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Abstract

Mount Iriga is a small, dormant stratovolcano of basalt to basaltic andesite composition located in Luzon Island, Philip-
pines. The volcanic edifice includes a well-preserved horseshoe-shaped avalanche scar 2 km across with an adjacent fan of
hummocky debris avalanche deposit (DAD) formed by large-scale (1.5 km?®) gravitational edifice collapse. To constrain the
age of the collapse and determine the character of volcanic activity that followed, we investigated and dated (using the '*C
accelerator mass spectrometry method) paleosoils and organic lake sediments as well as charcoal-containing pyroclastic
deposits that closely pre- and post-dated emplacement of the DAD. We found that the collapse of Iriga occurred soon after
its 1830 +40 BP explosive magmatic eruption (of St. Vincent type) that produced pyroclastic flows of scoriaceous basaltic
andesite. In the avalanche-dammed Lake Buhi, the organic bottom sediments started to accumulate at 1780 + 30 BP, marking
the upper age limit of the DAD emplacement. The edifice collapse itself was not contemporaneous with any geologically
detectable explosive eruption. After the collapse, a stubby block lava flow with volume of about 0.02 km? was extruded
inside the horseshoe-shaped avalanche scar. The next eruption of Iriga, which was its only post-collapse explosive eruption,
occurred at 1110+ 30 BP. This phreatomagmatic eruption left a small steep-walled maar-like crater inside the broad avalanche
scar in the vent area of the block lava flow. The extrusion of the block lava and the subsequent phreatomagmatic event were
the only eruptions of Iriga that occurred after the edifice collapse. Together with the pre-collapse explosive eruption, they
comprise the entire eruptive activity of Iriga during the Late Holocene and all occurred during the last 2000 years.

Keywords Mount Iriga - Large-scale volcanic collapse - Debris avalanche - Eruption - Pyroclastic deposits - Radiocarbon
dating - Coring of lake sediments

Introduction scars and the DADs have distinctive morphological features

with excellent preservation potential, making them easily rec-

Since the 1980 eruption of Mount St. Helens, USA, it has been
established that volcanic edifices are gravitationally unstable and
prone to large-scale collapses with generation of long-runout
debris avalanches (Voight et al. 1981; Siebert 1984). Such col-
lapses result in formation of distinctive avalanche scars with
characteristic horseshoe-shaped morphologies and correspond-
ing debris avalanche deposits (DADs) with hummocky surface
topographies (Ui 1983; Glicken 1996). Both the avalanche
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ognizable even after many thousands of years. Globally, several
hundred DADs formed by large-scale (volumes > 0.1 km?) vol-
canic collapses have been identified as have occurred during the
Holocene (Dufresne et al. 2021). In fact, large-scale collapses
are rather common events and can occur on a volcano of almost
any type, where some volcanoes have experienced multiple col-
lapses (Beget and Kienle 1992; Belousov et al. 1999; Siebert
and Roverato 2021). Analysis of multiple prehistoric, as well as
several historical cases, has shown that they can be triggered by
a number of natural causes from heavy rain events to tectonic
earthquakes (Delcamp et al. 2016; Siebert 1984). However, the
most common cause is shallow level intrusion of magma (Bel-
ousov et al. 2007). Large-scale collapses abruptly reduce litho-
static pressure on the magma feeding system of the collapsing
volcano and shorten the length of the volcanic conduit. Jointly
these effects lead to intensification of the volcano’s activity, both
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immediately after the collapse and over a longer time scale (Watt
2019). The primary factors determining the character of post-
collapse eruptions are the depth of the intruding magma inside
the edifice in the moment of failure and the relative positions
of the intrusion and the detachment surface (Belousov et al.
2007). Thus, it can be assumed that an edifice collapse event
naturally probes the condition of the shallow magma system
at the moment of the collapse (Eichelberger 2006). Types and
magnitudes of eruptions that follow large-scale collapses cover a
very broad spectrum and vary from magmatic to non-magmatic
(hydrothermal) as well as from highly explosive (directed blasts
and/or Plinian activity) to quiet extrusive (lava flow or dome
forming) (Siebert 1984).

Seven historic cases of large-scale volcanic collapses are
known globally: Bandai 1888, Harimkotan 1933, Lamington
1951, Bezymianny 1956, Shiveluch 1964, Mount St. Helens
1980, and Soufriere Hills, Montserrat 1997 (Nakamura and
Glicken 1988; Belousov et al. 2007; Belousov et al. 2020).
Direct observations of these events have provided the most
comprehensive data about collapse-related eruptive activ-
ity. However, such observations are rare. Hence, geological
investigations of prehistoric collapses, especially relatively
young ones, provide most of the data we have regarding
eruptive activity associated with large-scale collapses. In
these cases the collapse-related eruptive activity is recorded
in stratigraphic sequences as layers of pyroclasts and/or lava
flows synchronous with, and/or closely postdating, the col-
lapse. Characteristics of such deposits can be interpreted
in terms of the types and mechanisms of the parental erup-
tions. In addition, C'* dating, combined with stratigraphic
interrelations between layers, permits reconstruction of the
timing and sequence of the eruptive events and their link to
the large-scale collapses.

To add further to our understanding of the relationship
between large-scale collapses and the activity they trigger,
we thus focus on the Holocene case of Mount Iriga, Philip-
pines. We use stratigraphic relations between volcaniclastic
deposits supported by radiocarbon dating to draw the link
between the collapse event and eruptions that preceded and
followed.

Geological setting
Iriga volcano

Mount Iriga (Global Volcanism Program https://volcano.si.
edu/volcano.cfm?vn=273041), locally known as Mt. Asog,
is a small (1196 m asl), long-dormant stratovolcano located
in the southeastern part of Luzon Island, Philippines. Struc-
turally, Iriga is located on the Bicol Volcanic Arc at the cen-
tral-eastern margin of the Philippine Mobile Belt (Fig. 1).
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The volcanic edifice is mostly of basalt to basaltic andesite
composition with some andesites and dacites (Aguila 1986;
duFrane et al. 2006). The edifice has a well-preserved, deeply
incised horseshoe-shaped avalanche scar 2 km across (Fig. 2).
Inside this scar there are two younger volcanic landforms: a thick
lava flow and small inner crater (Fig. 3).

The avalanche scar opens southeastward where there is
a broad fan of hummocky DAD (Fig. 4) extending from
it. Based on reports of missionaries, it was supposed that
Mount Iriga collapsed and erupted in 1628, and subsequently
produced no eruptions (Aguila 1986). Emplacement of the
DAD dammed the broad valley of the Barit River and led
to the formation of large Buhi Lake, which has dimensions
of 6 X4 km and a depth of up to 18 m. We name this DAD
“Buhi DAD” to distinguish it from another, much older,
DAD of Iriga (Paguican et al. 2012). In addition, we call the
corresponding horseshoe-shaped scar “Buhi avalanche scar”
and the collapse itself the “Buhi collapse.”

Our main target is to constrain the age of the Buhi col-
lapse and to determine the ages and styles of the post-col-
lapse eruptions.

Buhi debris avalanche

Buhi DAD covers an area of 70 km? at the SE foot of the vol-
cano (Fig. 4) with an average thickness of 20-25 m. The vol-
ume of the deposit is estimated to be 1.5 km?®, which is about
10% of the volume of the former volcanic edifice (Aguila
1986). The height of the Iriga edifice (H) before the Buhi col-
lapse was about 1.3 km above the volcano’s base, i.e., its ring
plane (Paguican et al. 2012). Hence, the runout distance (L)
of Buhi debris avalanche is 11 km, so that the apparent fric-
tion coefficient (H/L) is 0.114 (calculated by Yoshida 2013).
The deposit has a hummocky surface typical of DADs. Several
exceptionally large hummocks up to 500 m across and 50 m
high are located in the axial zone of the avalanche at a distance
of 1-4 km from the source (Fig. 2). These are probably toreva
blocks—relatively intact sliding blocks of the Buhi collapse that
were not incorporated into the debris avalanche, and came to
rest in the proximal zone (Paguican et al. 2012). Average size
of the avalanche hummocks decreases with distance from the
volcano (Yoshida 2013).

Most of the hummocks are composed of block facies (ter-
minology from Glicken 1996) represented by fragments of
strongly brecciated lava flows of the collapsed part of the edi-
fice. A significant part of the avalanche deposit is composed
of entrained material of the avalanche substrate which is rep-
resented by volcaniclastic deposits (former deposits of pyro-
clastic flows, lahars, and alluvium of the ring plane) (Paguican
et al. 2012). These deposits were bulldozed by the avalanche
and incorporated into the avalanche during its motion and
deposition (bulldozer facies after Belousov et al. 1999).
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Fig. 1 Tectonic framework of
Iriga volcano (modified from
Pasquaré and Tibaldi 2003)
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Fig.2 Iriga volcano with horse-
shoe-shaped avalanche scar and
large hummocks of Buhi debris
avalance deposits, up to 50 m
high, in the foreground. View
from SE

The two most common substrate deposits entrained into Methodology
the Buhi debris avalanche are light-gray silica-rich pum-
ice PF (Fig. 5a) and gray to dark-gray PFs of scoriaceous  The sequence of eruptive events that followed Buhi edifice
basaltic andesite related to a St. Vincent-type eruption pre-  collapse was reconstructed using geomorphologic analysis
dating DAD (Aguila 1986) (Fig. 5b). of the volcanic edifice, focusing on spatial interrelations
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Fig. 3 Main geomorphological
features of Iriga volcano: Buhi
horseshoe-shaped avalanche
scar and enclosed postcollapse
volcanic landforms (block lava
flow and maar-like crater)
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Fig.5 '“C-dated charcoal-bearing substrate material bulldozed and
entrained by Buhi debris avalanche: a pumice-rich pyroclastic flow
(>42,430 BP) from sampling point 1, Fig. 4, and Table 1. b Blocks
of basaltic-andesite scoria (dotted lines) with location of charred
wood 1830+ 40 BP from sampling point 2 (Fig. 4 and Table 1)

between the horseshoe-shaped Buhi avalanche scar, formed
by the collapse, and the progressively superimposed younger
volcanic landforms, as formed by the post-Buhi eruptions.
This general scheme was then refined by stratigraphic inves-
tigations of the erupted products supplemented with *C
AMS (accelerator mass spectrometer) radiocarbon dating
method using the calibration database INTCALO9 (Reimer
et al. 2009). It was performed by BETA Analytic’s commer-
cial radiocarbon laboratory, USA. In total, six samples were
dated (two samples of paleosoil, two samples of lacustrine
sediments, and two samples of charcoal contained in prehis-
toric pyroclastic deposits of Iriga (Table 1). These samples
were collected at the points #1-4 (Fig. 4).

Determination of emplacement ages of Buhi DAD
and products of the post-collapse eruptions

Most of the volcaniclastic deposits of Iriga, considered here,
including those of the Buhi DAD, not contain organic mate-
rial suitable for '*C dating, which would directly provide
emplacement ages. Thus, we determined '*C ages of under-
and over-laying organic-rich deposits (paleosoils, organic
lacustrine sediments, and as well as charcoal-containing
PDC units). The obtained pairs of pre- and post-!“C ages
thus provided the lower and the upper age limits (the depo-
sitional time frames) of the deposit under or above which the
sample was collected. “C dating of the overlying soil (of its
oldest, lower part) commonly provides C age that is several
hundreds years younger than the actual emplacement age
of the underlying volcaniclastic deposit (Scharpenseel and
Schiffmann 1977). In contrast, dating of the underlying pale-
osoil or organic sediment provides the age value that closely

Table 1 Results of radiocarbon dating of volcanoclastic deposits, organic lake sediments, and soils of Mt. Iriga. See Fig. 4 for location of sam-

pling points
Samples Location (sampling Coordinates Dated deposits Dated material/ Conventional Calibrated age, years
point) method age, years BP BP (2 sigma calibra-
tion)
Irigal Delafe quarry (point  13°26"21.8"N Pumice PF in DAD Charred/radio- >42.430 (Result is outside of
1) 123°29'10.5"E metric the calibration range)
Iriga2 Buhi quarry 13°25'13.4"N Scoria PF in DAD Charred/AMS 1830+/—-40 1870-1640
(point 2) 123°31'10"E
Iriga3 Buhi lake 13°27'16.0"N Lowermost part of Organic/AMS 1780+/-30 1810-1620
(point 3) 123°30'53.7"E sediment core
Irigad Buhi lake 13°27'16.0"N sediment core, below  Organic/AMS 1080+/-30 1060-930
(point 3) 123°30'53.7"E ash of phreatomag-
matic eruption
IrigaS Delafe quarry (point  13°26'21.8"N Paleosol between Organic/AMS 11104+/-30 1070-950
1) 123°29'10.5"E Buhi DAD and ash
of phreatomagmatic
eruption
Iriga6 Trail to crater (point ~ 13°27'16.4"N Soil above pyroclasts  Organic/AMS 590+/-30  650-540
4) 123°29"24.1"E of phreatomagmatic
eruption
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corresponds to the actual emplacement age of the overlying
volcaniclastic deposit (Belousov et al. 2018). Thus, in cases
where we obtained both pre- and post-'*C ages, we con-
sidered the '*C age of the underlying paleosoil or organic
sediment as emplacement age of the deposit, while the age
obtained from the overlying soil was used to cross validate
the emplacement age.

Coring of the bottom sediments of Buhi Lake

This coring was carried using a Livingstone-type drive rod pis-
ton corer (Livingstone 1955). Two lashed together fishing boats
served as a coring platform. An echo sounder Lowrence Sea
Charter with an integrated GPS unit was used to obtain water
depth and geographical coordinates of the coring locations.

Water depth at the coring locations was up to 12 m. In
total, six bottom sediment cores were collected with a maxi-
mum length of about 1 m. Several (up to 5) progressively
deeper cores were obtained in each site in order to get a
longer compound section of the sediment record as well as
to try to reach the oldest sediment of the lake (i.e., as close
as possible to the basal contact of the lake sediments and the
inorganic substrate).

Youngest volcanic landforms of Iriga volcano
Horseshoe-shaped Buhi avalanche scar

Bubhi scar is breached to the SE. The scar is 2 km wide and
3 km long, with nearly vertical walls up to 600 m high,
enclosing a broad, flat crater floor up to 1.2 km wide. Two
progressively younger, post-collapse volcanic structures, a
block lava flow and a maar-like inner crater, are found within
the scar (Fig. 3).

Block lava flow

It comprises two short flow lobes in the breach area of the
avalanche scar. The source of the lava flow is located in the
central-rear part of the Buhi avalanche scar (Fig. 3). Each
lobe is about 1.5 km long and 50 m thick, with total flow
volume about 0.02 km®. The lava flow itself was not sampled
and its petrographic and chemical composition is not known.
The stubby morphology of the flow with its steep flow front
indicates a high yield strength and evolved composition
(Wadge and Lopes 1991).

Maar-like crater
It is 400 m across, 100 m deep, and is located in the source

area of the lava flow, cutting its proximal part (Fig. 3). The
crater is excavated by explosive activity into the underlying
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rocks, exposed in the nearly vertical wall of the crater. The
crater is surrounded by a low profile pyroclastic apron com-
posed of lithic-rich, cross-laminated, poorly sorted (2.5 phi)
(see Supplementary Information for the grain size data)
lapilli ash (Fig. 6a) containing cauliflower bombs. Ash par-
ticles are poorly vesicular and have blocky, angular shapes.
The morphology of the crater, as well as lithological charac-
teristics of the pyroclasts, indicates that they were ejected by
a moderate-scale phreatomagmatic explosive eruption that
produced base surges, ballistics, and ash fallout to form a
maar-like crater. This eruption occurred after formation of
the block lava flow and apparently represents the last and
thus the youngest geologically detectable eruption of Iriga.

Age of the Buhi collapse
and the following eruptions

Age of the Buhi collapse

No organic material was suitable for '*C dating in the Buhi
DAD. Thus, we determined '*C emplacement ages of the
older and younger deposits to constrain the depositional
frames of the DAD (Table 1).

Pre-Buhi deposits

During emplacement, the Buhi debris avalanche incorpo-
rated a significant volume of the substrate materials, which
are found as large (meters across) blocks of friable volcani-
clastic deposits incorporated into the normal block facies of
the Buhi DAD represented by fractured lava flows of the col-
lapsed edifice. We dated fragments of charcoal in two differ-
ent PF deposits, entrained in the DAD: a pumiceous PF with
a '4C age> 42,430 BP (Fig. 5a, Table 1) and St. Vincent-
type PF of a scoriaceous basaltic andesite with a '“C age of
1830+40 BP (Fig. 5b, Table 1). The last date constrains the
oldest limit of the Buhi DAD.

Probably the pumice PF was originally part of the rela-
tively deep stratigraphy of the ring plane of Iriga. This
deposit was probably exposed by faulting during gravita-
tional spreading of the volcanic edifice that preceded the
Buhi collapse (Paguican et al. 2012). The St. Vincent-type
PF originally made up a superficial part of the pre-collapse
ring plane stratigraphy. The Buhi avalanche traveled then
over this ring-plane substrate.

Post-Buhi deposits

14C dating of the lowermost part of organic-rich lacus-
trine sediment that accumulated in the Buhi lake after the
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Fig.6 Deposit of the post-Buhi phreatomagmatic eruption. a Base
surges and fallout ash from sampling point 4 (Fig. 4 and Table 1).
b Small quarry in block facies of Buhi DAD. Layer of ash fallout
deposit of this eruption with thickness up to 6 cm is visible in the
soil covering the DAD. '“C age of the paleosoil below the ash is
1110+ 30 BP. Sampling point 1 (Fig. 4 and Table 1)

emplacement of the Buhi DAD provides an upper (young-
est) limit to avalanche emplacement of 1780+ 30 BP
(Fig. 7, Table 1) (see Stratigraphy of the cored lake sedi-
ments). Hence, our '*C ages indicate that the edifice collapse
occurred sometime between 1780 and 1830 BP. Thus, the
Buhi collapse turned out to be about 1400 years older than
the age 1620 AD inferred by Aguila (1986) from historical
reports of missionares of the area.

O c14 dates

18kU T 1@ 46 S

SEM image of ash
1080+/-30 BP

SEM image of organic
sediments containing
freshwater diatoms

1780+/-30 BP

Oldest dated sediment
of Buhi lake

Fig.7 Core of organic lake floor sediments of Buhi lake with ash
layer from post-Buhi debris avalanche phreatomagmatic eruption.
Length of the core 1 m, sampling point 3 (Fig. 4 and Table 1). Inserts
show SEM images of the ash and the sediment

Age of the intra-scar maar-like crater

To constrain the age of the eruption that formed the maar-
like crater, we dated the lowermost (oldest) part of the soil
covering proximal base surge deposits associated with the
phreatomagmatic eruption (Fig. 6a). This gives '“C age of
590+ 30 BP (Table 1). The paleosoil underlying distal ash
of the same eruption found in locations where the paleosoil
overlies the Buhi DAD (Fig. 6b) gives an age of 1110+30
BP (Table 1). We consider the second age as the most likely
estimate for the phreatomagmatic eruption and formation of
maar-like crater inside the avalanche scar.
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Stratigraphy of the cored lake sediments

Lakes are natural sediment traps that provide excellent con-
ditions for preservation of ash fallout. To find ash layers
relating to eruptions from Iriga following the Buhi collapse,
we cored and investigated organic sediments accumulated in
the Buhi Lake since its formation as a result of the emplace-
ment of Buhi DAD.

The compound core of the retrieved lake sediments is
about 1.67 m long. The core has an uppermost part that is
20-30 cm long and consists of gray, semi-liquid, homoge-
neous mud. This part probably represents modern sediment
formed when shores of the lake became densely populated
and cultivated. This surface layer of mud becomes more vis-
cous with depth and over a length of 5-10 cm transforms
into a greenish-gray peat-like material composed of com-
pacted fine fibers of partly decayed lake algae. The sediment
has fine parallel (varve-like) lamination 0.1-1 cm thick with
diffuse contacts defined by slight variations of greenish and
grayish colors. Some laminae are more prominent due to
enrichment by freshwater diatoms (Fig. 7).

The compound sediment core contained only one layer
of volcanic ash at a depth of about 104 cm from the modern
water/sediment boundary. The layer is 2 cm thick, normally
graded and composed of medium grained, poorly vesicular
blocky particles (Fig. 7). Organic sediment directly below
the ash layer provided a '*C age of 1080 +30 BP (Table 1).

Organic sediment from the lowermost and thus deep-
est part of the core (65 cm below the ash layer) provided
a '“C age of 1780+ 30 BP (Table 1). This age provides the
upper age limit of the Buhi DAD emplacement. Despite sev-
eral attempts to obtain deeper cores, the lake base was not

reached. Based on the lower age limit of the DAD emplace-
ment, considering the lake formation due to the emplace-
ment of Buhi DAD 1830+ 40 BP, and taking into account
the average sedimentation rate in the lake of about 1 mm/
year (calculated from the obtained '“C ages of the sediment
core), the coring nearly reached the lake base, being within
few centimeters of it.

Discussion

Sequence and timing of the most recent eruptive
events at Iriga

Structural relations of the youngest volcanic landforms of
Mt. Iriga residing in the Buhi avalanche scar, as well as
stratigraphic relationships of the corresponding volcaniclas-
tic deposits of the volcano and supplemented by six new C
dates, allowed us to reconstruct the sequence and timing of
the most recent eruptive events at Iriga (Fig. 8).

1. About 1830 +40 BP, Iriga produced a magmatic explo-
sive eruption of St. Vincent type with the formation of
an extensive scoriaceous PF of basaltic andesite that was
emplaced at the SSE foot of the volcano. Volume of the
erupted magma can be tentatively estimated as 0.01 km®
DRE, making this VEI 3 event following Newhall and
Self (1982).

2. The next event was a major flank collapse of Iriga to form
the Buhi DAD. This occurred between 1830+40 BP (the
age of the first PF) and 1780+ 30 BP (the age of the first
organic sediment in the Buhi Lake, which formed as a
result of the avalanche emplacement). The edifice col-

Eruptive events
Proximal (intracrater) Distal (ring plane) Buhi lak
ratigraph i uhi lake
i i Soil [F SF atl-g a.p 4 650-540 BP stra.tlgr.aph}/ . Modern lake bottom
£ [ Phreatomagmatic explosive ol | 50-5406P_ R Y _
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8 crater up to10m .- - -1070-950 8P D S 0O |sol S o — |104cm i
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Q 5 1870-1640 BP ’ ~I< _ lake
S vV v Vv — © | BuhiDAD RN -
3 Substrate with Sl ash, 2cm [ sediments
:-;' Extrusion of block lava Block lava flow Vv v incorporated D incorporated 1060-930BP® — _T_
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H eruption: emplacement of g = @ o o deposits
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[ flows >42430BP = Sl o .o

Fig. 8 Composite stratigraphic sections of Iriga volcano with proposed reconstructions of the eruptive events

@ Springer



Bulletin of Volcanology (2023) 85:40

Page90of11 40

lapse itself was not accompanied by, and did not provoke,
any geologically detectable explosive eruption.

3. The first post-collapse magmatic eruption occurred no
later than 700 years after the collapse, and definitely
before 1110+ 30 BP. This eruption extruded a small-vol-
ume (about 0.02 km?) block lava flow in the central-rear
part of the Buhi avalanche scar. In paleosoils covering
the Buhi DAD, as well as in the cores of the Buhi Lake
sediments, we found no pyroclastic material that could
be associated with this eruption. Thus, we conclude that
this extrusion was not accompanied by explosive activ-
ity strong enough to produce geologically identifiable
pyroclastic deposits.

4. The next eruption of Iriga occurred at 1110+ 30 BP.
This eruption formed a small maar-like crater located
inside the Buhi avalanche scar, in the vent area of block
lava flow. This phreatomagmatic eruption produced base
surges that affected inner parts of the Buhi avalanche
scar. The accompanying ashfall formed a 2-cm-thick
layer of ash in the sediments of Buhi Lake (Fig. 7). The
volume of erupted magma probably did not exceed 0.01
km? (VEI 2-3). This eruption was the last, and young-
est, eruption of Iriga that is recorded in the morpho-
logical features of the volcanic edifice and stratigraphic
sequences of the area.

Possible trigger of the Buhi collapse
and mechanisms of the post-collapse eruptions

The Buhi collapse of Iriga was preceded by gravitational
spreading of the volcanic edifice (Paguican et al. 2012,
2014). Fresh deposits of scoriaceous basaltic andesite incor-
porated into the Buhi DAD indicate that the edifice collapse
occurred about 50 years after a magmatic eruption of vol-
cano with a date ~ 1830 BP. We hypothesize that the Buhi
collapse could have been initiated by this eruption, which at
first provoked a sluggish gravitational creep of the edifice,
with spreading accelerated to develop into the full-scale fail-
ure and formation of the Buhi debris avalanche around 1780
BP. Similar “delayed” or “postponed” edifice collapse has
been described at Popa volcano in Myanmar (Belousov et al.
2018). The collapse of Iriga was not immediately accompa-
nied by explosive eruption, but < 700 years after the collapse
(before ~ 1110 BP), a small-volume and highly viscous block
lava flow was extruded at the head of the avalanche scar.
We suggest that this block lava flow was the result of
eruption of residual magma that remained in the shallow
magmatic system of Iriga after the ~ 1830 BP St. Vincent-
type eruption. This remnant magma was degassed during
the explosive event and was thus unable to vesiculate to pro-
duce an explosive eruption in response to the gravitational
unloading. The unloading, however, caused this magma to

slowly ascend to be erupted effusively no later than 700
years after the collapse event.

The subsequent ~ 1110 BP explosive eruption was prob-
ably associated with the first batch of new magma that
ascended to the surface after the collapse event. This erup-
tion was moderately explosive and phreatomagmatic, thus
involving fragmentation due to interaction with groundwater.
The horseshoe-shaped avalanche scar was a wet environ-
ment, being a closed water catchment where rocks, owing
to humid, tropical climate, were saturated with groundwater.

These two eruptions (the block lava extrusion and the
following phreatomagmatic explosive event) were the sole
eruptions of Iriga occured after the Buhi collapse. Together
with the pre-collapse St. Vincent-type eruption~ 1830 BP,
they comprise the entire eruptive activity of Iriga during
the Late Holocene (i.e., over the last 2000 years) (Fig. 8)
with this active volcano having been dormant since~ 1110
BP. Modern activity of Iriga has been characterized by a
relatively low rate of magma production since the gravita-
tional collapse. This is unlike large-scale edifice collapses
at many other volcanoes of the world, where large scale col-
lapses lead to VEI 4-5 eruptions of high magnitude and
intensity as, for example, at Mount St. Helens (Newhall and
Self 1982). Instead the large-scale collapse at Iriga led to a
just subtle intensification in eruptive activity in response to
the landslide-induced gravitational unloading. The total vol-
ume of magma erupted by the volcano during last 2000 years
is just 0.025 km® DRE at a low rate of magma production
(about 0.01 km*/millennium). This has been erupted as rare,
weak-to-moderate scale (VEI 1-3) eruptions. Future erup-
tions most likely will be moderately explosive magmatic
or phreatomagmatic, similar to the ~1830 and~ 1110 BP
eruptions. These eruptions can produce pyroclastic density
currents of various types, posing hazards inside the Buhi
crater and across the SE sector of the volcano. Extrusions of
viscous lava flows or domes are also possible.

Conclusions

Our reconstructed eruptive history of Mt. Iriga shows that
large-scale volcanic collapses can be provoked by eruptive
magmatic activity that occurs not only immediately before
the collapse but also by eruptions occurring several dec-
ades before collapse. In such cases the triggering event first
initiates slow gravitational spreading (creep) of the edifice,
which only after some time (several decades in our case)
accelerates and evolves into full-scale edifice collapse with
formation of debris avalanche. A similar sequence of events
was reconstructed for large-scale collapse of Mt. Popa in
Myanmar (Belousov et al. 2018), so the delayed or post-
poned collapse of Iriga is not unique. Thus, any magmatic
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eruption of a gravitationally unstable stratovolcano should
be considered potentially collapsogenic, so that post-erup-
tion monitoring of the edifice deformations is a valuable tool
to forecast delayed large-scale collapses.

The first post-collapse eruption of Iriga volcano formed
a block lava flow. We suggest that this lava flow was fed
by magma remaining in the system after the pre-collapse
eruption, that was the St. Vincent-type eruption of ~ 1800
BP. However, the source of the extrusive event still needs
to be confirmed by petrological study such as the lava flow
was not sampled due to poor exposure because of cover by
dense rain forest.

The most significant pyroclastic deposit of Iriga is rep-
resented by a nonwelded pumice pyroclastic flow with '4C
age>42,430 BP, found only as big blocks of substrate incor-
porated into the Buhi DAD (Fig. 5a). The source, volume,
and other characteristics of the PF are unknown. Definitely
the deposit of the pumice PF as well as its parental erup-
tion is not typical for Iriga. This deposit could be associated
with some unique event in eruptive history of the volcano,
possibly with its ancient, pre-Buhi edifice collapse. Clarifi-
cation of the origin of this PF is a goal for future geological
research of the area.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-023-01653-0.
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