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Abstract
Studies of the products of the activity precursory to caldera-forming events are essential in revealing how caldera systems evolve
in the prelude to climactic eruptions. Here, we investigate the deposits formed by the Talili Pyroclastics eruption sequence, which
preceded the youngest major eruptive event, the seventh century CE (1400 BP) Rabaul Pyroclastics VEI 6 caldera-forming
eruption, at Rabaul in northeastern Papua New Guinea. The Talili Pyroclastics deposits are essentially a bimodal (dacite-basalt)
tephra sequence that was emplaced during the 2.8 ky leading to the Rabaul Pyroclastics eruption. The dominant activity during
the Talili period, starting at 4200 BP, involved strong (up to VEI 5), water-modified explosive eruptions of dacite from intra-
caldera vents. This activity generated > 4.4 km3 of unstratified, bedded and laminated fine-grained fall deposits, pyroclastic
surges and a small ignimbrite. In addition, all three of the young stratovolcanoes on the eastern and northeastern fringes of Rabaul
Caldera were active during the Talili era, producing > 0.7 km3 of basaltic scoria fall and flow deposits. The main phase of Talili
era basalt production occurred at 4100 BP and involved sequential eruptions from two of the stratovolcanoes, Palangiangia and
Kabiu. The sequence of dacitic Talili eruptives shows a progressive decline then late-stage increase in SiO2 contents, with
corresponding changes in Fe2O3, MgO and CaO. Early and late products have compositions similar to those of the most-
evolved products of the major eruptions at Rabaul (intermediate to high-SiO2 dacites), while middle-stage products are similar
to those of the historical eruptions (lower-SiO2 dacites and andesites). The basaltic eruptives have three different compositions,
attributed to three different (stratovolcano) sources. There is no evidence of mixing or mingling of basalt and dacite. However,
andesitic scoria inclusions in the early-erupted dacitic ignimbrite represent mingling of andesitic and dacitic magmas. As with the
Talili Pyroclastics, at least two other earlier tephra sequences at Rabaul probably resulted from phases of VEI 5 volcanism and
directly underlie the deposits of major eruptions. This leads to the inference that cycles of escalating eruptive activity have
prevailed prior to some of the major eruptions, and suggests that the strength of volcanism at Rabaul may rise from the lower
levels (maximum of VEI 4) evident since the Rabaul Pyroclastics event as the system moves towards the next major eruption.
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Introduction

Eruptions that are assigned high values, i.e. ≥ 6, of the Volcanic
Explosivity Index (VEI, Newhall and Self 1982) get a lot of

attention because of their size, their rarity and their varied im-
pacts (e.g. Mason et al. 2004; Oppenheimer 2011; Newhall
et al. 2018). Eruptions of this magnitude account for < 0.7%
of the 7742 eruptions for which a VEI has been assigned, and
their global return period is of the order of 2 centuries or more
(Siebert et al. 2010), although computation of their frequency of
occurrence is affected by variable to high levels of
underreporting, increasing with age (e.g. Simkin 1993;
Simkin and Siebert 2000; Deligne et al. 2010). They greatly
modify topography and devastate the local area, and can affect
global climate (e.g. Lamb 1970; Hammer et al. 1980, 1997;
Minnis et al. 1993; Zielinski et al. 1994; Stothers 1999;
Robock 2000; Sigl et al. 2013). Their deposits commonly dom-
inate the geological record of eruptive activity at individual
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volcanoes rendering them prime targets for scientific studies.
However, it is also important to study the (generally) smaller
precursory events (VEI ≤ 5) in order to understand the process-
es and timeframes involved in the build-up to major volcanism.
Early recognition of this progression will greatly aid contem-
porary volcano monitoring and contingency planning.

The Rabaul Caldera Complex, located at the northeastern
tip of New Britain Island, Papua New Guinea (Fig. 1), expe-
rienced its most recent VEI 6 eruption at about 1400 BP
(Heming 1974), or more precisely at 667–699 CE (McKee
et al. 2015). This eruption significantly modified a pre-
existing caldera complex and deposited the > 11 km3 Rabaul
Pyroclastics (RP) Formation (Walker et al. 1981; Nairn et al.
1989, 1995). The late-stage build-up to the RP eruption in-
volved strong (VEI 5) activity, and produced the Mid-Late
Holocene tephra sequence known as the Talili Pyroclastics
Subgroup (TPS, Nairn et al. 1989, 1995).

This study documents the first detailed work on the TPS
deposits. The Talili sequence is essentially bimodal, comprising
the deposits of separate phases of dacitic and basaltic volca-
nism. Six new radiocarbon dates and 18 new geochemical anal-
yses provide chronological definition and chemical characteri-
sation within this tephra sequence. The new chemical data,
together with field relationships, have allowed tentative identi-
fication of the sources of some of the deposits. The significance
of the Talili eruption sequence is explored in terms of the
prolonged period of episodic activity from multiple sources,
the associated hazards, the geochemical trends within the
dacitic eruptives, the nature of the basaltic volcanism and rela-
tionships between the dacitic and basaltic volcanism. The rela-
tionships between the Talili activity and the succeeding major
eruption that produced the Rabaul Pyroclastics are examined,
and the nature of the Talili activity is noted in the context of the
Late Cainozoic eruption history of the Rabaul Caldera
Complex. Similar cycles of VEI 5 activity preceded several
earlier major eruptions at Rabaul and may represent a mode
of activity at the Rabaul Caldera Complex.

Geological context

The volcanoes of the Rabaul region overlie the subduction
system at the northern margins of the Solomon Sea basin
(Johnson 1982; Davies 2012). The depth to subducted litho-
sphere beneath the Rabaul Caldera Complex is estimated to be
< 150–200 km (Wood et al. 1995). It is assumed (Heming
1977; Wood et al. 1995; Johnson et al. 2010; Patia et al.
2017) that the source of basaltic magmas in the Rabaul region
is melting in the mantle wedge above the subduction zone.

The Rabaul volcanic centre has been developing for at least
200 ky (Table 1; McKee and Duncan 2016) and has evolved
into a low-angle asymmetric pyroclastic shield having flanks
20–30 km in length (Heming 1974;Walker et al. 1981). At the

apex of the shield is the 14 × 9 km Rabaul Caldera Complex,
the eruptive output of which is dominated by dacitic and an-
desitic pyroclastic deposits from a series of large-scale erup-
tions (Heming and Carmichael 1973; Heming 1974; Nairn
et al. 1995; Wood et al. 1995). Adjacent to the northeastern
and eastern rim of the caldera complex is a cluster of strato-
volcanoes, Palangiangia, Kabiu and Turagunan (Fig. 1),
which constitute the southern part of a southeast-trending zone
of essentially mafic volcanic systems, collectively designated
the Watom-Turagunan Zone (Johnson et al. 2010). The north-
western and central members of the Watom-Turagunan Zone
(Watom and Tovanumbatir) pre-date the Rabaul Caldera
Complex, while the southeastern stratocones are coeval with
the Rabaul Caldera Complex and are potentially active
(McKee and Duncan 2016).

In this study, the term Bmajor^ eruption refers to events that
included production of a large volume (≥ 5 km3) of ignimbrite
that may have led to caldera formation. There have been eight
such eruptions in the better-known part of the stratigraphic
record, since about 160 ka (McKee and Duncan 2016;
Table 1). While deposits of major eruptions dominate the
stratigraphic record of the Rabaul area, intermediate-scale
(VEI 5) volcanism is also evident throughout a large portion
of the history of the Rabaul volcanic system. In the period
from 160 ka to present, six tephra sequences which probably
contain deposits from VEI 5 eruptions have been recognised
(Nairn et al. 1995; McKee and Duncan 2016), the youngest
being the TPS (Table 1). These tephra sequences are the prod-
ucts of multiple eruptions and have therefore been recognised
stratigraphically as subgroups (Nairn et al. 1989).

Most of the products of intermediate-scale volcanism at
Rabaul are dacitic fall deposits, but flow deposits are present
also, including pyroclastic surge deposits and relatively small
ignimbrites (Nairn et al. 1989, 1995). The fall deposits com-
monly comprise fine-grained, fracture-bounded clasts that
form fine-grained vitric/crystal ashes (Nairn et al. 1989,
1995). These characteristics are indicative of explosive
magma-water interactions (Sheridan and Wohletz 1983;
Wohletz 1983), probably as a result of chilling and frittering
of a dacitic magma body extruded into shallow water (Nairn
et al. 1989, 1995). The abundance of fine grained vitric/crystal
ashes and the presence of surge deposits thus suggest the
prevalence of phreatomagmatic eruption mechanisms.

Methods

Data collected at outcrops

The physical characteristics of each depositional unit of the
TPS were recorded from outcrops, viz. deposit type, colour,
lithology, grainsize, sorting and texture. Unit thicknesses and
clast dimensions (where appropriate) were measured.
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Relationships between successive depositional units were not-
ed, including the presence of unconformities. The presence of
palaeosols or indications of palaeosol development were not-
ed, and relevant thickness measurements were made.

Material sampled for 14C analysis

In general, charcoal is rare in the TPS, consistent with the fall
origin of most of these deposits. However, charcoal fragments
are present in some of the flow deposits. In most cases, the
material collected for 14C analysis was from the palaeosols—
generally about 0.5–1 kg of material was sampled.

The carbon-bearing samples were analysed at Beta
Analytic, Inc., USA, or at the University of Waikato, New
Zealand. Standard sample preparation techniques were
employed. The 14C analyses were conducted using standard
techniques if carbon contents were adequate, or using the ac-
celerator mass spectrometry (AMS) technique where samples
were small or had low carbon contents.

Material collected for compositional analysis

Where available, pumice and scoria clasts were collected for
compositional analysis. However, several phases of the TPS

consist exclusively of fine ash, and in these cases bulk ash
samples were collected. The potential for syn-eruptive vitric-
crystal fractionation of fine ash deposits is recognised; how-
ever, the observed compositional trends do not appear to be an
artefact of comparing pumice compositions with bulk ash
compositions, as both pumice and bulk ash compositions be-
have concordantly.

The samples were analysed for major and trace elements,
mostly at the Research School of Earth Sciences, Australian
National University (Prof. S. Eggins, personal communication),
but some samples were analysed at Actlabs, Canada. Both stan-
dard XRF and ICPMS techniques were employed. The
methods of Norrish and Hutton (1969), Norrish and Chappell
(1977), Eggins et al. (1997) and Eggins (2003) were followed.

Estimation of volumes

Volume estimates for each of the depositional units of the TPS
were made using thickness measurements from all of the refer-
ence sections and from other exposures, and through a process
of comparisonwith thicknesses and calculated volumes of other
units of the tephra stratigraphy of the Rabaul area (Nairn et al.
1989, 1995; Walker et al. 1981). The resulting volume figures
are rough and have an estimated uncertainty of ± 20%.

Fig. 1 Locations of stratigraphic
reference sites (open circles) and
14C dating sites (solid circles)
relevant to the TPS deposits at
Rabaul. Straight lines connect the
four reference sites shown in Fig.
2. Solid triangles mark the
stratovolcanoes of the Watom-
Turagunan Zone that were active
during the Talili era. Open trian-
gles mark possible locations of
intra-caldera vents that produced
the silicic tephra of the TPS de-
posits. Solid stars mark the re-
cently active intra-caldera vents
Tavurvur and Vulcan. Inset map
shows the location of Rabaul at
the northeastern tip of New
Britain Island, PapuaNewGuinea
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Talili Pyroclastics subgroup: stratigraphy,
chronology and volume estimates

General characteristics

The TPS deposits, exposed at several localities within Rabaul
Caldera and also outside the caldera in a zone on the western,
northern and eastern flanks of the volcanic complex (Fig. 1),
represent eruptions at scales smaller than those of the major
ignimbrite and caldera-forming eruptions at Rabaul.
Nevertheless, some of the eruptions within the Talili sequence
were considerably larger and potentially more damaging than the
largest of the historical eruptions from the intra-caldera vents
Vulcan and Tavurvur, such as the VEI 3–4 eruptions of 1878,
1937 and 1994 (Johnson et al. 1981; Johnson and Threlfall 1985;
Blong and McKee 1995). The TPS, as defined by Nairn et al.
(1989, 1995), comprises a tephra sequence that stratigraphically
lies between the deposits of the most recent major eruptions in
the Rabaul area, the 1400 BP RP and the 6900 BP Raluan
Ignimbrite (Table 1; Walker et al. 1981; Nairn et al. 1995;
McKee 2015). However, it is now thought that the Raluan

Ignimbrite may be a product of the neighbouring Tavui caldera
system (Wallace et al. 2002; McKee 2015), and there are de-
posits similar to the TPS, the poorly preserved and unstudied
Talwat Pyroclastics (see Table 1), between the Raluan sequence
and the deposits of the penultimate major eruption at the Rabaul
Caldera Complex, the 10.5 ka Vunabugbug Pyroclastics. Thus,
the TPS may represent the later stages of one prolonged period
of intermittent VEI 4–5 activity following the Vunabugbug
Pyroclastics eruption. Three radiocarbon dates were obtained
previously for the TPS, 4430 ± 110 and 4380 ± 80 BP from
underlying palaeosols, and 1810 ± 70 BP from near the top of
the sequence (Nairn et al. 1995; Table 2).

The dominant litho-facies of the TPS is fine grained
vitric/crystal ash of dacitic composition emplaced as fall
deposits, but pyroclastic surge deposits and a small-scale
ignimbrite, both of dacitic composition, are present also.
Contrasting with the mostly pale- to medium-grey dacitic
tephra is an interbedded sequence of black basaltic scoria
units. Whereas the dacitic tephra originated from intra-
caldera vents of the dominantly dacitic Rabaul Caldera
Complex, the basalt has been assumed to derive from the

Table 1 Rabaul area eruption history (condensed from Nairn et al. 1995; McKee and Duncan 2016)

Age Event Magma
type

Volume
(km3)

Years BP (14C)

c. 1400–
present

Pyroclastic cone-building and lava eruptions from multiple vents within Rabaul Caldera Complex, including
Vulcan, Tavurvur, Sulphur Creek, Rabalanakaia and Karavia Bay

D/A 3

c. 1400 Rabaul Pyroclastics, major ignimbrite eruption and caldera formation D > 11

4200–1810 Talili Subgroup, multiple (7) pyroclastic eruptions producing fine vitric ashes and pumice deposits, pyroclastic
surges and one small ignimbrite, roughly coeval with late cone-building scorias (and lavas?) from Palangiangia,
Kabiu and Turagunan

D/B > 5

6900 Raluan Ignimbrite eruption and caldera formation (Tavui?) R 5

6900 Raluan Scoria eruption (Kabiu? Palangiangia?) B 0.5

?–? Talwat Subgroup multiple (> 4) pyroclastic eruptions producing fine ashes, roughly coeval with late cone-building
Turagunan scorias

D/B 1

c. 10,500 Vunabugbug Pyroclastics ignimbrite eruption, and caldera formation? D 5

?–? Tatoko Subgroup multiple (> 4?), pyroclastic eruptions D 1

c. 15,100 Namale Pyroclastics ignimbrite eruption, and caldera formation? D 5

? 18,000 Kulau Ignimbrite major ignimbrite eruption, and caldera formation? D > 10

?–? Kabakada Subgroup multiple (> 6) pyroclastic eruptions with at least 3 (small?) ignimbrites D/A 1

36,700 Latlat Pyroclastics ignimbrite eruption, and caldera formation? D 5

?–? Talakua Subgroup multiple (> 7?) pyroclastic eruptions D 1

ka (40Ar–39Ar)

70 Turagunan early cone-building scorias/lavas B 1

75 Barge Tunnel Ignimbrite eruption, and caldera formation? D 5

56 Karavia Welded Scorias D 1

110 Kabiu and Palangiangia early cone-building scorias/lavas B 3

169 Tavui Subgroup, multiple (> 5) pyroclastic eruptions with at least one ignimbrite D/B 1

160 Malaguna Pyroclastics major ignimbrite eruption, and caldera formation? D/A 10

201–162 Brennan, Cliff, Boroi ignimbrite sequence D > 10

B basalt, A andesite, D dacite, R rhyolite
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essentially mafic stratovolcanoes adjacent to the caldera
(Nairn et al. 1989, 1995; Fig. 1).

The significant thickness of some of the deposits of the VEI
5 activity at distance from their intra-caldera source(s) is a
measure of the elevated scale of the associated eruptions.
For example, there are substantial accumulations of TPS de-
posits amounting to > 3.5 m at sites 12 and 10 km north and
northwest of the centre of the caldera (Tavui Hill Top and
Vunabugbug respectively, see Fig. 1). At two sites in the
northeastern part of the caldera, TPS deposits attain thick-
nesses of > 21.2 m and > 11.8 m (Namanula Road and
Adelaide Street respectively, see Fig. 1). For comparison, the
deposits of the historical eruptions at Rabaul (all ≤VEI 4)
have only thin and patchy representation, or no representation
at all, beyond the confines of the caldera (Nairn et al. 1989,
1995), and the un-compacted thickness of deposits in the
northeastern part of the caldera from the VEI 4 1994 eruptions
is about 2 m (Blong and McKee 1995).

Stratigraphic context

Four shallow reference sections that represent the younger py-
roclastic stratigraphywithin and adjacent to Rabaul Caldera and
which include exposures of the TPS deposits were described by
Nairn et al. (1989, 1995). These reference sections are at
Vunabugbug, Tavui Hill Top, Adelaide Street and Praed Point
(Figs. 1 and 2). To these, we add data from exposures at
Namanula Road in the northeastern part of Rabaul Caldera,
and at Burma Road on the western rim of the caldera (Fig.1).
Details of the stratigraphy at these sites are given in Fig. 3.

According to Nairn et al. (1989, 1995), at least seven erup-
tions are represented within the TPS, corresponding to the
seven included palaeosols at the Praed Point site. The number
of palaeosols present within the sequence is different at each
of the other sites, ranging from three at Adelaide Street to
seven at Praed Point.

Detailed stratigraphic correlation between the exposures is
difficult for a number of reasons. Chief among these are the
removal of parts of the deposited pyroclastic record, as indicated
by erosional unconformities, and the similar appearance of many
of the pyroclastic deposits. Also, as pointed out by Nairn et al.
(1989, 1995), the wind patterns at Rabaul (McKee et al. 1985)
have caused fall deposits in one area to be absent or significantly
different in thickness and texture in other areas. Marked varia-
tions in the character of the deposits are evident, depending on
direction and distance from source. The greatest thickness of the
deposits is seen at the two exposures in the northeastern part of
the Rabaul Caldera Complex—21.2 m at Namanula Road and
11.8 m at Adelaide Street. The stratigraphy at these sites is com-
plementary, one (Adelaide Street) representing the lower part of
the sequence while the other (Namanula Road) represents the
middle and upper parts (Fig. 3).

The Talili stratigraphic sequence is best exposed, although
incompletely, at the new exposure at Namanula Road, while
the base and top are seen at the Adelaide Street and Burma
Road exposures, respectively. The Namanula Road section
comprises three segments that contain five included
palaeosols. Three erosional unconformities are present in the
lower part of the sequence and the base of the sequence is not
exposed. Correlation with the Adelaide Street section suggests
that the base of the Talili deposits (at Namanula Road) is
several meters below the lowest part of the Talili section ex-
posed at the Namanula Road site. A seven-phase sub-division
of the Talili sequence, consistent with the exposure at Praed
Point, can be made based on the five palaeosols within the
sequence at Namanula Road, one in the lower part of the
sequence at Adelaide Street and one near the top of the se-
quence at Burma Road. A greater number of eruptions would
be indicated by the sequence at Namanula Road if the three
unconformities there are regarded as breaks between erup-
tions. However, radiocarbon dates from parts of the sequence
which bracket the unconformities suggest that little time
elapsed during the emplacement of this part of the sequence.
The unconformities could be syn-eruptional features, possibly
due to erosional events that occurred during the emplacement
of wet tephra.

New radiocarbon dates

Six new radiocarbon dates for the TPS were obtained in this
study, four from palaeosols and two from charcoal, bringing
the total number of TPS dates to nine (Table 2). The lower-
most included palaeosol of the sequence (at Adelaide Street)
has not been dated. The uppermost palaeosol at Namanula
Road and at Burma Road underlies the RP sequence, so its
approximate age is known from radiocarbon dating of char-
coal within the Rabaul Ignimbrite: 1400 BP according to
Heming (1974) and Nairn et al. (1989, 1995), and 667–699
CE (McKee et al. 2015). Apart from minor discrepancies be-
tween charcoal and soil dates applicable to the three lower-
most stratigraphic units, most of the six new dates are concor-
dant with stratigraphic position. The two dates from charcoal,
4120 ± 40 BP and 4100 ± 60 BP, are from the surge deposits
and ignimbrite of phase 2: these dates are regarded as being
more reliable than the palaeosol dates and have been used to
assign a likely starting date of 4200 BP for Talili volcanism.
The final phase of Talili volcanism started at about 1810 BP.

The TPS stratigraphic sequence

Phase 1: 4200–4150 BP

The opening phase of the Talili Pyroclastics era involved
strong explosive eruptions which produced a sequence of
mostly grey and pink fine ash beds. One of the beds near the
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top of this sequence contains scattered white dacitic pumice
lapilli. Evidence of the involvement of water in the eruption/
deposition process is the presence in one of the beds of vesi-
cles and accretionary lapilli. The total thickness of the deposits
in this phase is 4.90 m (at Adelaide Street, Fig. 2), with an
estimated volume of 1.0 km3 (Table 3).

Material suitable for dating has not been found in the de-
posits of phase 1 and the soil marking the top of these deposits
has not been dated. Thus, the ages bracketing this phase are
assigned, based on a comparison of two dates of the soil un-
derlying the base of the Talili sequence with a date for the soil
at the top of phase 2 and dates from charcoal in flow deposits
at the top of phase 2.

Dates from soils directly underlying the Talili sequence at
Vuvu Road and Burma Road (Fig. 1, C2, C1; Fig. 3) are 4380
± 80 and 4430 ± 110 BP, giving an average date of ≈ 4400 BP,
while the date from the soil at the top of phase 2 deposits (at
location C5 on Namanula Road) is 4300 ± 70 BP. These dates
indicate little time, about 100 years, between the onset of the
Talili sequence and the conclusion of phase 2 of the sequence.
The dates (from enclosed charcoal) for the ignimbrite and surge
deposits at the top of phase 2 on the northern flank of
Palangiangia (Fig. 1, C3, C4) are 4100 ± 60 and 4120 ± 40 BP.
Because of the greater reliability of charcoal dates comparedwith
soil dates, it is concluded that the age of the top of phase 2 is
about 4100 BP, and from the discussion of the soil dates (above),
it follows that the age of the base of phase 1 should be adjusted—
accordingly a date of 4200 BP has been assigned. On this basis,
the age of the soil at the top of phase 1 is assigned as 4150 BP.

Phase 2: 4150–4100 BP

Phase 2 of the Talili sequence is dominated by laminated,
bedded and unstratified fine ash deposits that are overlain
by surge deposits and a small-volume ignimbrite, here
named the Memorial Ignimbrite (Fig. 3). As with phase
1 deposits, the presence of accretionary lapilli in part of
the phase 2 sequence indicates the involvement of water
in the eruption/deposition process. Three erosional uncon-
formities in the phase 2 deposits are believed to represent
intense rainfall events during the course of the eruption
and do not represent significant time intervals in the de-
position sequence. The top of the sequence at Namanula
Road, above the uppermost unconformity, is marked by
the surge deposits and the ignimbrite which have thick-
nesses of about 0.3 and 2.1 m respectively. In a gully on
the northwestern flank of Palangiangia the ignimbrite is >
15 m thick. The ignimbrite contains clasts of both dacitic
pumice and andesitic scoria. As indicated above, both
flow deposits contain charcoal. At Adelaide Street, the
thickness of the phase 2 deposits is 6 m, while at
Namanula Road, the base of the sequence is not seen
but the thickness of the phase 2 fall deposits is at least
6.9 m. The estimated volume is at least 1.4 km3 (Table 3).

The age of the phase 2 deposits is best represented by the
average, about 4100 BP, of the charcoal dates from the ignim-
brite and surge deposits at the top of this phase, 4100 ± 60 and
4120 ± 40 BP. The age of the base of phase 2 is arbitrarily set
at 4150 BP, as explained above.

Table 2 Radiocarbon dates for the Talili Pyroclastics Subgroup

Deposit dated-material Sample No. Lab. No. Location-grid ref.a (Fig. 1) 14C date (years BP)b

TPS phase 7-underlying soil RP91063M1 Burma Road
041 315 (C9)

1810 ± 70c

TPS phase 6-underlying soil RP98407M3 Beta-128774 Namanula Road
101 353 (C8)

2180 ± 70

TPS phase 5-underlying soil RP98408M3 Beta-128775 Namanula Road
101 353 (C7)

2450 ± 60

TPS phase 4-underlying soil RP05001 Wk-18600 Namanula Road
101,353 (C6)

3377 ± 64

TPS phase 3-underlying soil RP98405M3 Beta-128773 Namanula Road
101 353 (C5)

4300 ± 70

TPS phase 2-charcoal RP97250M5 Beta-126301 NW Flank Palangiangia
106 346 (C4)

4100 ± 60

TPS phase 2-charcoal RP97251M5 Beta-126302 NW Flank Palangiangia
106 345 (C3)

4120 ± 40

TPS phase 1-underlying soil RP92006M1 Vuvu Road
031 313 (C2)

4380 ± 80c

TPS phase 1-underlying soil RP92001M1 Burma Road
041 315 (C1)

4430 ± 110c

a Grid ref. refers to Sheet 9389 Edition 1 Series T601—Rabaul, Papua NewGuinea 1: 100,000 Topographic Survey. The full grid reference, based on the
Australian Map Grid, Zone 56, is in the format 04XXX00 95XXX00
bAll new 14 C dates are from Beta Analytic Inc., Miami, Florida, USA, except that for RP05001/Wk-18600 which is from University of Waikato,
Hamilton, New Zealand
c Reported previously by Nairn et al. (1995)
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Phase 3: 4100–3380 BP

Phase 3 of the Talili sequence represents a marked shift in
composition of the products, from predominantly dacite to
predominantly basalt. At Adelaide Street, phase 3 consists of
0.9 m of unstratified basaltic scoria, while at Namanula there
are three distinct components. The lowermost component is
2.6 m of unstratified to faintly bedded, graded scoria of less-
evolved basalt composition, the Japanese War Memorial
(JWM) Scoria. This is overlain by 0.7 m of laminated fine
scoria of similar less-evolved basaltic composition, the
Intervening Scoria. The uppermost component is 2.55 m of
unstratified and bedded scoria of more-evolved basaltic com-
position, the Namanula Scoria (Fig. 3). A fourth component is
suggested by the presence of a thin lens (maximum 3 cm) of
pale yellow-white dacitic pumice and ash at the top of the
JWM Scoria at one site at Namanula Road. At several other
sites nearby, the same stratigraphic position is occupied by a
thin, indurated layer (about 3 cm thick) of reddish brown to
orange to creamy yellow fine-grained tephra. The total thick-
ness of phase 3 deposits at Namanula is 5.85 m. Volume esti-
mates are JWM Scoria 0.3 km3, Intervening Scoria 0.1 km3

Namanula Scoria 0.3 km3, giving a total of 0.7 km3 for the
volume of basaltic scoria fall deposits (Table 3).

The phase 3 deposits at both Adelaide Street and at
Namanula Road are of fall origin, but a related scoria flow
deposit (Fig. 4) of the least-evolved basaltic composition
(sample 3 Table 4) is exposed in the caldera fault scarp between
the reference sections and appears to be traceable to
Palangiangia. This observation suggests that at least part of
the phase 3 deposits was sourced at Palangiangia, a conclusion
that is also supported by geochemical data. The eruptions re-
sponsible for these deposits were strong as indicated by the
presence of scoria lapilli at the corresponding stratigraphic po-
sition in the Vunabugbug section (Fig. 1), approximately 10 km
from the likely source vent(s).

There appears to be little or no time separating the deposi-
tion of the components of phase 3, as the units have conform-
able contacts and there is no indication of soil formation below
the contact surfaces. However, some hydrological processes
or a change in the depositional environment may have acted at
the very top of the JWM Scoria and within the Intervening
Scoria as indicated by the presence of the indurated, reddish
brown to orange to creamy yellow tephra at the top of the

Fig. 2 Stratigraphic columns for four reference sites showing correlations
between exposures of the TPS deposits (adapted from Fig. 6 of Nairn
et al. 1995). For locations, see Fig. 1. Grid references for the sites relate to

Sheet 9389 Edition 1 Series T601—Rabaul, Papua New Guinea 1:
100,000 Topographic Survey
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JWM Scoria and indurated, red-brown laminations within the
lower part of the Intervening Scoria. The result of these pro-
cesses is a set of indurated ribs near the middle of the scoria
sequence. A significant period of time may have elapsed be-
tween the times of deposition of the Namanula Scoria and the
overlying (phase 4) grey fine ash as indicated by the erosional

removal of part of the palaeosol-capped Namanula Scoria at
several localities. The age of the phase 3 deposits is bracketed
by the age of the underlying pyroclastic flows at the top of the
phase 2 deposits, 4100 BP, and a date for the soil which de-
veloped at the top of the Namanula Scoria, 3377 ± 64 BP, at
location C6 on Namanula Road (Fig. 1).

Fig. 3 Stratigraphic columns for: (i) the Namanula Road site with new 14C dates, combined with the basal part of the Adelaide Street reference section,
and (ii) the Burma Road site showing the 14C date for the palaeosol beneath TPS Phase 7 deposits. For locations, see Fig. 1

Table 3 Lithostratigraphic details of the Talili Pyroclastics Subgroup

Phase 14 C Age
(years BP)

Rock types Lithostratigraphy Thickness
(m)

Volume
(km3)

7 1810–1400 Dacite Fgv/caa—unstratified and laminated fall deposits. Some laminations hard, vesicular 0.90 0.2

6 2180–1810 Dacite Fgv/ca—unstratified and laminated fall deposits 4.60 0.9

5 2450–2180 Dacite Fgv/ca—unstratified and laminated fall deposits 2.80 0.6

4 3380–2450 Dacite
(Basalt)

Fgv/ca—unstratified fall deposits. Accretionary lapilli. Scoria-Turagunan 1.10 0.2

3 4100–3380 Basalt Unstratified scoria fall in 3 units—JWM Scoria, Intervening Scoria (Palangiangia),
Namanula Scoria (Kabiu). Scoria flow associated with JWM Scoria

5.85 0.7

2 4150–4100 Dacite
(Andesite)

Fgv/ca—unstratified and laminated fall deposits. Accretionary lapilli. Surges.
Ignimbrite—dacitic pumice and ash with andesitic scoria

>6.90 >1.4

1 4200–4150 Dacite Fgv/ca—unstratified fall deposits. Accretionary lapilli. Vesicular 4.90 1.0

a Fgv/ca—fine grained vitric/crystal ash
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Phase 4: 3380–2450 BP

Phase 4 is the least complicated of all of the components of the
TPS, consisting mostly of grey fine ash of dacitic composi-
tion. Abundant accretionary lapilli suggest that this deposit is
phreatomagmatic. The soil that developed in the upper part of
phase 4 deposits contains scoria lapilli of a less-evolved ba-
saltic composition (sample 8 Table 4), but with a composition
different than that of the earlier less-evolved basaltic scorias,
the JWM Scoria and the Intervening Scoria of the phase 3
deposits. The total thickness of phase 4 at Namanula is
1.1 m (Fig. 3). The estimated volume is 0.2 km3 (Table 3).
The age of phase 4 deposits is bounded by the date of the
underlying soil, 3377 ± 64 BP, and a date for the soil at the
top of phase 4 deposits, 2450 ± 60 BP, at location C7 on
Namanula Road (Fig. 1).

Phase 5: 2450–2180 BP

Phase 5 of the Talili sequence commenced with eruptions of
grey and purple-brown fine ash of dacitic composition which
left a coarsely bedded deposit 1.3 m thick at Namanula Road
(Fig. 3). The succeeding activity consisted of many individual
bursts of ash emission which produced a laminated sequence
of dacitic fine ash deposits. The soil that developed at the top
of the sequence contains pumice lapilli. The total thickness of
phase 5 deposits at Namanula Road is 2.8 m (Fig. 3). The
estimated volume is 0.6 km3 (Table 3). The soil at the top of
the phase 5 deposits at location C8 onNamanula Road (Fig. 1)
has a radiocarbon age of 2180 ± 70 BP, while the soil under-
lying the base of these deposits has been dated at 2450 ± 60
BP.

Phase 6: 2180–1810 BP

Phase 6 also began with an eruption of dacitic grey fine ash.
The succeeding deposits are similar to the middle component
of phase 5, being a sequence of laminated and bedded fine ash
deposits of dacitic composition. The total thickness of phase
6 at Namanula Road is 4.6 m (Fig. 3). The estimated volume is
0.9 km3 (Table 3). The age of phase 6 deposits ranges between
the date of the underlying soil, 2180 ± 70 BP and 1810 ± 70
BP, the age of a soil near the top of the Talili sequence at
Burma Road (Location C9 in Fig. 1).

Phase 7: 1810–1400 BP

Phase 7, as seen at the radiocarbon dating site C1 at Burma
Road (Fig. 1), commenced with an eruption of grey fine ash
which was followed by a number of pulses of ash emission
which produced a laminated sequence of white, pale grey, mid
grey and pink fine ash deposits. The upper part of the se-
quence grades to brown fine ash. The indurated and vesicular

nature of some of the laminations indicates that the associated
eruptions were phreatomagmatic. The grey fine ash base is
0.2 m thick and the overlying laminated sequence and brown
ash is 1.2 m thick, giving a total thickness of 1.4 m (Fig. 3).
The estimated volume is 0.3 km3 (Table 3). The age of phase 7
deposits ranges between the date of the underlying soil at the
Burma Road site, 1810 ± 70 BP and 1400 BP the age of the
overlying RP eruption deposits.

The underlying Talili deposits comprise a sequence of grey,
brown and yellow fine to medium ashes interspersed with thin
pumice horizons and capped with a pumice-bearing brown
soil which has been dated. The Talili sequence rests on the
6900 BP Raluan Pyroclastics. The complete sequence at the
Burma Road site is shown in Fig. 3.

Summary of deposit types

Dacitic fall deposits

The TPS deposits are dominated by fine-grained dacitic fall
deposits. Medium to coarse ash and lapilli-sized (pumice)
fragments are much less abundant. The fine-grained vitric/
crystal ash of the Talili dacitic tephra (and similar deposits in
other parts of the Rabaul pyroclastic stratigraphy) typically
has the sub-millimetre size fraction exceeding 95 wt%
(Nairn et al. 1989, 1995). Clast morphology is characterised
by arcuate, fracture-bounded smooth surfaces that cut across
any incipient development of vesiculation, and crystals typi-
cally show Bchatter mark^ (Nairn et al. 1989, 1995) step frac-
ture surfaces controlled by cleavages. The fine ash deposits
have a broad colour range including purple, pink, brown, or-
ange, yellow, cream, white, pale to dark grey and black—the
most common colour is mid grey.

The eruptions that produced these deposits were commonly
influenced by water. Accretionary lapilli, formed by accretion
of wet fine ash and showing concentric layering, are found at
various horizons within the sequence. At Adelaide Street and
Namanula Road, the accretionary lapilli are as much as 1 cm
across. Vesiculation and induration (by fluid-induced cemen-
tation) also suggest that the ash was wet when deposited. The
fine grainsize and the fracture-bounded clast morphology are
evidence of the influence of water at the erupting vent(s),
enhancing the explosive process and resulting in finer frag-
mentation of the erupting magma (as per Sheridan and
Wohletz 1983; Wohletz 1983).

Bedding in the ash deposits ranges from thick, unstrati-
fied beds of metre size to fine laminations only millimetres
thick at the intra-caldera reference sections and elsewhere
within the caldera. Overall, there appears to be a reduction
in bed thickness in the later phases of the Talili sequence,
suggesting a diminution of the strength of the later-stage
eruptions.
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Ignimbrite and pyroclastic surges

Ignimbrite is a newly identified but minor component of the
TPS. The only ignimbrite known from the Talili deposits, the
Memorial Ignimbrite, is seen in the upper part of phase 2 de-
posits at the Namanula Road section and in a gully on the north-
western flank of Palangiangia. At least three flow units have

been identified: a basal unit which is somewhat indurated and
depleted in fine-grained fragments, overlain by two units which
are of Bnormal^ type (as defined by Walker 1983) having a
greater proportion of fines than the basal unit. Charcoal is pres-
ent in the basal andmiddle units. The greatest thickness (> 15m)
is seen in an exposure in the gully on the northwestern flank of
Palangiangia, while its maximum measured thickness at the

Fig. 4 Aerial view (Adastraphoto, Gazelle Peninsula, Run 2, #1143-26, 26May 1962, Lens 9666 153.54mm, 25,000′) showing the Talili era scoria flow
(outlined) on the north-northwestern flank of Palangiangia
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Namanula Road section is 2.1 m (Fig. 3). A distinguishing fea-
ture of the Memorial Ignimbrite is the presence of included
fresh-looking black andesitic scoria clasts within a pale grey
dacitic pumice and ash host tephra.

Pyroclastic surge deposits are more common than ignimbrite
in the TPS. Units interpreted to be of surge origin are present at
all of the reference sections within and near the caldera. At
Adelaide Street, weakly bedded and massive tuffs containing
pumice lapilli trains are interpreted as surge deposits. Weakly
cross-bedded grey and brown fine ash beds at Praed Point are
also likely to be of surge origin (Nairn et al. 1989, 1995).
Similar cross-bedded pink-brown fine tephra lenses, apparently
surge deposits, are present beneath the Memorial Ignimbrite in
gully sections on the northwestern flank of Palangiangia.

Basaltic scoria and ash

Black basaltic scoria and ash deposits ranging from coarse
lapilli to coarse ash are a volumetrically minor but conspicu-
ous component of the TPS. These deposits are present at sev-
eral different horizons but correlations between the reference
sections are difficult. The principal basaltic scoria and ash
deposits of the TPS are the fall deposits that make up phase
3. In stratigraphic order, oldest to youngest, these are the JWM
Scoria, Intervening Scoria and Namanula Scoria (Fig. 3).
These fall components are best seen at the Namanula Road
section while a related flow deposit is best exposed in a cal-
dera wall section between the Namanula Road and Adelaide
Street sections.

A prominent feature of the basal basaltic fall unit, the JWM
Scoria, and the base of the uppermost unit of phase 3, the
Namanula Scoria, is the absence or only weak development
of bedding. This is attributed to high eruption rates and prox-
imal sources. A high eruption rate was also responsible for the
development of the scoria flow.

Aerial photograph interpretation suggests that the sco-
ria flow is a stubby feature on the northwestern to north-
ern flank of Palangiangia (Fig. 4). The flow appears to be
bi-lobate with the main lobe oriented northwest and hav-
ing a maximum extent of about 1.4 km. A subsidiary lobe
on Palangiangia’s northern flank is about 1 km long. The
caldera wall exposure shows that the flow is as much as
30 m thick. Extremely poor sorting is evident with scoria
clasts up to 20 cm in diameter and (rare) cognate lithic
clasts as large as 60 cm. The flow is reversely graded, in
contrast to the normally graded related fall component,
the JWM Scoria. Parts of the scoria flow in caldera wall
exposures and in sections near the eastern boundary of the
flow were observed to be tack-welded and in places
strongly welded, a feature not commonly reported in sco-
ria flows (Cas and Wright 1987, p. 111), although welded
scoria flows are present on Santorini (Mellors and Sparks
1991; Druitt et al. 1999).

Volume estimates

Volume estimates for the fall products in each of the seven
phases of the Talili sequence are given in Table 3. The total
volume, > 5.1 km3, comprises > 4.4 km3 of dacitic tephra and
0.7 km3 of basaltic scoria. The volume of the scoria flow
deposit is estimated to be about 0.03 km3. The volumes of
the Memorial Ignimbrite and of the surge deposits have not
been estimated because of insufficient data.

Summary of the Talili eruption sequence

The Talili era opened at 4200 BP with strong (VEI 5)
phreatomagmatic activity from one or more intra-caldera
vents that produced unstratified and laminated dacitic fall de-
posits (Figs. 2 and 3, Tables 2 and 3). A closely following
second phase of activity, also of VEI 5 magnitude, produced
similar unstratified and laminated fall deposits, pyroclastic
surges and a small ignimbrite, the Memorial Ignimbrite.
Phase 3 started at 4100 BP and represents a marked change
in activity as basaltic volcanism produced widespread unstrat-
ified scoria fall deposits and a small-volume scoria flow that
was emplaced on the northwestern to northern flank of
Palangiangia (Fig. 4). While phase 3 was dominated by basal-
tic scoria eruptions, there was a minor intervening period of
dacitic volcanism. Phases 4 to 7 represent intermittent erup-
tions at VEI 4 to VEI 5 scale between 3380 and 1400 BP from
intra-caldera vents that produced both unstratified and lami-
nated dacitic fall deposits. The strongest activity in this period,
approaching VEI 5, was in phase 6. Another period of basaltic
volcanism is indicated by basaltic scoria clasts at the top of
phase 4 deposits. Several uncorrelated Talili era basaltic scoria
deposits are present in a stratigraphic section at the southeast-
ern foot of Turagunan and probably represent eruptions from
this centre (Nairn et al. 1989, 1995).

Geochemistry

Eighteen new geochemical analyses of samples from the TPS
deposits were obtained in this study. These data add substan-
tially to the three XRF analyses available previously (Nairn
et al. 1989). Major and trace element analyses are presented in
Tables 4 and 5 (for basalt and andesite-dacite, respectively).
For comparison, Table 6 shows all published major and trace
element geochemical analyses for mafic samples from
Turagunan, Palangiangia and Kabiu, plus analyses from the
basaltic scoria unit of the 6900 BP Raluan Pyroclastics.
Table 7 provides sample details: stratigraphic correlation,
chemical classification and locality (grid reference, where
known). Major and trace element variations with respect to
SiO2 are shown for TPS compositions in Figs. 5 and 6. The
variation plots also contain the results from other studies,
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namely those of Nairn et al. (1989), Patia (2004) and Bouvet
de Maisonneuve et al. (2015), in order to show Talili compo-
sitions in the context of the full range of rock compositions
observed at Rabaul. Talili compositions span a large part of
the entire compositional range at Rabaul, the Bmain series^ of
Wood et al. (1995), which extends from basalt to rhyodacite.
Subsets of these analyses have been used to construct the

discriminant plots K2O vs SiO2 (Fig. 7), SiO2 vs MgO
(Fig. 8) and Zr vs Ba (Fig. 9). In Figs. 5, 6, 7 and 8, and for
the following discussion, normalised values were plotted, ob-
tained after the analysis has been re-calculated to 100% on
volatile-free basis.

While Talili volcanism produced a broad range of composi-
tions from sources both within and outside the Rabaul Caldera

Table 4 Major and trace element data for samples from the Talili pyroclastics subgroup: basalt

Source Ph. 3 Ph. 3 Ph. 3 Ph. 3 Ph. 3 Ph. 3 Ph. 3 Ph. 4 Ph. 3 Ph. 3
Sample # 1 2 3 4 5 6 7 8 9 10
Field # RP99002 RP97249 PAL 5 RP98404 RP99009 RP99003 RAB50A RP05003 Pal 3 RP99001

SiO2 48.288 48.672 48.77 48.691 49.037 49.101 49.30 46.986 52.70 52.431

TiO2 0.687 0.800 0.81 0.857 0.768 0.857 0.86 1.040 1.05 1.053

A12O3 20.374 18.310 18.24 17.124 17.950 17.163 17.32 18.746 16.84 16.783

Fe2O3 9.232 10.709 10.92 11.350 10.026 11.358 11.48 11.779 11.69 11.562

MnO 0.165 0.179 0.18 0.195 0.169 0.190 0.19 0.164 0.21 0.197

MgO 5.668 6.410 6.35 6.644 7.268 6.657 6.52 4.359 4.19 4.140

CaO 13.583 13.009 12.98 12.542 12.664 12.629 12.46 8.873 9.30 9.138

Na2O 1.688 1.849 1.83 1.950 1.885 1.963 2.08 2.128 2.78 2.745

K2O 0.389 0.448 0.46 0.497 0.599 0.511 0.54 0.541 1.01 0.983

P2O5 0.098 0.119 0.12 0.120 0.101 0.125 0.14 0.325 0.19 0.180

S 0.010 0.006 0.01 0.013 0.006 0.005 – − 0.003 0.02 0.008

Total 100.180 100.510 100.68 99.98 100.47 100.56 100.89 95.042 99.98 99.22

SiO2* 48.201 48.425 48.44 48.701 48.808 48.828 48.87 49.490 52.71 52.843

K2O* 0.388 0.446 0.46 0.497 0.596 0.508 0.54 0.570 1.01 0.991

MgO* 5.658 6.377 6.31 6.645 7.234 6.620 6.46 4.591 4.19 4.173

Sc 38 44 45 50 44 50 – 39 42

V 266 310 326 336 286 340 384 431 342

Cr 28 32 23 34 32 34 35 < 3 4

Ni 22 24 22 24 38 24 27 5 6

Cu 114 142 164 148 108 152 – 183 174

Zn 70 74 83 79 76 84 84 104 104

Ga 17 17 17 16 15 16 18 20 19

As 0.4 0 1 0 < 0.3 < 0.3 – 2.2 0.6

Rb 5 6 7 7 7 7 7 15 13

Sr 493 495 528 481 452 453 480 547 480

Y 12 13 15 14 15 14 15 23 21

Zr 20 24 29 26 30 26 27 63 56

Nb 1 1 2 1 1 1 < 5 2 1

Ba 80 85 92 91 105 95 65 179 175

La 2 2 4 4 2 4 < 2 6 6

Ce 5 7 5 6 10 10 < 10 11 20

Nd < 5 3 3 1 < 5 5 < 10 5 10

Pb 3 3 3 4 4 4 3 4 6

Th < 1 < 1 < 1 < 1 < 1 < 1 – < 1 < 1

U < 1 < 1 2 < 1 < 1 < 1 – 2 < 1

SiO2*, K2O* and MgO* are the values after the analysis has been re-calculated to 100% on LOI-free, water-free basis

All data are new (Prof. S. Eggins, pers. comm.) except those for sample 7 which are from Nairn et al. (1989)
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Complex, the succeeding activity was focused at sources within
the Rabaul Caldera Complex and the products have a fairly
narrow compositional range. Most of the clasts in the RP erup-
tives are medium- to high-K dacites having between 65–67 wt%
SiO2, 2.6–2.9 wt% K2O and 1.3–1.6 wt% MgO (Nairn et al.
1989; Wood et al. 1995; Bouvet de Maisonneuve et al. 2015),
with the early-erupted products dominated by the more-silicic
compositions. The products of the post-RP period have a range
of medium- to high-K andesitic to dacitic whole-rock composi-
tions: about 56–64 wt% SiO2, 1.7–2.7 wt% K2O and 1.6–
4.5 wt% MgO (Nairn et al. 1989; Johnson et al. 1996; Patia
2004; Bouvet de Maisonneuve et al. 2015; Patia et al. 2017).

Basalt

Three distinct basaltic compositions are represented in the
Talili deposits, one more-evolved than the other two. The
more-evolved basalt analyses were obtained from samples of
the Namanula Scoria, from the top of phase 3 deposits
(samples 9 and 10, Table 4). These samples have SiO2 con-
tents of 52.84 and 52.71 wt%, K2O contents of 0.99 and
1.01 wt% and MgO contents of 4.17 and 4.19 wt% (Figs. 7
and 8). Trace element data for the Namanula Scoria (Table 4)
show particularly low values for Cr (< 3–4 ppm) and Ni (5–
6 ppm), and high values for Zn (104 ppm), Zr (56–63 ppm)
and Ba (175–179 ppm, Fig. 9).

One of the less-evolved basaltic compositions is repre-
sented by analyses from the basal and middle phase 3 units,
namely the JWM Scoria (samples 2, 3, 4, 5, 6 and 7,
Table 4) and the Intervening Scoria (sample 1, Table 4).
The other less-evolved basaltic composition is represented
by an analysis from the scoria clasts at the top of phase 4
(sample 8, Table 4). For the JWM Scoria and Intervening
Scoria data set, the SiO2 range is 48.20–48.87 wt%, the
K2O range is 0.39–0.60 wt% and the MgO range is 5.66–
7.23 wt%. Phase 4 basalt is slightly more evolved than the
JWM Scoria and Intervening Scoria compositions, having
49.49 wt% SiO2, 0.57 wt% K2O and 4.59 wt% MgO. The
relationships between SiO2, K2O and MgO contents for
these samples are shown in Figs. 7 and 8. Trace element
data for the JWM Scoria and the Intervening Scoria
(Table 4) show relatively high values for Cr (23–35 ppm)
and Ni (22–38 ppm), and relatively low values for Zn (70–
84 ppm) and Ba (65–105 ppm, Fig. 9). The Zr contents of
the JWM and Intervening Scorias are also very low (20–
30 ppm, Fig. 9), but are similar to those of the products of
Palangiangia and Turagunan (30–35 ppm, see Fig. 9 and
Tables 4 and 6). Basaltic rocks with similarly low Zr con-
tents (14–40 ppm) are known from Sumisu Volcano and
Torishima Volcano, Izu-Bonin Arc, Japan (Tamura et al.
2005, 2007). No trace element data are available for the
phase 4 scoria.

Andesite

The only andesitic rocks analysed from the TPS deposits are
the scoria fragments hosted by the Memorial Ignimbrite
(samples 11 and 12, Figs. 5 and 6, Table 5). These scoria
fragments have a uniform fresh appearance indicating that
they represent juvenile magma (i.e. as cognate lithics). The
scoria fragments are of intermediate composition, having a
SiO2 range of 57.67–59.49 wt%, a K2O range of 1.48–
1.68 wt% and anMgO range of 2.49–2.84 wt%. These rocks
are notable for their very low contents of Cr (4 ppm) and Ni
(< 2 ppm).

Dacite

The bulk of the TPS is comprised of the dacitic material
that makes up the fall and surge deposits and the ignim-
brite. The major and trace element contents of analysed
samples of the dacitic TPS tephra (Figs. 5 and 6,
Table 5) are typical of the dacitic rocks from the Rabaul
Caldera Complex. The compositional range is rather nar-
row: the SiO2 range is 63.41–66.96 wt%, the K2O range is
2.60–3.08 wt% and the MgO range is 1.12–1.88 wt%.
Consistent with other dacitic rocks from the Rabaul
Calera Complex, the contents of Cr and Ni are very low,
typically < 5 ppm.

Despite the narrow compositional range, there are indi-
cations of geochemical trends over time, as shown in
Figs. 10 and 11. The more-differentiated compositions first
appear towards the beginning of the Talili sequence. Phase
1 ash (sample 19, Table 5), and pumice from the (phase 2)
Memorial Ignimbrite (sample 18, Table 5) have some of
the most-differentiated compositions analysed from the
Talili deposits: SiO2 contents are 66.35 and 65.94 wt%,
K2O contents are 2.93 and 3.02 wt% and MgO contents
are 1.31 and 1.28 wt%, respectively. These compositions
are within the range of compositions (65–69 wt% SiO2) of
the most-evolved products in many of the ignimbrites of
the major eruptions from the Rabaul Caldera Complex
(Wood et al. 1995). There is then a progressive shift to-
wards less-differentiated compositions. The grey fine ashes
of phases 5 and 6 (samples 13 and 14, Table 5) have lower-
silica dacite compositions: SiO2 contents are 63.41 and
63.58 wt%, K2O contents are 2.60 and 2.68 wt% and
MgO contents are 1.88 and 1.79 wt%, respectively. These
compositions are similar to those of the post-RP eruptives.
There is then a reversal of this trend, and phase 7 ash
(samples 20 and 21, Table 5) has about 66.9 wt% SiO2,
3.0 wt% K2O and 1.1 wt% MgO, similar to the early
dacites of the Talili sequence and to the early, more-
evolved products of the subsequent RP caldera-forming
eruption.
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Eruption sources

Unfortunately, the field relationships between most units in
the TPS are unclear, as few units can be correlated between
outcrops. However, for the basaltic units, we can use the
chemistry of the basalt to suggest potential sources.

Basalt

The least-evolved basalts, the JWM Scoria, the Intervening
Scoria and the phase 4 scoria, have K2O, SiO2 and Cr contents
similar to those in material from both Palangiangia and
Turagunan (Fig. 7 and Tables 4 and 6). The JWM scoria flow

Table 5 Major and trace element data for samples from the Talili pyroclastics subgroup: andesite–dacite

Source Ph. 2 Ph. 2 Ph. 5 Ph. 6 Ph. 4 Ph. 3 Ph. 2 Ph. 2 Ph.1 Ph. 7 Ph.7
Sample # 11 12 13 14 15 16 17 18 19 20 21
Field # RP99421 RP98401 RP08001 RP08002 RP05002 RP98406 RAB277y RP99422 RAB103g RP17001 RP17002

SiO2 57.239 57.863 63.261 63.668 63.085 62.506 64.97 63.324 65.52 64.92 65.08

TiO2 1.117 1.059 0.863 0.868 0.866 0.831 0.82 0.825 0.82 0.81 0.80

A12O3 16.079 15.731 15.611 15.517 15.790 15.078 15.03 14.815 15.22 14.87 14.80

Fe2O3 9.769 8.707 6.145 6.113 5.596 5.371 5.32 4.868 4.91 4.86 4.69

MnO 0.203 0.196 0.178 0.168 0.179 0.154 0.15 0.163 0.17 0.16 0.16

MgO 2.822 2.423 1.879 1.792 1.631 1.616 1.43 1.230 1.29 1.12 1.09

CaO 6.544 5.663 4.276 4.169 3.661 3.260 3.52 3.123 3.20 3.09 2.97

Na2O 3.692 3.572 4.680 4.922 4.511 4.172 4.50 4.434 4.49 4.32 4.38

K2O 1.472 1.630 2.598 2.684 2.618 2.519 2.99 2.895 2.89 2.84 2.99

P2O5 0.266 0.251 0.273 0.243 0.231 0.242 0.27 0.279 0.24 0.22 0.24

S 0.046 0.164 − 0.042 − 0.033 0.020 0.092 - 0.071 - - -

Total 99.25 97.26 99.776 100.314 98.254 95.84 99.00 96.03 98.75 97.21 97.19

SiO2* 57.672 59.493 63.411 63.576 64.249 65.219 65.63 65.944 66.35 66.78 66.96

K2O* 1.483 1.676 2.604 2.680 2.666 2.628 3.02 3.015 2.93 2.92 3.08

MgO* 2.843 2.491 1.883 1.789 1.661 1.686 1.44 1.281 1.31 1.15 1.12

Sc 34 30 22 – 20 – 14 15

V 283 204 98 40 55 38 45 46

Cr 4 4 4 5 < 2 < 5 <DL <DL

Ni < 2 < 2 < 2 4 < 2 < 5 <DL <DL

Cu 172 138 282 – 10 – <DL 10

Zn 122 104 90 67 100 94 90 90

Ga 19 19 16 16 16 17 17 17

As 3 3 7 – 6 – 6 7

Rb 17 22 39 39 39 41 42 42

Sr 535 490 334 266 337 323 316 307

Y 26 30 39 39 37 39 38 37

Zr 90 99 141 161 164 167 149 159

Nb < 2 1 2 7 4 < 5 2 2

Ba 260 275 402 424 435 440 461 483

La 8 8 16 17 14 17 16 16

Ce 20 21 30 36 40 38 37 36

Nd 10 13 16 18 20 26 23 22

Pb 6 8 8 9 8 12 9 10

Th 1 < 1 2 – 2 – 2 2

U < 1 < 1 1 – 1 – 1 1

SiO2*, K2O* and MgO* are the values after the analysis has been re-calculated to 100% on LOI-free, water-free basis

All data are new (Prof. S. Eggins, pers. comm.—samples 11, 12, 13, 14, 15, 16, 18; Actlabs, Canada—samples 20 and 21), except those for samples 17
and 19, from Nairn et al. (1989)
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can be traced back to Palangiangia in aerial photos (Fig. 4),
and its composition is consistent with Palangiangia being the
source. The chemistry of the Intervening Scoria is consistent
with either Palangiangia or Turagunan as a source. The lower
MgO and higher SiO2 contents of the phase 4 Scoria (Fig. 8)

indicate that its composition is closer to that of Turagunan
than that of Palangiangia.

The Namanula Scoria has a composition similar to that of
basalts sampled from Kabiu and from basaltic lava flows in
the eastern caldera wall (also believed to be from Kabiu).

Table 6 Major and trace element data for mafic samples from Palangiangia, Turagunan and Kabiu, and samples from the Raluan Pyroclastics Scoria

Source Palangiangia Turagunan Raluan P. Scoria Kabiu

Sample # a b c d e f g h i
Field # RAB53 18b 014 20b RAB97b RP99008 7007 RAB400 6985

SiO2 48.85 47.48 48.19 49.13 50.05 50.628 52.44 53.37 54.71

TiO2 0.72 0.78 0.81 1.01 0.82 0.811 0.99 0.97 1.07

Al2O3 20.27 19.25 18.99 17.93 17.70 18.361 17.45 16.63 16.70

Fe2O3 9.29 10.68 9.77 11.80 10.14 9.768 10.64 10.94 10.51

MnO 0.14 0.18 0.16 0.20 0.15 0.174 0.19 0.17 0.35

MgO 5.44 5.35 5.64 5.18 6.08 5.263 4.42 4.77 3.79

CaO 13.25 11.78 12.81 10.68 11.55 11.670 9.58 9.61 8.20

Na2O 2.22 2.16 2.20 2.64 2.22 2.225 3.03 2.81 3.37

K2O 0.45 0.38 0.50 0.52 0.81 0.735 0.97 1.09 1.21

P2O5 0.12 0.17 0.13 0.19 0.13 0.116 0.19 0.18 0.20

LOI − 0.53 1.32 0.73 − 0.05 − 0.60 0.014 0.75 − 0.56 1.12

Total 100.22 99.53 99.93 99.23 99.05 99.765 100.65 99.98 101.23

SiO2* 48.49 48.35 48.58 49.49 50.23 50.74 52.49 53.08 54.65

K20* 0.45 0.39 0.50 0.52 0.81 0.74 0.97 1.08 1.21

MgO* 5.40 5.45 5.69 5.22 6.10 5.28 4.42 4.74 3.79

Sc – – – – – 44 – – –

V 316 – 294 – 322 284 313 386 291

Cr 25 – 25 – 28 18 19 15 5

Ni 24 – 34 – 30 18 27 18 13

Cu – – – – – 114 – – –

Zn 64 – 73 – 77 78 89 94 94

Ga 17 – 15 – 16 17 16 18 18

As – – – – – < 0.3 – – –

Rb 5 – 13 – 9 10 19 14 19

Sr 543 – 538 – 481 456 451 476 444

Y 13 – 13 – 17 17 13 22 13

Zr 29 – 35 – 46 44 51 64 64

Nb < 5 – 7 – < 5 1 6 < 5 5

Ba 68 – 107 – 103 130 186 146 238

La 2 – 5 – < 2 4 5 2 5

Ce 11 – 43 – 15 15 46 < 10 46

Nd < 10 – 10 – < 10 10 15 13 15

Pb 4 – – – 5 5 – 7 –

Th – – – – – < 1 – – –

U – – – – – < 1 – – –

SiO2*, K2O* and MgO* are the values after the analysis has been re-calculated to 100% on LOI-free, water-free basis

Data sources: Nairn et al. (1989) for samples a, e and h; Heming and Carmichael (1973) and Heming (1974) for samples c, g and i; Prof. J.B. Gill (pers.
comm.) for samples b and d; Prof. S.M. Eggins (pers. comm.) for sample f
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Thus, the Namanula Scoria may be a product of Kabiu. The
relatively high TiO2 and low Cr and Ni contents in Namanula
Scoria samples (Figs. 5 and 6) indicate that this more-felsic
basalt likely evolved by fractional crystallisation from a more
primitive composition.

Andesite

The source of the Memorial Ignimbrite andesite inclusions is
uncertain. The Memorial Ignimbrite andesite has lower CaO,
MgO, Cr andNi and higher TiO2 (Figs. 5 and 6) than andesites
with similar SiO2 contents from Turagunan (Nairn et al. 1989)
and from Tavurvur (Patia 2004; Patia et al. 2017; Fabbro et al.
2017b). This pattern suggests that the Memorial Ignimbrite
andesite was produced through fractional crystallisation, rath-
er than by mixing basalt and dacite (Fabbro et al. 2017b).
Geochemically close analogues of the Memorial Ignimbrite
andesite are the 201 ka Korere Scoria, the 169 ka Tavui
Scoria and the 98 ka Vunairoto Lapilli, all believed to be
products of the RCC (McKee and Duncan 2016). Andesitic
pumice clasts in the otherwise dacitic 1400 BP RP tephra
(Fabbro et al. 2018, under review) also have geochemical
similarities to the Memorial Ignimbrite andesite.

The inclusion of the andesitic scoria fragments in the
dacitic Memorial Ignimbrite represents mingling of magmas
that has similarities to the process reported at Soufrière Hills in
1995 (Murphy et al. 1998, 2000). This process may have
triggered the eruption of the ignimbrite. As with all of the
studied eruptives from post-RP Rabaul Caldera Complex ac-
tivity that involved mixing/mingling of magmas (Patia 2004;
Patia et al. 2017), the mafic component did not erupt separate-
ly to form a discrete depositional unit.

Dacite

Nairn et al. (1989, 1995) thought that the dacitic pumice-
lapilli beds of the TPS were erupted from a near-sea-level
vent, possibly located near the centre of the present Rabaul
Caldera, to reportedly produce the thickest and coarsest pum-
ice deposits at Praed Point and Vunabugbug. They proposed
that the grey vitric fine ashes resulted from frittering interac-
tion between hot, near-solid, dacitic magma and seawater, to
generate phreatomagmatic wet pyroclastic surges within the
caldera and airfall deposits beyond the caldera rim.

New observations show greater variations in the thickness
and complexity of the sequence than previously reported
(Table 8 and Figs. 2 and 3). These measurements show that
the greatest thickness of Talili deposits is in the northeastern
part of Rabaul Caldera. Further, there appears to be a similar
thickness (6–7 m) for the only common part of the sequence
(phase 2) preserved at both Namanula Road and at Adelaide
Street.

The greatest complexity of the sequence, in terms of num-
ber and variety of stratigraphic units, is seen at the intra-
caldera sites Adelaide Street and Namanula Road.While these
sites and Praed Point all lie at similar distances from the centre
of the caldera, the sequence at Praed Point is less complex.
This difference reflects at least azimuthal variations in the
character of deposits from the same eruptions.

Table 7 Sample details: stratigraphic correlation, chemical classification,
locality (grid reference, where known)

Talili Pyroclastics: basalt

1. Intervening Scoria, high-alumina basalt, Namanula ref. section (101
353).

2. JWM Scoria, high-alumina basalt, Melbourne Street gully (099 349).

3. JWM Scoria, high-alumina basalt, NE caldera wall (098 346).

4. JWM Scoria, high-alumina basalt, Namanula ref. section (101 353).

5. JWM Scoria, high-alumina basalt, Adelaide Street gully (099 341).

6. JWM Scoria, high-alumina basalt, Namanula ref. section (101 353).

7. JWM Scoria, high-alumina basalt, Namanula ref. section (101 353).

8. Phase 4 scoria, (? Turagunan), high-alumina basalt, Namanula ref.
section (101 353).

9. Namanula Scoria, high-alumina basalt, NE caldera wall (098 346).

10. Namanula Scoria, high-alumina basalt, Namanula ref. section (101
353).

Talili Pyroclastics: andesite–dacite

11.Memorial Ignimbrite scoria (Phase 2), andesite, Namanula ref. section
(101 353).

12.Memorial Ignimbrite scoria (Phase 2), andesite, Namanula ref. section
(101 353).

13. Phase 5 ash, high-K dacite, Namanula ref. section (101 353).

14. Phase 6 ash, high-K dacite, Namanula ref. section (101 353).

15. Phase 4 ash, high-K dacite, Namanula ref. section (101 353).

16. Phase 3 pumice, high-K dacite, Namanula ref. section (101 353).

17. Phase 2 ash, high-K dacite, Tavui ref. section (034 407).

18. Memorial Ignimbrite pumice (Phase 2), high-K dacite, Namanula ref.
section (101 353).

19. Phase 1 ash, high-K dacite, Vunabugbug ref. section (007 335).

20. Phase 7 ash, high-K dacite, Burma Road ref. section (041 315).

21. Phase 7 ash, high-K dacite, Burma Road ref. section (041 315).

Palangiangia, Turagunan, Kabiu and Raluan PyroclasticsScoria

a. Palangiangia Lavas, high-alumina basalt, NW foot of Palangiangia
(098 345).

b. Turagunan Lavas, high-alumina basalt, flow beside road near Talwat.

c. Turagunan Lavas, high-alumina basalt, W slopes of Turagunan.

d. Turagunan Lavas, high-alumina basalt, lava above scoria in quarry,
Talwat Road.

e. Raluan Pyroclastics Scoria, high-alumina basalt, cutting Burma Road
(041 315).

f. Raluan Pyroclastics Scoria, high-alumina basalt, near Adelaide Street
(100 342).

g. Kabiu Lavas (?), high-alumina basalt, E caldera wall.

h. Kabiu Lavas, basaltic andesite, scoria quarry on coast E of Kabiu (138
339).

i. Kabiu Lavas (?), basaltic andesite, E caldera wall.
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Fig. 5 Major element vs SiO2 variation diagrams for whole-rock compo-
sitions of the TPS (multi-coloured symbols). Data for other products of
the Rabaul Caldera Complex and for the Watom-Turagunan Zone are

shown (grey symbols) for comparison: solid squares mark data from
Nairn et al. (1989), plus signs mark data from Patia (2004), and solid
triangles mark data from Bouvet de Maisonneuve et al. (2015)
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Fig. 6 Trace element vs SiO2 variation diagrams for whole-rock compo-
sitions of the TPS (multi-coloured symbols). Data for other products of
the Rabaul Caldera Complex and for the Watom-Turagunan Zone are

shown (grey symbols) for comparison: solid squares mark data from
Nairn et al. (1989), plus signs mark data from Patia (2004) and solid
triangles mark data from Bouvet de Maisonneuve et al. (2015)
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Prevailing wind directions would have been a dominant
influence on the distribution of tephra, together with lo-
cation of the vent(s). However, there is insufficient infor-
mation to precisely determine the location(s) of the
vent(s).

By comparison with the post-RP period during which
five intra-caldera vent areas have been established, the
long period of time during which the TPS deposits were
emplaced, at least 2390 radiocarbon years, would suggest a
reasonable likelihood that a number of different vents with-
in the caldera were active at different times to produce the
TPS dacitic tephra. The two suggested dacitic vent areas
shown in Fig. 1 include the Dawapia Rocks centre which
appears to pre-date the RP eruption (McKee et al. 2016). It
is likely that the Talili dacite vents were mostly engulfed
during the 1400 BP RP eruption.

Significance of the Talili Pyroclastics eruption
sequence

Prolonged period of episodic activity from multiple
vents

The total duration of the Talili era was at least 2390 radiocar-
bon years, from the commencement of phase 1 at 4200 BP to
the commencement of phase 7 at 1810 BP. The bulk of the
deposits was produced in the first three phases which took
place within a period of about 100 radiocarbon years or less.
The repose intervals separating each successive eruptive peri-
od between phases 3 to 7 range between 270 and 930 radio-
carbon years. The average time interval between the com-
mencement of each of the 7 phases of activity is 398 radiocar-
bon years.

Fig. 7 K2O vs SiO2 relationships
used for discrimination of basaltic
tephra in the TPS, and for
associations with mafic material
from Turagunan, Palangiangia
and Kabiu, and the Raluan
Pyroclastics Scoria. The letters
and numbers adjacent to data
points refer to Tables 4, 5 and 6
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Two periods of higher eruptive rates are evident. The
strongest activity of the Talili era occurred during the
early phases (1 and 2), which were of VEI 5 (Fig. 12).
Later activity was mostly of VEI 4 strength, but still
capable of transporting tephra well beyond the caldera,
at least as far as the Vunabugbug reference section about
10 km from the centre of the caldera. A second period of
higher eruptive rates spanned phases 5 and 6 (Fig. 12).
The total volume of Talili dacitic eruptives (> 4.4 km3) is
significant as it is similar to the volumes of many of the
major eruptions from the Rabaul system (see Table 1),
and is about 40% of the volume of the succeeding RP
event, which at > 11 km3 according to Walker et al.
(1981), is one of the largest known eruptions from the
Rabaul Caldera Complex.

The involvement of multiple source vents within and
outside the caldera has resulted in the diversity of chemical
compositions represented within the Talili tephra sequence.
In addition to the evidence of mafic contributions from the
three stratovolcanoes on the eastern flank of the caldera, it
is possible that multiple vents were active within the cal-
dera over the long duration of the Talili era. This is sug-
gested by the development of at least five vent areas within
the caldera since the 1400 BP RP eruption (McKee et al.
1985, 2016).

Dominant style of activity and associated hazards

The dominant style of eruptive activity indicated by the
phreatomagmatic nature of the dacitic deposits of the Talili

Fig. 8 SiO2 vsMgO relationships
used for discrimination of basaltic
tephra in the TPS, and for
associations with mafic material
from Turagunan, Palangiangia
and Kabiu, and the Raluan
Pyroclastics Scoria. The letters
and numbers adjacent to data
points refer to Tables 4, 5 and 6
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sequence was strong, water-modified explosive activity. The
tephra hazards associated with this style of activity were py-
roclastic flows of different types and wet ash that fell in

damaging quantities within and beyond Rabaul Caldera.
Also, it is likely that local tsunamis would have been generat-
ed by this activity.

Fig. 10 Eruptive period in the
Talili Pyroclastics sequence vs
SiO2. The dashed line connects
data from dactic tephra

Fig. 9 Zr vs Ba relationships used
for discrimination of basaltic
tephra in TPS, and for
associations with mafic material
from Turagunan, Palangiangia
and Kabiu, and the Raluan
Pyroclastics Scoria. The linear
relationship between basaltic,
andesitic and dacitic tephra of the
TPS indicates a common liquid
line of descent, consistent with the
broader genetic relationships
between the products of the
Rabaul Caldera Complex and of
the Watom-Turagunan Zone
(Heming 1974; Wood et al. 1995;
Patia et al. 2017)
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The discovery of charcoal-bearing pyroclastic flow de-
posits in the Talili sequence at locations in and near the north-
eastern part of the caldera and the presence of surge deposits at
Praed Point demonstrates clearly that the environment within
and near Rabaul Caldera would be extremely hostile during
activity of this scale and style. Available exposures of the
Talili deposits suggest that the pyroclastic flow hazard for
VEI 5 scale activity may not have extended far beyond the
confines of the caldera during the Talili era.

The ashfall hazard of VEI 5 scale eruptions at Rabaul is
severe within the area of the caldera and extends well beyond
the caldera. Thick, unstratified Talili fall deposits within the
caldera signify high eruption rates and rapid accumulation of

ash. This style of activity, albeit at a smaller scale, can be
appreciated by reference to deposits of similar character pro-
duced in phases of intense activity at Vulcan in 1937 and
1994, and at Tavurvur in September 1994 and October 2006
(Fisher 1939; Johnson and Threlfall 1985; McKee et al. 2016;
Bouvet de Maisonneuve et al. 2015).

The indications that much of the dacitic tephra produced
during the Talili eruptions was wet have important implications
for the associated hazards. As experienced during the 1994
activity of Tavurvur (Blong and McKee 1995), the added
weight of water with the ash greatly exacerbates the damaging
nature of accumulating wet fall deposits. For some buildings at
Rabaul in 1994, wet ash thicknesses of as little as 10 cm were
sufficient to cause roof collapse (Blong and McKee 1995).

An important additional aspect of the hazards of water-
modified eruptions is the potential for erosional activity. The
strongly irregular nature of the unconformities present in the
deposits of the early phases of the Talili sequence at Namanula
is interpreted in this study as an indication of syn-eruption
erosional activity, akin to the damaging effects of flooding.
The production of lahars may be a consequence of such
flooding and erosional activity.

Fig. 11 Eruptive period in the
Talili Pyroclastics sequence vs
MgO. The dashed line connects
data from dacitic tephra

Table 8 Total thicknesses of Talili deposits at the reference stations

Namanula Road > 21.3 m (basal phase not exposed, parts missing)

Adelaide Street > 11.8 m (upper phases missing—eroded?)

Praed Point 6.0 m

Tavui 3.5 m

Vunabugbug 3.5 m

Burma Road 2.2 m (lower phases missing—eroded?)
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The interpretation that near-sea-level vents were active dur-
ing the course of the Talili eruptions (Nairn et al. 1989, 1995)
suggests that tsunamis may have been generated. Damaging
tsunamis were created during the 1937 and 1994 eruptions of
Vulcan and possibly during the eruption that formed Vulcan
Island in 1878 (Fisher 1939; Johnson et al. 1981; Johnson and
Threlfall 1985; Blong and McKee 1995), so any explosive
eruption at Rabaul from vents below or even at the surface
of the water filling the caldera could generate tsunamis.
Tsunamis generated by a VEI 5 submarine eruption at
Rabaul would likely be of greater magnitude than those of
the historical eruptions.

Implications of the geochemical trends in the Talili
dacites

The geochemical trends towards less-evolved or more-mafic
dacite compositions over the course of part of the Talili era
could have several different explanations. Given that some of
our samples are bulk ash, syn-eruptive processes such as
vitric-crystal fractionation or the incorporation of lithic frag-
ments may play a role in the trend observed here. However, it
should be noted that the trend towards more mafic composi-
tions is not an artefact of comparing pumice compositions
with bulk ash compositions as both pumice and bulk ash com-
positions show similar trends. If syn-eruptive processes did
play a role in producing the trend towards more mafic com-
positions, then it would require a trend in eruption dynamics
through time. It is more likely that the trend in the composition

of the deposits reflects a change in composition of the erupted
magma through time, which could be explained as follows:

(i) Beneath the Rabaul Caldera Complex throughout the
Talili era, there was a persistent, geochemically stratified,
large silicic magma reservoir, in the classic sense of
Williams (1941), Smith and Bailey (1968), Hildreth
(1979, 2004), Smith (1979) and Lipman (1984).
Multiple melt pods of slightly different composition also
could have been generated from a persistent magma res-
ervoir dominated by crystalline magma mush, and
remained within the large reservoir as stacked sills or
migrated to shallower levels within the volcanic system,
as proposed by Cashman and Giordano (2014) and
Kennedy et al. (2018). Successive eruptions tapped in-
creasingly deeper levels extracting progressively less-
evolved dacite compositions.

(ii) There was a persistent large silicic magma reservoir, but
prior to each Talili eruption, there was an injection of
more-mafic magma that reduced the overall silica con-
tent of the reservoir. In this case, the recharge magma
would have to be andesitic in order to increase the
TiO2 contents in the less-evolved dacites. Mingling of
andesite and dacite is evident in the Memorial
Ignimbrite.

(iii) There was not a persistent large silicic magma reservoir,
and each Talili eruption sourced a different, smaller

Fig. 12 Cumulative volumetric output (km3) for the Talili Pyroclastics sequence. Note the highest eruptive rates (at VEI 5 levels) during phases 1 and 2,
and a second period of elevated eruptive rates spanning phases 5 and 6
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reservoir. It is possible that the different reservoirs co-
existed in the shallow crust, as reported for the paired
Mamaku and Ohakuri eruptions from the Taupo
Volcanic Zone, New Zealand (Bégué et al. 2014), within
roughly the same region as the current shallow caldera-
extensive reservoir (Patia et al. 2017). Alternatively, the
different shallow sources could have been separated in
time, with pulses of magma arriving from deeper in the
system only shortly before each eruption, as reported at
Santorini, Greece (Fabbro et al. 2017a). If the magma for
each eruption evolved separately, then it is likely that
these magmas would have undergone different amounts
of fractional crystallisation (or mixing). In this case, the
trend towards less-evolved or more-mafic dacite compo-
sitions could just be coincidence, or could be indicative of
some other process affecting the magma system, such as
cooling, or increasing volumes of mafic recharge.

The chemical compositions of the phase 7 ash and the RP
eruptives, however, represent a marked reversal of the com-
positional trend seen in the dacitic tephra erupted over the
course of most of the Talili era. It is not clear what period of
time separates the phase 6 and phase 7 eruptions; radiocarbon
ages show that it must have been less than about 780 radio-
carbon years, but the only lower bound we have is that it was
long enough for soil formation. If the Talili and the RP tapped
a single, persistent reservoir, then this compositional reversal
could be explained by fractional crystallisation or a decrease
in mafic recharge over this repose period. Without detailed
petrologic work, however, it is difficult to assess whether the
Talili and RP eruptions were sourced from a single persistent,
melt-dominated magma reservoir or from multiple, discrete
reservoirs. Thermal modelling suggests that a melt-
dominated magma body should easily be able to survive in
the shallow crust for 2.8 ky (Gelman et al. 2013) and persistent
silicic reservoirs have been reported at other volcanoes, such
as at Usu in Japan (Tomiya and Takahashi 2005). The lack of
evidence of basalt mixing or mingling with the Talili dacites
can also be explained if a large, silicic, melt-dominated reser-
voir was present, as thermal and rheological constraints could
have prevented any basalt that reached the shallow system
from entering the silicic reservoir (Sparks and Marshall,
1986). However, eruptions from other silicic systems such as
Taupo, Santorini and Laguna del Maule are seen to be fed by a
series of discrete shallow magma bodies (Wilson and Charlier
2009, Fabbro et al. 2017a, Andersen et al. 2018), and we are
unable to rule out something similar occurring at Rabaul.

Activity at the stratovolcanoes adjacent to Rabaul
Caldera

During the course of the Talili eruptive sequence, all of the
young stratovolcanoes adjacent to Rabaul Caldera were active.

The Palangiangia and Kabiu eruptions, which generated the
phase 3 scoria deposits, were strong VEI 4 events. Scoria bed
thicknesses of several metres each for these deposits in the
northeastern part of the caldera are consistent with the estimate
of a considerable volume of erupted material (> 0.7 km3) and
the potential for significant damage in this area. The intensity of
activity at Palangiangia is even more impressive considering
that a substantial scoria flow, having an estimated volume of
0.03 km3, was also produced during that eruption.

Turagunan probably was active several times during the
Talili era as indicated by multiple scoria horizons in the
Talili sequence at Praed Point (Fig. 2). Products from only
one of the Turagunan eruptions are thought to have reached
the northeastern part of Rabaul Caldera, preserved as scoria
fragments at the top of phase 4 deposits in the Namanula Road
area. Turagunan may have been active more recently as there
is evidence of Turagunan eruptives overlying part of the 1400
BP caldera escarpment (Heming 1974).

The basaltic volcanism of the TPS represents the youngest
substantial activity of this type in the Rabaul area and the most
significant since the eruption of the ≈ 0.5 km3 basaltic Scoria
Fall Member of the Raluan Pyroclastics at 6900 BP (Nairn
et al. 1995; Walker et al. 1981; McKee 2015). While the geo-
chemical characteristics of the Raluan Scoria do not closely
match those of the products of any of the young stratovol-
canoes at Rabaul, as shown in Figs. 7, 8 and 9 and Tables 4
and 6, the areal distribution of the Raluan Scoria indicates that
it was sourced at Kabiu or Palangiangia (Nairn et al. 1989,
1995; McKee 2015).

The relationship during the Talili era between the basaltic
volcanism from the stratovolcanoes fringing the Rabaul
Caldera Complex and the dacitic volcanism from intra-caldera
sources is intriguing. Stratigraphically and geochronologically,
the two sets of deposits are closely related, particularly the
dacitic phase 2 deposits which include the Memorial
Ignimbrite, and the closely sequential basaltic scoria beds of
phase 3. Geochemical relationships between the andesitic sco-
ria inclusions hosted by the Memorial Ignimbrite and the
succeeding basaltic Namanula Scoria, notably similar low Cr
and Ni contents and overall similarities in their trace element
profiles, may indicate some form of interaction between the
separate magma systems that feed the Rabaul Caldera
Complex and the stratovolcanoes. Although these magma sys-
tems are separate, their products are likely genetically related as
only a single basaltic composition is required to produce the
entire array of Rabaul Caldera Complex andWatom-Turagunan
Zone compositions through fractional crystallisation and mag-
ma mixing (Heming 1974; Wood et al. 1995; Patia et al. 2017;
and see Fig. 9). However, in general, there appears to have been
little or no mixing of basalt and dacite during the Talili era. This
contrasts with the historical period (and perhaps a large part of
the post-1400 BP era) in which there have been no basalt erup-
tions, but strong evidence of basalt-dacite mixing (Johnson
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et al. 1996; Bouvet de Maisonneuve et al. 2015; Patia et al.
2017). These relationships and broader questions about interac-
tion between these adjacent magma systems in the Rabaul re-
gion require further work.

Relationships with succeeding major activity

From a timing perspective, the Talili sequence could be con-
sidered as a prelude to the RP eruption. The chronology of the
Talili tephra sequence indicates intermittent activity between
4200 and 1810 BP, with an average time interval of about 400
radiocarbon years between eruptive phases. The RP eruption
took place 410 radiocarbon years after the start of the last
phase of the Talili sequence, i.e. maintaining the broad peri-
odicity of the Talili sequence.

Talili phase 7 ash is very similar geochemically to the most-
evolved early products of the RP eruption. Any relationship
between their sources is difficult to specify at present.
However, the similarity in their geochemistry may have pre-
dictive value for future volcano monitoring. The pattern of
lower-silica dacite to andesite geochemistry of post-RP erup-
tives is well-established, and any change to more-evolved
eruptives, as evident in the Talili phase 7 ash, may signify
preparation for a larger-scale, more-hazardous eruption, pos-
sibly involving the generation of ignimbrite.

The abundance of phreatomagmatic deposits throughout
the Talili sequence indicates that the intra-caldera source vents
were close to, and perhaps below, sea-level. This leads to the
inference that the RP eruption merely deepened or widened an
existing water-filled, basin-like feature that prevailed at
Rabaul throughout the Talili era. A similar conclusion about
the impact of the RP eruption on the topography of the Rabaul
area was reached byWalker et al. (1981), based on the dispar-
ity between the volume of the RP eruptives (> 11 km3) and the
volume of the caldera, ≈ 23 km3 calculated below an arbitrary
level at 200 m above sea level.

Talili activity in the context of the Late Cainozoic
eruption history of the Rabaul Caldera Complex

The episodic nature of the Talili dacitic eruptive activity is
interesting in the context of the Late Cainozoic eruption his-
tory of the Rabaul Caldera Complex. Over the period 18 ka to
present, there were four major ignimbrite-producing eruptions
at the Rabaul Caldera Complex: Kulau Ignimbrite (18 ka),
Namale Pyroclastics (15.1 ka), Vunabugbug Pyroclastics
(10.5 ka) and Rabaul Pyroclastics (1.4 ka), as presented in
Table 1. All of these were discrete, large-volume events (>
5 km3). In contrast, the Talili activity was a sequence of small-
er eruptions, the total product volume of which does however
match the volumes of the two preceding major eruptions.
Other similar sets of deposits from this period—Tatoko and
Talwat Pyroclastics Subgroups, which respectively pre-date

and post-date the Vunabugbug Pyroclastics (Table 1)—have
volumes that are significantly smaller than that of the Talili
sequence, possibly 1 km3 each.

Developments at the Rabaul Caldera Complex during the
Middle to Late Holocene may indicate even greater complexity
within the magma storage system than previously appreciated.
It is possible that multiple melt volumes were extracted from a
crystalline mush during this period to both feed the Talili erup-
tive sequence and to separately assemble a larger body of mag-
ma for the RP eruption. Evidence from the recent eruption
history of the Rabaul Caldera Complex indicates that the mag-
ma reservoir is a complex system that can generate large vol-
umes of low-crystallinity magma to feed large-volume ignim-
brite eruptions such as the RP eruption (Walker et al. 1981). The
system can also produce smaller, possibly independent melt
bodies that feed VEI 5 and VEI 4 eruptions, such as those of
the Talili era and of the historical eruptive period (Johnson et al.
1996; Bouvet de Maisonneuve et al. 2015; McKee et al. 2016;
Patia et al. 2017). The sources of the large eruptions may rep-
resent rapid amalgamation of several smaller melt bodies
(Cashman and Giordano 2014; Kennedy et al. 2016, 2018).

A pattern of cyclic escalating activity

VEI 5 eruptions appear to be relatively rare at Rabaul, having
a frequency similar to that of the VEI 6 eruptions (Table 1),
while frequent VEI 3–4 eruptions, as recorded and indicated
during the post-RP period (McKee et al. 2016), may be the
norm. At least three of the six recognised episodes of VEI 5
volcanism at Rabaul appear to immediately precede, and may
have led directly to, major eruptions. With reference to
Table 1, these associations are:

Talili Pyroclastics → Rabaul Pyroclastics (1.4 ka)
Tatoko Pyroclastics→ Vunabugbug Pyroclastics (10.5 ka)
Talakua Pyroclastics → Latlat Pyroclastics (36.7 ka)
Only the Talili Pyroclastics–Rabaul Pyroclastics association

is well constrained by radiometric dates. The other two associ-
ations show close stratigraphic relationships. Such a pattern of
escalating activity in the run-up to a major eruption at Rabaul
was first suggested by Nairn et al. (1989, 1995). Elsewhere,
escalating eruptive activity prior to a major eruption was noted
in the lead-up to the 22 ka Cape Riva caldera-forming eruption
at Santorini (Fabbro et al. 2013). Pyroclastic units interbedded
with lavas of the 39–25 ka Therasia dacitic dome complex
record increasing explosivity of the system towards the end of
the Therasia era. One prominent pumice fall deposit within the
upper Therasia sequence correlates with the 25.8 ka Y-4 ash
layer observed in deep-sea sediments southeast of Santorini
(Fabbro et al. 2013; Schwarz 2000; Vinci 1985).

A tendency for activity to escalate in the lead-up to some
major eruptions at Rabaul will need to be considered as the
system evolves from the latest major eruption (RP). The post-
1400 BP period appears to have been of relatively low intensity
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so far as the only eruption products that have been emplaced
beyond the confines of the caldera, and are likely to be pre-
served, are those of the 1937 and 1994 eruptions. The geolog-
ical evidence of periods of escalated activity prior to some of
the major eruptions at Rabaul suggests that future eruptive ac-
tivity in the lead-up to the next major eruption may include
stronger phases, i.e. VEI 5.

Conclusions

The detailed characterisation of the eruptive sequence of the
Talili Pyroclastics Subgroup presented here, using a combination
of stratigraphy, 14C dates and compositional data, has allowed
the complex sequence of events leading up to a caldera-forming
eruption to be defined. This type of detailed characterisation of
complex eruptive sequences has potential to contribute towards
a better understanding of the volcanic activity that precedes
caldera-forming events, which in this case involved two of the
magma systems of the Rabaul region, those of the Rabaul
Caldera Complex and of the Watom-Turagunan Zone.

The Talili Pyroclastics Subgroup deposits are the products
of at least seven episodes of intermediate-scale (VEI 5) and
weaker volcanism at Rabaul that started at 4200 BP and oc-
cupied the 2.8 ky period prior to the latest major, caldera-
forming activity, the 1400 BP Rabaul Pyroclastics eruption.
Talili era volcanism involved: (i) strong, water-modified ex-
plosive eruptions of dacite from one or more intra-caldera
vents that generated unstratified and laminated fine-grained
fall deposits, pyroclastic surges and a small ignimbrite, and
(ii) strong explosive eruptions of basalt from extra-caldera
stratovolcano vents that produced generally unstratified scoria
fall deposits and a scoria flow. The environment within and
near Rabaul Caldera during the most intense activity of the
Talili era would have been distinctlymore hostile than those of
the historical VEI 4 eruptions.

The total volume of products erupted during the Talili era is
estimated to be > 5.1 km3, comprising > 4.4 km3 of dacitic
tephra and > 0.7 km3 of basaltic scoria. This output is signif-
icant, being similar to the volumes of the products of many of
the major eruptions from the Rabaul system, and is about half
the volume of the succeeding RP event (> 11 km3). The Talili
basaltic volcanism represents the youngest substantial activity
of this type in the Rabaul area.

The diversity of chemical compositions analysed from the
Talili deposits reflects a multiplicity of eruption sources. In
addition to the possiblymultiple sources of dacitic tephra within
Rabaul Caldera, all three of the young stratovolcanoes on the
eastern and northeastern fringes of the caldera were active, con-
tributing three different basaltic compositions. The dacitic teph-
ra showed a trend towards less-evolved or more-mafic compo-
sitions over the course of most of the Talili era, but this trend
reversed at a late stage. The initial geochemical trend may be

the outcome of one of the following processes: (i) successive
extractions from a large compositionally stratifiedmagma body,
(ii) successive injections of mafic recharge magma into a large
silicic reservoir or (iii) eruptions from different reservoirs. At
present, we are unable to discriminate between these alternative
processes. The late-stage change to a more-evolved composi-
tion may be a development worth noting for future volcano
monitoring—to be considered as a warning of preparation of
the system for a more-hazardous, larger-scale eruption.

The relationship during the Talili era between the dacitic
volcanism from the Rabaul Caldera system and the basaltic
volcanism from the separate magma system that feeds the
stratovolcanoes fringing the caldera is poorly understood at
present. A principal focus of attention is the possible relation-
ship between andesitic scoria inclusions in the dacitic
Memorial Ignimbrite of phase 2 and the basaltic Namanula
Scoria of the closely sequential phase 3 deposits. The
Memorial Ignimbrite andesite and the Namanula Scoria basalt
are both products of fractional crystallisation.

Similar durations of the repose period prior to the RP erup-
tion and of the average interval between phases of Talili ac-
tivity suggest that the Talili eruptions and the succeeding RP
eruption could be linked. The cumulative effect of repeated,
volumetrically significant extractions from the sub-caldera
magma system during the Talili era may have been a factor
in the activation of the magma that fed the RP eruption.

Eruption deposits similar to those of the Talili sequence are
present directly underlying several of the deposits of earlier
major eruptions at Rabaul. This leads to the inference that
cycles of escalating eruptive activity have prevailed prior to
some of the major eruptions. It follows that the intensity of
volcanism at Rabaul may rise from the relatively low levels
evident since the latest major eruption, the RP event at 667–
699 CE, as the system prepares for the next major eruption.
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