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Paleo-phreatomagmatic eruption 
on Daru Island, Papua New 
Guinea: evidence for 
carbonate-basalt magma 
mingling and peperite formation

Moira Lunge1,2*, Tsukasa Ohba1 and Takashi Hoshide1

1Earth Resource Science Division, Akita University, Akita, Japan, 2Geological Survey Division, Mineral 
Resources Authority, Port Moresby, Papua New Guinea

This study presents evidence for a maar-type paleo-phreatomagmatic eruption 
on Daru Island, Papua New Guinea (PNG), an understudied region of the 
southwest Pacific. Integrated field observations, petrographic and back-
scattered electron (BSE) ash mapping, mineral chemistry, and whole-rock 
geochemistry reveal that ash generation was controlled by repeated interaction 
between ascending basaltic magma and seawater-saturated carbonate 
sediments at shallow crustal levels. Ash textures, morphologies, vesicularity, 
and juvenile-lithic proportions record spatial changes in quenching efficiency, 
degassing behavior, and sediment entrainment during magma emplacement. 
Three end-member interaction zones were classified based on ash-mapping: (1) 
a marginal quench zone (Dark to Black Ash-type), (2) an intermediate interaction 
zone (Brown Ash-type), and (3) an interior insulated magma zone (Mixed Ash-
type). These variations record repeated fragmentation and recycling of ash 
populations, producing maar-type volcaniclastic tuffs and providing new insights 
into basaltic volcanism processes in carbonate-dominated sedimentary basins 
such as the Fly Platform in PNG. 
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 1 Introduction

Peperites are diagnostic products of magma-sediment interaction, commonly 
formed during phreatomagmatic eruptions when hot magma intrudes unconsolidated, 
water-saturated sediments (e.g., McBirney, 1963; Busby-Spera and White, 1987; 
White, 1996; White and Schmincke, 1999; Lorenz et al., 2002; Skilling et al., 2002; 
Squire and McPhie, 2002; Zimanowski and Büttner, 2002; Iacono-Marziano et al., 2007; 
Mollo et al., 2010; Gozzi et al., 2014; Gao et al., 2024). Such eruptions are driven by 
interaction between ascending magma and external water sources (e.g., groundwater, 
surface water and sea water) leading to rapid heat transfer, magma fragmentation, 
and the formation of fine-grained ash and juvenile glass-rich pyroclastic deposits 
(Sheridan and Wohletz, 1983; Houghton et al., 2015; White and Valentine, 2016; 
Burchardt, 2018; Gurusinga et al., 2023). These deposits provide constraints on 
eruption dynamics and are critical for reconstructing eruptive processes and informing 
volcanic hazard assessment (Mastin and Witter, 2000; Ohba and Kitade, 2005;
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FIGURE 1
Tectonic map of Papua New Guinea (PNG) within the southwestern Pacific region. Red symbols indicate active and extinct volcanoes (up to Pleistocene 
age). Daru Island is located on the southern margin of PNG on the Fly Platform, while the Bismarck Volcanic Arc extends across northern PNG, marking 
the zone of active arc volcanism related to Pacific Plate subduction. Major tectonic plates and plate motion vectors are shown for regional context.

Geshi and Oikawa, 2008; Kósik et al., 2016; Miyabuchi 
et al., 2018; Imura et al., 2021; Maeno et al., 2022; 
Stix et al., 2025; Hamzah et al., 2025).

Papua New Guinea (PNG) is situated at a complex triple plate 
junction between the Australian continental plate, the Pacific 
oceanic plate, and the Caroline sub-oceanic plate, within the 
seismically and volcanically active Pacific Ring of Fire (Figure 1). 
Relative plate motions indicate convergence between the Australian 
plate (∼63 mm/yr) and the Pacific plate (∼67 mm/yr), resolving 
to high convergence rates of 10–11 cm/yr (Holm et al., 2016). 
This geodynamic setting has attracted research interest aimed 
at understanding plate interactions, crustal deformation, and 
basin evolution across Southeast Asia and the southwest Pacific 
region (e.g., Weissel and Watts, 1979; Abbott et al., 1994; 
Hall, 2002; Crowhurst et al., 2004; Baldwin et al., 2012; 
Botsford et al., 2012; Webb et al., 2014; Holm et al., 2015; 
Holm et al., 2016; Holm et al., 2019; Holm et al., 2020; 
Bulois et al., 2018; Brandl et al., 2024).

Explosive volcanism in PNG is associated with the Bismarck 
Volcanic Arc, which hosts some of the country’s most active and 
hazardous volcanoes, including Rabaul, Hargy, Witori, Dakataua, 

Long Island, and Karkar (McKee et al., 1985; McKee et al., 2011; 
McKee, 2015; Firth et al., 2024). As a result, this active volcanic 
arc has been the primary focus of volcanological research, 
hazard assessment, disaster mitigation, and long-term volcano 
monitoring in the region. In contrast, earlier volcanic activity 
within sedimentary basin settings, such as the Fly Platform, 
has received comparatively little attention and remains poorly
constrained.

This study focuses on Daru Island, situated on the Fly 
Platform and mapped within the Daru-Maer (1:250,000) 
geological map sheet. Early geological mapping interpreted the 
island as comprising basaltic tuffs containing Pleistocene coral 
fragments (Willmott, 1972). Building on these foundational 
observations, this study presents the first integrated field, 
petrographic, mineral chemical, and whole-rock geochemical 
evidence for a paleo-phreatomagmatic eruption on Daru Island.

Analytical investigations were undertaken at the 
International School of Earth Resource Sciences, Akita 
University, Japan, providing new constraints on the eruptive 
processes and depositional mechanisms responsible for 
the formation of these deposits.
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FIGURE 2
Geotectonic map showing major geological provinces of PNG (adapted from Davies, 2012). The lower panel presents a schematic cross-section A-A′

extending from the Fly Platform (FP) through the Papuan Fold and Thrust Belt (PFTB) to the New Guinea Thrust Belt (NGTB). Active and dormant 
Quaternary volcanoes are shown, together with volcanic arcs (bold lines indicate active arcs; dashed lines indicate ancient arcs) and mineral deposits 
with associated ages (after Holm et al., 2019) and Quaternary magmatism of Northeast Queensland (after Meeuws et al., 2016).
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FIGURE 3
Map showing the lithological units and sample locations on Daru Island.

2 Geotectonic setting

The Fly Platform is part of the Papuan Basin, a major 
sedimentary basin in southern PNG that developed on the 
northern edge of the Australian continental plate following the 
Late Jurassic to Early Cretaceous breakup of Gondwanaland (Hill 
and Hall, 2002; Hall, 2002). This basin records a geotectonic 
history of continental rifting through passive-margin sedimentation 
to later compressional deformation (Crowhurst et al., 2004; 
Baldwin et al., 2012; Davies, 2012; Sheppard and Cranfield, 2012). 
The deeper basement rocks record Proterozoic to Paleozoic 
tectonic inheritance and are interpreted as part of the Australian 
continental crust. Formation of the Papuan Basin was initiated 
during continental rifting, followed by prolonged passive-margin 
subsidence throughout the Cretaceous. This evolution promoted 
widespread sediment accumulation and the development of thick 
successions of sandstones, siltstones, and limestones deposited in 
long-lived marine to marginal-marine environments. The tectonic 
architecture and crustal configuration are illustrated in cross-section 
A-A′ across southern PNG, extending from the Fly River estuary to 
the northeastern coastline (Figure 2).

The Papuan Basin is bounded to the north by the Papuan 
Fold and Thrust Belt (PFTB), which marks the transition from 
undeformed foreland strata of the Fly Platform to the intensely 
deformed orogenic terranes of the New Guinea Mobile Belt. 
Continued northward motion of the Australian Plate culminated 
in collision with the Pacific Plate during the Late Miocene, 
generating compressional stresses that led to the development of 
the PFTB along the northern margin of the basin (Davies, 2012; 

Sheppard and Cranfield, 2012). This tectonic reorganization 
was accompanied by major episodes of arc magmatism, most 
prominently expressed by the Miocene Maramuni Arc and the 
Pliocene-Quaternary volcanic arc, which contributed to widespread 
magmatism and mineralization along the New Guinea Orogenic 
Belt (Holm et al., 2015; 2016; 2019). Remnants of these magmatic 
events are preserved in the Fly-Highlands region, which hosts 
a chain of dormant Pleistocene volcanoes, including Mount 
Bosavi, Mount Murray, and Mount Hagen (Johnson et al., 1978; 
Hamilton et al., 1983; Mackenzie and Johnson, 1984).

In contrast to its long-standing interpretation as an undeformed 
foreland basin (e.g., Davies, 2012; Sheppard and Cranfield, 2012), 
recent field investigations on the north of Daru Island have identified 
fresh basaltic rocks exposed on the Fly Platform. Radiometric age 
dating yielded an age of approximately 0.57 Ma, indicating volcanic 
activity broadly contemporaneous with volcanism on Daru Island 
and Northeast Queensland (Meeuws et al., 2016) and part of the 
Coral Sea Basin rifting (Bulois et al., 2018). 

3 Field mapping and sampling

Fieldwork was conducted between November 2023 and August 
2024, during which Daru Island was traversed on foot and by boat. 
The island has a flat morphology, with a maximum elevation of 
approximately 10 m above sea level at Red Hill (Figure 3).

Bedrock exposure is limited due to the widespread development 
of oxidized soils and scoria, while the coastline is dominated by 
mangrove swamps underlain by fine, dark mudflat deposits at the 
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FIGURE 4
(a) Overview of Perfume Point with arrows marking outcrop locations and sampled sites, (b) Close up view of basaltic tuff (D1) with wavy textures and 
surfaced filled with shells and amygdales, (c) fine-tuff (D2) intermingled with dark basaltic tuff (D3), (d) Large blocky carbonate clasts (D5) are 
intermingled with basaltic tuff clasts (D4). Large voids are visible in the carbonates. A 32 mm diameter PNG one-kina coin is used as a scale.

fringes. Volcanic and sedimentary lithofacies are exposed along 
the coastal margins and include oxidized lapilli tuffs, basaltic tuffs, 
fine-grained tuffs, and recrystallized limestone units.

Although the outcrops on are strongly oxidized, well-
preserved volcanic successions were identified at Perfume Point 
and selected for detailed petrographic and geochemical analyses. 
These include basaltic tuff (D1), fine tuff (D2) interlayered with 
basaltic tuff (D3), and a large carbonate clast (D5) containing 
basaltic clasts (D4) that display basalt-carbonate mingling textures. 
Outcrops at David’s Point, Bomana Creek, and Iho are like those 
at Perfume Point and were therefore sampled for whole-rock 
geochemical analysis to supplement the dataset. Much of the 
island’s outer margin is submerged, particularly along the eastern 
coastline at Iho and Bomana Creek.

This section describes the field relationships of the volcanic 
tuff units exposed at Perfume Point placing emphasis on lithofacies 
distribution and stratigraphic relationships. 

3.1 Basaltic tuff (D1)

This basaltic tuff unit forms a flat-lying, laterally elongated 
exposure on the seaward side of the beachfront (Figures 4a,b). It 
is dark in colour and comprises a heterogeneous yellow to creamy 
brown, carbonate-rich ash matrix that cements abundant mafic 
crystals, olivine, and pyroxene. The unit is porous and vesicular and 
displays wavy and laminated textures. Seashells and amygdales occur 
on the exposed surface. Structural measurements record a strike of 
020° (NNE) and a dip of 15° toward 240° (SW). 
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TABLE 1 Petrographic characteristics of ash aggregates and lithic carbonate clasts in the studied samples.

Classification Ash 
morphology

Volume 
% of 
ash-
clast

Ash-clast 
size (µm)

Ash-
crystallinity

Ash clast 
vesicularity

Juvenile 
clasts; % 

components 
and 

morphology

Lithic 
morphology; 

% volume

Secondary 
alteration

Basaltic tuff (D1)

Dark to black ash 
(DA) - dominant 
coarse ash

Blocky, sub-angular 
clasts with sharp 
boundaries; locally 
fluidal margins

55%–60% ∼100–600 µm Hypocrystalline Very low (<1%) Ol + cpx ± Cr-Sp ± 
Tit-Mt; Ol is locally 
poikilitic, enclosing 
microlites cpx-Ol; 

85%–90% vol

Elongated to 
blocky and 

subrounded Cb 
clasts are common; 

10–15 vol%

Palagonite rims 
locally; Cb 

cement along 
margins

Brown ash (BA); 
intermediate ash, 
less coarse

sub-rounded to 
rounded; globular to 
microglobular 
morphologies

25%–30% ∼150–400 µm Hypocrystalline Low-moderate 
(1%–5%)

Ol + cpx ± Cr-Sp ± 
Tit-Mt; olivine 

locally poikilitic, 
enclosing 

microlites cpx-Ol; 
70%–75% vol

Elongated to 
blocky and 

subrounded Cb 
clasts; 25–30 vol%

Palagonite 
rims; Cb locally 

developed

Mixed ash (MA); 
fine-grained ash 
type

Chaotic, mixed 
morphologies, 
irregular, elongate to 
blocky

10%–15% <100–300 µm Hypocrystalline Moderate to 
high (>5%)

Ol + cpx ± Cr-Sp ± 
Tit-Mt; hosts DA, 
BA; Ol is fractured 

and replaced by 
Cb; 25–30 vol%

Elongated to 
blocky and 

subrounded Cb 
clasts; 70–75 vol%

Cb-rich 
patches; 

difficult to map 
discretely

Basaltic tuff (D4)

Dark to black ash 
(DA) - coarse 
ash-type

Blocky to 
sub-angular sharp 
margins; locally 
fluidal

55%–60% ∼150 to > 
1,000 µm

Hypocrystalline Very low (<1%) Ol + cpx ± Cr-Sp ± 
Tit-Mt; Ol is locally 
poikilitic, enclosing 
microlites cpx-Ol; 

85%–90% vol

Elongated to 
blocky and 

subrounded Cb 
clasts are common; 

10–15 vol%

Palagonitized 
margins; 
carbonate 

cement 
common

Brown ash (BA) Intermediate ash; 
sub-rounded to 
rounded; globular to 
microglobular 
morphologies

25%–30% ∼150–400 µm Hypocrystalline Low-moderate 
(1%–5%)

Ol + cpx ± Cr-Sp ± 
Tit-Mt; olivine 

locally poikilitic, 
enclosing 

microlites cpx-Ol; 
70%–75% vol

Elongated to 
blocky and 

subrounded Cb 
clasts; 25–30 vol%

Palagonite 
rims; Cb locally 

developed

Mixed ash (MA); 
fine ash type

Chaotic, mixed 
morphologies, 
irregular, elongate to 
blocky

10%–15% <100–300 µm Hypocrystalline Moderate to 
high (>5%)

Ol + cpx ± Cr-Sp ± 
Tit-Mt; hosts DA, 
BA; Ol is fractured 

and replaced by 
Cb; 25–30 vol%

Elongated to 
blocky and 

subrounded Cb 
clasts; 70–75 vol%

Cb-rich 
patches; 

difficult to map 
discretely

Basaltic tuff (D3)

Dark to black ash 
(DA) - dominant 
coarse ash

Blocky, sub-angular 
clasts with sharp 
boundaries; locally 
fluidal margins

55%–60% ∼100–600 µm Hypocrystalline Very low (<1%) Ol + cpx ± Cr-Sp ± 
Tit-Mt; Ol is locally 
poikilitic, enclosing 
microlites and BA; 

35%–40% vol

Elongated to 
blocky and 

subrounded Cb 
clasts are common; 

60–65 vol%

Palagonite rims 
locally; Cb 

cement along 
margins

Brown ash (BA); 
intermediate ash, 
less coarse

sub-rounded to 
rounded; globular to 
microglobular 
morphologies

25%–30% ∼150–400 µm Hypocrystalline Low-moderate 
(1%–5%)

Ol + cpx ± Cr-sp ± 
Tit-Mt olivine 

locally poikilitic, 
enclosing 

microlites and BA; 
45%–50% vol

Elongated to 
blocky and 

subrounded Cb 
clasts; 45–50 vol%

Palagonite 
rims; Cb locally 

developed

Mixed ash (MA); 
fine-grained ash 
type

Chaotic, mixed 
morphologies, 
irregular, elongate, 
blocky, etc

10%–15% <100–300 µm Hypocrystalline Moderate to 
high (>5%)

Ol + cpx ± Cr-Sp ± 
Tit-Mt; hosts DA, 
BA; Ol is fractured 

and replaced by 
Cb; 10%–15% vol

Elongated to 
blocky and 

subrounded Cb 
clasts; 80%–85% 

vol

Cb-rich 
patches; 

difficult to map 
discretely

(Continued)
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TABLE 1 Continued

Classification Ash 
morphology

Volume 
% of 
ash-
clast

Ash-clast 
size (µm)

Ash-
crystallinity

Ash clast 
vesicularity

Juvenile 
clasts; % 

components 
and 

morphology

Lithic 
morphology; 

% volume

Secondary 
alteration

Fine tuff (D2)

Brown ash (BA) Rounded–irregular; 
globular to 
microglobular; 
tightly cemented

55%–60% ∼150–300 Hypocrystalline 
(locally 
microcrystalline 
by alteration)

Low–moderate 
(∼1–5%)

Ol + cpx ± Cr-Sp ± 
Tit-Mt; sparse 

juvenile 
microcrysts; Ol 

relics locally; 15–20 
vol%

Cb common as 
blocky to fluidal 

shaped clasts; 
80–85 vol%

Cb cement 
abundant; 
internal 

heterogeneity 
from alteration/

cement

Dark to black ash 
(DA)

Blocky to 
sub-angular; fluidal 
outlines locally 
preserved, tightly 
cemented

10%–15% ∼100–400 Hypocrystalline Very low (<1%) Ol + cpx ± Cr-Sp ± 
Tit-Mt; very sparse 

juvenile crystals; 
local Ol 

microcrysts/relicts 
80-85 vol%

Cb fragments 
common, locally at 

margins of DA; 
15–20 vol%

Local 
palagonitization; 

Cb cement at 
margins/
interstices

Mixed ash (MA) Chaotic, mixed 
morphologies, 
irregular, elongate, 
blocky, etc

15%–25% <100–300 Hypocrystalline Moderate (>5% 
locally)

Ol + cpx ± Cr-Sp ± 
Tit-Mt; hosts DA + 

BA; 
broken/reworked 

juvenile debris 
(15–20 vol%)

Cb-rich patches; 
dispersed Cb 

fragments; ∼80–85 
vol%

Strong Cb 
infiltration; 

difficult to map 
discretely

Abbreviations: dark to black ash (DA); brown ash (BA); mixed ash (MA); olivine (Ol); clinopyroxene (Cpx); chromium spinel (Cr-Sp); titanomagnetite (Tit-Mt); opaque minerals (Op); 
carbonate (Cb); palagonite (Pal); volume percent (vol%); micrometre (µm).

3.2 Fine-tuff (D2) and basaltic tuff (D3)

The fine tuff and basaltic tuff occur within a single exposure 
approximately 30 m inland from D1 (Figure 4c). This unit 
is flat-lying and comprises thin basaltic tuff layers (up to 
∼10 cm thick) interbedded with thicker fine-welded tuff layers. 
Individual layers are laterally and vertically discontinuous and 
display irregular, intermittent geometries with diffuse and
graded contacts.

The fine tuff is pale yellow to chalky white in colour and is tightly 
cemented by a carbonate-rich ash matrix containing minor basaltic 
tuff clasts. It is well consolidated, more competent, and less porous 
than the associated basaltic tuff. The associated basaltic tuff is dark 
in colour, like the basaltic tuff sampled at D1; however, this unit is 
intermingled with the fine tuff of D2 (Figure 4d). It is composed of 
carbonate-rich ash containing abundant mafic minerals (olivine and 
pyroxene). 

3.3 Basaltic tuff (D4) and carbonate 
formation (D5)

A large, massive, blocky carbonate clast (D5) is mixed 
with basaltic tuff (D4) clasts adjacent to the exposures of 
D2 and D3 (Figure 4D). The basaltic tuff is similar in appearance 
to the basaltic tuffs at D1 and D3. 

4 Analytical methods

4.1 Petrography and mineralogical study

Detailed petrographic and mineralogical investigations were 
conducted and samples were taken from Perfume Point (D1-
D4). Samples were prepared for thin section following standard 
petrographic procedures. They were cut, infused with epoxy resin, 
and mounted onto glass slides, which were then polished to 
a standard thickness of 30 µm. Petrographic observations were 
conducted using a Nikon Eclipse LV100 POL polarizing microscope. 
Scanning electron microscopy (SEM) analyses were also performed 
using a JEOL JSM-IT300LV operated at an accelerating voltage of 
15 kV and a beam current of 2.2 nA. For this, the thin-sections 
were carbon-coated prior to SEM analysis to ensure electrical 
conductivity and minimize charging effects.

Ash morphologies were manually digitized from 
photomicrographs and back-scattered electron (BSE) images by 
tracing individual particle outlines, producing two-dimensional 
cross-sections for quantitative morphometric analysis.

For X-ray diffraction (XRD) analyses, all the samples (D1-D5) 
were crushed and ground into fine powders using an agate mortar. 
The powdered samples were analyzed using a Rigaku MultiFlex 
diffractometer equipped with Cu Kα radiation, operated at 30 kV 
and 16 mA. Diffraction data were collected over a 2θ range of 2°–60°, 
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FIGURE 5
Photomicrographs of D1 and D4 samples showing ash textures, juvenile and lithic components; (a) D1 in PPL view: blocky to sub-angular dark to black 
ash (DA) clasts disseminated within fine-mixed ash (MA) matrix; olivine occurs within some DA clasts, and palagonite is locally developed along brown 
ash (BA) margins. (b) D1 in PPL view: a large angular DA clast hosting a juvenile olivine crystal adjacent to rounded to sub-rounded BA; smaller BA 
particles occur within a carbonate-cemented matrix containing scattered vesicles. (c) D1 in XPL view: juvenile olivine enclosing BA and hosted within 
DA; BA displays globular to microglobular textures with juvenile clasts comprising olivine clinopyroxene and opaque minerals. (d) D1, PPL view: 
heterogeneous assemblage of DA, BA, and MA clasts with amygdales. (e) D4 in PPL view: DA clasts containing juvenile olivine fragments surrounded by 
finer BA and MA; BA shows rounded to irregular morphologies, whereas MA forms a chaotic mixture of angular, globular, and microglobular particles.
(f) D4 in XPL view: enlarged view of juvenile olivine crystals hosted within DA; olivine grain boundaries and fractures are locally rimmed by palagonite. 
Abbreviations: DA = Dark to Black-Ash Type; BA = Brown-Ash Type; MA = Mixed-Ash Type; Ol = Olivine; Cpx = Clinopyroxene; Op = Opaque minerals; 
Pal = Palagonite; V = Vesicles; Cb = Carbonate; Amg = Amygdale.

with a step size of 0.010° and a continuous scan speed of 2°/min. 
A synthetic quartz standard was used to normalize diffraction 
intensities and improve the accuracy of mineral phase identification. 

4.2 Mineral chemistry

The major-element compositions of olivine and olivine-hosted 
melt inclusions (volcanic glass) were analyzed in two representative 

basaltic tuff samples (D1 and D4) using a JEOL JXA-8230 electron 
probe micro-analyzer (EPMA) to constrain magma evolution and 
primary melt chemistry. Olivine crystals were analyzed using a 
10 µm defocused beam at 15 kV and 20 nA, with peak counting 
times of 10–20 s to optimize analytical precision and minimize beam 
damage, whereas melt inclusions were analyzed under identical 
beam conditions but with a reduced current of 15 nA and shorter 
counting times of 5–10 s. Major elements analyzed included SiO2, 
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FIGURE 6
Photomicrographs D3 and D2 samples showing ash textures, juvenile and lithic components all taken in XPL view; (a) D3 showing fluidal to blocky dark 
ash clasts with carbonate and altered olivine inclusions fragments. (b) D3 showing fluidal dark ash clasts within a fine ash matrix with local vesicles. (c)
D3 showing rounded brown ash enclosed within mixed ash and adjacent dark ash clasts with carbonate cement. (d) D2 showing blocky dark ash clasts 
dispersed within a fine ash matrix with subordinate brown ash and lithic carbonate fragments. (e) D2 showing blocky to locally fluidal dark ash clasts 
surrounded by mixed ash and carbonate material. (f) D2 shows a heterogeneous assemblage of dark ash, brown ash, and mixed ash forming the 
dominant groundmass with juvenile olivine and abundant carbonate cement. Abbreviations: DA = Dark to black ash; BA = Brown ash; MA = Mixed ash; 
Cb = Lithic carbonate; Ol = Olivine; V = Vesicles; PPL = Plane-polarized light.

TiO2, Al2O3, Cr2O3, FeO, MnO, MgO, NiO, CaO, Na2O, and 
K2O. Calibration was performed using albite (Na), wollastonite 
(Ca), rutile (Ti), hematite (Fe), nickel oxide (Ni), and forsterite 
(Mg) standards. Olivine compositions were later calculated on 
a cation basis using the GabbroSoft 2011 spreadsheet (http://
www.gabbrosoft.org) to determine forsterite (Fo) contents. The 
melt inclusion compositions were corrected for post-entrapment 
crystallization (PEC) using Petrolog software.

4.3 Whole-rock geochemistry

A total of nine volcanic tuff samples were analyzed for 
whole-rock major, trace-element, and rare earth element (REE) 
compositions using X-ray fluorescence (XRF) and inductively 
coupled plasma-mass spectrometry (ICP-MS) to constrain magma 
source characteristics. Apart from samples observed at Perfume 
Point (D1, D2, D3), the other volcanic tuffs included are from 

Frontiers in Earth Science 09 frontiersin.org

https://doi.org/10.3389/feart.2026.1726923
http://www.gabbrosoft.org
http://www.gabbrosoft.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Lunge et al. 10.3389/feart.2026.1726923

FIGURE 7
BSE images of basaltic tuff (D4); (a) Fine-matrix with Ol-Cpx juvenile clasts including titano-magnetite, Cr-sp, and Sr-rich carbonate infills; (b)
Coarse-matrix Cpx-Ol-Ti-mt, with Ca-P-rich cumulate textures; (c) Zoned poikilitic-Ol hosting, Cr-sp surrounded by coarse cpx-Ol matrix-ash matrix;
(d) Poikilitic-Ol surrounded by coarse ash dominated by aluminosilicate phases, Ca-Sb-phosphate, Ca-Sb silicate. Cr-sp and Ti-mt are deposited on 
top and between the clasts; (e) Ol-crystal with circular carbonate-rich amygdale; (f) Ol with MI and palagonite; (g) Evolved residual glass containing 
Cb-Ol-cpx, carbonate-rich circular amygdale; (h) Ol with Cr-sp and Ca-P inclusions; (i) Coarse ash with Cpx-Ol surrounding poikilitic-Ol with Cr-sp 
ontop; (j) Ol-cpx with MI and vugs in Ol; (k) Alumino-silicates, Sr-rich Cb, Mg-Fe-rich Cb and poikilitic-Ol; (l) Coarse ash with Cpx-Ol-Cr-sp and 
palagonite; (m) Sr-rich Ba in Pal surrounded by coarse ash Ol-Cpx; (n) Fine ash surrounding poikilitic-Ol with Ba deposited ontop; (o) Enlarged view of 
euhedral shaped Sr-rich Ba on Ol; (p) Ol crystal with Ca-enriched clasts with Mn-Mg-Cb phases, Ba, Sr-rich carbonate, Ba and Cr-sp; (q) Cr-sp in Ol 
crystals; (r) Circular carbonates with high Fe-Mn-Sr-enrichments, (s) Multiple Ol crystals with Fo compositions and Cr-sp; (t) Enlarged views showing 
Cr-sp occur interstitial with the Ol crystals; Abbreviations: olivine (Ol); clinopyroxene (Cpx); titanomagnetite (Ti-mt); chrome-spinel (Cr-sp); melt 
inclusion (MI); carbonate (Cb); palagonite (Pal); forsterite content (Fo, mol%); strontium (Sr); barium (Ba); manganese (Mn); magnesium (Mg).
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FIGURE 8
XRD patterns; (a) D5 with aragonite (CaCO3) peaks, (b) D1 with 
calcium sodium manganese catera alumno silicate, iron (III) chromium 
titanium, and manganese aluminum iron, (c) D4 preserving primary 
magmatic phases, chromium titanium, magnesium aluminum iron, 
and forsterite.

David’s Corner (D8-D9), Red Hill (D12), Bomana Creek (D15), and 
Iho (D18) (refer to Figure 3). These samples were first pulverized 
using a tungsten carbide mill then a 3 g aliquot of each powdered 
sample was used to determine Loss on Ignition (LOI) by sequential 
heating to 900 °C.

For XRF analysis, 0.8 g of the powdered sample was fused 
with lithium borate flux (Merck Spectromelt® A10 and A20) at a 
1:5 rock-to-flux ratio and melted in a platinum mold to produce 
homogeneous glass beads, thereby minimizing matrix effects and 
improving analytical precision. Bulk major-element and selected 
trace-element concentrations were measured using a Rigaku ZSX 
Primus II XRF spectrometer.

The REE concentrations were determined by ICP-MS following 
digestion of approximately 0.3 g of powdered sample in a three-
acid mixture (HF-HNO3-HClO4), heated at 135 °C for 1–2 days. 
The resulting solutions were diluted, acidified, filtered, and stored 
prior to analysis. Quality control procedures included analytical 
blanks, sample duplicates, and certified reference materials (JG-2) 
to maintain high standard and accuracy. 

5 Results

5.1 Petrography and mineralogical study

Based on petrographic ash-mapping of the basaltic tuffs and 
fine tuffs, three colour-defined ash types were identified (Table 1): 
dark to black ash, brown ash, and mixed ash. In this study, each ash 
type is treated and referred to as an individual ash clast. Samples 
are classified according to their dominant ash-clast type and are 
further characterised in terms of ash-clast morphology, volume 
percentage of ash clasts (including grain-size ranges), degree of 
crystallinity, vesicularity, and the relative proportions of juvenile and 
lithic components.

Juvenile clasts are dominated by olivine- and pyroxene-bearing 
fragments, whereas lithic clasts are primarily carbonate-derived. 
Both components exhibit variations in size, morphology, and 
distribution across individual units.

The ash populations in the basaltic tuffs of D1 and D4 
display similar textural characteristics and are therefore described 
together (Figure 5). In contrast, the fine tuff (D2) and basaltic tuff 
(D3) occur as intermittently interlayered units and are discussed 
separately (Figure 6).

Figure 7 presents representative BSE images of the basaltic 
tuff (D4), highlighting mineral phases and microtextural 
features not resolvable by standard optical microscopy, including 
opaque minerals. 

5.1.1 Basaltic tuff (D1)

Dark to black ash is the dominant ash type comprising ∼55–60 
volume percentage (vol%) of the ash matrix in this rock sample. 
The ash-clasts are coarser grained (∼100–600 µm), blocky to sub-
angular morphology, and preserve fluidal margins (Figure 5a). 
The ash is hypocrystalline and exhibits uniformly very 
low vesicularity (<1%). Dark ash clasts are dominated by 
juvenile components (∼85–90 vol%), consisting of olivine and 
clinopyroxene. Olivine commonly displays poikilitic textures, 
enclosing clinopyroxene-olivine microlites. Lithic components 
are subordinate (∼10–15 vol%) and occur as elongated to 
blocky, sub-rounded carbonate fragments incorporated within 
the ash clasts. Palagonite alteration is locally developed along
ash margins.

Brown ash forms an intermediate ash-clast component (∼25–30 
vol%) and is characterized by sub-rounded to rounded, globular to 
microglobular clasts with grain sizes of ∼150–400 µm (Figure 5b). 
The ash is hypocrystalline and exhibits low to moderate vesicularity 
(∼1%–5%). Brown ash clasts contain juvenile crystals (olivine and 
clinopyroxene) like those in the dark to black ash clasts, but 
in lower proportions (∼70–75 vol%). Lithic carbonate fragments 
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TABLE 2 The EPMA results show the major element compositions of olivine crystals from samples D1 and D4.

a) Sample_D1 1 2 3 4 5 6 7 8 9 10 11 12 13

SiO2 39.41 39.63 39.81 39.83 40.22 39.17 39.46 39.26 39.49 38.62 38.82 39.95 39.69

TiO2 0.03 0.00 0.00 0.04 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.01 0.03

Al2O3 0.01 0.12 0.03 0.02 0.00 0.03 0.03 0.04 0.00 0.03 0.03 0.04 0.05

Cr2O3 0.03 0.00 0.05 0.00 0.03 0.00 0.04 0.04 0.03 0.02 0.01 0.03 0.01

FeO 16.09 11.54 11.49 11.43 11.40 11.46 11.46 11.43 11.36 11.83 11.62 11.63 11.35

MnO 0.26 0.10 0.14 0.16 0.14 0.13 0.15 0.12 0.14 0.13 0.15 0.13 0.14

MgO 45.42 48.36 49.56 48.50 48.98 48.51 49.31 47.69 48.77 47.54 47.87 47.87 48.56

NiO 0.12 0.34 0.32 0.39 0.40 0.33 0.32 0.25 0.35 0.39 0.38 0.42 0.43

CaO 0.35 0.09 0.05 0.05 0.04 0.09 0.05 0.08 0.05 0.11 0.05 0.06 0.07

Na2O 0.01 0.03 0.00 0.00 0.00 0.06 0.02 0.00 0.01 0.02 0.00 0.00 0.00

K2O 0.00 0.04 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01

P2O5 0.02 0.03 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.03 0.03 0.00

Total 101.76 100.27 101.44 100.42 101.22 99.82 100.85 98.91 100.21 98.71 98.96 100.15 100.32

Si 0.98 0.98 0.97 0.98 0.98 0.97 0.97 0.98 0.98 0.97 0.97 0.99 0.98

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 0.33 0.24 0.23 0.24 0.23 0.24 0.24 0.24 0.24 0.25 0.24 0.24 0.23

Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 1.68 1.78 1.81 1.78 1.79 1.80 1.81 1.78 1.80 1.79 1.79 1.77 1.79

Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01

TOTAL 3.02 3.01 3.02 3.01 3.01 3.02 3.02 3.01 3.02 3.02 3.02 3.00 3.01

Fo 83.20 88.10 88.37 88.18 88.33 88.18 88.33 88.04 88.31 87.63 87.88 87.89 88.28

Fa 16.53 11.80 11.50 11.66 11.53 11.69 11.52 11.83 11.54 12.23 11.97 11.98 11.57

Tp 0.27 0.11 0.14 0.17 0.14 0.13 0.15 0.13 0.15 0.14 0.15 0.13 0.14

XFeO(l)/XMgO(l) 0.66 0.45 0.43 0.44 0.44 0.44 0.43 0.45 0.44 0.47 0.45 0.45 0.44

Fe2+/(Fe2++Mg) 0.17 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12

Mg/(Fe2++Mg) 0.83 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88

14 15 16 17 18 19 20 21 22 23 24 25 26 27

40.07 37.54 38.52 39.17 38.45 39.32 39.24 38.99 37.77 34.95 40.49 42.34 41.57 40.39

0.03 0.00 0.05 0.03 0.04 0.02 0.03 0.04 0.09 0.87 0.00 0.06 0.02 0.01

0.05 0.12 0.12 0.01 0.40 0.07 0.06 0.02 0.07 0.77 0.04 0.17 0.01 0.07

0.00 0.00 0.03 0.01 0.00 0.02 0.17 0.04 0.02 1.46 0.00 0.04 0.02 0.03

11.17 17.02 17.90 15.96 16.94 15.83 15.36 16.47 18.24 22.05 11.60 12.21 10.63 14.44

0.19 0.26 0.27 0.19 0.25 0.20 0.21 0.21 0.31 0.35 0.21 0.20 0.12 0.21

49.53 42.37 41.48 45.48 43.60 45.47 45.05 44.01 43.01 39.36 47.56 49.56 49.62 46.61

0.36 0.18 0.06 0.23 0.18 0.22 0.23 0.23 0.23 0.08 0.28 0.24 0.34 0.30

0.14 0.31 0.39 0.33 0.43 0.27 0.28 0.35 0.39 0.45 0.07 0.27 0.05 0.13

0.02 0.04 0.01 0.00 0.07 0.00 0.00 0.04 0.01 0.06 0.02 0.04 0.00 0.01

(Continued)
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TABLE 2 Continued

14 15 16 17 18 19 20 21 22 23 24 25 26 27

0.01 0.01 0.00 0.00 0.06 0.00 0.00 0.01 0.02 0.01 0.01 0.00 0.01 0.00

0.00 0.03 0.05 0.01 0.00 0.00 0.01 0.01 0.00 0.05 0.00 0.03 0.00 0.03

101.55 97.88 98.88 101.42 100.43 101.43 100.64 100.42 100.15 100.46 100.27 105.15 102.37 102.23

0.98 0.98 0.99 0.98 0.97 0.98 0.98 0.99 0.97 0.92 1.00 1.00 1.00 0.99

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00

0.23 0.37 0.39 0.33 0.36 0.33 0.32 0.35 0.39 0.48 0.24 0.24 0.21 0.30

0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00

1.80 1.65 1.60 1.69 1.65 1.69 1.68 1.66 1.64 1.54 1.75 1.74 1.78 1.70

0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01

3.02 3.02 3.00 3.02 3.02 3.01 3.01 3.01 3.02 3.04 3.00 3.00 2.99 3.00

88.60 81.39 80.28 83.38 81.88 83.49 83.76 82.47 80.51 75.80 87.78 87.68 89.17 85.01

11.20 18.33 19.43 16.41 17.85 16.30 16.02 17.31 19.16 23.82 12.00 12.12 10.72 14.78

0.20 0.28 0.29 0.20 0.27 0.21 0.22 0.22 0.33 0.39 0.22 0.20 0.12 0.21

0.42 0.75 0.81 0.66 0.73 0.65 0.64 0.70 0.79 1.05 0.46 0.46 0.40 0.58

0.11 0.18 0.19 0.16 0.18 0.16 0.16 0.17 0.19 0.24 0.12 0.12 0.11 0.15

0.89 0.82 0.81 0.84 0.82 0.84 0.84 0.83 0.81 0.76 0.88 0.88 0.89 0.85

b) Sample_D4 1 2 3 4 5 6 7 8 9 10 11 12

SiO2 39.89 39.63 38.98 39.26 39.26 38.64 38.55 38.82 39.19 39.37 38.41 38.46

TiO2 0.04 0.03 0.01 0.04 0.03 0.07 0.03 0.00 0.01 0.00 0.02 0.05

Al2O3 0.00 0.01 0.04 0.03 0.02 0.03 0.01 0.01 0.14 0.05 0.04 0.09

Cr2O3 0.01 0.00 0.05 0.04 0.04 0.02 0.04 0.01 0.02 0.03 0.07 0.01

FeO 11.40 13.80 15.90 14.42 15.78 17.03 16.03 16.76 16.34 15.91 16.28 16.98

MnO 0.17 0.14 0.19 0.18 0.20 0.23 0.21 0.22 0.26 0.23 0.20 0.19

MgO 48.44 46.76 44.80 45.77 45.68 43.90 45.01 44.67 44.45 44.82 45.05 43.86

NiO 0.34 0.33 0.22 0.29 0.24 0.17 0.27 0.26 0.15 0.22 0.22 0.29

CaO 0.06 0.07 0.12 0.14 0.24 0.27 0.15 0.09 0.25 0.19 0.13 0.22

Na2O 0.00 0.00 0.07 0.04 0.03 0.00 0.01 0.01 0.00 0.00 0.05 0.01

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00

P2O5 0.00 0.00 0.06 0.00 0.05 0.03 0.00 0.00 0.00 0.02 0.02 0.02

Total 100.34 100.76 100.44 100.21 101.57 100.38 100.31 100.86 100.80 100.85 100.49 100.17

Si 0.98 0.98 0.98 0.98 0.98 0.98 0.97 0.98 0.98 0.99 0.97 0.98

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 0.24 0.29 0.34 0.30 0.33 0.36 0.34 0.35 0.34 0.33 0.34 0.36

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

Mg 1.78 1.73 1.68 1.71 1.70 1.66 1.70 1.68 1.66 1.67 1.70 1.66

(Continued)
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TABLE 2 Continued

b) Sample_D4 1 2 3 4 5 6 7 8 9 10 11 12

Ca 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01

TOTAL 3.01 3.01 3.01 3.01 3.02 3.01 3.02 3.02 3.01 3.01 3.02 3.01

Fo 88.18 85.67 83.23 84.82 83.60 81.93 83.17 82.42 82.68 83.19 82.97 82.00

Fa 11.64 14.18 16.57 14.99 16.20 17.83 16.62 17.35 17.05 16.57 16.82 17.80

Tp 0.18 0.14 0.20 0.19 0.21 0.24 0.22 0.23 0.27 0.24 0.21 0.20

XFeO(l)/XMgO(l) 0.44 0.55 0.66 0.59 0.65 0.73 0.67 0.70 0.69 0.66 0.68 0.72

Fe2+/(Fe2++Mg) 0.12 0.14 0.17 0.15 0.16 0.18 0.17 0.17 0.17 0.17 0.17 0.18

Mg/(Fe2++Mg) 0.88 0.86 0.83 0.85 0.84 0.82 0.83 0.83 0.83 0.83 0.83 0.82

13 14 15 16 17 18 19 20 21 22 23

39.09 38.87 38.94 39.01 38.86 38.83 39.08 39.11 38.77 39.33 38.73

0.07 0.14 0.05 0.01 0.00 0.00 0.01 0.04 0.04 0.00 0.04

0.05 0.70 0.57 0.02 0.03 0.00 0.03 0.04 0.05 0.05 0.06

0.03 0.24 0.05 0.04 0.04 0.07 0.03 0.03 0.01 0.03 0.06

15.90 17.62 16.09 15.91 16.04 17.23 16.35 17.70 17.96 15.93 17.40

0.25 0.27 0.22 0.25 0.18 0.20 0.21 0.26 0.23 0.25 0.23

45.71 41.17 42.88 44.92 44.78 44.39 44.35 44.29 43.99 45.13 44.09

0.21 0.17 0.24 0.22 0.29 0.25 0.23 0.21 0.17 0.18 0.17

0.23 0.61 0.35 0.25 0.18 0.13 0.13 0.29 0.27 0.25 0.28

0.03 0.01 0.02 0.02 0.02 0.00 0.04 0.01 0.01 0.04 0.03

0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

0.03 0.10 0.02 0.00 0.00 0.04 0.04 0.00 0.00 0.02 0.00

101.59 99.91 99.46 100.66 100.43 101.16 100.50 101.98 101.49 101.20 101.10

0.97 0.99 0.99 0.98 0.98 0.98 0.99 0.98 0.98 0.98 0.98

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.33 0.38 0.34 0.33 0.34 0.36 0.34 0.37 0.38 0.33 0.37

0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00

1.70 1.57 1.63 1.68 1.68 1.67 1.67 1.65 1.65 1.68 1.66

0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00

3.02 2.99 3.00 3.01 3.01 3.02 3.01 3.02 3.02 3.01 3.02

83.46 80.40 82.41 83.20 83.11 81.94 82.68 81.46 81.17 83.26 81.68

16.28 19.30 17.35 16.53 16.70 17.84 17.09 18.26 18.59 16.48 18.08

0.26 0.30 0.24 0.26 0.19 0.21 0.23 0.27 0.24 0.26 0.24

0.65 0.80 0.70 0.66 0.67 0.73 0.69 0.75 0.76 0.66 0.74

0.16 0.19 0.17 0.17 0.17 0.18 0.17 0.18 0.19 0.17 0.18

0.84 0.81 0.83 0.83 0.83 0.82 0.83 0.82 0.81 0.83 0.82
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FIGURE 9
Plots of forsterite (Fo) content versus NiO and CaO concentrations in olivine crystals from basaltic tuffs (D1 and D4). In both samples, NiO 
concentrations increase with increasing Fo content, defining a positive correlation. In contrast, CaO concentrations decrease as Fo increases. Red 
dotted lines indicate the general direction of the observed trends. (a) NiO. (b) CaO.

FIGURE 10
BSE images of olivine in basaltic tuff (D4), (a) Zoned poikilitic olivine (Fo83-Fo85) enclosed within a microlithic groundmass composed of olivine, 
clinopyroxene, and Cr-spinel, locally cemented by carbonate. (b) Homogeneous pokilitic olivine clasts with consistently high forsterite contents 
(Fo88-Fo89), based on EPMA spot analyses.

are more abundant (∼25–30 vol%), and palagonite alteration is 
pervasive along clast margins. Brown ash is commonly observed 
trapped within olivine juvenile crystals of the dark to black ash 
clast type (Figure 5c).

Mixed ash constitutes a minor component (∼10–15 vol%) 
of the ash clasts and is characterized by finer grain-size 
ranges (<100–300 µm), chaotic morphologies, and diffuse clast 
boundaries (Figures 5d,e). The ash is hypocrystalline and exhibits 
moderate to high vesicularity (>5%). Mixed ash clasts contain 
a subordinate juvenile component (∼25–30 vol%), composed of 
olivine and clinopyroxene; olivine crystals are commonly fractured 
and locally replaced by carbonate, displaying clear pseudomorphic 
replacement textures. Lithic carbonate material dominates the 
mixed ash clasts (∼70–75 vol%). 

5.1.2 Basaltic tuff (D4)

Dark to black ash is the dominant ash clasts (∼55–60 vol%) 
and occurs as blocky to sub-angular clasts with sharp margins and 
locally fluidal shapes (Figure 5e). Ash-sizes range from ∼150 µm 
to > 1,000 µm and is hypocrystalline with low vesicularity (<1%). 
Juvenile crystals, olivine and clinopyroxene are dominant ash 
components (∼85–90 vol%) with similar crystal textures to those 
observed in the Dark to black ash type of D1. Carbonates are the 
predominant lithic components however are less observed (∼10–15 
vol%). Palagonite alteration along the margins.

Brown ash is the intermediate ash clast (∼25–30 vol%) 
having sub-rounded to rounded, globular to microglobular clasts 
morphologies with varying sizes (∼150–400 µm). This ash clast is 
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FIGURE 11
Binary variation diagrams showing SiO2 (wt%) versus major and volatile components for PEC-corrected melt inclusions hosted in olivine crystals. Plots 
include SiO2 versus: (a) MgO, (b) FeOt, (c) Al2O3, (d) CaO, (e) K2O, (f) Na2O, (g) TiO2, (h) MnO, (i) P2O5, and trace volatiles (j) Cl and (k) SO3. Major oxides 
are expressed in wt% and volatile components in wt% equivalent. These trends illustrate systematic compositional variations associated with melt 
evolution following post-entrapment crystallization correction.

also hypocrystalline with low to moderate vesicularity (∼1%–5%) 
and contains abundant juvenile crystals dominated by olivine and 
clinopyroxene (∼70–75 vol%), with olivine commonly showing 
poikilitic textures. Lithic carbonate clasts account for ∼25–30 vol%, 
occurring as elongated to blocky, sub-rounded carbonate fragments 
dispersed within the ash clasts. Palagonite are common. Brown ash-
type is often seen trapped within the olivine juvenile crystals in the 
dark to black ash clast type (Figure 5f).

Mixed ash constitutes a minor component (∼10–15 vol%) 
of the ash clasts and is characterized by finer grain-size 
ranges (<100–300 µm), chaotic morphologies, and diffuse clast 
boundaries (Figures 5e,f). The ash is hypocrystalline and exhibits 
moderate to high vesicularity (>5%). Mixed ash clasts contain 
a subordinate juvenile component (∼25–30 vol%), composed of 
olivine and clinopyroxene; olivine crystals are commonly fractured 
and locally replaced by carbonate, displaying clear pseudomorphic 
replacement textures. Lithic carbonate material dominates the 
mixed ash clasts (∼70–75 vol%).

Melt inclusions are well preserved within olivine (Figure 7j) and 
occur in association with juvenile phases such as chrome-spinel, 
titanomagnetite, and Ca-rich amygdales that are not readily detected 
by optical microscopy (Figure 7e). 

5.1.3 Basaltic tuff (D3)

Dark to black ash is the dominant ash type (∼55–60 vol%) 
and is coarse grained (∼100–600 µm), forming blocky to sub-
angular clasts with sharp boundaries and locally preserved 
fluidal margins (Figure 6a). The ash is hypocrystalline with 
uniformly very low vesicularity (<1%). Lithic carbonate fragments 
are abundant (∼60–65 vol%) and occur as elongated to blocky, 
subrounded clasts concentrated along ash-clast margins, whereas 
juvenile crystals (∼35–40 vol%) consist of olivine and clinopyroxene. 
Palagonite alteration is locally developed.

Brown ash forms a significant secondary ash type in D3 
(∼25–30 vol%). Ash clasts are sub-rounded to rounded, with 
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FIGURE 12
BSE image showing representative melt inclusions hosted within 
olivine crystals from the Daru Island basaltic tuffs.

globular to microglobular morphologies and grain sizes of 
∼150–400 µm (Figure 5b). The ash is hypocrystalline and exhibits 
low to moderate vesicularity (∼1–5%). Juvenile components 
(∼45–50 vol%) consist of olivine and clinopyroxene. Lithic carbonate 
fragments occur in comparable proportions (∼45–50 vol%) as 
elongated to blocky, subrounded clasts. Palagonite alteration rims 
are common.

Mixed ash represents a minor component (10–15 vol%) of 
the ash types and are finer grained (<100–300 µm) characterized 
by chaotic, irregular morphologies, including elongate and 
blocky forms with diffuse boundaries (Figures 5d,e). The ash is 
hypocrystalline and exhibits moderate to high vesicularity (>5%). 
Juvenile components are subordinate (∼10–15 vol%) and consist 
of olivine and clinopyroxene commonly hosted within dark and 
brown ash clasts. Olivine crystals are frequently fractured and 
locally replaced by carbonate, producing clear pseudomorphic 
replacement textures. Lithic carbonate fragments dominate the 
mixed ash (∼80–85 vol%) and are difficult to map discretely. 

5.1.4 Fine tuff (D2)

Brown ash is the dominant ash type (∼55–60 vol%), consisting 
of tightly cemented ash clasts with fluidal, subrounded to blocky, 
globular to microglobular morphologies and grain sizes of 
∼150–300 µm. The ash is hypocrystalline, locally transitioning to 
microcrystalline exhibiting low to moderate vesicularity (∼1–5%). 
Lithic carbonate fragments dominate the ash population (∼80–85 
vol%) and occur as fluidal-shaped to blocky clasts distributed 
throughout the ash matrix. Juvenile components are sparse (∼15–20 
vol%) and comprise olivine and clinopyroxene, with olivine grains 
commonly exhibiting pseudomorphic replacement textures.

Dark to black ash constitutes ∼10–15 vol% of the total ash 
population. The ash clasts are blocky to sub-angular, with locally 
preserved fluidal margins, and are tightly cemented. Clast sizes range 
from ∼100 to 400 µm. The ash is hypocrystalline and exhibits very 
low vesicularity (<1%). Juvenile components are dominant (∼80–85 
vol%) and consist of olivine and clinopyroxene. Lithic carbonate 

fragments are concentrated along accounting for ∼15–20 vol% of the 
ash-clast volume.

Mixed ash forms a minor component of the ash population 
(15–25 vol%) and is characterized by fine-grained (<100–300 µm), 
hypocrystalline clasts with chaotic, irregular to elongate 
morphologies and diffuse boundaries (Figure 6f). Vesicularity 
is high, locally exceeding 5%. Juvenile material is subordinate 
(15–20 vol%) and comprises fractured and pseudomorphic olivine 
and clinopyroxene. Lithic carbonate material is volumetrically 
dominant (80–85 vol%), occurring as diffuse patches and pervasive 
infiltrations within the ash matrix, locally obscuring individual clast 
boundaries. 

5.1.5 XRD mineralogy

XRD analyses were performed to identify crystalline mineral 
phases in carbonate and basaltic tuff samples (Figures 8a–c). 
The carbonate sample (D5) is dominated by diffraction peaks 
attributable to aragonite (Figure 8a), with no significant silicate 
phases detected. The basaltic tuff samples (D1 and D4) exhibit 
more complex diffraction patterns (Figures 8b,c). Identified phases 
include Mg-Al-Fe oxides, Fe-Cr-Ti-bearing phases, and Ca-Na-Mn 
aluminosilicate components. Forsterite is present in sample D4. 

5.2 Mineral chemistry

5.2.1 Olivine

The EPMA results for olivine clasts from the basaltic tuff (D1 
and D4) are presented in Table 2. D1 compositions shows forsterite 
contents ranging from Fo76 to Fo89, whereas D4 ranges from Fo80 to 
Fo88, these values suggest magmas derived from primitive mantle. 
The olivine analyses show compositional relationships, with CaO 
content decreasing with increasing Fo values, while NiO contents 
increase with increasing Fo (Figure 9). These trends are consistently 
observed across olivine clasts from both samples. Figure 10 shows 
representative olivine grains displaying reverse zoning and zones of 
elevated forsterite content. 

5.2.2 Melt inclusions (glass)

Figure 11 illustrates variations in major element compositions 
versus SiO2 for PEC-corrected olivine hosted melt inclusions (MI, 
example in Figure 12). The PEC-corrected melt compositions 
span a basaltic to basaltic-andesitic range, with SiO2 contents of 
40.1–57.8 wt%, MgO of 3.5–9.9 wt%, FeO of 7.4–11.5 wt%, Fe2O3
0.99–3.61 wt%, CaO of 5.5–15.2 wt%, Al2O3 of 11.2–16.2 wt%, 
TiO2 of 2.5–3.0 wt%, Na2O of 1.1–6.6 wt%, and K2O of 
1.5–3.9 wt% (Table 3).

Application of the PEC correction results in only minor 
compositional adjustments, with the most notable effect being 
a slight increase in FeO contents, whereas MgO concentrations 
remain unaffected. This indicates limited post-entrapment 
crystallization or diffusive re-equilibration. The corrected melt 
compositions are in equilibrium with host olivine compositions 
ranging from Fo87 to Fo70, corresponding to calculated 
crystallization temperatures of 1,377 °C–1,063 °C. 
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TABLE 3 Chemistry of Melt Inclusion in olivine.

EPMA measurement for melt inclusions in olivine

Glass# 1 2 3 4 5 6 7 8 9 10 11

SiO2 45.53 45.73 46.24 46.94 46.46 47.70 41.33 43.18 38.51 52.78 46.16

MgO 4.05 4.66 5.01 7.38 6.80 7.24 3.88 3.65 9.47 3.23 4.16

FeO 11.38 11.42 10.73 10.21 10.71 9.68 11.37 11.67 14.18 7.53 11.43

CaO 10.15 11.55 11.42 14.94 14.11 14.58 10.24 10.33 5.30 8.25 9.86

Al2O3 16.16 15.02 14.74 12.42 12.53 10.70 15.17 14.33 14.51 13.67 15.94

TiO2 2.56 2.81 2.38 2.73 2.58 2.81 2.85 2.56 2.35 2.39 2.95

Na2O 4.82 4.20 4.25 1.93 2.65 1.09 4.42 3.99 6.33 1.00 4.52

K2O 3.28 3.15 3.16 1.94 2.27 1.42 3.42 3.43 3.74 1.82 3.24

MnO 0.18 0.15 0.20 0.13 0.22 0.09 0.15 0.14 0.15 0.04 0.17

P2O5 1.19 1.33 1.30 0.91 0.93 0.53 1.17 1.23 1.08 0.50 1.19

SO3 0.12 0.13 0.16 0.14 0.06 0.06 0.12 0.12 0.28 0.03 0.12

Cl 0.28 0.20 0.23 0.13 0.14 0.10 0.23 0.21 0.22 0.06 0.23

Total 99.70 100.32 99.81 99.80 99.46 96.00 94.34 94.84 96.13 91.29 99.96

PEC correction for melt inclusions in olivine

1 2 3 4 5 6 7 8 9 10 11

SiO2 45.75 45.63 46.41 47.08 46.72 49.69 43.87 45.58 40.13 57.81 46.24

MgO 4.07 4.65 5.03 7.40 6.84 7.54 4.12 3.85 9.87 3.54 4.17

Fe2O3 2.09 2.08 1.97 1.75 1.92 1.60 2.31 2.27 3.61 0.99 2.04

FeO 9.55 9.53 9.00 8.67 9.04 8.64 9.99 10.28 11.53 7.36 9.62

CaO 10.20 11.52 11.46 14.98 14.19 15.19 10.87 10.91 5.52 9.04 9.88

Al2O3 16.24 14.99 14.80 12.46 12.60 11.15 16.10 15.13 15.12 14.97 15.97

TiO2 2.57 2.80 2.39 2.74 2.59 2.93 3.02 2.70 2.45 2.62 2.96

Na2O 4.84 4.19 4.27 1.94 2.66 1.14 4.69 4.21 6.60 1.10 4.53

K2O 3.30 3.14 3.17 1.95 2.28 1.48 3.63 3.62 3.90 1.99 3.25

MnO 0.18 0.15 0.20 0.13 0.22 0.09 0.16 0.15 0.16 0.04 0.17

P2O5 1.20 1.33 1.30 0.91 0.94 0.55 1.24 1.30 1.13 0.55 1.19

SO3 0.28 0.20 0.23 0.13 0.14 0.10 0.24 0.22 0.23 0.07 0.23

Cl 0.00 0.00 0.00 0.00 0.06 0.06 0.00 0.00 0.00 0.03 0.00

Total 100.28 100.20 100.23 100.13 100.20 100.17 100.24 100.22 100.23 100.10 100.23

5.3 Whole-rock chemistry

Whole-rock major, trace, and rare earth element data, together 
with loss on ignition (LOI) values, are presented in Table 4. The Daru 
basaltic tuffs exhibit elevated LOI values (∼4–21 wt%). Petrographic 
observations indicate that the tuffs are polymictic, comprising 
juvenile basaltic ash intermixed with carbonate lithic fragments 
and recording multiple magma recharge events, as evidenced 
by ash locally trapped within olivine crystals. Although these 
non-juvenile components and secondary alteration phases (e.g., 
palagonitic alteration) increase whole-rock volatile contents and 
contribute to elevated LOI values, they do not significantly modify 
the primary compositions of juvenile mafic mineral phases. Olivine 
and clinopyroxene remain texturally well preserved, retaining 

primary magmatic textures, indicating that elevated LOI values 
incorporation of sediment-derived and secondary alteration rather 
than pervasive chemical alteration of the primary magma. Therefore, 
to minimize the influence of volatile-rich non-juvenile components, 
we evaluated using an anhydrous (volatile-free) normalization.

Figure 13 presents Harker variation diagrams showing 
relationships between SiO2 (wt%) and (a) LOI, (b) CaO, (c) MgO, 
and (d) Fe2O3 for the Daru Island basaltic tuffs and the South 
Fly basalts. The Daru basaltic tuffs are characterized by lower 
SiO2 and higher LOI values compared to the South Fly basalts. 
At comparable SiO2 contents, the Daru samples display higher 
CaO and MgO concentrations and lower Fe2O3 contents, whereas 
the South Fly basalts show higher SiO2, lower MgO and CaO, 
and lower LOI values. These geochemical differences distinguish 
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FIGURE 13
Harker variation diagrams illustrating whole-rock major-element 
relationships for Daru Island basaltic tuffs and South Fly basalts. Plots 
show SiO2 (wt%) versus (a) loss on ignition (LOI), (b) CaO, (c) MgO, and
(d) Fe2O3.

the Daru basaltic tuffs from the comparatively fresher South
Fly basalts.

Figure 14 shows the classification of the Daru Island basaltic tuffs 
and South Fly basalts using the Total Alkali-Silica (TAS) and SiO2-
K2O diagrams. On the TAS diagram (Figure 14a), the Daru Island 
samples plot within the alkalic field, ranging from picro basalt to 
basanite and tephrite, whereas the South Fly basalts plot within the 
basalt to trachybasalt fields. On the SiO2-K2O diagram (Figure 14b), 
the Daru Island basaltic tuffs plot at lower SiO2 and K2O values, 
largely within the low-to medium-K fields, while the South Fly 
basalts plot at higher SiO2 values and extend into the medium-to 
high-K fields.

Figure 15 is used to evaluate magma source characteristics 
while minimizing the effects of secondary alteration that affect 
major-element oxides. Rare earth elements (REEs) and high field 
strength elements (HFSEs) are relatively immobile (Rollinson and 
Pease, 2021) during low-temperature alteration and carbonate 
interaction, making their normalized patterns robust indicators 
of primary magmatic signatures. Normalization to N-MORB 
and Upper Continental Crust highlights relative enrichment and 
depletion trends between the Daru Island basaltic tuffs and 
the fresher South Fly mainland basalts. Both volcanic suites 
display broadly similar, sub-parallel REE-HFSE patterns, indicating 
comparable mantle source characteristics. The REE patterns show 
moderate light REE enrichment and smooth heavy REE slopes 
(Figure 15a), consistent with shallow mantle melting in the absence 
of residual garnet. A weak positive Eu anomaly is present in 
both datasets suggesting limited plagioclase fractionation. HFSE 
behaviour is characterized by mild enrichment in Zr and Hf relative 
to N-MORB and weak negative Nb-Ta anomalies (Figure 15b) that 
are consistent across both suites indicates that both were derived 
from compositionally similar mantle-derived magma source.

Using the immobile trace element discrimination diagrams in 
Figure 16, after Saccani (2015) and Pearce and Gale (1977) in 
Rollinson and Pease (2021), the tectonic setting of the magmas can 
be inferred. The Ti/Y versus Zr/Y diagram (Figure 16a) distinguishes 
within-plate basalts from plate-margin basalts based on mantle 
source enrichment and melting processes. The Daru samples 
plot within the within-plate basalt field, indicating derivation 
from a mantle source that is more enriched than mid-ocean
ridge basalt.

The NbN versus ThN diagram (Figure 16b), normalized to N-
MORB values, is used to evaluate subduction or crustal influences. 
The Daru samples form a transitional trend between convergent and 
divergent plate-margin fields and overlap compositions typical of 
non-subduction oceanic and rift-related settings. The lack of strong 
Th enrichment relative to Nb indicates that subduction-related 
signatures are weak or absent, allowing mantle source characteristics 
to be evaluated with minimal crustal contamination. 

6 Discussion

The mapping and characterization of the volcanic tuffs on 
Daru Island provide the first direct insights into phreatomagmatic 
processes during mafic volcanism in sedimentary basin settings such 
as the Fly Platform. 

6.1 Phreatomagmatic eruption and 
peperite formation

Field observations and petrographic ash-mapping indicate that 
volcanism on Daru Island was explosively driven by interactions 
between basaltic magma and carbonate sediments. Basaltic 
tuffs intermingled with carbonate clasts record mechanical 
fragmentation and in situ magma-sediment mingling during 
emplacement (Figures 17a,b). Microscale ash textures observed 
in thin section and SEM-BSE images further corroborate these 
interpretations, preserving diagnostic evidence of magma-
carbonate interaction and quench-related fragmentation processes 
(Figures 17c–f). The key observations include: 

i. Mingling of carbonate lithic fragments and juvenile 
basaltic clasts across all ash types reflects sediment 
liquefaction and mechanical mixing at the magma-sediment 
interface, consistent with peperite formation (Squire and 
McPhie, 2002; Skilling et al., 2002).

ii. Rapid magma fragmentation driven by magma-water 
interaction is observed in the dark to black ash types with 
low vesicularity and blocky to fluidal ash clasts observed 
in all volcanic tuffs favoring fine ash production typical of 
phreatomagmatic eruptions (Sheridan and Wohletz, 1983; 
White, 1996; White and Schmincke, 1999; Zimanowski 
and Büttner, 2002; Houghton et al., 2015; White and 
Valentine, 2016).

iii. Abundant carbonate lithic fragments within ash clasts 
and carbonate replacement of juvenile olivine indicate 
syn-eruptive magma-carbonate interaction (Iacono-
Marziano et al., 2007; Mollo et al., 2010; Gozzi et al., 2014).
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FIGURE 14
(a) Total alkali silica (TAS) classification diagram after Le Bas et al. (1986) and, (b) SiO2 versus K2O diagram. Fresh basalt samples from the South Fly 
mainland are included for comparison.

FIGURE 15
N-MORB-normalized and Upper Continental Crust-Normalized (a)
REE spider diagrams and (b) HFSE spider diagrams for the Daru Island 
basaltic tuffs (D-series) and South Fly basalts (TM-series). N-MORB 
normalization values are from White and Klein (2014), and upper 
continental crust values are from Rudnick and Gao (2014).

iv. Circular amygdales, together with palagonite alteration 
and barite precipitation (Figure 17f), support post-
emplacement low-temperature alteration and hydrothermal 
fluid circulation during cooling (e.g., Chow and 
Goldberg, 1960; Garneshram et al., 2003).

6.2 Peperite formation model

By integrating the mineralogical data with whole-
rock geochemistry data and ash mapping, we can 
develop a generic conceptual model developed for the 
Daru phreatomagmatic volcanism and peperite formation
(Figure 18).

High-forsterite olivine (Fo82-Fo89) and Cr-spinel supports 
magma crystallization from a primitive, mantle-derived melt. 
PEC-corrected melt inclusion temperatures of ∼1,377 °C–1,063 °C 
further confirm high-temperature magmatic conditions during 
olivine growth (e.g., Ford et al., 1983; Brahm et al., 2021; 
Cao et al., 2022). Reverse zoning preserved in olivine crystals records 
open-system magmatic behavior, indicating repeated injections of 
hotter, more primitive magma into a cooler, resident magma body 
during ascent (e.g., Ford et al., 1983; Jankovics et al., 2019; Mao 
et al., 2022). These mineral-scale observations are complemented 
by whole-rock geochemical trends showing systematic decreases 
in MgO and FeO with increasing SiO2 (Section 5.3), consistent 
with fractional crystallization dominated by olivine and
clinopyroxene.

At shallow crustal levels, ascending magma intruded 
unconsolidated, water-saturated carbonate sediments of the Fly 
Platform, triggering phreatomagmatic fragmentation, carbonate 
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FIGURE 16
Bivariate tectonic discrimination diagrams: (a) Ti/Y vs. Zr/Y, and (b) Nb vs. Th, (normalized to N-MORB values from White and Klein (2014). The bivariate 
diagrams are referenced from Rollinson and Peace (2021) after Saccani (2015); Pearce and Gale (1977) respectively. Fresh basalts from South Fly 
mainland, including volcanics from Central Highlands (Mackenzie and Johnson, 1984) and Northeast Queensland (GEOROC Database, 2024) are 
plotted together with Daru volcaniclastic samples for comparison.

assimilation, and volatile release. Elevated CaO contents and 
high LOI values reflect significant magma-carbonate interaction 
and volatile enrichment associated with decarbonation reactions 
during magma ascent or emplacement (e.g., Marziano et al., 2007; 
Mollo et al., 2010; Gao et al., 2024).

The conceptual model developed for the Daru explains a 
syn-intrusive peperitic formation system, in which ascending 
basaltic magma intruded sea-water-saturated carbonate sediment, 
generating juvenile ash through repeated fragmentation, recycling, 
and mingling within a mobile carbonate slurry (see Figure 18). 
Variations in ash morphology, vesicularity, and juvenile-lithic 
proportions reflect systematic changes in thermal regime, 
degassing efficiency, and mechanical interaction as a function of 
distance from the magma core. Three end-member interaction 
zones are recognised: (1) a marginal quench zone, (2) an 
intermediate interaction zone, and (3) an interior insulated
magma zone. 

6.2.1 Marginal quench zone: Generation of dark 
to black ash

The marginal quench zone represents the immediate magma-
sediment interface, where basaltic magma experienced abrupt 
thermal shock upon contact with cold, sea water-rich carbonate 
sediment. Rapid heat extraction suppressed volatile exsolution 
and promoted brittle quench fragmentation, producing angular 
to blocky juvenile ash with low vesicularity (<1%). This ash 
population corresponds to the dark to black ash (DA) identified 
petrographically. Basaltic tuffs D1, D4, and D3 are dominated by 
this ash type, indicating repeated quench fragmentation under 
similar thermal conditions. This zone represents the primary 
source of juvenile ash in the system. 

6.2.2 Intermediate interaction zone: brown ash 
formation by mechanical disruption

Above the quenched margin, the intermediate interaction 
zone records mechanical disruption of juvenile clasts within a 
mobile carbonate slurry, accompanied by limited but ongoing 
degassing. Thermal gradients were lower than at the margin, 
allowing partial vesicle growth and producing moderately vesicular 
juvenile ash (∼1%–5%), corresponding to the brown ash (BA)
population.

Basaltic tuff (D3) and Fine Tuff (D2) are representative of 
this zone. Brown ash clasts display subrounded to globular and 
microglobular morphologies, reflecting abrasion, rounding, and 
partial vesiculation during transport and recycling within the slurry. 
Juvenile crystals are present but volumetrically subordinate, whereas 
lithic carbonate fragments dominate, occurring as fluidal to blocky 
clasts dispersed throughout the ash matrix. Brown coloration reflects 
a combination of partial oxidation, palagonitization, and carbonate 
infiltration. Rather than representing a primary fragmentation 
pulse, the brown ash records reworking and modification of 
earlier-formed juvenile material, emphasizing the importance 
of sediment mobility and mechanical mixing in controlling
ash textures. 

6.2.3 Interior insulated magma zone: mixed ash 
and continued degassing

Toward the intrusion interior, magma became increasingly 
thermally insulated by surrounding sediment and slurry, 
allowing continued volatile exsolution during partial quenching. 
Fragmentation was heterogeneous and less abrupt, producing highly 
vesicular juvenile ash (>5%) and texturally complex clasts classified 
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FIGURE 17
(a) Field photo of carbonate-rich clasts and dark basaltic tuff (D4) with intermingling textures, with cavities and sharp contacts, (b) Sketch of (a), 
highlighting the spatial relationship between dark basaltic material (D4) and lighter carbonate-clasts (D5), (c) BSE image of basaltic tuff (D4) showing 
chaotic mixing of coarse ash, fine ash, carbonate, and juvenile olivine clasts. Ba occurs locally within the ash matrix. Vesicles are preserved within 
juvenile clasts, (d) BSE image corresponding to (c), showing heterogeneous ash textures with diffuse, irregular boundaries that are difficult to delineate. 
Fine ash appears brighter corresponding to black to dark ash, whereas coarse ash corresponds to dark to black ash appears and appears darker. Mixed 
ash displays highly chaotic textures, with variable proportions of both light and dark ash components, (e) XPL view of basaltic tuff (D1) dark to black ash 
enclosing carbonate, and poikilitic olivine (Ol), with sharp and irregular ash-carbonate contacts, (f) XPL view of D1 highlighting mixed ash, dark to black 
ash, brown ash, palagonite, fractured and altered olivine, and a particular olivine juvenile clast with trapped brown ash inclusions. Abbreviations: barite 
(Ba); brown ash (BA); carbonate (Cb); coarse ash (CA); dark to black ash (DA); fine ash (FA); mixed ash (MA); olivine (Ol); palagonite (Pal); vesicles (v).

as mixed ash. This zone records the highest degree of magma-
sediment mingling, where gas-driven fragmentation, mechanical 
disruption, and sediment infiltration operated simultaneously.

Therefore, the Daru volcanic tuffs were not generated by 
a single explosive eruptive mechanism but by localized, syn-
depositional peperite fragmentation during magma intrusion into 
unconsolidated carbonate sediment. The systematic transition from 
dark to black ash, through brown ash, to mixed ash reflects 

progressive changes in cooling rate, degassing efficiency, and 
sediment mobility, rather than variations in magma composition. 

7 Conclusion

This study presents the first integrated field, mineralogical, 
and geochemical evidence that basaltic volcanism on Daru Island 
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FIGURE 18
Conceptual model for basaltic magma-carbonate fragmentation and peperite formation at Daru Island, in which intrusion of basaltic magma into 
water-saturated carbonate sediments generates quenched, blocky dark-to-black ash by thermal shock, evolves to gas-driven and mechanically 
fragmented brown ash during partial insulation and volatile exsolution, and produces mixed ash where quench, mechanical disruption, and sediment 
infiltration overlap within a shallow, sediment-hosted magma system.

triggered a maar-type phreatomagmatic eruption. Based on detailed 
ash mapping, three end-member interaction zones are identified and 
classified according to variations in quench intensity and degassing 
efficiency resulting from interaction between basaltic magma and 
seawater-saturated carbonate sediments with increasing distance 
from the rising magma centre: (1) a marginal quench zone (Dark to 
Black Ash-type), (2) an intermediate interaction zone (Brown Ash-
type), and (3) an interior insulated magma zone (Mixed Ash-type). 
These relationships record repeated fragmentation and recycling of 
ash populations, leading to the formation of maar-type volcaniclastic 
tuffs and providing new insights into the volcanic evolution of the 
carbonate-dominated Fly Platform.
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