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Abstract The 1257 A.D. caldera-forming eruption of
Samalas (Lombok, Indonesia) was recently associated with
the largest sulphate spike of the last 2 ky recorded in polar
ice cores. It is suspected to have impacted climate both locally
and at a global scale. Extensive fieldwork coupled with sedi-
mentological, geochemical and physical analyses of eruptive
products enabled us to provide new constraints on the stratig-
raphy and eruptive dynamics. This four-phase continuous
eruption produced a total of 33–40 km3 dense rock equivalent
(DRE) of deposits, consisting of (i) 7–9 km3 DRE of pumi-
ceous plinian fall products, (ii) 16 km3 DRE of pyroclastic
density current deposits (PDC) and (iii) 8–9 km3 DRE of co-
PDC ash that settled over the surrounding islands and was
identified as far as 660 km from the source on the flanks of
Merapi volcano (Central Java). Widespread accretionary
lapilli-rich deposits provide evidence of the occurrence of a

violent phreatomagmatic phase during the eruption. With a
peak mass eruption rate of 4.6×108kg/s, a maximum plume
height of 43 km and a dispersal index of 110,500 km2, the
1257 A.D. eruption stands as the most powerful eruption of
the last millennium. Eruption dynamics are consistent with an
efficient dispersal of sulphur-rich aerosols across the globe.
Remarkable reproducibility of trace element analysis on a
few milligrammes of pumiceous tephra provides unequivocal
evidence for the geochemical correlation of 1257 A.D. prox-
imal reference products with distal tephra identified on sur-
rounding islands. Hence, we identify and characterise a new
prominent inter-regional chronostratigraphic tephra marker.
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Introduction

Large explosive eruptions can discharge tens to thousands of
cubic kilometres of finely fragmentedmagma and large amounts
of associated sulphur and halogen gases into the atmosphere, on
timescales of a few hours to days (e.g. Self 2006; Schmidt and
Robock 2015). In the past, such infrequent but high-impact
events have had devastating consequences both locally and at
a global scale (Miller and Wark 2008). In recent years, the
potential impact of volcanic eruptions on global climate with
major implications has been the subject of intense research
(e.g. Robock 2000; Schneider et al. 2009; Timmreck 2012).

Volcanic sulphate spikes recorded in polar ice cores attest
to a powerful eruption that took place ca. 1257 or 1258 A.D.,
corresponding to the largest volcanic sulphur release to the
stratosphere of the past 2000 years (Palais et al. 1992;
Zielinski et al. 1994; Gao et al. 2008; Sigl et al. 2014). Com-
puter modelling by Sigl et al. (2014) suggests that 170 Mt of
SO2 would be required to produce the observed sulphate
spikes in Antarctic ice cores. This amount is greater than the
45Mt of SO2 estimated for the 1815 Tambora eruption and the
100 Mt of SO2 associated with a large eruption that occurred
in the late 1450s A.D. The latter is commonly associated with
the Kuwae eruption in Vanuatu (e.g. Plummer et al. 2012;
Cole-Dai et al. 2013; Sigl et al. 2013), although a firm attri-
bution is not possible due to another spike dated 1452–
1453 A.D. Furthermore, Miller et al. (2012) suggested that
the 1257 A.D. eruption might have played a role in triggering
the Little Ice Age, along with other stratospheric volcanic
injections from eruptions in the thirteenth and fifteenth centu-
ries. On the basis of their reconstruction of tree-ring chronol-
ogies for North America, Gennaretti et al. (2014) show evi-
dence for a prolonged climatic shift to cooler temperatures
following a series of thirteenth century eruptions and primar-
ily after the 1257 A.D. eruption of Samalas. They further
suggest that this marked the end of the Medieval Climate
Anomaly and the onset of the Little Ice Age in northeastern
America.

The search for the volcanic source responsible for the high
sulphate spike associated with the 1257 A.D. event (1.6 times
higher than the spike associated with the 1815 Tambora eruption,
according to Sigl et al. 2014) has been inconclusive for years
given that the amount of magma necessary to release such a
quantity of aerosols was estimated at 200–800 km3

(Oppenheimer 2003) based on an empirical relationship between
sulphur yields and the magnitude of corresponding eruption.
Oppenheimer (2003) thus mentioned a ‘super-eruption’, but also
suggested that the 1258–1259 A.D. sulphate-rich ice-core layers
could result from the combined effects of a smaller volume of
intermediate to silicic magma enriched in sulphur and the accu-
mulation of a pre-eruptive sulphur-rich vapour phase, as ob-
served for the eruptions of Cosingüina in 1835 (Longpré et al.
2014) and Pinatubo in 1991 (Gerlach et al. 1996). On the basis of
field data on tephra dispersion and stratigraphy, preliminary
eruptive dynamics data, radiocarbon dates, as well as critical
interpretation of local and European medieval historical
chronicles, Lavigne et al. (2013) recently identified this major
event as the mid-thirteenth century caldera-forming eruption of
Mt Samalas, on Lombok Island, Indonesia.

Lombok is located in the eastern Sunda arc (Fig. 1a), in a
tectonic setting associated with the northward subduction of the
Indo-Australian plate beneath the Eurasian plate at ca. 7 cm/year
(Simons et al. 2007). The active volcanic centre of Lombok is
the Central Lombok Volcanic Complex (CLVC, Fig. 1b) that is
located at ca. 165 km above the Benioff zone. The CLVC is
composed of (i) the large stratocone of Rinjani (3726 m a.s.l.)
that is thought to have erupted last in 2550±50 B.P. (Nasution
et al. 2004), producing the Rinjani Pumice, a sub-plinian pumice
fall deposit of ca. 0.3 km3 dense rock equivalent (DRE); (ii) the
6.5×8-km-wide Samalas caldera resulting from the 1257 A.D.
plinian eruption (Lavigne et al. 2013), with walls ranging from
700 to 2800 m in height and that hosts the 200 m deep Segara
Anak Lake (Fig. 1b); and (iii) the active Barujari cone emerging
320 m above the lake that has produced lava flows and minor
tephra falls during the 15 historical eruptions recorded since
1847 (Global Volcanism Program 2014). A sub-plinian event

Fig. 1 a Overview of Lombok and Lesser Sunda arc islands in South Indonesia. Numbers refer to localities represented in stratigraphic logs of Fig. 2
(‘RIN13’ is omitted for brevity). bASTER false colours image of Samalas caldera and Segara Anak Lake, with Rinjani and Barujari volcanoes (NASA)
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occurred between 5990±50 and 2550±50 B.P. (Nasution et al.
2004, 2010) from a lateral vent located on the eastern flanks of
Rinjani and produced the Propok Pumice deposit (0.1 km3

DRE). Several scoria flow and fall deposits dated by Nasution
et al. (2004) at 11,980±40, 11,940±40, 6250±40 and 5990±
50 B.P. as well as pre-1257 A.D. thick scoria fall deposits that
crop out on the N flank of the caldera were produced either by
Rinjani or Samalas. The diversity of the volcanic products of the
CLVC is representative of a large spectrum of compositions and
eruptive styles, from effusive/violent strombolian to major
plinian events. The 1257 A.D. caldera-forming eruption of
Samalas was the most violent Holocene event of the CLVC. It
was first recognised by Takada et al. (2003) and Nasution et al.
(2004), who dated the caldera formation at 1210–1260 A.D.,
and estimated a total erupted volume of 10 km3 DRE. Lavigne
et al. (2013) not only associated this major eruption to the great
mid-thirteenth century stratospheric dust veil (Stothers 2000;
Oppenheimer 2003), but also estimated a total volume of ca.
40±3 km3 DRE, suggesting that the 1257 A.D. eruption of
Samalas was one of the largest of the past millennium.

In this paper, we present a significantly refined and revised
stratigraphy for the 1257 A.D. eruption based on new extensive
field work and laboratory analyses, which modifies the results
of Lavigne et al. (2013). We rely on new and extensive trace
element geochemical fingerprinting to successfully correlate
the 1257 A.D. tephra deposits of Samalas over at least
660 km downwind from source. In particular, we discuss the
discovery of several phreatomagmatic fallout units, very distal
mobile turbulent dilute pyroclastic density current (PDC) de-
posits and voluminous plinian fallout units. This work also
provides an opportunity to test new data processing protocols
(e.g. Bonadonna and Costa 2013) to quantify the eruptive dy-
namics of amajor plinian eruption. Our revised data on eruption
magnitude and intensity (Pyle 2000) bears important implica-
tions to understand the potential regional and global climate
impacts of one of the largest eruptions of the Holocene.

Stratigraphy of the 1257 A.D. Samalas deposits

We have identified the deposits of the 1257 A.D. eruption of
Samalas in more than 100 locations on Lombok, Sumbawa,
Bali and Java islands during extensive fieldwork in May–
June 2013 and September 2014 (GPS coordinates are reported
in Online Resource 1, Table S1). We have obtained 12 new
14C dates on charcoal and burnt wood from the different
phases of the eruption (Online Resource 1, Table S2).

Proximal deposits

Most of the studied outcrops on Lombok are located from the
NW to the SW of the caldera. Exposure is very limited to the
N, NE and particularly to the S of the island as a result of

erosion and extensive farming. Proximal exposures (<15 km
from the source) are lacking because of the strong erosion that
affects the steep flanks of the caldera and the scarce access
within Rinjani National Park. Medial deposits (100–135 km)
on Bali were identified at several locations including on the
flanks of Agung (Fig. 2, site RIN1392) based on the work of
Fontijn et al. (2015), on Bratan and Batur volcanoes and in
central Bali (Fig. 2, site RIN13107). The stratigraphic and
sedimentologic characteristics of these units, including a sys-
tematic decrease of grain size with distance from the source,
correlate well with those of the westernmost deposits in Lom-
bok at site RIN1384 (Fig. 2). Deposits W and SW of Rinjani
can be easily recognised as they are the most widespread,
thickest and located just below the current soil horizon. How-
ever, SE and E of the caldera as well as in western Sumbawa
island, the light tan biotite-rich 1815 Tambora co-ignimbrite
fine ash fall deposit (unit F5 of Sigurdsson and Carey 1989)
forms a prominent regional stratigraphic marker just below the
modern soil and above the paleosoil overlying the 1257 A.D.
deposits (Fig. 2, sites RIN1368, RIN1384, RIN1386,
RIN1391 and RIN1355).

Based on diagnostic sedimentary, stratigraphic and physi-
cal features of the deposits, we divide the 1257 A.D. eruption
into four major phases characterised by specific processes and
deposits.

Phase P1

The eruption started with the emplacement of a thin (3 cm at
24 km distance) dark grey lithic-rich (i.e. accidental clasts)
fine ash layer over ca. 400 km2 in the NWof Lombok during
a phreatic opening phase (e.g. Fig. 2, outcrop RIN1373). The
magmatic part of the eruption started with the emplacement of
the first thick and widespread pumice fallout unit (P1-PF) that
mantles topography throughout a large part of Lombok. This
prominent loose unit is lithic-rich and consists of white highly
vesicular low density, occasionally fibrous pumice (390±
80 kg/m3, see method in Online Resource 2). P1-PF is reverse-
ly graded and generally shows enrichment in lithic clasts to-
wards the top. However, the first centimetres of the unit are
enriched in fine-grained dark lithic clasts giving the deposit a
diagnostic salt-and-pepper granular appearance. The finest
fractions are rich in free plagioclase and amphibole crystals
that are also the dominant phases in the highly vesicular white
pumice clasts. The P1-PF deposit is coarse grained and gen-
erally poorly sorted downwind on Lombok, except at a few
outcrops (e.g. Fig. 2; outcrop RIN1384). This unit extends
furthest downwind to Bali, 126 km W of the source where it
is 8 cm thick (Fig. 2, outcrop RIN13107). Its last footprint
upwind is on the East coast of Lombok, where it is 8 cm thick
33 km from the source (Fig. 2, outcrop RIN1368). It was not
observed 50 km SW from the source at location RIN1355
(Fig. 2), the farthest crosswind outcrop of the 1257 A.D. units.
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The P1-PF unit often contains archaeological ceramic arte-
facts and small charcoal fragments towards the base that we
dated at 1210–1281 cal A.D. (Online Resource 1, Table S2).

Phase P2

This phase begins with the emplacement of a fine-grained,
normally graded pumice fallout deposit (P2-PF1) with abun-
dant lithic clasts and light greyishmoderately vesicular pumice.
The gradational contact between P1-PF and P2-PF1 and the
lack of erosion or remobilised pumice deposits on top of the
PF1 unit suggest that there was no time break between the
deposition of the phase P1 unit and the overlying phase P2 unit.

Unit P2-PF1 is overlain by a variably thick (14–50 cm,
Fig. 2, outcrop RIN1373), massive, compact, very well sorted,
very fine-grained ash-rich unit with abundant accretionary la-
pilli (P2-AL) that are up to 0.5–2 cm in diameter. In several
localities, this unit consists of several layers that are interca-
lated and partly truncated by several, wavy-laminated, coarse
ash-rich, moderately sorted, erosive layers of variable thick-
ness (0.5 to 3 cm). We interpret these wavy-bedded layers as
resulting from the emplacement of distal dilute turbulent PDC
deposits (P2-TPDC) (Fig. 2, outcrops RIN1307, RIN1373,
RIN1326; Fig. 3f, g). The wavy layers are richer in lithic clasts
but contain scattered 1–4 cm sized armoured pumice clasts
(i.e. pumice core coated with concentric laminae of blue-
grey fine ash) as well as scattered accretionary lapilli. These
P2-AL and P2-TPDC units can be found over a widespread
area up to 25 kmNWand SW from the caldera (Fig. 3f). They
often have a prominent characteristic blue-grey colour with
local orange oxidation marks. This observation suggests that
they largely consist of altered material from the hydrothermal
system (reduced iron sulphides, e.g. pyrite, iron oxides and
clay minerals). The P2-AL units contain abundant solidified
casts of wood fragments as well as burnt wood fragments
dated at 1157–1264 cal A.D. (Online Resource 1, Table S2).
The variable thickness of the blue accretionary lapilli-rich P2-
AL unit, the preferential occurrence of the accretionary lapilli-
rich facies in the vicinity and within pre-eruption deep valleys
and the thin wavy laminations suggest that it might corre-
spond to a locally more concentrated, distal low-energy facies
of the associated P2-TPDC units emplaced in the presence of
abundant water vapour. At some localities, a massive and
compact brownish ash fallout unit (P2-AF) containing small
pumice clasts is observed instead of the succession of P2-AL
and P2-TPDC layers (Fig. 2, outcrops RIN1347, RIN1384,
RIN1392 and RIN1368).

At several localities to the W and SW, we find a brownish
fine to coarse ash unit (8 to 16 cm thick) that shows a charac-
teristic variable and undulating thickness and contains acciden-
tal and sub-rounded pumice clasts towards the base. This unit
strongly erodes the underlying P2-PF1 and P1 units. These
undulations form a series of at least three U-shaped channels,

the axes of which are oriented roughly NS with N5° W–N6° E
and N2° W–N6° E (declination set 13° W). This orientation is
perpendicular to the EW direction that primary PDCs would
have followed radially away from the caldera. The infilling of
the channels by the remainder of the pumice fallout units of the
P2 and the P3 phases indicates that the channels formed during
the phreatomagmatic phase P2. We interpret these U-shape
channels to be erosional furrows caused by the emplacement
of P2-TPDC that were deflected upon their interaction with
high topography that would have provided additional potential
energy for the dilute PDCs that overpassed it. The PDCs were
able to re-condense and likely experienced a second collapse
from the lift-off cloud that formed above the high topography
(Druitt et al. 2002). The collapsing PDCs were then partly con-
fined by the deep valleys on the flanks of the Western volcanic
complex. These dilute PDCs thus probably occurred before the
caldera-collapse phase.

The P2 phase ends with the emplacement of a second grey
pumice fallout unit (P2-PF2) that is moderately sorted, nor-
mally graded and composed of a mixture of whitish grey
moderately vesicular pumice and abundant lithic clasts. This
unit is more lithic rich, better sorted and finer grained than the
basal P2-PF1 unit. It is characterised by a relatively wide-
spread distribution and reaches up to 2 cm in thickness in
eastern Bali (Fig. 2, outcrop RIN1392; Fig. 3b).

The P2-TPDC deposits can be observed on the Gili islands
up to 41 km NW from the caldera (Fig. 2, outcrop RIN1384)
and even up to 52 km SW towards the Western Lombok pen-
insula (Fig. 2, outcrop RIN1356). This implies that these
TPDCs were highly energetic and mobile to cross over re-
gions of elevated topography and travel up to 10 km over
the Bali Sea. The alternation of relatively widespread
pumice-rich fallout units with several turbulent mobile dilute
PDCs and widespread very fine ash units containing abundant
large accretionary lapilli suggests a highly energetic
phreatomagmatic fragmentation process that involved mixing
of magma with abundant external water at the vent during
phase P2, as discussed further.

Phase P3

Phase P3 is characterised by the emplacement of the most wide-
spread pumice fallout unit (P3-PF) of the entire eruption. P3-PF
is divided into three sub-units (P3-PF1, P3-PF2 and P3-PF3
from base to top) that are gradational into each other and can
be distinguished on the basis of their grain size, sorting and
grading. P3-PF1 is a pinkish-oxidised, reversely graded, very
poorly sorted and the most lithic rich of the P3 fallout units. P3-
PF2 is normally graded, moderately sorted and the thickest of
the three sub-units. P3-PF3 is normally graded, moderately
sorted and the coarsest unit of the P3 deposits. The three units
were observed together at three sites including the RIN1307
type locality (Fig. 2), although generally only P3-PF1 and/or

Bull Volcanol (2015) 77: 73 Page 5 of 24 73



Fig. 3 a–dRepresentative pictures of outcrops of the 1257A.D. Samalas
deposits on Lombok, Bali, East and Central Java, respectively. See
Figs. 1a and 2 for location and distance from the source. e PDC
deposits emplaced during phase 4 filling the Sedau Valley, 25 km SW

from the source. fTurbulent PDC (P2-TPDC) and accretionary lapilli-rich
(P2-AL) units emplaced during the phreatomagmatic phase P2, 25 km
SW from the source. gWavy-bedded P2-TPDC and P2-AL units, 17 km
NW from the source
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P3-PF2 are observed. The P3-PF units contain pumice clasts
slightly less vesicular (603±140 kg/m3, Online Resource 2)
and more texturally diverse (white to whitish grey colour, larger
range of vesicularity, less fibrous vesicles) than the markedly
fibrous and very low density white pumice clasts of P1-PF.
There is a systematic decrease in the abundance of lithic clasts
from the lower subunit P3-PF1 to the uppermost P3-PF3 sub-
unit.We have traced the P3-PF unit 61 km upwind on Sumbawa
Island where it is up to 7 cm thick (Fig. 2, outcrops RIN1386,
RIN1391) and contains scattered pumice clasts of 3 cm in di-
ameter, and up to 50 km crosswind on the southern coast of
Lombok (Fig. 2, site RIN1355). At proximal localities, the P3-
PF unit is thinner than the P1-PF unit because it has been eroded
by a succession of PDCs of the subsequent phase P4 (Fig. 2,
outcrops RIN1307, RIN1326, RIN1347 and RIN1373). How-
ever, in areas beyond the runout of PDCs, the P3-PF unit is often
as thick as or thicker than the P1-PF unit (Fig. 2, outcrops
RIN1368, RIN1384, RIN1356 and RIN1392).

Phase P4

In numerous locations covering a vast area to the N, SW, S and
SE of the caldera, the pumice fallout units of phase P3 are
directly overlain by a series of thick pumiceous PDC deposits
(P4-PDC) that can reach cumulative thicknesses of up to
∼50 m (Fig. 3e). We identified at least six distinct non-
welded units that form extensive flat-topped valley-ponding
sequences that fill all the deep valleys that radiate from the
caldera in all directions. The emplacement of these PDCs was
strongly controlled by the pre-eruption paleotopography. To
the E and W, the PDCs were diverted by the high topography
of the older volcanic complexes. The PDCs were channelled
by two deep paleo-valleys oriented SE and SWand were able
to reach distances of at least 28 km to the S and SW. These
large drainage systems were developed as a geomorphologic
response to the emplacement of an older voluminous and thick
(>100 m) lobate and hummocky debris avalanche deposit that
formed a major topographic barrier to the S.

The base of the lowermost PDC unit comprises an indurated,
wavy-stratified, 10- to 13-cm-thick unit locally containing some
rounded pumice clasts. The contact between the basal part of the
P4-PDC sequence and the P3 fallout is formed by a laminated
0.5- to 1-cm-thick, indurated, wavy-bedded layer that is very
rich in black indurated organic material. This basal unit is
interpreted as having been deposited from a more dilute strati-
fied high-energy current that caused very rapid wholesale com-
bustion of the pre-eruption vegetation. This led to the formation
of a carbon-rich aerosol that settled to form this indurated tar
layer (e.g. Sparks et al. 2002; Voight et al. 2002; Bull et al. 2008;
Scott et al. 2008). Several P4-PDC units show concentrations of
large (>20 cm) pumice clasts towards the unit top as well as
pumice lenses within the unit. The presence of U-shaped chan-
nels in the P4-PDC units with different orientations suggests that

PDCs also interacted locally with the pre-eruption topography
and that the first PDCs followed pre-eruption river channels with
different orientations.

We interpret the emplacement of these massive voluminous
PDCs on all sides of the volcano as evidence for the wholesale
collapse of the phase P3 eruption column and the climactic
transition to the formation of the 6.5×8-km-wide complex cal-
dera (Fig. 1b). Field evidence indicates that pumice content
markedly diminishes from the first basal PDC unit of phase
P4 to the uppermost units that are darker in colour. This obser-
vation suggests that an important erosion of the crater occurred
during the P4 phase that leads to the formation of a large caldera.
These new conditions at the vent promoted the formation of a
sustained low pyroclastic fountaining (Branney and Kokelaar
2002) in which entrainment and mixing of ambient air was
insufficient to form a buoyant plume (Sparks andWilson 1976).

The absence of pumice fallout units intercalated between
the main P4-PDC units indicates that a vertical convective
column was not able to re-establish itself after the emplace-
ment of the first PDC units. The interaction of the primary low
fountain collapse PDCs with topographic barriers led to the
generation of a major lift-off cloud that was able to collapse
and re-sediment to form secondary dilute PDCs (e.g. Druitt
et al. 2002) that evidently were capable to cross the sea and
form a thin unit associated with their tapering flowmargins on
the western coast of Sumbawa (Fig. 2, outcrop RIN1386).

The voluminous P4-PDCs reached the pre-eruption coast line
and formed massive 10- to 35-m high cliffs of non-welded de-
posits primarily on the northern coast of Lombok but also to the
SE in the straits separating Lombok from Sumbawa. The PDCs
formed a major pyroclastic delta along the northern coast. Their
entrance in the sea generated violent secondary
phreatomagmatic explosions that produced a series of numerous
turbulent dilute PDCs. These jetted in a pulsating manner from
the sea entry point and carried pumiceous and lithic pyroclastic
material that accumulated to build a large pumice littoral cone
(Furukawa et al. 2005, 2014; Lavigne et al. 2013). The cliff face
shows typical wavy bedding and cross-stratification with wave-
lengths of 1–2m, as well as very well-developed planar bedding
giving the deposits a marked stratification. The lithic clasts are
diagnostically oxidised and are aligned in a sub-parallel manner.
Following the deposition of the PDCs, secondary explosions
likely continued for a long time as the coastal wave action erod-
ed the deposits, exposing the hot PDC interior to seawater. The
emplacement and sea entry of PDCs formed a large lift-off cloud
that produced a widespread co-PDC ash fall deposit P4-PF,
which is observed downwind and crosswind as a massive and
compact tan to whitish very fine ash unit (Fig. 3b).

Distal deposits

We have successfully identified the 1257 A.D. tephra in two
distal sites. Rodysill et al. (2012, 2013) identified a tephra
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layer in a sediment core obtained from Lake Logung, on the
flanks of Lamongan volcano (East Java) 340 km from source,
at a core depth between 533.8 and 540.3 cm below the lake
bottom. The date of 720±25 B.P. (Rodysill et al. 2012;
recalibrated with IntCal13 at 1256–1299 cal A.D., Online Re-
source 1, Table S2) on a sample of wood from a cumulative
sediment depth of 491.4 cm (ca. 42.4 cm above the tephra
layer) is consistent with deposition of this tephra during the
1257 A.D. eruption of Samalas.

Andreastuti (1999) and Andreastuti et al. (2000) have
recognised, at different sites in East Java (e.g. Ijen, Bromo,
Kelut), and particularly on the flanks of Merapi volcano, a
very fine-grained ashfall unit containing highly vesicular pu-
miceous clasts. They interpret this layer as an inter-regional
tephra unit that they name the Muntilan tephra. Given its sed-
imentologic characteristics, its eastward thickening trend and
its bulk chemical composition that differs from Merapi tephra
units above and below, they interpreted the Muntilan tephra as
having originated from an unknown distal large eruption lo-
cated further East in Java. For these authors, the age of the
Muntilan tephra is not known precisely but is well bracketed
on Merapi by radiocarbon age dates of 780±50 B.P. (1157–
1295 cal A.D., Online Resource 1, Table S2) and 783±44 B.P.
(1166–1285 cal A.D., Online Resource 1, Table S2) on char-
coal from a PDC deposit above the Muntilan tephra (site 240,
WK-4404; Andreastuti et al. 2000), and by a radiocarbon age
of 1112±73 B.P. (710–1037 cal A.D., Online Resource 1,
Table S2) on charcoal from the Selo tephra below theMuntilan
tephra (site 270, WK-5613; Andreastuti et al. 2000; Newhall
et al. 2000). A fine ash deposit, which is compatible with the
Muntilan tephra, was also identified by Gertisser et al. (2012)
at different locations in a similar stratigraphic position. Given
these data, we strongly suspect that at least some of the units
regrouped under the name ‘Muntilan inter-regional tephra’
correspond to very distal fine ash from the 1257 A.D. eruption
of Samalas. We studied a new outcrop on the flanks of Merapi
(Fig. 2, section RIN1401) in the village of Kinarejo where we
recognised Merapi tephra units from the last ca. 1500 years
above and below a patchy unit of ash (Fig. 3d) resembling the
published descriptions of the Muntilan tephra. This tephra
consists of elongated rounded patches of compact yellowish
very well-sorted, very fine ash occurring in a thick paleosoil
horizon. Although the primary thickness could not be mea-
sured, individual patches are 1 to 2.5 cm thick. These patches
of fine ash are directly overlain by a laterally continuous prom-
inent grey, loose, poorly sorted, normally graded coarse ash
fall unit that is 0.12 to 0.22 m thick and that contains coarse
accidental clasts at the base. Our new radiocarbon date for
small charcoal flakes present in this unit at 760±30 B.P.
(1219–1284 cal A.D., Online Resource 1, Table S2; sample
RIN-1401-CW1) confirms that it is slightly younger than the
Muntilan tephra below. We thus consider this unit to be the
1257 A.D. Samalas tephra and rename it accordingly.

This new date closely matches the radiocarbon dates (On-
line Resource 1, Table S2) of 750±67 B.P. (1154–1394 cal
A.D., recalibrated using IntCal13; sample M96-112) and 701
±35 B.P. (1256–1390 cal A.D., recalibrated using IntCal13;
sample M97-069) from Gertisser (2001) and Gertisser et al.
(2012) that were sampled at a very nearby location (B3) in
Kinarejo, in a PDC deposit that eroded into this grey fallout
unit (sample RIN-1401-CW1). At this location, Gertisser
(2001) and Gertisser et al. (2012) describe a stratigraphy that
is very similar to that of RIN1401 (Fig. 2) in which the low-
ermost pumice-rich fallout unit is overlain by a 0.24-m-thick
grey sandy erosive PDC unit containing abundant accidental
clasts dated at 1614±36 B.P. (381–543 cal A.D., recalibrated
using IntCal13; sample M97-070). The thin normally graded
pumice fallout unit (0.12 cm) that we observe above this older
basal PDC unit and below the Muntilan tephra might corre-
spond to the high-K andesites of the younger Kinarejo tephra
described by Gertisser (2001. pp. 44–45) although this needs
to be confirmed by geochemical analyses.

We discuss later the positive correlation of the trace ele-
ment composition of juvenile pumice from fine ash from the
Logung core and from site RIN1401 on Merapi with the ref-
erence 1257 A.D. tephra deposit on Bali and Lombok.

Geochemical and textural correlation of distal tephra

The bulk-rock and matrix glass chemistry of 1257 A.D. pum-
ice from different grain size fractions were determined using
analytical methods described in Online Resource 2.

Geochemistry of bulk pumice clasts

Major and trace elements were analysed in proximal and me-
dial pumiceous clasts (>16mm) of all phases of the 1257 A.D.
eruption of Samalas that display a homogeneous trachy-
dacitic composition (64.3±0.3 wt% of SiO2 and 7.7±
0.7 wt% of (Na2O+K2O), normalised to 100 % on anhydrous
basis; Online Resource 1, Table S3).

Trace elements were also systematically measured on small
quantities of pumice clasts manually selected from several
grain size fractions from proximal, medial and distal tephra
of the four phases of the 1257 A.D. eruption (P1, P2 and P3
pumice fallouts and P4 co-PDC ash fallout). A total of 31
analyses were performed by inductively coupled plasma-
mass spectrometry (ICP-MS) on the 1257 A.D. samples
(Online Resource 2). The entire dataset including the RSD
values for each element is reported in Online Resource 1
(Tables S5 and S6). The representative compositions of the
1257 A.D. tephra from proximal and medial and from distal
sites identified on Java (LOGB2, LOGB3 and RIN1401B
samples) are given in Table 1.

73 Page 8 of 24 Bull Volcanol (2015) 77: 73



Table 1 Average trace element compositions of proximal, medial and distal bulk tephra of the 1257 A.D. Samalas eruption

Tephra Samalas 1257 A.D. Logung core RIN1401B

Sectiona RIN1307, RIN1386, RIN1392 Lake Logung RIN1401

Distance from
source (km)

23–90 340 660

Region Lombok, Sumbawa, Bali East Java Central Java

Average (22)b SD (ppm)c RSD (%)d Average (8) SD (ppm) RSD (%) %Errore One
analysis

SD (ppm) RSD (%) %Error

Li (ppm) 26.8 0.9 3.4 25.9 nd nd 3.5 28.5 0.3 1.1 6.0

Ba 822 31 3.7 839 17 2.1 2.0 855 3 0.4 4.0

Ce 54.7 2.0 3.6 53.7 1.2 2.2 1.9 52.8 0.2 0.4 3.4

Cs 3.7 0.1 3.9 3.9 0.10 2.6 6.6 4.48 0.03 0.7 22

Co 5.7 1.0 17 4.2 0.4 10 26 4.0 0.1 2.2 29

Dy 4.48 0.16 3.5 4.53 0.07 1.6 1.0 4.68 0.08 1.7 4.4

Er 2.94 0.10 3.4 2.99 0.05 1.8 1.9 3.05 0.03 0.9 3.8

Eu 1.21 0.05 4.2 1.2 0.02 1.9 1.3 1.33 0.01 0.9 10.5

Hf 6.8 0.3 4.3 6.7 0.19 2.9 1.4 7.5 0.1 1.4 9.6

La 26.9 1.0 3.8 27.8 0.53 1.9 3.2 29.4 0.2 0.6 9.2

Lu 0.512 0.017 3.3 0.524 0.008 1.5 2.3 0.54 0.01 1.6 5.0

Nb 10.7 0.4 3.9 10.9 0.23 2.1 1.3 11.8 0.06 0.5 9.8

Nd 23.19 0.91 3.9 23.5 0.36 1.5 1.5 24.5 0.2 0.9 5.8

Pb 15.4 1.0 6.6 na nd nd nd 14.8 0.2 1.4 3.8

Pr 6.15 0.24 3.8 6.3 0.1 1.8 1.8 6.6 0.07 1.0 6.6

Rb 101.8 4.1 4.0 108.0 2.4 2.2 6.1 102.5 0.6 0.6 0.7

Sm 4.8 0.2 3.6 4.81 0.09 1.9 1.0 5.0 0.1 2.7 5.3

Sr 268 18 6.6 248 11 4.4 7.7 276.3 0.8 0.3 3.0

Ta 0.73 0.03 3.4 0.7 0.02 2.7 3.2 0.743 0.004 0.6 1.5

Tb 0.73 0.03 3.6 0.74 0.01 1.5 1.3 0.75 0.01 1.2 3.3

Th 11.2 0.4 3.6 11.0 0.3 2.3 1.7 11.6 0.1 0.6 3.3

U 2.78 0.10 3.7 2.8 0.11 3.7 2.6 2.98 0.02 0.6 7.5

V 32.1 7.9 25 27.5 1.4 5 14 31.3 0.4 1.4 2.6

Y 25.2 0.85 3.4 25.8 0.50 1.9 2.3 24.8 0.10 0.4 1.5

Yb 3.25 0.11 3.4 3.31 0.06 1.8 1.8 3.44 0.03 0.9 5.7

Zr 284.0 12.3 4.3 282 4.8 1.7 0.8 294 1.9 0.7 3.5

±1σ ±1σ %Error ±1σ %Error

Nb/Zr 0.038 0.002 0.039 0.001 2.1 0.0401 0.0003 6.1

Th/Ta 15.3 0.8 15.5 0.6 1.6 15.6 0.1 1.8

Nb/U 3.9 0.2 3.8 0.2 1.3 4.0 0.0 2.2

La/Nb 2.5 0.1 2.6 0.1 2.0 2.5 0.0 0.5

Rb/Nb 9.5 0.5 9.9 0.3 4.8 8.7 0.1 8.3

Th/Yb 3.4 0.2 3.3 0.1 3.4 3.4 0.0 2.2

Ba/Th 73.5 3.8 76.3 2.4 3.8 74.0 0.5 0.7

La/Sm 5.7 0.3 5.8 0.2 2.2 5.9 0.2 3.7

na not analysed, nd not determined
a See Figs. 1, 2 and 3 for geographic location and pictures of the deposits
b The number of analyses (N) averaged is indicated in parentheses
c SD is the standard deviation. For single measurements, the SD values are derived from the count numbers
d RSD (%) is the relative standard deviation (100×σ/mean)
e%Error is given by [100×(unknown value−MeanRin)/MeanRin)], expressed as absolute values, where MeanRin is the average of 22 analyses of the
1257 A.D. proximal, medial and distal tephra; the unknown values refer to Logung core tephra, or to the sample RIN1401B attributed to the 1257 A.D.
tephra on the flanks of Merapi
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The data reproducibility was checked by repetitive mea-
surements, during three different analytical sessions, on two
aliquots of medial (RIN1392E) and distal (LOGB2 and
LOGB3) 1257 A.D. tephra. For aliquots of >10 mg of these
two samples, the RSD values range between 1 and <5 % (ex-
cept for Pb in LOGB3 sample, possibly due to external pollu-
tion). Decreasing the sample mass down to 4–6 mg slightly
increases the RSD values (from 3 to 7 %) in the grain size
fractions 1–0.5 and 0.5–0.25 mm (RIN1392E; Online Re-
source 1, Table S5). We underscore that we performed analy-
ses on quantities as low as 3.3 mg (RIN1392E) and 4.4 mg
(LOGB3). The calculated %errors range between 1 and 5 %.
The main exceptions are Co (up to 20 %) and V to some
extent, for which the variability can be higher because of the
drastic effect of the presence of even the most minute
titanomagnetite microlites.

The pattern of trace element abundances demonstrates a
very good match between (i) the 1257 A.D. Samalas pumice
clasts from the P1, P2, P3 and P4 phases; (ii) the three grain
size fractions; and (iii) the proximal and the medial tephra
from Bali (RIN1392), as illustrated in Fig. 4a. Regardless of
the grain size fractions used, the 1257 A.D. tephra display on
average (22 analyses) similar ratios of incompatible trace ele-
ments such as Nb/Zr (0.038±0.002), Th/Ta (15.3±0.8), Nb/U
(3.9±0.2), Th/Yb (3.4±0.2), La/Nb (2.5±0.1), Rb/Nb (9.5±
0.5) and Ba/Th (73.5±3.8).

Our analyses unambiguously confirm the presence of the
1257 A.D. tephra in the Logung core (LOGB2 and LOGB3
samples; East Java) and as far as 660 km from the source on
the flanks of Merapi (RIN1401B sample; Central Java). In the
LOGB2 and LOGB3 samples, the %error values range from 1
to ≤3.5 % for most elements and reach 6–8 % for Cs, Rb and
Sr (Table 1). For the sample RIN1401B from the flanks of
Merapi, the %error values are slightly higher (5–10 %;
Table 1) because of the low quantity of available material
and the total mass (2.2 mg) of the aliquot analysed.

Figure 4b shows that the 1257 A.D. distal tephra strongly
differs from the K-rich products of the 1815 Tambora erup-
tion, which display significantly higher Nb/Zr (0.049±0.003),
La/Nb (4.8±0.2) and Rb/Nb (19.1±0.9) ratios (Online
Resource 1, Tables S5 and S6). Furthermore, the chemical
signature of the 1257 A.D. distal tephra is markedly different
from that of tephra erupted in the last 1000 years by
neighbouring volcanoes such as Merapi and Kelut. In partic-
ular, the RIN1401B tephra sampled on the flanks of Merapi is
diagnostic of pure 1257A.D. products and has not beenmixed
with other Merapi tephra at RIN1401 section (Online
Resource 1, Tables S5 and S6).

Matrix glasses

Matrix glasses of proximal and distal pumiceous 1257 A.D.
tephra of all eruptive phases were analysed by EPMA for
major element compositions (Online Resource 2). Analyses
are reported in Table S7 of Online Resource 1. Matrix glasses
share comparable trachy-dacitic compositions. However, we
stress that those of P1-PF have a slightly but significantly
lower SiO2 content calculated on anhydrous basis (68±
0.5 wt%) than those of P3-PF and P4-AF (>70 wt%). This
reflects textural differences in the pumice textures with the
systematic presence of sub-micrometric crystals of feldspar,
pyroxene and Fe-Ti oxide that grew as a result of magma
ascent and degassing, specifically in P3 and P4 tephra
(Fig. 5d–i).

Textural identification of phases of the eruption in distal
tephra

Sedimentological analyses of the tephra unit in the Logung
core evidenced two layers B2 and B3 (Fig. 3c) of very fine-
grained pumice (Fig. 5c) that correspond to fallout deposition
from two subsequent phases of the eruption. Tephra deposited

Fig. 4 a Trace element concentrations of tephra of the 1257 A.D.
Samalas eruption on Bali (site RIN1392), East Java (Logung core) and
Central Java (flanks of Merapi, site RIN1401) normalised to the average
element concentrations of the proximal tephra from all phases on Lombok
(site RIN1307). Data are reported in Table 1. Within the error bar,
proximal, medial and distal tephra are chemically homogeneous,
regardless of the grain size fractions. For each trace element pattern, we
indicated the location, the grain size (0.5–1.0, 0.25–0.5 and 0.125–0.25)

in millimetres and the sample mass (> or <10 mg). b Rb vs. Nb plot of
1257 A.D. Samalas proximal tephra (Lombok, Sumbawa and Bali),
Logung core tephra and RIN1401B tephra sampled on the flanks of
Merapi compared with historical tephra from Merapi (1401C, 1401G)
at site RIN1401, 2014 Kelut eruption tephra and 1815 Tambora F5 co-
PDC tephra (Sigurdsson and Carey 1989). Error bars are reported
(Online Resource 1, Table S5)
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Fig. 5 Backscattered electron microscope images of pumice clasts
characteristic of the 1257 A.D. deposits. a, b Two representative
populations of pumice clasts from P1-PF at locality RIN1392. c
Binocular image of pumice clasts from Logung core layer B2. d
Pumice clasts from P3-PF at locality RIN1392. Microlites are

emphasised with dashed lines and arrows. e Suspected pumice clasts
from P3-PF at locality RIN1386. g, h Pumice clasts from P4-AF at
locality RIN1392. f, i Pumice clasts from layers B2 and B3 of the
Logung core, respectively (see Fig. 3)
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several hundreds of kilometres away from source can only
originate from the P1 and P3 pumice fallouts and/or the P4-
AF co-PDC ash fallout, all of which have the same chemical
characteristics. In order to identify which tephra was deposited
at Lake Logung, the textures of pumice clasts of both medial
(Bali, site RIN1392) and distal deposits were studied using
backscattered scanning electron (BSE) imaging (Fig. 5). The
pumice clasts from the two distal ash layers of the Logung
core were compared to those of the three main fallout units at
the medial type section RIN1392 (Figs. 2 and 3b). P1-PF
pumice clasts (Fig. 5a) are highly vesiculated and devoid of
microlites and occasionally show tubular textures (Fig. 5b).
P3-PF pumice clasts (Fig. 5d) strongly differ from the former
by the presence of microlites in the matrix glass (feldspar,
pyroxene and Fe-Ti oxides), the more fluidal textures, and
the virtual absence of fibrous pumice. P4-AF pumice clasts
(Fig. 5g, h) show similar textural characteristics than P3-PF
clasts, except for the presence of some fibrous microlite-free
clasts that originated in phase P1. In the Logung core, pumice
clasts (Fig. 5f, i) all contain microlites that attest that none of
these layers could originate from P1-PF. No critical textural
difference can be observed between the two layers of the
Logung core from the BSE images. Thus, we interpret the
lowermost layer B2 to correspond to P3-PF and the upper
layer B3 to P4-AF. The presence of microlites in the pumice
clasts of RIN1386 deposit (Fig. 5e) confirms the widespread
dispersal of the P3-PF from the E and SE of Lombok to Sum-
bawa Island.

No sedimentological criteria can be used to unequivocally
correlate the 1257 A.D. Samalas tephra identified at the
RIN1401 site on the flanks of Merapi (Figs. 2 and 3d) to
one specific pumice fallout units identified in more proximal
outcrops. However, the presence of diagnostic microlites in its
pumice clasts (Online Resource 3, Fig. S1) confirms that it is a
mix of ultra-distal P4-AF and P3-PF.

Spatial distribution of the 1257 A.D. deposits

Isopach maps

Isopach maps of P1-PF, P2-PF and P3-PF are presented in
Fig. 6 following the method described in Online Resource 2.
The maximum thickness observed for P1-PF deposit is
182 cm at the RIN1307 type locality (Figs. 2, 3a), 23 km
SWof the source. The cumulative thickness of pumice fallouts
P2-PF1 and P2-PF2 deposited during the phreatomagmatic
phase P2 is reported in a single isopach map (Fig. 6b). These
fallouts show a plinian dispersal that suggests, together with
the nature of the P2 deposits described above, that they result-
ed from a phreatoplinian phase (Houghton et al. 2000). Iso-
pach maps of the three units of pumice fallouts deposited
during phase P3 are represented in Fig. 6c, d based on

cumulative thickness of PF1, PF2 and PF3 units. The recog-
nition of the 2- to 3-cm-thick tephra layer of P3-PF in the
Logung core (Fig. 3c) allows us to construct a distal isopach
contour line (Fig. 6d). Uncertainties on distal isopach con-
struction are discussed in Online Resource 2. All three maps
show ellipsoidal contour patterns indicating strong fallout dis-
persion towards the W-SW. Indeed, P1-PF and P3-PF are still
17 and 12 cm thick, respectively, on the flanks of Agung
(Fig. 2, outcrop RIN1392), 90 km from the source. Isopach
maps of P3-PF (Fig. 6c, d) show a wider dispersal upwind and
crosswind than P1-PF, with the deposit identified in the
Logung core, 340 km downwind. Isopach contours for P4
co-PDC fallout are constructed based on scarce available
thickness data due to deposition offshore (Fig. 7). The upper
ash layer in the Logung core (Fig. 3c) permitted, however, to
construct a 3-cm isopach. Since the primary thickness of the
1257 A.D. Samalas tephra identified at site RIN1401 on the
flanks ofMerapi could not be measured, a last contour point is
extrapolated based on the thinning trend of the deposit, as
discussed further. Although the vent location cannot be pre-
cisely constrained by the isopach or isopleth maps (see next
section) given that very proximal data is missing, it was most
likely located where the present-day caldera is.

Isopleth maps

Maximum lithic (ML) and maximum pumice (MP) isopleth
maps of P1-PF and P3-PF (Fig. 8) were constructed based on
the most reliable values of ML and MP, using the method of
Bonadonna et al. (2013) described in Online Resource 2. Al-
though isopleth maps are well constrained for P1-PF (Fig. 8a,
b) due to the good preservation of the deposit, isopleth con-
tours of P3-PF (Fig. 8c, d) are constrained by only a few points
from localities where the deposit is not eroded by overlying
P4-PDC deposits. The greater extension of P3-PF isopleth
contours suggests that plume height and mass eruption rate
increased during the transition from phase P1 to P3.

Eruptive dynamics

Erupted volumes

The most realistic tephra volume estimation is constrained by
the dataset that best describes the thinning trend of a fallout
deposit. Empirical data and theoretical modelling of tephra
sedimentation from a volcanic plume shows that tephra de-
posits are characterised by an exponential thinning trend with
distance composed of three to four exponential segments that
correspond to different sedimentation regimes (Bursik et al.
1992; Bonadonna et al. 1998). Ideally, the thinning trend of a
fallout deposit should thus be described by 10–15 isopach
contours (Bonadonna et al. 1998; Bonadonna and Houghton
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2005). Estimation of the volumes of the different 1257 A.D.
fallout units is problematic because of the lack of proximal (0–
20 km) and very distal data (>120 km) downwind as well as in
crosswind directions, NW and SE of the source. Field data
allowed us to constrain eight, five and six isopach contours
for P1-PF, P2-PF and P3-PF units, respectively (Fig. 6). In
these cases, the deposit thinning for each phase can be approx-

imated by two or three segments on a log T vs.
ffiffiffi

A
p

plot, where
T is the deposit thickness in metres and A the isopach area in
square metres (Pyle 1989, 1995; Fierstein and Nathenson
1992), that yield a minimum volume that is likely
underestimated by a factor of 2.5 (Bonadonna and Costa
2012). When three exponential segments are available, the
thinning trend of tephra fallouts can be better described by a

power-law fit (Bonadonna and Houghton 2005) given by T

¼ Tpl

ffiffiffi

A
p −mð Þ

where Tpl is the power-law coefficient andm the
power-law exponent. This method requires the definition of
arbitrary proximal and distal integration limits as integration
between 0 and infinity is not possible. Bonadonna and Costa
(2012, 2013) suggest using a Weibull fit that reproduces the
most natural gradual thinning. Tephra volumes are then cal-
culated as a function of the characteristic decay length scale of
deposit thinning λth by the relation Volume=3.106×λth

1.53.
These three methods were used to calculate the tephra vol-
umes associated with the P1, P2 and P3 phases of the
1257 A.D. Samalas eruption. Their associated thinning trends
are represented in Fig. 9. Values were computed using
AshCalc software (Daggit et al. 2014). Erupted volumes,
masses and corresponding magnitudes calculated for each
phase are given in Table 2.

Integration of a three-segment exponential fit for P1-PF
(Fig. 9a) yields a volume of 5.8 km3 (Table 2), which is

considered as a minimum value since distal data is missing
(Pyle 1995). The power-law fit yields a similar volume of
5.4 km3 (with 16 and 1500 km chosen as proximal and distal
limits, respectively). The Weibull fit yields a higher bulk vol-
ume of 12.3 km3 based on eight isopach contours and
13.4 km3 by eliminating the last 4-cm isopach. Given that
the latter is poorly constrained (1 point) and its shape is based
on the method of ellipses (Sulpizio 2005), its area is likely
underestimated. The most realistic bulk volume (Bonadonna
and Costa 2013) should thus be within a range of 12.6–
13.4 km3, which corresponds to a dense rock equivalent vol-
ume of 3.0–3.3 km3 (rock density 2470 kg/m3; deposit density
603 kg/m3). The associated erupted mass for P1 is 7.4–8.1×
1012kg, which corresponds to a magnitude of 6 (Table 2).

Pumiceous tephra produced during the phreatomagmatic
phase P2 (P2-PF1 and P2-PF2) have a minimum bulk volume
of 0.9 km3 based on the two-segment exponential thinning
trend and 3.5 km3 according to the Weibull fit integration
(Fig. 9b). Considering that only five isopach contours were
constructed for this deposit (Fig. 6b), we did not use the
power-law method and considered that the Weibull method
should give a more reliable maximum volume value. Hence,
a best estimate of the bulk volume of the P2 pumice fallout is
0.9–3.5 km3, which corresponds to 0.3–1 km3 DRE (rock
density 2470 kg/m3; deposit density 714 kg/m3), an erupted
mass of 0.7–2.5×1012kg and a magnitude of 5 (Table 2). A
minimum estimate of the amount of external water that
interacted with the magma during phase P2 can be approxi-
mated from the minimum water/magma ratio of 0.3 required
to explain the observed deposit textures, i.e. wet dilute turbu-
lent PDC deposits (surges) and abundant accretionary lapilli
(Sheridan andWohletz 1983). A magma volume of 0.3–1 km3

DRE yields a water volume of 0.1–0.3 km3 that likely

Fig. 7 Onshore distribution of
PDCs emplaced during phase P4
and isopach contours of
associated P4 co-PDC ash fallout.
Thicknesses are given in
centimetres. Thickness of the
1257 A.D. Samalas tephra
sampled at site RIN1401 on the
flanks of Merapi is unknown but
likely to be lower than the 3 cm
measured in the Logung core,
closer to source (see text)
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originated from either the perched aquifers within the upper
parts of the edifice or a pre-eruption crater lake.

A minimum bulk volume of the P3 pumice fallout was first
estimated based on the five proximal isopach contours (Fig. 6c),
without taking into account the most distal point in the lake
Logung core. Integration of the two-segment exponential fit
and of the Weibull fit yields bulk volumes of 5.0 and

8.1 km3, respectively (Table 2). Figure 9c shows the thinning
trends obtained with the three methods when incorporating the
last isopach contour, for thickness values of 2 and 3 cm in the
Logung core. The curves show that both power-law and
Weibull thinning trends do not fit the last data point well using
a value of 3 cm, given that the Weibull fit indicates a value of
2.3 cm for the last contour point. The Weibull approximation

Fig. 8 a, bMaximum lithic (ML) and maximum pumice (MP) isopleths
maps of P1-PF, respectively. c, d ML and MP isopleths maps of P3-PF,
respectively. Extent of phase 4 PDC deposits is shown. Reported numbers
represent the geometric mean of the three axes of the 50th percentile of

the 20 largest clasts, given in millimetres. Red numbers are the most
reliable values (i.e. where P3-PF deposits not eroded by P4-PDCs)
considered for constructing the isopleth contours
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fits better with a value of 2 cm (Fig. 9c). This result strongly
suggests that the primary thickness of P3-PF in Lake Logung is
most likely 2–2.3 cm. This distal point is critical since it in-
creases the bulk volume determined by using only proximal
isopachs by a factor of ca. 2. Integration of the three-segment
exponential fit, the power-law fit (with 16 and 1500 km chosen
as the proximal and distal limits, respectively) and the Weibull
fit yield volumes of 10.2, 13.5 and 18.8 km3, respectively, using
a value of 2 cm for the most distal isopach (Table 2). Given that
the Weibull fit describes better the process of very distal thin-
ning than the exponential and power-law approximations
(Bonadonna and Costa 2013), we estimate that the bulk volume
of P3-PF deposit is 18.8–21.7 km3, based on a distal isopach of
2 to 3 cm. The corresponding DRE volume is 4.1–4.7 km3

(rock density 2470 kg/m3; deposit density of 539 kg/m3).More-
over, since most proximal points do not represent the full thick-
ness of the deposit due to erosion, this value should be consid-
ered as a minimum volume range for P3-PF. Phase 3 thus
erupted 1.0–1.2×1013kg of material, more than phase 1, with

a peak magnitude of 6 (Table 2). Considering that the
1257 A.D. Samalas tephra identified at the outcrop RIN1401

on the flanks of Merapi corresponds to a
ffiffiffi

A
p

value of ca.
550 km from the source based on the eccentricity of the more
proximal contours (Sulpizio 2005), we can extrapolate from the
Weilbull fits an expected thickness range of 0.9–1.2 cm for
distal P3-PF tephra at site RIN1401, located 660 km downwind
from source (Fig. 9c). Hence, we confirm that the minimum
observed thickness for the 1257 A.D. Samalas distal tephra
units in the Merapi area ranging from 1 to 2.5 cm represents a
cumulative minimum thickness for P3-PF and P4-AF units.
Pumice fallout produced by phases 1, 2 and 3 together represent
a cumulative bulk volume of 32–39 km3 and a DRE volume of
7–9 km3.

New field observations on the distribution of the onshore
PDCs emplaced during phase P4 allow us to estimate deposi-
tional areas of 554 and 878 km2 for the northern and southern
P4-PDC units (Fig. 7), respectively. The P4-PDC deposits are,
on average, 18 m thick (measured at 10 locations) at the N of

Fig. 9 a–c Log T vs.
ffiffiffi

A
p

plot of
P1-PF, P2-PF1+PF2 and P3-PF
deposits. Thinning trends are
approximated by exponential,
power-law and Weibull fits. Two
choices for fitting distal part of
thinning trend are inferred for P3-
PF based on the thicknesses of 2
and 3 cm of tephra in the Logung
core.Circles indicate extrapolated
thickness of P3-PF deposit at site
RIN1401 on the flanks of Merapi,
based on two Weibull fits
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Lombok, whereas SW and SE, they average about 23 m in
thickness (measured at eight locations). We thus approximate
a bulk volume of 29 km3, equivalent to a minimum DRE
volume of 16 km3 (rock density 2470 kg/m3; deposit density
1370 kg/m3, Lavigne et al. 2013). The volume of offshore
PDC deposits remains unknown. Hence, the uncertainty on
the total volume of PDCs produced during the 1257 A.D.
eruption is large. Ongoing investigation on the reconstruction
of the pre-1257 topography of Lombok will provide better
constraints on the volume of PDCs.

The two isopach contours for P4 co-PDC ash fallout
(Fig. 7) are insufficient to properly describe the thinning
trend of the deposit. Based on the assumption that some of
the co-PDC ash produced by the elutriation from P4-PDCs
could have fed the collapsing column and been deposited at
large distances (Sparks and Walker 1977), we consider that
very distal fine ash (i.e. >340 km from the source) from both
P3-PF and P4-AF would have sedimented in a similar re-
gime at Lake Logung (East Java) and at the RIN1401 site on
the flanks of Merapi. Hence, we apply the same thinning
trend of P3-PF from the Logung core to the site RIN1401
(2–2.3 cm down to 0.9–1.2 cm) to the P4-AF deposit. A
thickness of 3 cm of P4-AF in the Logung core thus sug-
gests a deposition of ca. 1.5 cm of P4-AF at site RIN1401.
This value is hypothetical but its determination is fundamen-
tal to roughly quantify the volume of the P4-AF deposit.
However, it is conceivable that at such distances, ash from
both phases 3 and 4 has mixed, forming a single tephra layer
in which P4-AF is more abundant. An isopach contour is
assigned to this point based on the eccentricity of the 3- and

6-cm contours (Sulpizio 2005). With three isopach values,
the integration of a single exponential segment is the only
method applicable. It yields a minimum bulk volume of 20–
24 km3 (Table 2), equivalent to 8–9 km3 DRE (rock density
2470 kg/m3; deposit density 914 kg/m3). Taking into ac-
count the volume of onshore PDC deposits, phase 4 thus
erupted a minimum DRE volume of ca. 25 km3, 3 times
the cumulative volume erupted by P1, P2 and P3 phases.

Column height and wind speed

The eruptive column height HT was derived with the meth-
od of Carey and Sparks (1986) with ML isopleths for both
P1-PF and P3-PF (Fig. 8a, c). MP isopleths were not used to
calculate HT since the densities of both P1-PF and P3-PF
pumice clasts do not match (400 and 600 kg/m3,
respectively, Online Resource 2) with those that can be used
with the model of Carey and Sparks (1986). Furthermore,
the use of ML isopleths is generally preferred when data is
available because the greater tendency of pumice clasts to
break upon impact with the ground results in greater uncer-
tainties on the MP values. Recently, Bonadonna and Costa
(2013) introduced a new method to estimate the maximum
HT by using a Weibull parameter λML, that is derived from
the relation between ML and the square root of the isopleth
area and that allows to determine the HT by the empirical
relationship HT=5.01×λML

0.55. ML isopleths of both 16
and 8 mm for P1-PF yield a HT of 39 km and a wind speed
of 10 m/s (Table 3) using the method of Carey and Sparks
(1986), whereas the Weibull parameter yields a consistent

Table 2 Determination of the volume, mass and magnitude of fallout units for each eruptive phase of the 1257 A.D. Samalas eruption using different
methods

Eruptive phase Method Bulk volume (km3) DRE volume (km3) Erupted mass (kg) Magnitudea

P1-PF 3 segments, exponential fitb 5.8

Power-law fitc 5.4

Weibull fitd 12.3–13.4 3.0–3.3 7.4–8.1×1012 6

P2-PF1+PF2 2 segments, exponential fitb 0.9 0.3 0.7×1012 5

Weibull fitd 3.5 1.0 2.5×1012

P3-PF

No distal point 2 segments, exponential fitb 5.0

Weibull fitd 8.1

Including Logung point 3 segments, exponential fitb (Logung 2 cm) 10.2

Power-law fitc (Logung 2 cm) 13.5

Weibull fitd (Logung 2–3 cm) 18.8–21.7 4.1–4.7 1.0–1.2×1013 6

P4-AF One segment exponential fitb 20–24 8–9 1.9–2.2×1013 6

DRE dense rock equivalent
a Pyle (2000), M=log10(erupted mass)−7
b Fierstein and Nathenson (1992), Pyle (1989, 1995)
c Bonadonna and Houghton (2005)
d Bonadonna and Costa (2013)

Bull Volcanol (2015) 77: 73 Page 17 of 24 73



HT of 40 km. Hence, the eruptive plume of P1 reached a
total height of 39–40 km.

The method of Carey and Sparks (1986) yields a range of
HT of 38–43 km with a wind speed of 12 m/s for P3-PF,
based on the 8- and 16-mm isopleths (Table 3). Discrepan-
cies between HT values are associated with the lack of reli-
able data for this pumice fallout deposit consisting of three
distinct fallout units that grade into each other, as well as
with the uncertainty on the shape of the 16-mm isopleth
contour (Fig. 8c), given that proximal ML values are less
well constrained (erosion processes). Furthermore, field ev-
idence of a wider of HT with the Weibull method yields an
unrealistic value of 59 km (Table 3), due to the lack of
isopleth contours and possibly due to an underestimation
of the area of the 16-mm isopleth, that in turn generates an
overestimation of λML. As a result, a maximum value of
43 km is considered to be the most realistic HT for P3-PF.

Mass discharge rate and duration

Themass discharge rate (MDR) is inferred from themaximum
plume height by using the model of Carazzo et al. (2008) with
the magmatic conditions of the 1257A.D. eruption. TheMDR
was calculated for each value of HT (Table 3) under tropical
atmosphere conditions, considering a magma temperature of
1000 °C determined by homogenisation of melt inclusions in
plagioclase and a dissolved water content of 5 wt% as derived
from preliminary FT-IR spectroscopy data (Vidal et al. 2013).
The estimated values ofHT for P1-PF yield a range ofMDR of
2.8–3.6×108kg/s, which corresponds to a duration of 6–8 h
and an intensity of 11–12 (Pyle 2000). HT value of P3-PF
yields a maximum MDR of 4.6×108kg/s corresponding to a
duration of 6–7 h. Hence, P3 is the most explosive phase of
the 1257 A.D. eruption. Considering the duration of the two
plinian phases P1 and P3, and without taking into account
phase P2, the eruption lasted a minimum of 12–15 h, given
that there is no stratigraphic evidence of a remarkable hiatus
from P1 to P3.

Discussion

Total erupted volume

The estimation of the volume of tephra fallout is based on de-
termining the thinning trend of a deposit with distance from the
source, to which different mathematical functions can be fitted
(Pyle 1989, 1995; Fierstein and Nathenson 1992; Bonadonna
and Houghton 2005; Bonadonna and Costa 2013). The accura-
cy of each of these methods strongly relies on the dataset avail-
able and its spatial distribution (Engwell et al. 2013), as the
sedimentation regime of tephra varies with distance from the
source (Bonadonna et al. 1998). Acquisition of very distal data
allowed us to determine the volume of pumiceous tephra pro-
duced by each phase more accurately. The total bulk volume of
P1, P2 and P3 pumice fallouts reaches a minimum of 7–9 km3

DRE, twice the DRE volume (3.7–4.8 km3) estimated by
Lavigne et al. (2013). Moreover, half of this volume is associ-
ated with the P3 pumice fallout, contrary to previous estimates
that suggested that P1 was the most intense phase of the erup-
tion. New constraints on P4-PDC deposits inland allow us to
determine a DRE volume of 16 km3, twice the previous volume
estimated (8 km3) by Lavigne et al. (2013). Scarce data for P4
co-PDC ash fallout yield a minimum volume of 8–9 km3 DRE
that is very likely an underestimate, but equivalent to the DRE
volume of P1, P2 and P3 pumice fallouts. The total DRE vol-
ume of ca. 33 km3 (31–34 km3) calculated from mapped de-
posits is thus a minimum erupted volume.

Lavigne et al. (2013) estimated a total DRE volume of 40±
3 km3 through the reconstruction of pre-caldera topography by
summing (i) the volume of the current caldera and the missing
upper Samalas edifice, (ii) the volume of the debris avalanche
from the collapse of the western flank of the Rinjani edifice
entirely into the caldera and (iii) the volume of the Barujari
post-caldera products. However, the possible existence of a cra-
ter lake prior to the 1257 A.D. eruption, evidenced by wide-
spread phreatomagmatic deposits and our preliminary estimate
of the water/magma ratio associated with phase P2, suggests

Table 3 Determination of the
total column height, wind speed,
mass discharge rate, duration and
intensity for phases 1 and 3 of the
1257 A.D. Samalas eruption
using different methods

Phase Method HT (km) Wind speed (m/s) MDRa (kg/s) Duration (h) Intensityb

P1-PF CS86c ML 8 mm 39 10 2.8×108 6–8 11–12
CS86c ML 16 mm 39 10

Weibulld 40 3.6×108

P3-PF CS86c ML 8 mm 43 12 4.6×108 6–7 12

CS86c ML 16 mm 38 12 2.8×108

Weibulld 59

ML maximum lithic (accidental) size, HT eruption column height, MDR mass discharge rate
a Estimated with the method of Carazzo et al. (2008)
b Pyle (2000), I=log10(MDR)+3
c Carey and Sparks (1986)
d Bonadonna and Costa (2013)
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that the pre-caldera topography of Mt Samalas is more complex
than the model of Lavigne et al. (2013). The minimum volume
of water involved (0.1–0.3 km3), however, is well within the
error margin (±3 km3) of the total erupted volume estimate.
Furthermore, this volume calculation does not take into account
the unknown volume of pyroclastic material that might have
fallen into the caldera during or after the eruption and which
would underestimate the volume of the caldera. Indeed, the
internal structure of the caldera and the geometry of the caldera
fill are totally unknown. We thus consider a well-constrained
total DRE volume range of 33–40 km3, corresponding to a total
magnitude of 7. However, it is likely that future studies will
arrive at a volume estimate that could exceed 40 km3 by a
few cubic kilometres.

The volume of offshore PDCs and of the magma involved
in phase P2 can be estimated from the difference of the caldera
volume (40±3 km3 DRE) and the total DRE volume from
mapped deposits of P1-PF, P2-PF, P3-PF, onshore P4-PDC
and P4-AF. The missing volume is ∼7 km3 DRE, which partly
includes the unmapped P4 co-PDC ash fallout. The assess-
ment of the P4-AF volume is the most complex because of
its widespread regional deposition, largely offshore. It is how-
ever the most fundamental since it can represent most of the
erupted volume (e.g. 1815 Tambora eruption: Self et al. 1984,
2004; Sigurdsson and Carey 1989; Kandlbauer and Sparks
2014; 7630 B.P. Mazama eruption: Young 1990). Our ongo-
ing detailed investigation of marine cores in the Bali Sea
North of Lombok and in the Indian Ocean South of Lombok
(collaboration with W. Kuhnt; Vidal et al. 2015) will provide
additional constraints on the ultra-distal fallout deposits, espe-
cially the P4-co-PDC fallout.

Classification of the 1257 A.D. Samalas eruption

Several classification schemes for volcanic eruptions have
been proposed based on plume height, fragmentation and
dispersal indexes (Walker 1973; Pyle 1989) or eruption
magnitude and intensity (Newhall and Self 1982; Pyle
2000). The magnitude 6 estimated for the P1 pumice fall-
out is equivalent to a VEI 6 eruption (Newhall and Self
1982; Crosweller et al. 2012) and would correspond to a
strong plinian eruption. Based on the three-segment ex-

trapolation on the log T vs.
ffiffiffi

A
p

plot for P1-PF (Fig. 9a), a
near-vent deposit thickness Tmax of 10.2 m is inferred.
This value yields a dispersal index D of 7500 km2, based
on the area enclosed within the 0.01 Tmax as defined by
Walker (1973). Considering an HT of 39–40 km for P1-
PF, this phase clearly plots within the plinian field defined
by Pyle (1989). Bonadonna and Costa (2013) established
a new classification scheme based on the Weibull decay
parameters of ML and thickness with distance from
source (λML and λth) assuming a typical uncertainty of
20 % for plume height. This classification is presented

in Fig. 10 integrating new values for both P1 and P3
pumice fallouts of the 1257 A.D. Samalas eruption. Ac-
cording to this scheme, P1-PF plots on the plinian/
ultraplinian border and could thus be considered as tran-
sitional plinian-ultraplinian.

The magnitude 6 of P3 pumice fallout is equivalent to a
VEI 6 eruption (Newhall and Self 1982; Crosweller et al.
2012). A near-vent Tmax of 84 cm is obtained by extrapolation
of the exponential fit plot (Fig. 9c), a minimum value since the
proximal thinning observed is truncated due to erosion of the
deposit. This value yields a maximum dispersal index D of
110,500 km2 (Walker 1973) that would classify the P3-PF as
ultraplininan (Pyle 1989). In the classification scheme of
Bonadonna and Costa (2013), P3 pumice fallout plots within
the upper 20 % plinian-ultraplinian boundary (Fig. 10). Since
the Weibull approximation of HT is not reliable for our three-
isopleths dataset, the λML parameter was estimated for the HT

value of 43 km derived from the model of Carey and Sparks
(1986). Considering a typical uncertainty of 20 % on plume
height, this event is classified as transitional plinian-
ultraplinian, ranking among the most powerful Holocene ex-
plosive eruptions (Fig. 10). The very distal data point of P3-PF
in the Logung core and the lack of data between the last two
points cause a shift in the λth parameter that approaches its
upper limit of 1000 km.

Comparisons between eruptions based on this new classi-
fication scheme (Fig. 10) should be made carefully since HT

values are estimated with different ML calculation methods.
In particular, plume heights (and thus λML) estimated on the
basis of the average of the geometric mean of the three axis of
5 and 3 largest clasts are likely to be overestimated, depending
on the samplingmethod. Our results showed that the choice of
the 50th percentile of the 20 largest clasts yielded stable values
of HT for P1 pumice fallout for both 8- and 16-mm isopleth
contours with the method of Carey and Sparks (1986).
Bonadonna and Costa (2013) suggested a more reliable clas-
sification scheme based on the decrease of the Inman param-
eter Mdφ with distance from the vent, which can also be
described by a Weibull function by plotting λth vs. λMdφ/λth
and would be more accurate than the decrease of the ML size.

The absence of any known eruption that would plot above
the upper 20 % boundary of plinian-ultraplinian of this clas-
sification (i.e. with a plume height >49 km) casts doubts on
the existence of the ultraplinian field as defined by Bonadonna
and Costa (2013). Furthermore, recent re-analysis of the re-
dated (Sigl et al. 2013) 232 A.D. Taupo deposit (Houghton
et al. 2014), the only known ultraplinian eruption so far,
showed that the extremely widespread dispersal estimated
by Walker (1980) was biased by a shift in wind direction
resulting in the expansion of isopachs and isopleths fields.
Houghton et al. (2014) concluded that the Taupo eruption
was of plinian intensity. These results suggest that the upper
limit of a plume height is unlikely to exceed ∼45 km. Hence,
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the upper 20 % plinian-ultraplinian boundary as defined in
Fig. 10 should be considered as an upper limit, and the defi-
nition of the ultraplinian field should be reconsidered.

Figure 11 compares the 1257 A.D. Samalas P1 and P3
pumice fallout thinning trends to those of pumice fallout de-
posits from explosive eruptions of similar intensity. For all of
these eruptions, the lack of distal thickness data (i.e. the last
segment corresponding to the sedimentation of very fine ash;
Bonadonna et al. 1998) likely underestimates the dispersal.
The classification based on the dispersal index D for large
explosive eruptions thus strongly relies on the availability of
very distal data. Among those eruptions, the P3-PF deposit of
the 1257 A.D. eruption has the greatest extent along the dis-
persal axis because it has been identified at least as far as
340 km from the source. Hence, the P3 deposit is associated
with one of the largest dispersals ever documented. No evi-
dence of a shift in wind direction was found for P3-PF but
cannot be excluded however, given that the three sub-units of
the P3-PF deposit were only observed together at three local-
ities downwind. The 1815 Tambora eruption was of the same
order of magnitude (41±4 km3 DRE) and intensity (MDR of
2×109kg/s), with a maximum column height of 43 km (Self
et al. 1984, 2004; Sigurdsson and Carey 1989; Kandlbauer
and Sparks 2014). However, its pumice fallouts F2 and F4
contribute for a small part to the total volume and dispersal,

most of which is represented by the F5 co-ignimbrite ash
fallout. The thinning trends for F2 and F4 reported in Fig. 11
yielded a total plinian fallout volume of 1.8 km3 DRE (Si-
gurdsson and Carey 1989). Kandlbauer and Sparks (2014)
re-estimated the volume of the climactic plinian phase to
10 km3 DRE based on the duration and the new mass eruption
rate inferred from the model of Woods and Wohletz (1991).
Hence, this new volume is comparable to the 7–9-km3 DRE
volume calculated for the plinian fallouts of the 1257 A.D.
eruption, even though the P1 and P3 pumice fallout thinning
trends plot well above those of the 1815 Tambora fallouts in
Fig. 11.

The phreatomagmatic phase P2 is complex and requires the
analysis of detailed grain size and textural data that is beyond
the scope of this paper. Nevertheless, the variety of features
observed in P2 deposits such as thick widespread accretionary
lapilli-bearing units, very fine ash fallout and far-reaching
mobile wet dilute PDCs, together with the plinian dispersal
of associated pumice units, is compatible with a
phreatoplinian eruptive style in its broadest definition
(Houghton et al. 2000).

The maximum MDR of 4.6×108kg/s estimated for the
1257 A.D. eruption with the model of Carazzo et al. (2008)
is in agreement with an MDR of 5×108kg/s required to main-
tain a stable plume under tropical atmospheric conditions with

Fig. 10 Eruption classification scheme modified from Bonadonna and
Costa (2013, Fig. 6) using the correlation of λth vs. λML/λth. Red, black
and green solid lines represent theoretical lines for HT of 41, 24 and
14 km, respectively, based on the correlation of Eq. 7 of Bonadonna
and Costa (2013) (HT of 10 km is also shown as a blue solid line for
reference). Dashed lines represent 20 % error on HT values. Diamonds
represent data of Bonadonna and Costa (2013). Dark-purple diamond
#29* is the 232 A.D. Taupo eruption with an updated value for λML based
on new estimates of HT (35–40 km; Houghton et al. 2014). Diamond

#31* is the 1815 Tambora eruption with a λth value calculated based on
pumice fallout volume (10 km3 DRE; Kandlbauer and Sparks 2014).
Yellow squares are data for the 1257 A.D. Samalas P1 and P3 phases.
Error bars of 30 and 50 % are also shown, associated with λth and λML/
λth, respectively. Labelled symbols of Bonadonna and Costa (2013): El
Chichon A (#10), Fogo A (#11), 232 A.D. Hatepe (#17), 1886 Tarawera
(#18), 1912 Novarupta A, C and F (#22, #23, #24, respectively), 1932
Quizapu (#25), 1902 Santa Maria (#26), 1991 Pinatubo (#27), 3600 B.P.
Minoan (#28) and 3500 B.P. Waimihia (#30)
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a magmatic temperature of 1000 °C (Sparks 1986). Our results
show that this critical limit was reached during the phase P3,
and the model of Carazzo et al. (2008) suggests that a maxi-
mum flux of 1×109kg/s would have been necessary to pro-
voke the wholesale column collapse. This suggests that the
collapse and the emplacement of voluminous pyroclastic den-
sity currents and associated co-PDC ash fallout during phase
P4 are likely the result of the formation of a large caldera.

With a total erupted volume of 33–40 km3 DRE, an overall
magnitude of 7 and a climax intensity of 12 (Tables 2 and 3),
the 1257 A.D. eruption of Samalas constitutes a remarkable
case study of a historic major plinian eruption with well-
preserved proximal and ultra-distal deposits. It is one of the
most violent volcanic events of the last 2000 years, together
with the 1815 Tambora and the 232 A.D. Taupo eruptions.
However, the uniqueness of this eruption remains its extreme-
ly high SO2 release estimated at 170 Mt, significantly higher
than the 100 and 45 Mt released during the 1458 A.D. Kuwae
(30–60 km3 DRE; Witter and Self 2007) and 1815 Tambora
eruptions, respectively (Sigl et al. 2014). Even though the
eruptive parameters are poorly constrained for the Kuwae
eruption, these three caldera eruptions have similar magni-
tudes and intensities. The exceptional SO2 release might be
explained by a better transport of particles into the strato-
sphere during the 1257 A.D. eruption of Samalas as a result
of a continuous ash injection without significant hiatus from
the P1 to the P4 phase during a minimum of 12–15 h. In
contrast, the two plinian events F2 and F4 of the 1815 Tam-
bora eruption occurred over a period of 5 days (Self et al.
2004; Sigurdsson and Carey 1989). Furthermore, the P1 phase
of the 1257 A.D. Samalas eruption was of stronger intensity
(HT of 39–40 km, MDR of 2.8–3.6×108kg/s) than the F2
phase of Tambora (HT of 33 km, MDR of 1.1×108kg/s; Si-
gurdsson and Carey 1989). The P3 phase of the Samalas erup-
tion and the F4 phase of Tambora eruption have the same
maximum plume height (43 km); however, the estimated
MDR of 4.6×108 kg/s for P3 is lower than the MDR of 2×

109 kg/s for F4. These results suggest that the injection and
transport of SO2 into the stratosphere would have been more
efficient in the case of the 1257 A.D. eruption because of the
high mass flux reached during the plinian phase P1. Other
contributing factors would be a larger volume of erupted mag-
ma and/or a better extraction of the sulphur during the genesis
and eruption of the magma that led to the 1257 A.D. eruption
of Samalas.

Conclusion

The recently discovered 1257 A.D. eruption of Samalas was
the subject of a multidisciplinary overall study by Lavigne
et al. (2013) who coupled volcanological and geographical
data with the exegesis of historical written documents to es-
tablish for the first time a direct link with the 1259 A.D. sul-
phate spikes in polar ice cores. In this work, we present a
muchmore detailed analysis of the deposits of this exceptional
eruption constrained by new extensive field work on the
islands of Lombok, Sumbawa, Bali and Java, supported by
physical, textural and geochemical datasets. Combined to the
application of the most recent empirical physical models, this
analysis allows us to significantly revise the stratigraphic re-
construction and quantification of the eruptive parameters of
the most important eruption of the past millennium, one of the
largest of the Holocene.

The eruption is characterised by four phases: (i) an initial
plinian phase P1 that produced over 6 to 8 h a widespread
pumice fallout of 3.0–3.3 km3 DRE from a 39- to 40-km
stable column with a peak MDR of 2.8–3.6×108kg/s; (ii) a
phreatomagmatic phase P2 that involved a large amount of
water that probably originated from a lake and producedwide-
spread turbulent mobile pyroclastic flows, thick accretionary
lapilli-rich fine ash fallouts and 0.3–1 km3 DRE of pumice
fallout; (iii) a stronger plinian phase P3 that produced over 6 to
7 h a 4.1–4.7-km3 DRE of pumice fallout from an unstable

Fig. 11 Log T vs.
ffiffiffi

A
p

plot of
1257 A.D. Samalas P1 and P3
pumice fallout deposits compared
with the thinning trends of
pumice fallout deposits from
other large plinian eruptions.
References: Waimihia and Hatepe
(Walker 1981); Mazama (total
pumice fallout; Young 1990);
Taupo (Walker, 1980); Santa
Maria (Williams and Self 1983);
Tambora F2 and F4 (Sigurdsson
and Carey 1989)
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column that culminated at 43 km with a peak mass eruption
rate of 4.6×108kg/s; and (iv) a phase P4 during which the
eruption produced sustained low fountaining that climaxed
with the formation of a 6.5×8-km-wide caldera and wholesale
column collapse, generating at least ca. 16 km3 DRE of non-
welded pumice-rich pyroclastic density currents that entered
the sea producing 8–9 km3 DRE of co-PDC ash fall deposited
in the surrounding islands and identified as far as 660 km from
the source on the flanks of Merapi volcano in Central Java.

The reproducibility of ICP-MS trace element analysis of 3–
5 mg of carefully selected pumice clasts yields a strong geo-
chemical correlation of the 1257 A.D. products over 660 km
from the source with relative standard deviation of 2–7 %.
Hence, th is methodology is a valuable tool for
tephrochronological studies and a potential alternative to trace
element fingerprinting of glass particles by laser ablation ICP-
MS. We demonstrate that the 1257 A.D. Samalas eruption
constitutes an important inter-regional chronostratigraphic
marker since its distal fine-grained ash units have been pre-
served in various sedimentary environments. This bears im-
portant implications for archaeological and historical studies
as well as for paleoclimactic and paleoenvironmental research
in Indonesia and neighbouring regions of South-East Asia
(e.g. Indo-Pacific warm pool).

The collection of very distal data, 660 km downwind from
source, was crucial to constrain the thinning characteristics and
hence the dispersal of the P3 pumice fallout and P4 co-PDC ash
fallout. The P3 pumice fallout is one the most widely dispersed
plinian tephra deposit ever documented, with a dispersal index
of 110,500 km2. The very large release of 170 Mt of SO2

estimated for this eruption (Sigl et al. 2014) can be explained
by (i) the efficient transport of gas and particles favoured by the
continuous injection from P1 to P4 of finely fragmented tephra
at heights ranging from 38 to 43 km andmass discharge rates of
up to 4.6×108kg/s and (ii) by a greater volume of magma and/
or a better extraction of the sulphur from this magma to the
stratosphere. These processes likely contributed to the efficient
dispersal and longevity of sulphur-rich aerosols to polar regions
and their probable regional and global impact on human com-
munities during the Middle Ages.

With a total magnitude of 7 and a peak intensity of 12, the
1257 A.D. eruption of Samalas ranks among the most power-
ful events of the last 2000 years. It is especially remarkable
that the two most recent and most powerful eruptions in Indo-
nesia, the 1257 Samalas and 1815 Tambora events, have oc-
curred in only a small sector of the volcanic arc (within less
than 200 km from each other) in a short time interval of ca.
600 years. This has implications for the potential discovery of
additional unknown recent caldera-forming eruptions and the
revision of magnitude-frequency distributions for large explo-
sive events in the area and worldwide. Given the evidence of
unrest at several calderas in the world (e.g. Santorini, Campi
Flegrei, Rabaul, Yellowstone; Newhall and Dzurisin 1989)

and the active status of the Samalas-Rinjani caldera (one the
largest thermal anomalies and CO2 flux measured in a caldera
lake; Barbier 2010), improving our understanding of the dy-
namics and the temporal occurrence of major plinian climate-
impacting events such as the Samalas 1257 A.D. eruption is
fundamental to enhance our capacity to detect potential pre-
eruption unrest and mitigate volcanic risks of active caldera
systems at a local and global scale.
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