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Abstract

Investigating past eruptions gives a unique opportunity to understand volcanic hazards,
particularly in Indonesia, where volcanic eruptions occur frequently. Here, we present the first
reconstruction of the eruptive history of the Ternate and Tidore Islands (North Maluku, Indonesia) over
the past 22,000 years cal. BP, based on a new identification and characterization of past volcanic events
methodological approach. This multidisciplinary study (geomorphology, tephrochronology,
sedimentology, geochronology, geochemistry) constitutes the first stratigraphic and chronological
continuum from volcanic deposits found in a set of fifteen sections established in Ternate, Tidore, and
Maitara Islands. Sedimentological and geochemical data from tephrostratigraphy studies and
radiocarbon dating suggest that these islands experienced at least four major explosive events from c.
22,000 to 740 years cal. BP. The oldest event recorded is a Plinian eruption associated with a caldera-
forming eruption of Telaga volcano on Tidore Island at c. 22,000 — 17,500 cal. BP. A second pumiceous
eruption dated at c. 18,000 cal. BP is attributed to the last Plinian eruption of Gamalama volcano on
Ternate, whose current eruptive activity is mainly strombolian or phreatomagmatic. A succession of
pyroclastic deposits of phreatomagmatic origin is related to the Ngade maar formation on Ternate
Island, and the abundant deposits of scoria, pumice, and ash found in all sites probably occurred c.
14,500 - 13,000 cal. BP. No eruptions of the Kie Matubu volcano on Tidore Island have been reported
by human beings since their presence in the region from the 16th century, but this study highlights two
late Holocene eruptions, c. 2,500 cal. BP and 740 cal. BP. This first chronostratigraphic framework
from the late Pleistocene to recent eruptions in this region, sheds new light concerning the management
of prediction and warning information about potential eruptions that may occur on these small volcanic

islands in the future.
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1. Introduction

Historical records of volcanic activity allow improving hazard assessment of volcanic islands,
notably using chronostratigraphic studies. Identifying and understanding past hazards contributes to
assessing the potential risk and improving the management of prediction and warning information for
these vulnerable volcanic islands in the face of volcanic crises. Reconstruction of palacoenvironmental
and eruptive histories remains still fragmentary between the different Indonesian provinces. Past
Indonesian eruptions are well documented in regions composed of large islands, where the population
is dense, such as Java, Bali, and Lombok (e.g Rampino and Self, 1982; Self et al., 1984; Newhall et al.,
2000; Fontijn et al., 2015; Vidal et al., 2015; Poliakova et al., 2017). However, little is known in
regions like Sumatra or Maluku, where eruptive records are far from complete and sometimes
inaccurate. To fill this gap, this study focuses on past volcanic eruptions on the small islands of Ternate
and Tidore (0° 47° N, 127° 22’ E; 111 km? and 116 km?, respectively) in the Northern Maluku province
(Fig. 1), composed of Mount Gamalama and Mount Kie Matubu (also known as Mount Tidore).
Indeed, insularity and accessibility of the islands notably raise their vulnerability in particular for
volcanic crisis management. Despite its remote location, Ternate is an economic hub for the Maluku
region, whose population increased 5-fold between 1976 and 2017, from approximately 42,000 to
204,215 according to the last Indonesian census (Hidayat et al., 2020a). This demographic growth,
which concentrated in Ternate city, led to land pressure that has resulted in the settlement of
communities on the steepest slopes and closer to the summit, in areas at high risk of being affected by
an eruption of Gamalama (Bacharudin et al., 1996; Méheux et al., 2007). The high density of
population, services and activity make the eastern part of the Halmahera archipelago the most

vulnerable to volcanic hazards (Mei et al., 2017).

This study aims to reconstruct the Ternate and Tidore islands' eruptive history and to analyze the
temporal variations of eruptive style and frequency to forecast these volcanoes' potential future
behavior. Since the arrival of the Portuguese and Spanish settlers in the 16th century (Taylor and
Richards, 1980), only the Gamalama volcano in Ternate frequently erupted, whereas those of Tidore

(i.e., Mount Kie Matubu and Mount Telaga) remained quiet. Therefore, the chronology of Gamalama’s
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eruptions has been inventoried for four centuries (Hidayat et al., 2020b), whereas the early-Holocene
eruptive records are completely unknown for all other volcanoes of the region (Morris et al., 1983).
Tephrostratigraphy is the primary approach to document the eruptive history and feed into knowledge
on volcanic hazards (Marti and Folch, 2005; Groppelli and Vierreck-Goette, 2010; Marti et al., 2018;
e.g for Merapi, Andreastuti et al., 2000; Newhall et al., 2000; e.g for New Zealand, Gehrels et al.,
2006; Newnham et al., 1999). Here, we provide the first eruptive reconstruction of Ternate and Tidore
islands over the past 22,000 years. To do so, we produced a chronostratigraphic continuum based on the
accordance of (i) stratigraphic descriptions of deposits found in a set of fifteen sections (Fig. 3), (ii)
whole-rock geochemical compositions of tephra samples, and (iii) '*C dating of paleosols bordering the

pyroclastic units.

2. Geological context

2.1. Previous research

Ternate and Tidore islands are located on Halmahera (Maluku) arc, which forms with the Sangihe
(Sulawesi) arc a subduction zone of opposite position with the Maluku Sea Plate (McCaffrey et al.,
1980). This process, known as double arc divergent subduction, became active in the Neogene (at c. 20
Ma for Sangihe arc and at c. 7-6 Ma for Halmahera side; Baker and Malaihollo, 1996). The Halmahera
plate was thrust onto the oceanic plate and the arc consumed the oceanic lithosphere of the Maluku
plate (Cardwell et al., 1980; Macpherson et al., 2003). The same process is ongoing in northeast
Sulawesi at the Sangihe plate. The interaction of the Maluku Sea plate with the Halmahera plate
resulted in the present volcanic arc, which moved 30 km westward and became active during the
Middle Pleistocene (1 Ma) (Hall et al., 1988). The magmatic rocks of the Quaternary volcanic arc
overlie ophiolitic and volcanic rocks from the succession of three back-arcs dating from the late
Cretaceous, Eocene and Oligocene (Hall et al., 1991), respectively. The rocks of the present-day arc
cover the eroded back-arcs and are supported by titled fault blocks in an east-dipping subduction zone
(Hall et al., 1988). Therefore, the Halmahera Arc is underlain by rocks of the Neogene Arc and by the
accumulation of sedimentary rocks of the adjacent basin at the back-arc region (Hall and Wilson,

2000). The modern arc of Halmahera is composed of volcaniclastic rocks (in its broadest sense)
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including pyroclastic rocks, lavas and volcanic breccias. The cone-shaped stratovolcanoes (Ibu,
Dukono, Gamkonora, Gamalama, Kie Matubu, Makian) of the arc have typical calc-alkaline, basaltic to
andesitic magmas (Morris et al., 1983) characteristic of subduction-related magmatism intra-oceanic

arc environments (Hall et al., 1988).

2.2.  Study area

Ternate is composed of the active Gamalama stratovolcano (1,715 m; hereafter all elevations are
given above sea level), characterized by regular activity in the form of explosive eruptions and/or
degassing, interspersed with effusive eruptions producing lava flows (GVP, 2013). The record of the
Gamalama eruptions is very well documented since the 16th century, from the colonial conquest of the
Spice Islands by the Portuguese, then the Spanish and the Dutch. Since 1538 CE, the 77 eruptions of
this volcano that have been recorded were mainly explosive, with a Strombolian and Vulcanian style
(Pratomo, 2006). However, about fifteen of them were followed by lava flows, including the 1907 lava
flow of Batus Angus, which reached the sea and is now a notable tourist site northeast of Ternate. The
recurrence intervals of the Gamalama eruptions vary between a few months and 50 years. The
eruptions are mainly characterized by the ejection of volcanic bombs and scoria, and thick clouds of
ash that can be emitted for several days or even months (as during the 2015 eruption, Hidayat et al.,
2020b). The eruptions occur mainly from the main central crater, however some eruptions have created
secondary craters. This was the case during the explosive eruption of 1980, which formed a new crater
further east of the summit crater. This latter eruption produced 10 to 15 cm of ash fall and caused the
evacuation of 40,000 inhabitants of Ternate (GVP, 2013). However, it is difficult to link the many
historical eruptions (of known age) to specific geological deposits, because they tend to emit similar
products (basaltic andesite scoriae and/or lava flows). In addition, the formation of two maar craters on
Ternate shows that there is also a high potential of phreatomagmatic eruptions at Gamalama (Fig. 2).
An explosive eruption formed the 0.7x0.6 km wide Tolire maar (Fig. 2a) in 1775 CE. According to
colonial and indigenous reports, the succession of base surges (GmTv unit defined by Bronto et al.,

1982) killed 1,300 people, engulfing a village at the lake's current location (Bronto et al., 1982;
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Setiawan et al., 2014). The eruption that led to the formation of the 0.4x0.7 km wide Ngade maar (Fig.

2b), located in the western part of Ternate city, has not yet been dated.

In the north of Tidore, the 500-m high crests and the 2.1x2.2 km wide Telaga caldera (also called
Sabale) results from an undated Plinian eruption. The caldera floor is occupied by a lake and a volcanic
dome, which peaks at 580 m. In the south, the Kie Matubu stratovolcano (1,730 m), also called Mount
Tidore, is considered dormant by volcanologists and inactive by the local population. No eruptions

have been known to occur at Tidore since at least the 16" century (Hidayat et al., 2020b).

3. Methods

3.1. Tephrostratigraphy

A systematic stratigraphic description and sampling of deposits from pyroclastic falls and
Pyroclastic Density Currents (PDCs) was performed in quarries or natural outcrops-on the eastern side
of Gamalama volcano, on the western coastal fringe of Maitara and Tidore island, and in a saddle
between the eastern flanks of Kie Matubu and Telaga (Fig. 3). While the sections on Maitara and
Tidore are island-wide, the Ternate sections are concentrated on the east and south of Gamalama. The
dominant wind direction between December and May is from the northwest to the southeast, which
could affect tephra deposition and completeness of the record on the south and east coast (Lessy and
Abdullah, 2021). The abundance of sections (mainly from quarries) in the south-eastern part of the
island is also explained by the rapid growth of Ternate city and its expansion on the slopes of the
volcano. In addition, stratigraphic sections are less accessible in the northern part of the island, because
it is less inhabited and largely vegetated. Each section was described according to the number of
lithofacies, bed thickness, structure, grain size, type of volcanic materials (ash, scoriae, pumice, lava),
color, particle shapes (angular, rounded), relative sorting, and grading pattern. Thus, this qualitative
characterization of layers enables (i) to identify the type of deposit and transport mechanisms (fallout
and PDCs) and (ii) to establish the relative timing of eruptive phases. Twenty-two paleosols between
tephra layers and one charcoal enclosed in PDC deposits were sampled for radiocarbon dating. It was

performed at Direct AMS (Washington, USA), using a NEC Pelletron 500 kV accelerator mass
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spectrometer, following the preprocessing methods described in Brock et al., (2021). Paleosols
underwent an acid-base-acid pretreatment to remove inorganic carbons from the sample. The remaining
sample was combusted at high temperature and transformed into N> and CO» to be graphitized (Dee
and Bronk Ramsey, 2000). The graphitized sample was placed in a particle accelerator, separating the
12¢, BBC, C ions according to their atomic mass, allowing the '*C ions expressed in pMC (percent
modern carbon) to be counted. The 23 radiocarbon dates, reported in BP with a 10 confidence interval,
were calibrated in cal. BP using the OxCal 4.4 online program with the IntCal 20 curve (Ramsey, 2009;
Reimer et al., 2020). The mean value of radiocarbon ages (u + 20; 95.4%) is used and expressed as cal.
BP in the following sections of this article (Table 2). These dates reveal the beginning of soil formation
or the interruption of pedogenesis by new deposits of tephra from an eruption. Thus, the '*C-dated

paleosols, that are above or underlying the tephra layers, give a time interval for the eruption.

3.2. Geochemical analyses

Well-preserved deposits (pyroclastic fallout, PDCs) were sampled for whole-rock major and trace
element analysis. The whole-rock samples were ultrasonically cleaned to remove all organic soil
residues from tephra fragments. The samples were dried and powdered with a vibratory micro mill in
agate mortar. These preparatory tasks were performed at Laboratoire de Géographie Physique (UMR
8591) in Meudon (France). The powdered samples were processed at SARM (CRPG, Nancy, France),
for major elements analysis by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
and trace elements by ICP-Mass Spectroscopy, using the methods described in Carignan et al. (2001).
The sample preparation is based on a lithium borate fusion of the sample, followed by dissolution and
dilution of the fusion products in HNO3 (1 mol 1-1)-H202 (c. 0.5% v/v)- glycerol (c. 10% v/v) mixture
(Govindaraju and Mevelle, 1987). Sample solutions are analysed in a plasma excitation mass
spectrometer (ICP) to quantify the elements present in the rock based on atomic wavelengths emitted
(ICP-AES) or the ion mass (ICP-MS; Jarvis and Williams, 1993). Ten major elements were acquired
using a Thermo Fisher ICan 6500 ICP-AES, whereas 44 trace elements were determined by a Thermo
Fisher IcapQ ICP-MS (presented in Supplementary Material 2). The geochemical comparison of the 52

analysed samples allows to identify and group samples from the same volcano, or the same eruption at
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best. We focussed the geochemical study mostly on immobile major, minor, and trace elements (Fe, Ti,
Th, Y, Zn, Zr), which are unaffected by alteration and weathering (Chayes, 1964; Morrison, 1978; Frick
and Kent, 1984). The content of immobile elements from the tephra samples provides an effective

graphical method to discriminate these tephra samples and therefore determining different eruptions.

3.3.  Geomorphological evolution

In order to evaluate the magnitude and volume involved during the caldera-forming eruption of
Telaga, its pre-eruptive topography was modelled from the topography of the sectors still remaining
using the ShapeVolc algorithm (Lahitte et al., 2012; Dibacto et al., 2020). The constraining points (CPs)
were first extracted from a 30 m-resolution ASTER DEM, i.e. the DEM cells located along the ridges
and planezes that represent the least eroded surfaces (Lavigne et al., 2013; Germa et al., 2015). Then,
the volcanic shape before the caldera-forming eruption was modelled by setting up the parameters that
define the surface of revolution best adjusted to the CPs. Parameters to be fitted were: the summit
location (Xc, Yc); the elevation (Zc); the parameters defining the shape of the generatrix (i.e. the curve
rotating around the center); the distortion parameters (azimuth of the long-axis and eccentricity) that
account for the ellipticity (i.e. the not perfectly circular shape) of the volcano. In addition, the uneroded
surfaces of the current landscape (planezes, ridges, uppermost interfluves remaining after erosion) were
reconstructed, as well as a model of summit-collapse scarp evolution. This allows to compare the pre-
eruptive surface with a model of the erosional evolution to establish the new post-caldera surface.
Finally, we computed the volume balance between modelled surfaces (i.e. each eruptive or erosion
stage), to estimate the volume lost between the pre-eruptive surface and the floor of the caldera in order

to define the size of the eruption (Lahitte et al., 2012; Lavigne et al., 2013).

4. Results

4.1. Stratigraphy and geochronology

Our stratigraphic analysis consists of twenty-four stratigraphic logs, fifteen of which are
presented in Figure 3. Deposits are composed of alternating layers of tephra and paleosols. The three
schematic logs, TL-CP5, KM-8, and TN-CP12, displayed in Figure 4, represent the different types of

deposits found in all sites. The lithological naming (e.g. a, b, ¢ in Fig. 3 and Fig. 4) of the sections is
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independent for each log, i.e., the same unit can be labelled with different letters according to its
stratigraphic position. Paleosols, tephra fallout, and PDC units were correlated between the sections
wherever possible using stratigraphy, geochronology, and geochemistry. The radiocarbon ages (Fig. 3)
are consistent with the stratigraphy and the deposits were emplaced during the late Pleistocene and the

middle Holocene (Fig. 3, Table 2).

4.1.1. Pyroclastic fall deposits

Dark grayish scoria-fall deposits and ballistic bombs are found on 7 out of the 15 sections
presented in Figure 3. The thickest scoria fall deposit (>2 m) is located south and east of Ternate (TN-
CP6-j and TN-CP18-b-c-d; Fig. 3), 4 km from the summit of Mount Gamalama, and consists, as in all
other sections, of a dark moderately sorted scoriaceous lapilli breccia, with juvenile lithic fragments
interbedded with fine and coarse ash and ballistic bombs and blocks up to 10 cm. No alteration horizon
or paleosols interrupt the pyroclastic fallout that is 3 to 5 m thick on Ternate and Maitara. Paleosols
underlying massive succession of 2 to 6 meters of scoria fall deposits on Tidore, Ternate, and Maitara
(TL-CP1, TL-CPS5, TN-CP6, and MATCP4 in Fig. 3) are dated around 14,500 - 13,000 cal. BP (Table

2).

Pumice-fall deposits in nine sections suggest sub-Plinian or Plinian eruptions in the region. We
can observe two groups of pumice fallout based on their white and gray color. The base of 4 sections
located on Ternate (TN-CP10-b, TN-CP17-a, TN-CP6-a in Fig. 3) and Maitara (MAT-CP1-b in Fig. 3,
Supplementary Material 1) displays a 1 to 6 meters thick unit composed of well-sorted, slightly
rounded white pumiceous lapilli and blocks (<10 cm), highly vesicular and glass-rich. On top of these
white pumices and separated by successive paleosols, we note the presence of several units of rounded,
well-sorted grayish pumiceous lapilli (TN-CP10, TN-CP17, TL-CP5, TL-CP1, TN-CP6, TL-CP16/17,
MAT-CP1/4 in Fig. 3). The widely dispersed 10 to 40 cm thick grayish fallout deposits could come
from other Plinian-style (but possibly smaller magnitude) eruptions of the numerous volcanoes in the

area (Mount Telaga, Gamalama, Kie Matubu, Dukono, Ibu, Gamkonora, Makian in Fig. 1).
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4.1.2. Pyroclastic density current deposits

All six sections north-northeast of Tidore (Fig. 3) are composed at their base of stratified
deposits of light-coloured, rounded, normally graded pumiceous lapilli breccia with blocks up to 10 cm
(TL-CP5-b in Fig. 4). These deposits are mostly composed of glass-rich, highly vesicular pumice lapilli
and do not contain a large quantity of lithic fragments (less than 10%). The wavy bedded with low
angle cross-stratification in between, with reversely graded subunits in the TL-CP sections (Fig. 4 and
Fig. 5a) indicate that the pumice deposits are composed of several dilute PDC units (surges). The
dating of four paleosols underlying these dilute PDC deposits on Tidore (TL-section in Fig. 3) reveals
synchronous dates (Table 2): 22,433 + 103 cal. BP, 21,646 + 180 cal. BP, 22,239 + 99 cal. BP, 21,918 +
128 cal. BP, respectively. A new paleosol was formed above the dilute PDCs (pumiceous surge layers)

at about 17, 500 years cal. BP ago (over TL-CP1-3, Fig. 3).

South of Tidore Island, on the western flank of Kie Matubu, section KM-1 is composed of ash
matrix in which pumice and dense juvenile fragments are mixed. The gray pumiceous lapilli and blocks
(10-15 cm in diameter) are angular, moderately vesicular and glass-rich clasts. The dense to poorly
vesicular andesite fragment, highly crystalline and clast size up to angular blocks (> 60 cm), are the
most abundant component on KM-1 section. The KM-1 located at about 100 m and confined to a small
river valley is 8 m thick of dense PDCs and distinctly normally graded. The age of the KM-1 deposit is
provided by charcoal enclosed in a dense PDC deposit west of Kie Matubu (KM-1 in Fig. 3) and dated

to 2669 + 77 cal. BP (Table 2).

On the southeastern flanks of Kie Matubu, located at about 300 m, five sections (KM-3-4-5-6-8)
up to 3 to 8 m thick deposits are composed of two units. At the base of these sections, the most
prominent deposits consist of an ash matrix mixed with unsorted dense andesite lapilli and blocks
fragments, size up to 1 meter in diameter, non-vesicular, angular and crystal-rich (Fig. 3, KM-8 in Fig.
4, Table 1). These monolithological deposits with normal grading indicate that this juvenile component,
dominated by dense fragments, are dense PDCs (block-and-ash flow type). Dense PDC deposits of

KM-3-4-5-6-8 are distinguished from KM-1 deposits by the absence of vesicular pumiceous clasts.
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Dilute PDC (ash-cloud surge type) deposits are observed at the top of the dense PDC deposits (Fig. 3
and KM-8-a in Fig. 4). The lithofacies of these new units are very different to the one on which they
rest (Table 1). Dilute PDC deposits, between 40 cm and 1 m thick, are composed of a matrix of coarse
beige-yellowish ash mixed with gray, dense juvenile non-vesicular lapilli and blocks (>20 cm) that are
similar to the underlying dense PDC deposits (Fig. 3, KM-8-b in Fig. 4, Table 1). Formed 90 cm above
these dilute-PDC deposits (ash-cloud surge type), the most recent paleosol of our study (KM-8-1) is

dated at 740 + 26 cal. BP (Table 2).

On Ternate, on the southeast flank of Gamalama, we were able to identify a second type of
dilute PDC deposits. The TN-CP12 section, located at about 70 m in altitude, is composed of plane-
parallel or diffuse wavy-parallel stratified units with a repetition of thin beds composed of coarse, gray
ash interbedded with fine juvenile lithic lapilli fragments (>3 cm) (TN-CP12-a in Fig. 4 and Fig. 5b).
This massive deposit is located c. 1000 m east of the crater, in the mid-distal zone from the vent and at
least 4 meters thick (we could not reach its base). We interpret these deposits as base surge deposits, not
only based on their lithological and sedimentological characteristics but also by their location (Cas and
Wright, 1987). Indeed, the TN-CP12 section is located about ten meters west of the tuff ring crater of

the Ngade Maar (65 m).

4.2. Geochemical and textural correlation of tephra

4.2.1. Major and minor elements

Among the units described previously, 52 geochemical analyses were carried out and are presented
in Supplementary Material 2. The K>O-SiO; diagram (Fig. 6a) shows that eruptions belong to the calc-
alkaline volcanic series, typical of island volcanic arcs. The geochemical analysis samples span a range

from basaltic-andesite to dacite, although four samples display a more mafic composition (Fig. 6a).

The comparison of major, minor and trace element contents allows to identify and group the
deposits of the same volcano or same eruption. Discrimination of seven geochemical groups (Fig. 6 and

Fig. 7) is based on (i) geochemically similar composition; (ii) correlation of stratigraphic position of
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samples from the same group; (iii) description of the deposit of the hypothetical group and; (iv)

location of the deposit relative to the assumed volcanic source.

In order to differentiate the collected tephras, Fe2O3- and K20 contents are plotted against TiO»-
contents - the three oxide concentrations being affected by magmatic differentiation. However, TiO; is
stable during weathering, leaching and metamorphism process of altered igneous rocks deposits (Fig. 6;
Floyd and Winchester, 1978; Frick and Kent, 1984). From this diagram, several clearly defined groups
of samples are identified and nominated with capital letters. The first two defined clusters, called Group
A and Group B, contain five and seven samples, respectively. These specimens represent a dacitic
cluster and the andesitic compositions in the K2O-SiO> diagram (Fig. 6a). Group A corresponds to
plurimetric white pumice fallout and flow deposits at the base of several logs from Ternate, Tidore, and
Maitara (Fig. 3). However, group B's grayish pumice fallout differs geochemically from Group A by its
Fe>O3 and K>O contents. The three samples of Group C correspond to basaltic specimens in the K>O-
SiO> diagram (Fig.6a). They are sufficiently different from a total population of samples to warrant
being placed in a singular group. Group D includes seven samples of grayish pumice fallout (Fig. 6b).
As can be seen in figure 6b, about 30 samples do not fall in any of these groups and are too scattered to
be aggregated in a single group. This suggests that they were generated by other eruptions. Harker
diagrams with SiO; on the X-axis and all major and minor elements on the Y-axis are presented in
Supplementary Material 2. The first three groups clearly highlighted in Figure 6 with TiO2 on the X-
axis, are not as well differentiated from the rest of the samples in these diagrams, which are even less

discriminating for the remaining 30 samples (see Supplementary Material 2).

4.2.2. Trace elements

Oxide content (FeoO-K»0O) used in figure 6 vary due to their sensitivity to weathering effects.
Therefore, the abundance of minor and trace immobile elements in volcanic rocks, particularly Ti, Zr, Y, Nb
and Th, are used in this study to discriminate products of a subalkaline magma series of each eruption.
Immobile element contents remain the same since the formation of the rock. These elements time-invariant
contents represent a unique "fingerprint" of an eruption (e.g Chayes, 1964; Morrison, 1978; Frick and Kent,

1984; Hastie et al., 2007; Portnyagin et al., 2020). Immobile trace element plots are the most discriminating
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diagrams and allow distinguishing samples that may have similar major and minor geochemical element

contents.

Four immobile trace elements are plotted against TiO> in the Harker-type variation diagram. The four
first groups defined in figure 6 are clearly separated for all immobile trace elements in figure 7. Moreover,
using these diagrams, most other samples (white symbol in Fig. 6) can now be clustered in three other
geochemical groups. Nine grayish andesitic rock samples ranked in Group E were found only on Tidore.
Five of them were sampled from the Kie Matubu flanks (KM- sample, Fig. 7). The sixth group of thirteen
samples, retrieved from mixed ash and scoria falls, is identified as Group F. Being constituted of six well-
sorted and rounded gray pumice samples, Group G clearly refers to the andesitic series in figure 6a. This
group consists of similar grayish pumice fall deposits like those found in groups B and D. However, it is
well separated from them due to its higher TiO; content. According to the geological map of Ternate, the
basaltic-andesite "Gam 1907" sample was collected on a lava flow called Batu Angus, which was formed
during the 1907 effusive eruption of Gamalama (Bronto et al., 1982). The major element contents of "Gam
1907" are similar to the C, F, and G groups. Thus, samples of these groups are likely to have been generated
by Gamalama. The stratigraphic survey and the magmatic evolution of the trace element content between C,
F, and G groups and Gam 1907 suggest they represent several pre-1907 Gamalama eruptions, as further

discussed in section 5.5.

5.  Discussion

The correlation between the stratigraphic position of the tephra samples, the geochronological
constraints of radiocarbon dating, and the geochemical groups are used to provide the first chronology

of the eruptive events that took place on the islands of Ternate and Tidore before the 16™ century.

5.1. Caldera-forming eruption of Telaga (between 22,000 and 17,500 cal. BP)

Based on the coherence of the radiocarbon ages of the underlying and overlying paleosols and the
geochemical homogeneity of the dacitic rocks of group A, the oldest volcanic event presented in this
study is a Plinian eruption of the Telaga volcano, which occurred between 22,000 and 17,500 cal. BP.
This eruption produced thick pumiceous dilute PDCs within the caldera (4 to 10 m thick, Fig. 3), as

well as to the north of the edifice (Fig. 8b and c). The dilute PDCs with pumiceous lapilli size
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fragments are found at Tidore and Maitara up to 4 km from Telaga volcano (Fig. 8a). Simultaneously or
consecutively to the dilute PDCs generated during the collapse of the eruptive column, well-sorted
millimeter to centimeter-sized pumice fallout spread out in the distal zone, up to the north of Ternate,
with a deposit thickness of at least 1 meter (Fig. 8a). The northwestwardly progressive decrease in
thickness of the pumice deposits from north Tidore to Ternate (Fig. 8a) validates the hypothesis of these

deposits originating from Telaga volcano instead of Kie Matubu.

Despite the absence of lithic-rich PDC deposits on Telaga’s slopes, we argue that this Plinian
eruption between 22,000 to 17,500 cal. BP may have formed the present caldera, which is a typical
feature of caldera-forming eruptions. Indeed, the caldera rim is located at only 4 km from the sea,
suggesting that lithic-rich PDCs may be underwater today. At the time of the eruption, the sea level was
about 100 to 115 meters below the present one, leaving a single island connecting Ternate, Maitara,
Tidore, and Halmahera (Sathiamurthy and Voris, 2006). Therefore, the dilute PDCs spread as far as

northwest Maitara and Ternate Island through the current strait, which was emerged at that time.

Based on a numerical reconstruction model of the Telaga cone before the eruption, the volcano
peaked at c. 1,210 m (Fig. 9). The height difference between the pre-eruptive and basal caldera surface
elevations (e.g. 900 meters at the paleosummit level) resulted in a calculated volume of removed

material of 1.20 km? + 0.28 km?® (26 uncertainty, 95% confidence interval).

5.2. Later eruptions of Telaga (c. 16,500 cal. BP)

Geochemical groups B and D, composed of slightly altered gray pumice fallout, may be linked
to more recent Telaga volcano eruptions. These andesitic rocks are geochemically close to those of the
Plinian caldera-forming eruption (group A, Fig. 6a). We conclude that one or more fallout deposits
resulting from one or two sub-Plinian-style eruptions of the Telaga occurred after 16,595 + 127 cal. BP
(Fig. 3 and Table 2). However, it is only a hypothesis that should be corroborated by additional

mineralogical and petrological analyses of samples.
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5.3. Plinian eruption of Gamalama (c. 18,000 - 16,000 cal. BP)

Group G is represented by well-sorted deposits that are composed of angular gray pumice lapilli
fallout with clast size of 3-8 c¢cm in diameter and which is identified in three sections on Ternate (TN-
CP6-3, TN-CP10-2, TN-CP17-1 Fig. 3). It sits is in the same stratigraphic position as group B, i.e.,
above the paleosol overlying the pumice-fall deposits of the caldera-forming eruption. Even if the
stratigraphic position and descriptions found to be the same between the B and G groups, these
significant geochemical discrepancies allow discriminating two volcanoes at the origin of these
deposits. The lapilli (>3 cm) and pumiceous blocks (c. 8-10 cm) found in deposits of thicknesses
between 70 cm and 1.3 m on Ternate suggests that the source of the volcano is close by and cannot
come from one of the volcanoes of the Halmahera arc. The nearest volcanoes of Ternate and Tidore
islands are located at distance of fifty kilometers (Makian, Jailolo) and more than a hundred kilometers
(Gamkonora and Todoko, Fig.1). One of their eruptions could not have deposited such large pumice at
Ternate, even downwind. We conclude that pumice fallout deposits from group G might be the result
from a sub-Plinian eruption of Gamalama, based on the fragment size and deposit thickness at least 2
km from the volcano summit. Paleosols below and above the pumice fallout from a likely Gamalama
eruption yield a '*C age interval between 18,217 + 143 cal. BP and 16,178 + 99 cal. BP (Table 2).
Nevertheless, to validate this hypothesis it would be necessary to have access to the distal downwind
deposits of this eruption on Halmahera island, in order to compare the stratigraphic descriptions and the

geochemistry to group G deposits.

5.4. Vulcanian or strombolian eruptions of Gamalama

The massive deposit over 2 to 5 meters thick at the top of sections MAT-CP4- (i), MAT-CP1-(d-
i), TL-CP1-(h), TN-CP6- (j) (Fig. 3; TN-CP13, MAT-CP2, MAT-CP3 in Supplementary Material 1),
composed of ash fallout, scoriaceous lapilli, juvenile lithic fragments (size up to 2 cm), blocks and
ballistic (up to 10 cm) projections, are overlying paleosols dated around 14,500 - 13,000 cal. BP. This
might be a Gamalama eruption releasing large volumes in a short period, or several successive phases
of the same eruption, which would have lasted several months (e.g., the 9-month eruption of

Galunggung in 1982 in Java, Gerbe et al., 1991), leaving no time for pedogenesis to develop. These



380

385

390

395

400

continuous deposits may suggest a Strombolian or Vulcanian eruption, similar to recent Gamalama

eruptions of VEI 1-2 known since the 16th century (Hidayat et al. 2020b).

5.5. Ngade Maar formation caused by phreato-magmatic eruption (c. 14,500 - 13,000 cal. BP)

The samples of group F, composed of bedded and laminated successions of fine pyroclastic
deposits with ash and scoriae, are found in 5 sections and particularly over several meters thick around
the Ngade maar in Ternate (TN-CP6, TL-CP5, TL-CP1, Fig. 3, Supplementary Material 1). This
geochemical group F is also composed of dilute PDC (base surge) samples from Ternate's TN-CP12
section. The decreasing thickness of these stratified tuff ring deposits from Ternate towards Maitara and
Tidore attests that they were emplaced during a phreatomagmatic eruption that formed the Ngade maar
(Cas and Wright, 1991; Scharf et al., 2001). The interaction between magma and water during the
eruption explains the high fragmentation of the juvenile fragments found in the base surge deposit of

the TN-CP12 section.

Furthermore, the basaltic to andesite composition of Gamalama magmas, represented by the
lava sample from the 1907 CE eruption or by the samples of its last Plinian eruption (group G), is
comparable to the composition of the phreatomagmatic deposits surrounding the maar (Fig. 6 and Fig.
7). From the paleosols beneath the phreatomagmatic deposits, the Ngade maar can be dated
approximately after 14,500 - 13,000 cal. BP (TN-CP1, TN-CP5, MAT-CPI in Table 2, Fig. 3). The
eruption would have started with explosive interactions between magma and water. This interaction
triggered dilute PDCs (base surges), whose ash and gas clouds spread out very quickly, expanding
radially and reaching several kilometers from the source. TN-CP12 (Fig. 5b), about 1 km east of the
crater, displays soft, wavy parallel-bedded facies because these base surge deposits are in the distal
zone (>900 m) of the event. Low angle cross bedding typically found in base surges will be located
closer to the source in the proximal zone (c. 200 m) (Vazquez and Ort, 2006). Then, ballistic
projections composed of lithic lapilli fragments, sometimes forming bomb sags in the eruptive base are
superimposed to form thick fallout. The deposits of the crater of the Ngade maar are incomplete (TN-

CP11, TN-CP12, TN-CP13), reworked and partially missing owing to constructions and quarries linked
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to the progressive extension of the urbanization of Ternate around the maar, limiting the stratigraphic

study.

5.6. Late Holocene eruptions of Kie Matubu (c. 2,669 cal. BP and c. 740 cal. BP)

While the eruptive history of Kie Matubu in Tidore remained totally unknown so far, we
identified at least two eruptions of this volcano during the late Holocene. On the western flank of Kie
Matubu, at 150 m elevation, the KM-1 section is constituted of a coarse massive dense PDC with dense
juvenile blocks and normal grading (Fig. 3 and 4; see 4.1.2 Results section). This highlights a first
basaltic to andesitic eruption of Kie Matubu (group E, Fig. 6), that is constrained to 2,669 + 77 cal. BP
(Table 2, Fig. 3), based on the radiocarbon-dated of a charcoal enclosed in the dense PDCs of KM-1.
These pumice and ash flows may have resulted from Vulcanian-type (or Plinian-type) fountain or
eruption column collapses (as observed during the Soufriere Hills eruption on Montserrat: Cole et al.,
2002; Druitt et al., 2002). The high concentration of pumice-and-ash PDC deposits channelled in
topographic pathways (like the KM-1 section) were likely formed by segregation from collapsing

fountains, which spread away from the event at inferred velocities of c. 10 m.s! (Cole et al., 2002).

On the south-eastern flank of Kie Matubu at 350 m, the KM-3-4-5-6-8 stratigraphic sequences,
3 km from the summit, display unsorted and massive multimetric block-and-ash flows deposits (Fig. 3
and 4; see 4.1.2 Result section), which are overlain by less than 1 m of dilute PDCs (Fig. 3,
Supplementary Material 1). The lower part of the paleosol formed above the dilute PDC deposits in the
KM-8 section, on the east flank of Kie Matubu, yields a l4c age of 740 £ 26 cal. BP (c. 1210 cal. CE)
(Table 2, Fig. 3). However, finding a charcoal within the deposit would help to better refine the age of
the eruption. Thus, the calculated age of 740 + 26 cal. BP (c. 1210 cal. CE) might be slightly younger
than the actual age of the deposits, i.e. the dense PDCs may be older than the 13th century. According
to the stratigraphic sequences and age of the overlying paleosol, this eruptive sequence in KM-3-4-5-6-
8 suggests a second eruption of Kie Matubu prior to the 13th century caused by dome collapse
(Branney & Kokelaar, 2003; e.g Charbonnier and Gertisser, 2011; Gertisser et al., 2012). Block-and-
ash flow deposits are typically associated with steep-sided andesitic volcanic cones during a collapse of

the volcanic dome (e.g for Montserrat : Cole et al., 2002; for Colima : Reyes-Davila et al., 2016).
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Caused by gravitational collapse or explosion of the lava dome, block-and-ash flows can extend up to
10 km or at high velocities (range from 5 to 20 m s™!, the front occasionally up to 60 m s!') and are
controlled by gravity and usually valley-confined (Gertisser et al., 2011; Cole et al., 2002). The PDCs
found in the south-eastern sections are constituted by two phases. Near the ground, a dense current
composed mostly of blocks mixed with ash flows down the slopes at high speed. Above the dense
PDC, a turbulent ash cloud spreads out, and settles over a thickness of about 1 m. The geochemical
similarity of major and trace elements in the KM- sample (Group E) between the western and eastern
Kie Matubu deposits set may suggest a single eruption of this volcano. However, unlike the KM-1
section to the west of the volcano, there is no pumice component in the eastern flank sections (KM-3-4-
5-6-8). In addition, the two radiocarbon ages, one dated from a charcoal in the dense PDC (KM-1,
west) and the second from a paleosol formed above the ash cloud surge (KM-8, east), are outside the 2-
sigma range of the calibrated “C ages. Therefore, the two types of dense PDCs from the western flank

and the eastern flank should be interpreted as separate events.

5.7 Reconsidering volcanic hazard and risk in north Maluku

The late Holocene volcanic activity from Kie Matubu reconstructed here suggests an
unconsidered volcanic risk at Tidore Island. Indeed, this volcano was so far perceived by residents and
authorities as inactive, compared to the nearby Gamalama active volcano. The Ternate authorities have
a detailed Gamalama volcanic hazard map (Bacharudin et al., 1996), a prevention, and an emergency
evacuation plan based on an eruptive scenario of VEI>2 (Marfai et al., 2019). This volcanic risk
management is a result of the knowledge of the recent eruptive history of Gamalama since 16th
century. On the other hand, although the BPBD (National Disaster Management Agency) has an office
based in Tidore, Kie Matubu volcano is not subject to any particular monitoring to this day. This lack of
monitoring and of a specific eruption management plan for the Tidore volcanoes is explained by the
unrecorded eruptive history of Kie Matubu and Telaga volcanoes. Our study reveals two recent
eruptions of Kie Matubu, the latest soon before the 13th century. However, this record is still largely
incomplete. The volcanic unrest of El Chichén volcano in 2000 or Sinabung volcano in 2010 after

respectively 500 and 400 years of quiescence led to the evacuation of thousands of people and the death
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of 2000 people in the case of the Mexican volcano exemplifies the need to study the geological history
of volcanoes considered as dormant (Espindola et al., 2000; Hendrasto et al., 2012). This potential new
volcanic activity would not necessarily cause an unprecedented disaster but would have a great impact

on the population and economy of the North Maluku region.

The recent "Sister Island" program based on the “Sister village” concept (Cho et al., 2016; Mei et al.,
2019, 2018) foresees maritime evacuation of the Ternate inhabitants towards Tidore if Gamalama were
to erupt (Mei et al., 2019; Hidayat et al., 2020a, 2020b). At present, there in no contingency plan in
place to evacuate the population of Tidore to Ternate and neighboring islands in the case of an eruption
of Telaga or Kie Matubu. Governmental and other agencies concentrate their volcanic disaster risk
reduction activities on the 127 volcanoes recognized as being active in this archipelagic country, and
especially on the 77 type A volcanoes, which are those with an active eruptive history after 1600 (77
volcanoes; Pratomo, 2006). Type B volcanoes are those volcanoes having history of eruptions before
1600 (29 volcanoes); and type C volcanoes are those having no historical record of eruptions, but still
show traces of volcanic activity, such as solfatara or fumaroles (Pratomo, 2006). Telaga or Kie Matubu
are not listed in the third category due to the absence of volcanic activity. It is important to mention that
more than 80% of the known eruptions identified in Indonesia occurred since 1900, which indicates the
need to study the geological record of these volcanoes (Siebert et al., 2010). In other words, knowledge
of the geological history by stratigraphic techniques is insufficient and we must keep in mind that the
historical record is still very limited for most volcanoes. This is no exception for the volcanoes of the
Maluku region. If in this work we are interested in the volcanoes of Ternate and Tidore, the geological
and historical record of the active volcanoes of the region (Amasing, Bibinoi, Dukono, Gamkonora,

Ibu, Jailolo, Makian, Tigalalu, Tobaru, Todoko-Ranu - Global Volcanism Program) is unknown.

Conclusions

Based on sedimentary records and tephrostratigraphy, we document in this study the first recent
geologic eruptive history of the Ternate and Tidore islands since c. 22,000 cal. BP, which have been

excluded from volcanological studies so far, and for which no local narrative records are available.
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Telaga’s volcanic activity in Tidore has been characterized by at least two Plinian or sub-plinian
eruptions: a caldera-forming eruption between 22,000 and 17,500 cal. BP. and a second eruption which
occurred c. 16,500 cal. BP. These pyroclastic deposits reveal that Telaga had a lower eruption
frequency since the late Pleistocene, with possible inactivity period during the Holocene. New data
from Gamalama at Ternate reveal that the eruptive style of the volcano has evolved since the late
Pleistocene, suggesting at least one subplinian eruption between 18,000 - 16,000 cal. BP and a
phreatomagmatic eruption on the southern flank that resulted in the formation of the Ngade maar
during the Pleistocene-Holocene transition. Although no eruptive history of Kie Matubu at Tidore has
been recorded to date, the Holocene stratigraphic record reveals the occurrence of two andesitic
eruptions: a first fountain-column collapse eruption 2600 years ago and more recently, a lava-dome
collapse eruption before the 13th century. The eruptive records proposed in this study are still largely
incomplete, due to the complexity and abundance of deposits from the different volcanoes in the
region. Knowledge of the eruptive history aims to contribute to volcanic hazard assessment. This first
geological record from the late Pleistocene to the Holocene provides insight into the scale of
occurrence of the eruption risk at Ternate and Tidore Islands. This partial geological record that
highlights Tidore's volcanic activity might raise the issue of incorporating the risk of dormant
volcanoes into volcanic monitoring and initiate an appropriate management plan at Tidore, despite the
fact that in human memory, the activity of the Kie Matubu and Telaga volcanoes has never threatened

the population.
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Figure 1. Map of North Maluku Province showing the study sites of Ternate and Tidore. The map is
725 based on a ASTER DEM 30 m (acquired in October 2011) and using Arcgis 10.8.



Figure 2. Photographs of a. Maar Tolire northwest of Ternate, formed by a phreatomagmatic eruption
in 1775. b. Tidore island from the Maar Ngade (view from the south of Ternate).
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Figure 3. Location of 15 stratigraphic logs on the islands of Ternate, Maitara, and Tidore. All

elevations are given in meters above sea level.



Lithological description

Interpretation

50 cm of weathering complex topped by a more
evolved, sandy, dark brown, lumpy and compacted soil

Paleosol

50 cm of well-sorted and bedded grayish ashes mixed
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highly vesicular

Pumice-and ash-
fall deposits
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740 Figure 4. Details of 3 stratigraphic logs representative of the two types of deposits (pyroclastic fall and

PDCs) found on 15 sections (see Supplementary Material 1 for the detail of other logs).
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Figure 5. Photographs of a. White
with low angle cross-stratification in between, with reversely graded subunits. b. Gray ash interbedded
with fine lapilli and juvenile fragments characteristic of base-surge deposits on the Ternate section (TN-

CP12). The tape measure is 1 meter long.
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Table 1. Summary of the PDCs features observed in all the Figure 3 sections.

PDC type

Lithological description

Sections in Figure 3

Dense PDCs
(pumice- and
ash-flows)

Dense PDCs
(block-and ash-
flows)

Dilute PDCs
(pumice surges)

Dilute PDCs (ash
cloud surges)

Dilute PDCs
(base surges)

Unsorted and normal grading deposits composed of
gray pumiceous lapilli and blocks (contained clasts up
to 15 cm in diameter), angular, moderately vesicular
and glass-rich, mixed with juvenile dense angular
lapilli and blocks (>60 cm), poorly-vesicular, highly
crystalline blocks

Unsorted and normal grading deposits composed of
gray dense juvenile lapilli and blocks (contained clast
up to 1 m in diameter), angular, non-vesicular andesite
component, highly crystalline, mixed white fine ash

White pumiceous lapilli breccia with highly vesicular,
glass-rich blocks (<10 cm), little rounded, poor in
lithic fragments (less than 10%). Wavy bedded
deposits with low angle cross-stratification in
between, reversely graded subunits

Indurated matrix of coarse beige-yellowish ash mixed
with gray dense juvenile non-vesicular lapilli and
blocks (>20 cm)

Plane-parallel or diffuse wavy-parallel stratified unit
with a repetition of indurated, thin beds of coarse,
grayish ash interbedded with fine juvenile lithic lapilli
fragments

KM-1

KM-5, KM-8

TL-CP1, TL-CP4,
TL-CP5, TL-CP16,
TL-CP17, MAT-CP1,
TN-CP6, TN-
CP10,TN-CP17

KM-5, KM-8

TN-CP12



Table 2. Radiocarbon dates of paleosols between pyroclastic deposits and one charcoal enclosed in

PDC deposits. Samples are sorted by stratigraphic section. The analysis were performed at Direct AMS

(WA, USA) by accelerator mass spectrometry methods. Dates were calibrated using the IntCal20

790 calibration curve (Reimer et al. 2020) in OxCal 4.4 (Bronk Ramsey 2020). Ages are reported at the

95,4% probability range. In each section, samples are listed in stratigraphic order, with the youngest

sample on top.

Lab
(CI;)_de Material Date (BP, 16) Cal. BP (26, 95.4%) Cal. BP (u + 2035 95.4%) Stratigraphic Unit
AMS)
30764  Paleosol 12,101 + 87 13,783 -14,214 13,978 + 129 Between scoria fall and pumice,
below massive scoriae fallout
Between scoria fall and pumice,
32715  Paleosol 12,813 +51 15,128-15,518 15,304 + 99 obove TL.CP1.4/9
32714  Paleosol 13,629 +48 16,295-16,636 16,462 + 88 Between pumice falls, below TL-
CP1-4/9
32713 Paleosol 13,784 + 63 16,490-16,974 16,727 + 126 ggtl“_’gen pumice falls, above TL-
Between dense PDC (below) and
32712 Paleosol 13,708 + 62 16-356-16,861 16,595 + 127 pumice fall (above), below TL-
CP1-6
Between dense PDC (below)
30765 Paleosol 14,291 £ 95 17,089-17,774 17,404 + 185 and pumice fall (above), above
TL-CP1-3
30766 Paleosol 18,513 + 89 22,227-22,671 22,433 +103 gglf_‘;’)thmk dense PDC (TL-
30767 Paleosol 17,819 +103 21,338-22,016 21,646 + 180 Below thick dense PDC
32717 Paleosol 6,990 + 58 7,691-7,935 7,820 + 68 Between scoria fall
13,811-13,950 (29.2%) Between pumice fall (below) and
32716 Paleosol 12,134 247 13000 147140 (66.3%) 14,006 + 86 scoria fall (above)
30768  Paleosol 18,298 + 102 22,042-22,429 22,239 +99 Below thick dense PDC
21,481-21,570 (2.6%) .
32711 Paleosol 18,000 + 69 21.696-22.144 (92.9%) 21,918 £ 128 Below thick dense PDC
37802  Paleosol 11,431 +60 13,176-13,438 13,303 + 70 anll’love succession of pyroclastic
37801  Paleosol 16,109 + 56 19,242-19,576 19,438 + 83 anll’love succession of pyroclastic
2,516-2,590 (23.4%)
32704  Charcoal  2,553+24  2,615-2,636 (10.6%) 2,669 + 77 Enclosing PDC
2,697-2,749 (61.5%)
37795  Paleosol 843 +21 689-784 740 + 26 Above ash fall




9,422-9,628 (94,3%) Between pumice fall (below) and
32709 Paleosol 8528063 g 6459661 (1.1%) 9511 +48 scoria fall (above)
13,531-13,536 (0.5%) Between pumice fall (below) and
37798 - Paleosol  11,855£49 15 505 13 708 (95.0%) 13,698 + 70 scoria fall (above)
14,159-14,610 (70.9%) Between pumice fall (below) and
32707 Paleosol 12,366 245 1, 675 14,840 (24.6%) 14475 £199 scoria fall (above)
32706 Paleosol 12,483 %65 14,304-15,022 14,680 + 201 Between scoria fall (below) and
pumice fall (above)
17,949-18,310 (86.2%) . .
30769 Paleosol 14,899 + 92 18.495-18608 (6.3%) 18,217 + 143 Above thick pumice-PDC
37796 Paleosol 13,434 + 60 15,979-16,370 16,178 £ 99 Above scoria fall
37797 Paleosol 1,744 + 22 1,570-1,706 1,639 + 39 Above ash fall
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Figure 6. Diagrams with of major and minor elements on 50 samples of pyroclastic deposits from
Ternate, Maitara, Tidore islands. a. K20-S102 (%) diagram. b. TiO2 (%) plotted against total iron
Fe>0s3 (%) and KO (%). These TAS diagrams do not include the relative uncertainties inferred from
geochemical content. Major elements have been recalculated to 100% volatile-free. Analytical
uncertainties between 10% (S102) and 20-25% (TiOz, Fe203, K20) is presented in Supplementary

Material 2.
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Figure 7.

® GroupG @ Gamalama 1907

Binary diagrams of immobile trace elements (Th, Nb, Y, Zr) on 50 samples of pyroclastic

deposits from Ternate, Maitara, Tidore islands. Major elements have been recalculated to 100%

volatile-free. These diagrams do not include the analytical uncertainties inferred from the geochemical

content of 6 trace elements, ranging between 5 and 15% (see further details on Supplementary Material

2).
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Figure 9. Topography reconstruction of Telaga volcano on Tidore island prior to the eruption with

ShapeVolc software. The modeling is based on a ASTER DEM 30 m (acquired in October 2011) and
using Arcgis 10.8 and ShapeVolc software developped by Labhitte. P.
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