 55 samples
were selected from different outcrops and from the same ignimbrite units
recognised in different areas to validate correlations based on lithological,
sedimentological, and compositional data. Vertically extensive sampling
was also conducted all over the investigated area across multiple strati-
graphic sections, including at different elevationswithin the samedeposit, to
check for internal 40Ar/39Ar variations in connection with depositional
facies. Stringent criteria of freshness were applied, focusing on porphyritic
samples of allmainvolcanic successions exposedat the riftmargins. Samples
were crushed, sieved to 250–500 μm and 500–1000 μm size fraction before
ultrasonic cleaning in water. Sanidine grains were handpicked under a
binocular microscope from ignimbrites, pumices, and fallout deposits.
Plagioclase crystals were also extracted from a phaneritic basalt flow, and
glass fragments andmatrix grains were obtained from an obsidian rhyolitic
lava flow, a scoria and an aphyric basalt flow (for the latter two samples the
groundmass grains were selected among the grain size 250–500 μm).
Crystals were leached in 5% HF to remove adhering glass. Glass and
groundmass grains were etched in 5 and 20% HNO3, respectively. All
samples were finally thoroughly rinsed and ultrasonically cleaned in water.

Samples and fluence monitor standards were packaged in Al foil,
stacked in Al tubes and irradiated in the CLICIT Cd-lined slot of Corvallis
Nuclear Reactor (Oregon State University, United States). Sanidines of the
Fish Canyon Tuff (FCs), with an age of 28.02 ± 0.28Ma45, were used to
monitor 39Ar production during irradiation and determine the irradiation
parameters (J) (Supplementary Data 4). 40Ar/39Ar experiments were con-
ducted at the Argon facility at ISTO featuring three high-resolution Helix
SFT mass-spectrometer operated with a mass resolution in excess of 750.
Each of these is outfitted to a CO2-laser- based extraction system featuring
ultra-low argon blanks. Gas was extracted from the irradiated crystals via
total fusion, while step-heating incremental heating was applied to generate
apparent age spectra for groundmass and glass fragments. The extracted gas
was purified through exposure to a cooling U-trap of liquid Nitrogen (held
at around−130 °C) and two hot GP50 SAES getters before admission into
the mass-spectrometer. Isotopic data (Supplementary Data 4) are regressed
and corrected for instrumental parameters (blank, mass discrimination,
dead-time, post-irradiation decay and atmospheric contamination)
according to procedures and the error sensitivity analysis described in detail
elsewhere46. ‘Empty’ line blanks were monitored between each consecutive
gas admission and interpolated to correct the intervening samples across the
analytical session on a daily basis. Ages and errors for each sample (with an
average of 20 analyses per sample) are pooled as a weighted mean age
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(WMA) to estimate the best age and error. TheWMA is calculated over the
analyses sorted by age, starting with the first (youngest) age and pooling the
data in sequence until the MWSD exceeds the two-sided 0.95 fiducial
intervals predicted from χ2 statistics for n-1 degree of freedom. TheMSWD
(mean squaredweighteddeviation) is ameasureof thedata scatter relative to
analytical precision, and it is used to test the internal consistency of the
pooled data. Final ages are reported with ±1 s error.

Volume and rate estimations
The volume estimation of the deposits involved in the intense silicic
volcanic clusters are obtained by considering the areal dispersion of the
products and the thicknesses observed at the investigated sites (Supple-
mentary Fig. 4). The volume is estimated as the volume of the 3D
Delaunay triangulation (obtained using a dedicated MatLab routine) on
the points of thickness defined. The dense rock equivalent (DRE) volume
is determined by considering an average density of 1800 kgm−3 as
representative of these densely welded to poorly welded ignimbrites47,
and a melt density of 2300 kgm−3 for the rhyolitic magma48,49. These
volume estimates, divided by the age interval of each cluster, were then
used to determine the magma eruption rate.

Moreover, assuming a 90% fractionation of basaltic magmas to pro-
duce the final rhyolitic compositions25, we estimate that the volume of
magma entered in the crust to produce these products was at least ten times
higher. Themagma feeding rate is estimated by dividing theDRE volume of
themagma entered in the systemby the total duration of the quiescence and
activity periods (4Ma).

Melt inclusions study
For melt inclusion analysis, samples were first granulated and sieved. The
grain size classes 0.25–0.5 mm and 0.5–1mm were ultrasonically rinsed in
water to remove all the residual powder particles, dried in the oven, and then
observed under the binocular microscope to separate crystals containing
well-preserved melt inclusions. Melt inclusions embedded within quartz
were preferred due to the better preservation of this mineral, but in some
cases, well-preserved melt inclusions were also found in sanidine and,
occasionally, in plagioclase. An average of 15 crystals was selected fromeach
sample, each of themembeddingone or severalmelt inclusions. Eachcrystal
was separately embedded in Vertex Orthoplast resin by using Thovertex
solvent and, once hardened, singularly polished down with Al2O3 powders
and polishing papers of progressively lower granulometry to a fine grade up
to 1 μm. All crystals with exposed and polished melt inclusion belonging to
the same sample were carefully removed from resin (via heating) and
embedded together in a mount of epoxy resin with the polished surface
exposed. The mounts were observed under the binocular microscope and
carbon-coated for analyses.

Selected crystals of the three marker beds (specifically, ETZ31 and
ETZ90 from theMCT, ETZ30 from the Kencherra Ignimbrite and ETZ136
from the Golja Ignimbrite) were first inspected with SEM for image col-
lection and melt inclusions mapping, then analysed for major element and
volatile concentrations with an Electron Micro Probe analyzer (EMPA)
housed at the laboratories of the Institut des Sciences de la Terre d’Orléans,
in France.

It was not always possible to analyse all themelt inclusions, due to their
size (below the minimum value of 20 μm), fracturing or other analytical
issues, but, for each sample, the number of melt inclusions analysed was
between 11 and 21.

The melt inclusions were analysed by a Cameca SX Five during three
EMPA sessions together with standards of rhyolitic composition with four
different water concentrations (0, 2.42, 4.24 and 6.38%, as measured with
Karl Fisher Titration50) as a reference for Na-loss correction and water
content estimation of the studied melt inclusions. About three or four
analyses were done on each melt inclusion and the results were averaged to
obtain a mean value and related standard deviation. Major elements and
volatile concentrations for melt inclusions are shown in Supplementary
Data 2,where the average value of eachmelt inclusionhas been corrected for

alkali loss and normalised to 100%. To correct themeasured concentrations
for alkali loss, we multiply the measured raw Na2O wt.% (averaged among
the analyses performed on a single inclusion) by a Correction Factor (CF).
The value of CF was obtained by analysing the glass rhyolitic standards and
dividing the known Na2O content (3.29 wt%)50 by the measured Na2O
concentration.Thedifferencebetween the corrected and rawNa2Ocontents
is then added to the averaged total. We then use this corrected total to
normalise to 100% the other major element concentrations. H2O contents
were estimated by comparing the hydrous total corrected for alkali loss
(averaged among the analyses of a single inclusion) to the raw totals yielded
by the analysed standards (the raw total of each standard is averaged among
the four analyses performedon the same standard of knownwater content).
The raw totals of the four standards are plotted against their corresponding
water content obtaining a linear correlation relative to the total-H2Ocontent
relation.The same equationwas applied to the correctedhydrous total of the
melt inclusions to obtain an estimation of their water content51,52. The same
procedure was applied to partially recrystallised melt inclusions taking care
to avoid the recrystallised rim and focusing on the glassiest portion of the
melt inclusion. Completely recrystallised melt inclusions were not con-
sidered for analyses.

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper and/or the Supplementary Information. Further geochronological
and geochemical data in support to this study can be found in the Zenodo
online repository (https://doi.org/10.5281/zenodo.12750599)52.
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