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The size of eruptions from calderas varies greatly, from small effusive eruptions that pose danger only in the im-
mediate vicinity of the vent, to large, caldera-forming events with global impact. However, we currently have lit-
tle way of knowing the size of the next eruption. Here, we focus on Rabaul Caldera, Papua New Guinea, to
investigate differences between the magmatic processes that occurred prior to the >11-km?> caldera-forming
“1400 BP” Rabaul Pyroclastics eruption and prior to subsequent, smaller (<1 km?) post-caldera eruptions. During
the current, post-caldera phase, basaltic enclaves and mafic minerals are common among the erupted products,
indicating basalt has been free to enter the mobile, dacite-dominated region of the sub-caldera plumbing system.
Many of the post-caldera magmas are hybrid andesites, reflecting the importance of mixing and mingling of ba-
saltic and dacitic magmas during this period. In contrast, before the Rabaul Pyroclastics eruption, the recharge
was an andesite that was not the product of mixing basalt and dacite. The lack of basaltic recharge prior to the
Rabaul Pyroclastics eruption suggests basalt was prevented from entering the shallow, sub-caldera magma sys-
tem at that time, possibly by the presence of a large, silicic, melt-dominated body. That basalt can currently enter
the shallow system is consistent with reduced thermal and rheological contrasts between the recharge and res-
ident magma, implying a similar large silicic melt body currently does not exist beneath the caldera. If this hy-
pothesis is correct, it may be possible to track the growth and evolution of large magma reservoirs that feed

caldera-forming eruptions by monitoring the petrology of eruptive products.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

While many caldera systems have repeated caldera-forming erup-
tions, their history is usually dominated by periods of smaller-scale ac-
tivity and quiescence (e.g., Nairn et al., 1995; Druitt et al., 1999). There
are always two questions about the next eruption—when, and how
big? To answer the second question, understanding how magmatic sys-
tems evolve and behave prior to both small and large eruptions is
needed. What causes a switch from frequent small eruptions to the dis-
charge of a large volume of magma in one catastrophic event? Are there
differences in the plumbing system prior to small and large events, and
are there warning signals that could be detected?

The plumbing systems of long-lived volcanoes are complex, with re-
gions of solidified plutonic material, partially solidified crystal mush,
and crystal-poor melt (e.g., Cashman et al., 2017, and references
therein), with only the crystal-poor parts being mobile and eruptible
(Vigneresse et al., 1996; Dufek and Bachmann, 2010). As caldera-
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forming eruptions require a large, shallow reservoir of eruptible
magma, tracking the formation of melt-dominated magma bodies can
provide information about the potential size of the next eruption. We
focus on Rabaul in Papua New Guinea, and in particular its most recent
caldera-forming eruption. Intensive sampling has allowed us to deter-
mine the chemical and petrological stratigraphy of the deposits of this
eruption in great detail, providing a snapshot of Rabaul's magma reser-
voir shortly before a caldera-forming eruption. This snapshot can be
compared to what we know about the present-day plumbing system,
gleaned from new petrological results as well as previous petrological
and geophysical studies. By doing so, we reveal significant differences
between the plumbing system prior to a large, caldera-forming eruption
and the recent smaller eruptions.

2. Geological setting

Volcanism at Rabaul is related to the subduction of the Solomon Sea
Plate below the South Bismarck Plate (Fig. 1; Johnson et al., 2010; Holm
etal,, 2016). The volcanism around Rabaul has been separated into three
possibly connected systems (Johnson et al., 2010): a chain of mafic

0377-0273/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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stratovolcanoes (the Watom-Turagunan zone, WTZ), and two caldera
systems, Tavui and the Rabaul Caldera Complex (RCC) on opposite
sides of the WTZ (Fig. 1). The earliest dated volcanic deposits from the
Rabaul area are lavas and scoria erupted from WTZ vents at about
500-300 ka (McKee and Duncan, 2016). Major explosive eruptions at
the RCC started at about 200 ka, and include at least 10 dacitic ignim-
brites, at least four of which are thought to have been erupted in the
past ~20 ky (Nairn et al.,, 1995; McKee and Duncan, 2016).

2.1. The “1400 BP” Rabaul Pyroclastics

The most recent caldera-forming eruption took place between 667
and 699 CE (McKee et al., 2015), producing the “1400 BP” Rabaul Pyro-
clastics deposits—which comprise at least 11 km? of dacitic ash and
pumice—and forming the latest caldera in Blanche Bay (Fig. 1; Heming
and Carmichael, 1973; Walker et al., 1981). The deposits can be split
into a fall component comprising a plinian unit and fine ash deposits
and an overlying pyroclastic density current (PDC) deposit (Fig. 2;
Heming, 1974; Walker et al., 1981). The fall deposits reach a maximum
thickness of 1.31 m close to the caldera, and were distributed primarily
to the southwest from a vent that was probably located in the center of
what is now Blanche Bay (Walker et al., 1981). The fall deposits contain
mainly coarse pumice clasts, overlying an ash deposit of up to 16 cm in
thickness. Within the pumice fall deposit there are two or three promi-
nent beds of fine ash that have a thickness of 4-5 cm over most of the
dispersal area, and between the pumice fall and the PDC deposits
there is also 35-40 cm of fine ash containing occasional accretionary la-
pilli (Walker et al., 1981). The PDC deposits vary systematically from 5
to 10 m in thickness near the caldera to about 0.5 m roughly 25 km
from the caldera rim, and are referred to as “normal” ignimbrite (NI;
Walker et al., 1981; Walker, 1983). Within paleo-valleys the PDC de-
posits can be much thicker—up to 30 m (Heming, 1974; Walker et al.,
1981). The base of the PDC deposits is commonly weakly cross-
bedded, suggesting formation by surges as the column began to col-
lapse. These deposits are widespread and were interpreted as “ignim-
brite veneer deposits” (IVD; Walker et al., 1981). Discontinuous, lithic-
rich breccia layers occur at the base of the PDC deposit, and occasionally
between two flow units within the PDC deposit. Walker et al. (1981)
interpreted these as a ground layer deposited at the head of an advanc-
ing PDC. Another variant in the PDC deposits found close to the caldera
is depleted in fine-grained clasts, and referred to as “fines-depleted ig-
nimbrite” (FDI; Walker et al,, 1981).

2.2. Post-Rabaul Pyroclastics activity

Following the Rabaul Pyroclastics caldera-forming eruption, volcanic
activity became established at multiple vents spread across the caldera
(Fig. 1). The youngest lava flow on Turagunan is stratigraphically youn-
ger than the Rabaul Pyroclastics caldera, and lava flows and pyroclastic
deposits from Rabalanakaia, Tavurvur and Sulphur Creek have been
dated at between about 770 and 175 years BP (Nairn et al., 1995;
McKee et al., 2016).

Over the past 250 years (for which we have a relatively complete
historical record) there have been at least nine eruptive episodes. The
earliest recorded activity is the eruption of either Rabalanakaia or
Tavurvur in 1767, mentioned by British explorer Philip Carteret
(Hawkesworth et al.,, 1773, p. 596). Following this was the 1791 erup-
tion of Tavurvur and the c. 1850 eruption of Sulphur Creek (Fig. 1;
Fisher, 1939; Nairn et al., 1995; Johnson et al., 2010). Since then, erup-
tive activity has occurred at Vulcan and Tavurvur, two vents on opposite
sides of the caldera (Fig. 1). Eruptive episodes in 1878, 1937-43 and
1994-2014 followed similar patterns (Fisher, 1939; Johnson et al.,
1981; Johnson and Threlfall, 1985; McKee et al., 2018). Each com-
menced with strong explosive eruptions from both Vulcan and
Tavurvur, followed by mainly vulcanian activity, which continued for
months to years at Tavurvur.

The most recent period of activity started in 1994 (McKee et al.,
2018) and was preceded by a period of major unrest between 1983
and 1985, with a large increase in seismicity and uplift of several metres
centered on the caldera (McKee et al., 1989; Mori et al., 1989). In Sep-
tember 1994 Tavurvur started erupting, and within about 1 h Vulcan
also reactivated. Vulcan's eruption column reached an estimated
18-30 km in height (Global Volcanism Program, 1994). Eruptions con-
tinued at Vulcan for fourteen days, and activity then continued intermit-
tently at Tavurvur, predominantly in the form of weak to moderate
vulcanian explosions or strong strombolian phases occasionally accom-
panied by lava flows. On 7 October 2006, Tavurvur experienced sub-
plinian activity that sent an emission column 18 km high, to the base
of the stratosphere (Global Volcanism Program, 2006). Intermittent ac-
tivity continued until 29 August 2014, when strong strombolian activity
from Tavurvur lasting several hours produced an emission column
about 18 km in height (Global Volcanism Program, 2014). There have
been no further eruptions since the August 2014 activity.

2.3. Geochemistry and petrology

Previous studies have shown that most volcanic rocks at Rabaul lie
on a single liquid line of descent, termed the “main series” (Wood
et al.,, 1995), with the exception of a few rhyolitic ignimbrites that are
thought to have been erupted from the nearby Tavui caldera (McKee,
2015; Patia et al,, 2017). Least-squares modelling shows that fractional
crystallization can adequately explain most of this trend (Heming,
1974; Wood et al., 1995), although mixing of basalt and dacite is also re-
quired to explain some of the andesites (Patia, 2004; Bouvet de
Maisonneuve et al., 2015; Patia et al., 2017).

3. Sample collection and analytical methods

88 samples of the Rabaul Pyroclastics deposits were collected
from five locations, to sample the complete stratigraphy of the
Rabaul Pyroclastics and to assess any lateral variation in the chem-
istry of this formation. Six further samples, representative of the
complete sequence, were collected from Burma Road (Fig. 1) for
detailed petrological analysis. Samples of the August 2014 eruption
were collected by staff of the Rabaul Volcano Observatory 39 days
after the eruption. Precise locations and sample descriptions are
given in the Supplementary material.

Whole-rock chemical compositions were analyzed at the Re-
search School of Earth Sciences, Australian National University
and by Actlabs, Canada. Major elements were analyzed in minerals
and glasses using a JEOL JXA-8530F electron microprobe at the
Facility for Analysis Characterization Testing and Simulation,
Nanyang Technological University, Singapore, using a 15 kV accel-
erating voltage and a 10 nA current. For mineral analyses a focused
beam with a nominal diameter of 1 pm was used, and for glass anal-
yses the beam was widened to 10 um. Na and K were analyzed first
to minimize the loss of alkalis. Counting times on peak positions
were varied according to the element concentration: from 10 s
for major elements and up to 100 s for trace elements (e.g., Mg in
plagioclase). Backgrounds on both sides of the peak were measured
for half of the peak time. ASTIMEX Mineral standards were used for
calibration, and the relative error is <2% for major elements and
5-30% for minor and trace elements.

Melt inclusions were examined in BSE images, and the inclusions
chosen for analysis were homogeneous and away from any cracks in
the host crystal (Fig. 3a). The chemical similarity of the inclusions in
the Rabaul Pyroclastics to whole-rock, matrix glass and inclusions in
other units, along with the absence of bubbles and crystals visible in
thin section, suggest that they have been subject to limited post-
entrapment modification.
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4. Results
4.1. The Rabaul Pyroclastics

The majority of the juvenile clasts in the Rabaul Pyroclastics are pale
dacitic pumice that lie on the Rabaul “main series” chemical trend
(Figs. 4-5; Wood et al., 1995). There is a slight zonation in the composi-
tion of these pumices with stratigraphic height (Fig. 2). The lowermost
unit, the Basal Fine Ash, is the least evolved (64.4 wt% SiO,), possibly
due to juvenile material being mixed with fine lithic clasts. The overly-
ing, coarser plinian deposits are more evolved (64.9-66.0 wt% SiO-),
and the Upper Fine Ash is more evolved again (66.3-66.6 wt% SiO,).
The Ignimbrite Veneer and Fines Depleted Ignimbrite deposits have
similar chemistry to the Upper Fine Ash (65.1-66.5 wt% SiO,), as does
the base of the Normal Ignimbrite. There is then a trend towards less
evolved compositions towards the top of the Normal Ignimbrite, down
to 62.9 wt% SiO,. Most of the matrix glass compositions from the pumice
are tightly clustered between 67.5 and 68.6 wt% SiO,. However, towards
the top of the Normal Ignimbrite, there is a large spread, with some ma-
trix glass having as little as 59.8 wt% SiO».

Darker pumice clasts are also present within the Rabaul Pyroclastics
deposits. They tend to be less vesicular than the pale pumice, and the
two varieties sometimes occur together as banded pumice. Compositions
of the darker pumice range from 66.0 wt% SiO, (similar to the light pum-
ice) down to 61.1 wt% SiO,. Dense, glassy lithics similar in composition to
the dark pumice are also found throughout the pyroclastic flow deposits.

Normal Ignimbrite

Number of analyses

Fines-depleted Ignimbrite

Basal Fine Ash
63 64
SiO, (wt%)

Plinian (dark pumice)

30 . A
0 Oi—h—v—\ 0

A Nangananga
B Raburbur

The dacite is crystal-poor, with an average phenocryst content of
5.7 vol% comprising plagioclase (3.3 vol%), two pyroxenes (1.8 vol%),
magnetite (0.5 vol%), and trace amounts of apatite. There is little varia-
tion in the composition of the phenocrysts with stratigraphic height
through the Rabaul Pyroclastics (Fig. 2). Plagioclase rims are between
Any, and Ans4 (Anorthite = 100 x molar Ca / [Ca + Na + K]), apart
from a few calcic xenocrysts associated with mafic glass towards the
top of the PDC deposits with rims of Angg_70 and cores of Angg_g1. A
small population of calcic plagioclase xenocrysts (Angs_gs) was also re-
ported by Patia (2004). Most plagioclase phenocrysts are either
unzoned or have weak oscillatory zoning, and some have resorbed cal-
cic cores (Fig. 3a, b). Pyroxene crystals are unzoned and have uniform
compositions throughout the stratigraphy. Orthopyroxene crystals
have compositions of Engg_75Fs;6_2sWo0,_4 and Mg# of 71-74
(Mg# = Mg number = 100 x molar Mg / [Fe + Mg]|), and
clinopyroxene crystals have compositions of Eng4_46FS13-15W039_42
and Mg# of 74-77. Melt inclusions in the phenocrysts have almost iden-
tical compositions to the dacitic matrix glass (68.0-70.2 wt% SiO,).

4.2. August 2014 eruption

The magma erupted during the August 2014 eruption has a large
compositional range, with SiO, varying between 56.7 and 63.4 wt%,
similar to the entire compositional range of the post-1994 eruptions
(Figs. 4-5; Patia, 2004; Bouvet de Maisonneuve et al., 2015). Plagioclase
phenocrysts are either unzoned Angyy_g1, or have calcic cores of An;g_g4

Plagioclase Orthopyroxene Clinopyroxene Glass
I Centres Il Centres I Centres I Matrix glass
Rims B Rims Rims Melt inclusion

Top of the Normal Ignimbrite (dark pumice)

30
oj——V

Top of the Normal Ignimbrite (white pumice)

30 4 4 30

Base of the Normal Ignimbrite

30 . .
6 oi—q-— 0
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Fig. 2. Variations in the whole-rock, mineral, and glass chemistry of the Rabaul Pyroclastics with stratigraphic height. Synthetic stratigraphic column adapted from Walker et al. (1981). Red
and green stars indicate the pale and dark pumice samples (respectively) used for the petrological work. Sample locations shown in Fig. 1. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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andesitic glass

dacitic glass

Fig. 3. BSE images of (a) a plagioclase crystal from the Rabaul Pyroclastics with melt inclusions, (b) mingled matrix glass from the top of the Normal Ignimbrite unit of the Rabaul
Pyroclastics, (c) a zoned plagioclase crystal from the August 2014 eruption, and (d) a mafic enclave from the August 2014 eruption.

with rims of Anyy_g; (Figs. 3¢, 6). Orthopyroxene phenocrysts have com-
positions of Enyg_74Fs3_27Wo0,_5 (Mg# = 72-76), and clinopyroxene
phenocrysts have compositions of Ensg_46FS13.17W039_46 (Mg# =
71-77). There is also a wide range in matrix glass compositions, with
SiO, ranging from 62 to 68 wt% in the most mafic sample (RBL14-03)
to 68-73 wt% in the most evolved (RBL14-02).

Mafic enclaves provide clear evidence for recharge shortly before
eruption. These enclaves contain <1 mm crystals of unzoned calcic pla-
gioclase (Angs_g4), slightly more Mg-rich clinopyroxene (Engq_4gFs7_12-
Wo043_47; Mg# = 81-87), and olivine (Fo3_g3, Forsterite = 100 x molar
Mg / [Mg + Fe]), all of which have 1-2 um thick overgrowths of more
evolved compositions (Fig. 3d). The groundmass of these enclaves con-
tains symplectites of these three minerals, which along with the crystal
overgrowths suggests rapid quenching.

4.3. Magma storage conditions at Rabaul

Magmatic temperatures were estimated using the plagioclase-
liquid (Eq. (24a)), clinopyroxene-liquid (Eq. (33)), and two-pyroxene
(Eq. (39)) thermometers of Putirka (2008). Valence states of Fe and Al
in pyroxene were estimated using the algorithm of Papike et al.
(1974). For plagioclase, only rim compositions were used in the calcula-
tions, as they best represent the conditions in the reservoir immediately
prior to eruption. Clinopyroxenes and orthopyroxenes in this study are
not strongly zoned, and using center or rim compositions produces sim-
ilar temperatures and pressures.

The plagioclase-liquid and clinopyroxene-liquid thermometers re-
quire a pressure and water content as an input. We assumed a pressure
of 1 kbar; changing the pressure from 0.5 to 2 kbar increases both the

plagioclase-liquid and clinopyroxene-liquid temperature estimates by
~7 °C. The water content of the magmas is harder to pin down, and is
discussed below.

4.3.1. Temperature

In the Rabaul Pyroclastics dacite, the plagioclase-liquid,
clinopyroxene-liquid, and two-pyroxene thermometers of Putirka
(2008) all give similar temperatures (Fig. 7). Assuming a melt H,O con-
tent of 3 wt%, a pressure of 1 kbar, and using nearby matrix glass analy-
ses as the liquid composition, plagioclase-liquid pairs give
temperatures of 931-954 °C (mean = 941 °C; n = 37),
clinopyroxene-liquid give 923-955 °C (mean = 943 °C; n = 5), and
two-pyroxene touching pairs give 911-953 °C (mean = 931 °C; n =
16). One calcic plagioclase xenocryst surrounded by mafic melt gives a
temperature of 1021 °C, and this most likely reflects the temperature
of the andesitic recharge. An—-Ab exchange coefficients suggest that
the plagioclase rim compositions are in equilibrium with the matrix
glass, and all of the plagioclase-liquid temperatures are lower than sat-
uration temperatures (Eq. (24a)) with the exception of the calcic
xenocryst that gives a temperature about 5 °C above the estimated sat-
uration temperature. Kp(Fe-Mg)P*!19 for the clinopyroxene crystals
are within error of the expected values, and the temperatures they
give are below the estimated clinopyroxene saturation temperatures
(Eq. (34)). Kp(Fe-Mg)P*~°P* for the two-pyroxene pairs fall within
the field of subsolidus equilibrium, possibly suggesting they were
entrained from a mush zone in the reservoir, however they give similar
temperatures to the plagioclase-liquid and clinopyroxene-liquid pairs.

The August 2014 eruption produced a wide range of whole-rock and
matrix glass compositions, due to variable degrees of mixing and
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Fig. 4. Whole-rock major element variations of Rabaul magmas. Red line is the fractionation trend calculation discussed in Section 5.2, with the cumulative percentage of crystals removed
shown in (g). Blue line is the mixing trend (McKee and Fabbro, 2018, Bouvet de Maisonneuve et al., 2015, Patia, 2004, Nairn et al., 1989, Heming, 1974 and Heming and Carmichael, 1973).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

groundmass crystallization. The pre-eruptive storage conditions of the
August 2014 dacite are, therefore, best represented by the most evolved
sample (RBL14-02). Neither the clinopyroxene nor the plagioclase crys-
tals appear to be in equilibrium with the matrix glass, because the
groundmass contains a large number of microlites and the matrix
glass composition evolved in response to post- or syn-eruptive crystal-
lization. Taking whole-rock compositions to represent the liquid, and
assuming a melt H,O content of 3 wt% and a pressure of 1 kbar,
plagioclase-liquid pairs in RBL14-02 give temperatures of

974-1018 °C (mean = 989 °C; n = 28), and clinopyroxene-liquid
pairs give 987-1001 °C (mean = 991 °C; n = 10). Only one non-
xenocrystic two-pyroxene touching pair was analyzed, and this yielded
a temperature of 943 °C. This two-pyroxene pair was found to have a
similar Kp(Fe-Mg)®*~°P* to those in the Rabaul Pyroclastics. The plagio-
clase and clinopyroxene crystals found in the mafic enclaves appear to
be in equilibrium with their matrix glasses, however plagioclase-
liquid and clinopyroxene-liquid pairs in the enclaves give similar tem-
peratures (plagioclase-liquid: 1000-1010 °C, mean = 1004 °C, n = 4;
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Carmichael, 1973). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

clinopyroxene-liquid: 966-1008 °C, mean = 986 °C, n = 12) to those in
the dacite, suggesting that the crystals in the enclaves are recording the
temperature after the mafic magma had been quenched by the dacite.

4.3.2. Pressure

The two-pyroxene barometer (Eq. (38) of Putirka, 2008) places the
Rabaul Pyroclastics reservoir at between 2.0 and 5.1 kbar (mean =
3.6 kbar; n = 16). This is consistent with the one non-xenocrystic

two-pyroxene pair analyzed from the August 2014 eruption
(3.0 kbar), but below the maximum depth recorded by melt inclusion
H,0-CO, saturation pressures (closer to 1-2 kbar; Roggensack et al.,
1996; Bouvet de Maisonneuve et al., 2015). The clinopyroxene-liquid
pairs (Eq. (32c) of Putirka, 2008) in the Rabaul Pyroclastics give pres-
sures that indicate a slightly shallower depth than that suggested by
the two-pyroxene barometer (—0.9 to +2.7 kbar; mean = 0.9 kbar;
n = 5), and that are consistent with the clinopyroxene-whole rock
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Fig. 6. Mineral and matrix glass chemistry of the August 2014 eruption.

pressures calculated for the August 2014 eruption (0.4-4.1 kbar;
mean = 1.5 kbar; n = 10).

4.3.3. Water content

As we have no good independent estimate of the temperature, it is
difficult to estimate the water content. Melt inclusions from the 1994
and 2006 eruptions contain 1-3 wt% H,0 (Roggensack et al., 1996;
Bouvet de Maisonneuve et al, 2015), and plagioclase-liquid,
clinopyroxene-liquid, and two-pyroxene pairs give similar tempera-
tures if we assume a melt H,O content of 3 wt%. Changing the assumed
water content of the magma by 1 wt% changes our plagioclase-liquid
temperatures by ~25 °C and our clinopyroxene-liquid temperatures
by ~10 °C.

4.3.4. Summary

The Rabaul Pyroclastics dacite was probably stored at about 940 °C
and 1-3 kbar, and the August 2014 dacite was probably stored at
990 °C and ~1.5 kbar, which is consistent with previous findings for
other Rabaul eruptions.

5. Discussion
5.1. Generation of the Rabaul Pyroclastics dacite

The pre-Rabaul Pyroclastics deposits form a curved trend on plots
such as TiO, against SiO, (Fig. 4g), suggesting compositional variability
produced by fractional crystallization. We tested this hypothesis by
modelling the trend, starting with the least evolved sample for which
a comprehensive suite of major and trace element data was available

a
1020
1000 -
980 1

960

Temperature (°C)

940 1

920 1

2-PYX CPX-L PL-L

Type Phenocryst Xenocryst

Eruption

(RBL12-24, a basalt from the WTZ; Bouvet de Maisonneuve et al.,
2015). We used compositions of minerals from Rabaul taken from the
data presented here and from previous studies (Heming, 1977; Patia,
2004; Bouvet de Maisonneuve et al.,, 2015). Major elements were
modelled using mass balance calculations, and trace elements were
modelled using the Rayleigh equation with partition coefficients taken
from the GERM partition coefficient database (https://earthref.org/
KDD/). The complete mineral compositions and partition coefficients
used are available in the Supplementary material.

The following steps reproduce the data well, although our models
slightly underestimate the concentrations of some incompatible ele-
ments such as K, Rb and Zr (Figs. 4-5):

1. 3% crystallization of Ang, plagioclase (plag; 45%),
clinopyroxene (cpx; 45%), and Fog, olivine (ol; 10%).

2. 35% crystallization of the residual liquid from step 1 of Ang, plag
(45%), Mg# 71 cpx (40.5%), Fogg 0l (10%), and magnetite (mag; 4.5%).

3. 40% crystallization of the residual liquid from step 2 of An;, plag
(53%), Mg# 65 cpx (35%), Foeg ol (5%), and mag (7%).

4. 20% crystallization of the residual liquid from step 3 with Ang, plag
(58%), Mg# 65 cpx (21%), Mg# 72 orthopyroxene (opx; 10%), and
mag (10%).

5. 45% crystallization of the residual liquid from step four of Ang; plag
(60%), Mg# 65 cpx (10.8%), Mg# 72 opx (15%), mag (13%), and apa-
tite (1.2%).

This indicates that up to 83% fractional crystallization, cumulatively,
of similar basaltic parents is a viable process for generating the Rabaul
Pyroclastics dacite and observed pre-Rabaul Pyroclastics magma com-
positions. Fractional crystallization could have been accompanied by
crustal assimilation, but this is not required to explain Rabaul Pyroclas-
tics compositions. We are unable to estimate to what degree assimila-
tion may have occurred with the currently available data. As
separating a melt from a crystal mush with >80% crystallinity is difficult
(Vigneresse et al., 1996; Dufek and Bachmann, 2010), the Rabaul Pyro-
clastics dacite may have been generated in multiple stages of crystalliza-
tion, melt differentiation, and segregation.

Mg# 80

5.2. Changing mafic recharge across the caldera cycle

Quenched mafic enclaves are found in the deposits of the historical
eruptions of Vulcan and Tavurvur, as well as the deposits from
Rabalanakaia, although they have not been found in the deposits from
Sulphur Creek (Patia, 2004; Bouvet de Maisonneuve et al., 2015; Patia
et al.,, 2017). Some of the samples from 1937 and 1878 analyzed by

Pressure (kbar)

2-PYX CPX-L

Rabaul Pyroclastics Tavurvur August 2014

Fig. 7. Temperatures and pressures calculated using the two-pyroxene (2-PYX), clinopyroxene-liquid (CPX-L), and plagioclase-liquid (PL-L) thermometers and barometers of Putirka

(2008), assuming a melt H,O content of 3 wt%.
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Patia (2004) are basaltic, and although most enclaves are too small to
determine their whole-rock chemistry, their mineralogy is consistent
with them being basaltic. The enclaves contain calcic plagioclase
(Angs_g7) and magnesian clinopyroxene (Mg# = 80-88), and olivine
is present in enclaves in the deposit of the post-1994 eruptions and of
some of the prehistoric eruptions of Tavurvur (Patia, 2004; Bouvet de
Maisonneuve et al., 2015).

Plotting TiO, (and to a lesser extent MgO, Fe,05*, Ca0, MnO, Sr and
Cr) against SiO, for the post-Rabaul Pyroclastics eruptives shows that
many of these magmas are consistent with mixing of dacite with basalt
(Figs. 4-5). Fractional crystallization forms curved trends on these plots,
while the post-Rabaul Pyroclastics magmas form a straight line charac-
teristic of mixing. The mixing trend for post-Rabaul Pyroclastics
magmas intercepts the main fractionation trend at ~50 wt% SiO, on
the mafic side, at compositions similar to the basaltic samples analyzed
by Patia (2004) and slightly less evolved than the sample used to calcu-
late fractional crystallization paths (RBL12-24). The mafic endmember
of the mixing models shown in Figs. 4-5 was calculated by reversing
step 1 of the fractional crystallization model and adding 7% crystals to
RBL12-24. The silicic endmember is assumed to lie on the fractionation
trend, with 63.8 wt% SiO,. Because our fractional crystallization model
slightly underestimates the concentration of some incompatible ele-
ments (such as K, Rb and Zr), our mixing model also slightly underesti-
mates their concentrations.

The post-Rabaul Pyroclastics dacites plot on the silicic arm of the
fractionation trend, and although most are less evolved than the Rabaul
Pyroclastics dacite, there is some overlap. The whole array of post-
Rabaul Pyroclastics magmas can be explained by mixing dacite formed
through fractional crystallization with variable amounts of basalt. The
mixing of basalt and dacite to form the magma erupted in 2014 can
also be seen in the bimodal distribution of the compositions of the pla-
gioclase and clinopyroxene centers in the host magma (Fig. 6).
Xenocrystic cores match the composition of the crystals found in the
enclaves.

The existence of quenched mafic enclaves suggests that mixing oc-
curred only shortly before eruption. This is supported by both diffusion
dating and 2'°Pb/??®Ra activity ratio excesses in the post-1994 magmas.
Plagioclase crystals that were transferred from a mafic magma to a more
silicic magma prior to being erupted in the 2006 eruption could not
have resided in the silicic magma for >2-3 decades, given their Sr and
Mg profiles and the diffusivities of Sr and Mg in plagioclase (Bouvet de
Maisonneuve et al., 2015). 21°Pb/??°Ra excesses in magmas erupted be-
tween 1994 and 1997 could be explained by gas transfer events within
1-10 years of eruption (Cunningham et al., 2009). Both of these esti-
mates of the timescales of mafic recharge are consistent with basalt
being injected into the dacitic reservoir sometime between the start of
the 1983-1985 unrest up until the 2006 eruption started, possibly mul-
tiple times (Bouvet de Maisonneuve et al.,2015). An earlier phase of un-
rest started in 1971 (McKee et al., 1989; Johnson et al., 2010), and
neither of the timescale estimates rules out the possibility of a phase
of injection coinciding with this earlier unrest.

There is little zonation in either the dacitic component of the Rabaul
Pyroclastics deposits or the phenocryst compositions. The decrease in
the SiO, contents of the bulk composition of the pumice towards the
top of the PDC deposits is likely due to the presence of more mingled
mafic glass (Fig. 2). This suggests that the dacite was stored in a homo-
geneous, well mixed reservoir prior to eruption, which is consistent
with the low crystallinity of the magma.

However, recharge also occurred shortly before the Rabaul Pyroclas-
tics eruption, demonstrated by the dark pumice and andesitic glass
found mingled in the deposits. The decrease in the SiO, content of
erupted bulk compositions towards the top of the PDC deposit is consis-
tent with the presence of more mingled mafic glass in these less evolved
samples (Fig. 2). This recharge differs from that observed in the post-
caldera magmas in two crucial respects: it is andesitic, and it is not asso-
ciated with abundant mafic xenocrysts (Fig. 2). Furthermore, it plots

along the fractionation trend, not the mixing trend of the Rabaul post-
caldera magmas. Rather than being recharged by basalt—as is the case
for the present-day shallow, dacitic reservoir—the Rabaul Pyroclastics
reservoir was recharged by andesite (Fig. 8).

A change in recharge magma composition could be explained in two
ways: (1) the composition of the primitive magma supplied from the
mantle could have changed, becoming more mafic after the Rabaul Py-
roclastics eruption, or (2) the composition of the primitive magma
could have remained constant, but prior to the Rabaul Pyroclastics erup-
tion this basaltic magma was unable to enter the shallow sub-caldera
magma reservoir without first evolving to andesite. Given that the Ra-
baul Pyroclastics recharge magma composition plots along the fraction-
ation trend for a large range of Rabaul products, it is more likely that
mantle-derived basalt was unable to enter the shallow plumbing sys-
tem prior to the Rabaul Pyroclastics eruption.

The closing-off of the shallow system to basalt has been demon-
strated elsewhere. At Yellowstone, post-caldera basaltic eruptions
have only occurred outside of the caldera margin, and this is attributed
to a solidifying rhyolitic reservoir under the caldera (Christiansen, 2001;
Christiansen et al., 2007). At Santorini, basalt was unable to reach the
shallow system in the build-up to the 22-ka caldera-forming Cape
Riva eruption (Fabbro et al., 2013). At Mt Mazama, Oregon, USA, the
growing magma reservoir created a shadow zone, where regional basal-
tic magmatism was absent (Bacon and Lanphere, 2006; Karlstrom et al.,
2015). At both of these volcanoes, a large stratocone was present, and
the gravitational load imposed by the cone could have prevented the
rise of basalt (Pinel and Jaupart, 2000). A large stratocone was not pres-
ent at Rabaul prior to the Rabaul Pyroclastics eruption (Nairn et al.,

(a) Present day reservoir

Vulcan Tavurvur

-<—— Rabaul Pyroclastics caldera —— >

— G O v~
Basalt injected directly into
melt-dominated dacitic reservoir

Highly crystalline mush

(b) Reservoir prior to the Rabaul Pyroclastics

Andesitic melt interacts with
dacitic melt in reservoir

Basalt trapped at periphery of dacite
reservior, fractionates to andesite

Dacite

Andesite

Tkm B sosalt

Fig. 8. Cartoon showing (a) the present day shallow reservoir under Rabaul and (b) the
reservoir immediately prior to the Rabaul Pyroclastics eruption. Not vertically to scale.
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1995). Stress changes due to reservoir overpressure can also prevent
dykes from propagating to the surface through dyke capture
(Karlstrom et al., 2015; Pansino and Taisne, 2019). However, dyke cap-
ture cannot explain why there was no interaction between basalt and
dacite in the Rabaul Pyroclastics magma reservoir.

Differences in rheology make mixing of mafic and silicic magmas dif-
ficult as both magmas need to be sufficiently fluid at the same time to
fully hybridize (Sparks and Marshall, 1986). If the mafic magma cools
and crystallizes too much as it comes into contact with the silicic
magma, it will become too viscous and be unable to mix. However, if
the silicic magma body is relatively small, then this cooling will be lim-
ited, allowing mingling and hybridization to occur. Viscosities of the Ra-
baul basaltic recharge (initial composition used in step 1 of the
fractional crystallization modelling, assuming 1 wt% H,0, and T =
1180 °C), andesitic recharge (final composition of step 4, assuming
3 wt% H,0 and T = 970 °C), and resident dacite (final composition of
step 5, assuming 5 wt% H,O and T = 930 °C) are approximately
9 Pa-s, 850 Pa-s, and 2500 Pa-s, respectively, using the model of
Giordano et al. (2008). The viscosity and temperature contrast are
clearly much lower with an andesitic recharge (ratio of 3) than with a
basaltic recharge (ratio of ~300), and therefore much more favourable
to magma mixing, especially given that there is <30% mafic recharge in-
volved (Sparks and Marshall, 1986).

The lack of basalt within the Rabaul Pyroclastics dacite thus suggests
that prior to the Rabaul Pyroclastics eruption a dacitic melt-dominated
body existed beneath Rabaul that was large enough to prevent the ba-
salt from reaching the mobile part of the magma reservoir. Basalt sup-
plied from depth would have been trapped at the periphery of this
reservoir and would begin to crystallize, driving the residual liquid to-
wards andesitic compositions. This andesite would have had less of a
thermal and rheological contrast with the eruptible dacite, and would
have been able to mix in small amounts with the dacite (Fig. 7). The an-
desite must have segregated from its crystals, to be consistent with the
relative paucity of mafic crystals in the Rabaul Pyroclastics deposits. The
reservoir that fed the climactic eruption of Mt Mazama was also
recharged by an andesitic liquid (Bacon and Druitt, 1988), suggesting
that this mechanism may not be unique to Rabaul. The draining of the
eruptible part of the shallow reservoir during the Rabaul Pyroclastics
eruption then allowed basalt to reach the shallow system, forming
quenched basaltic enclaves in the post-Rabaul Pyroclastics dacites, a
process noted at other caldera systems (Bachmann et al., 2012; Shane,
2015).

5.3. Construction of the caldera-forming magma reservoir

Recent work has suggested that crystal poor, caldera-forming
magma bodies are ephemeral features in the shallow crust
(e.g., Finney et al., 2008; Druitt et al., 2012; Allan et al., 2013; Fabbro
et al.,, 2013, 2017; Cooper et al.,, 2017), and are assembled over the de-
cades to centuries prior to eruption. The data we present here cannot
provide any constraint on how long the Rabaul Pyroclastics reservoir re-
sided in the shallow crust prior to the Rabaul Pyroclastics eruption. A
high-Ti fractionated andesite, similar in composition to that found in
the Rabaul Pyroclastics, is found as dark scoria in the predominantly
dacitic, ~4.1-ka Memorial Ignimbrite of the Talili Pyroclastics period
(McKee and Fabbro, 2018), suggesting that a large silicic reservoir was
present at this time. Immediately above the Memorial Ignimbrite de-
posits lie three basaltic scoria deposits (Fig. 1), demonstrating that ba-
salt could make it to the surface shortly after the discharge of this
ignimbrite. This could represent an earlier cycle of the growth of a res-
ervoir followed by its emptying, although the basaltic scoria were prob-
ably erupted from vents just outside of the caldera, in the WTZ (Fig. 1;
Nairn et al., 1995; McKee and Fabbro, 2018) and therefore could have
bypassed a large silicic reservoir present under the RCC. The RCC contin-
ued to erupt dacite, albeit of a slightly different composition to the Ra-
baul Pyroclastics (Nairn et al., 1995; McKee and Fabbro, 2018). The

presence of basalt in the most recent eruptions, however, suggests
that a single silicic melt body large enough to impede mantle-derived
basalt is not currently present under Rabaul.

6. Conclusions

Detailed study of the Rabaul Pyroclastics shows that the progressive
growth of a magma reservoir until it contains a large enough volume of
mobile magma to generate a caldera-forming eruption is accompanied
by a change in the composition of the recharge magma. Prior to a
caldera-forming eruption, more primitive basaltic magma derived
from depth is trapped at the periphery of the large reservoir and frac-
tionates to andesite before it can mingle or mix with the resident dacite.
Conversely, prior to a smaller scale intra-caldera eruption like the 2014
strombolian eruption of Tavurvur, mantle-derived basalt interacts di-
rectly with the resident dacite contained in a diminished reservoir.
The differences in the plumbing system prior to small and large events
at Rabaul are thus recorded in the eruptive products and can be recog-
nized with detailed petrological investigations. Given the presence of
basaltic magma mingled in the recent eruptive products, the current
dacitic reservoir beneath Blanche Bay is probably reduced in size rela-
tive to that which existed prior to the Rabaul Pyroclastics eruption,
and is unlikely to produce a caldera-forming eruption in the near future.
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