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Abstract The Pu‘u Wa‘awa‘a pyroclastic cone and Pu‘u
Anahulu lava flow are two prominent monogenetic eruptive
features assumed to result from a single eruption during the
trachyte-dominated early post-shield stage of Hualālai volca-
no (Hawai i). Pu u Wa‘awa‘a is composed of complex repeti-
tions of crudely cross-stratified units rich in dark dense clasts,
which reversely grade into coarser pumice-rich units.
Pyroclasts from the cone are extremely diverse texturally,
ranging from glassy obsidian to vesicular scoria or pumice,
in addition to fully crystalline end-members. The >100-m
thick Pu‘u Anahulu flow is, in contrast, entirely
holocrystalline. Using field observations coupled with whole
rock analyses, this study aimed to test whether the Pu‘u
Wa‘awa‘a tephra and Pu‘u Anahulu lava flows originated
from the same eruption, as had been previously assumed.
Crystal and vesicle textures are characterized along with the
volatile contents of interstitial glasses to determine the origin

of textural variability within Pu‘u Wa awa a trachytes (e.g.,
magma mixing vs. degassing origin). We find that (1) the
two eruptions likely originated from distinct vents and magma
reservoirs, despite their proximity and similar age, (2) the
textural diversity of pyroclasts forming Pu‘u Wa‘awa‘a can
be fully explained by variable magma degassing and
outgassing within the conduit, (3) the Pu‘u Wa‘awa‘a cone
was constructed during explosions transitional in style be-
tween violent Strombolian and Vulcanian, involving the for-
mation of a large cone and with repeated disruption of conduit
plugs, but without production of large pyroclastic density cur-
rents (PDCs), and (4) the contrasting eruption styles of
Hawaiian trachytes (flow-, cone-, and PDC-forming) are
probably related to differences in the outgassing capacity of
the magmas prior to reaching the surface and not in intrinsic
compositional or temperature properties. These results further
highlight that trachytes are Bkinetically faster^ magmas com-
pared to dacites or rhyolites, likely degassing and crystallizing
more rapidly.

Keywords Trachyte . Hawai‘i . Pyroclastic cone . Textural
analysis . Vulcanian . Violent strombolian

Introduction

General context of the study

Trachyte volcanism commonly occurs at continental rifts
(e.g., Chaîne des Puys, France; Kenya rift, Africa, Boivin
et al. 2009; King et al. 1972), subducting arcs (e.g., Roman
Province and Campanian volcanoes, Italy, Pecerillo 2005),
and intraplate settings (e.g., Canary Islands, Hawai i,
Freundt and Schmincke 1995; Cross 1904). Purely magmatic
(i.e., no involvement of external water) trachyte eruptions
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often produce domes that can be associated with pyroclastic
fall deposits and density currents (Velde 1978; Závada et al.
2009; Boivin et al. 2009; Miallier et al. 2010), as well as large
ignimbrite deposits (e.g., Barberi et al. 1978; Freundt and
Schmincke 1995). Despite the relative paucity of field, exper-
imental, and physical constraints on trachyte magmas com-
pared to rhyolites, recent efforts have improved our under-
standing of the viscosity (Whittington et al. 2001; Giordano
et al. 2004), H2O solubility and diffusivity (Di Matteo et al.
2004; Fanara et al. 2013), mineral phase relations (Fabbrizio
and Carroll 2008; Martel et al. 2013), and feldspar crystalli-
zation kinetics (Arzilli and Carroll 2013) of highly alkaline
melts. These studies show that trachytes differ from rhyolites
in being less viscous, incorporating more dissolved water at a
given pressure and crystallizing relatively rapidly. Yet only a
handful of trachyte eruptions have been studied in detail in
terms of eruption products and conduit dynamics (Polacci
et al. 2003; D’Oriano et al. 2005; Colombier et al. 2017). As
a result, we have a relatively limited understanding of this type
of volcanism, particularly for eruptions involving moderate
volumes of magma (i.e., <few km3). Do trachyte eruptions
also display transitions between flow or dome-building activ-
ity and tephra-producing phases like their calc-alkaline coun-
terparts? How does magma ascent and degassing efficiency in
trachytes compare with calc-alkaline magmas?

In Hawai i, magmas with evolved compositions (SiO2

>60 wt%) erupt infrequently and typically produce volumi-
nous domes and flows (e.g., Stearns and Macdonald 1942,
1946). The Pu‘u Wa‘awa‘a cone and Pu‘u Anahulu lava flow
are preserved surface expressions of intraplate trachyte volca-
nism thought to have occurred during the transition from
shield to post-shield stage of Hualālai volcano about 92,000-
114,000 years ago (Cousens et al. 2003). The close spatial
association between the two, combined with their distinct
eruption styles, offers in principle a unique opportunity to
investigate the ascent and degassing conditions of Hawaiian
trachytes and the potential causes for differing eruptive styles
(e.g., explosive/effusive).

Geological setting: trachyte volcanism along the Hawai i
chain

Within the Hawaiian chain, trachytes have been identified
only on the islands of Maui and Hawai i, although other types
of evolved lava have also been recognized on Oahu (e.g., the
Kuwale rhyodacite, Van der Zander et al. 2010). AtWestMaui
volcano, trachytes occur as numerous bulbous domes and
thick blocky lava flows distributed around the flanks
(Stearns and Macdonald 1942; Velde 1978), whereas they
are almost absent on East Maui. On the island of Hawai i,
trachyte domes and lava flows outcrop on Kohala volcano
(Stearns and Macdonald 1946; Spengler and Garcia 1988),
at Hualālai (Pu‘uWa‘awa‘a and Pu‘u Anahulu) and have been

found in several wells and as lithic blocks in the products of
more recent eruptions (e.g., Huehue and Waha Pele; Clague
and Bohrson 1991; Cousens et al. 2003; Shamberger and
Hammer 2006) (Fig. 1). Trachyte eruptions tend to occur dur-
ing the post-shield stage of Hawaiian volcanoes (e.g., Kohala
and West Maui, Spengler and Garcia 1988; Frey et al. 1990;
Sherrod et al. 2007a). Compared to other volcanoes of the
Hawaiian chain, however, Hualālai is peculiar in that trachytes
were erupted at the onset of the post-shield alkalic stage
(Cousens et al. 2003). Hualālai volcano has been resurfaced
nearly completely by alkali basalts in the last 13 ka (Moore
et al. 1987). Gravity studies and the recent discovery of ig-
nimbrite deposits suggest that larger volumes of trachyte may
be buried underneath the alkalic cap (Kauahikaua et al. 2000;
Shea and Owen 2016). Trachyte magmas are generally in-
ferred to derive from fractional crystallization of alkali basalts
within magma reservoirs that are only present intermittently
(e.g., Clague 1987; Spengler and Garcia 1988; Frey et al.
1990).

The Pu‘u Wa‘awa‘a-Pu‘u Anahulu trachyte association
at Hualālai

Pu‘u Wa‘awa‘a (Bhill of many furrows^) on the northeast
flank of Hualālai volcano (Island of Hawai i) is a prominent
1.6-km-diameter, ∼250–300-m-high cone (elev. 1209 m absl)
that is open on the south-east side (Fig. 1a, b). The cone is
completely surrounded by younger (<13 ka) Hualālai lava
flows (Moore et al. 1987; Sherrod et al. 2007b) as well as
alluvium/talus material eroded from the cone. Pu‘u
Wa‘awa‘a (hereafter designated as PWW) is composed of
trachytic pyroclasts, including pumice and obsidian. Clague
and Bohrson (1991) examined rare dunite and gabbro xeno-
liths enclosed within pumice clasts from PWWand found that
in contrast to other olivine-bearing xenoliths from Hualālai,
the xenoliths contained no CO2 in melt inclusions. Instead, the
presence of hydrous mineral reaction rims at the xenolith-
trachyte interface suggests that the PWW trachyte magma
was water rich and CO2 poor.

The Pu‘u Anahulu (PA) flow occurs as a series of thick (up
to 260 m) blocky ridges and lobes northwest of PWW
(Fig. 1a, c). Two to three thick (between 50 and 90 m) flow
units can be inferred from satellite imagery and field observa-
tions. Awater well drilled on the eastern end of the flows also
suggests that those units are each >70 m thick (Clague and
Bohrson 1991).

PWW and PAwere first described as separate trachyte oc-
currences by Cross (1904) and subsequently inferred to have
originated from the same vent by Stearns and Macdonald
(1942). Moore et al. (1987) estimated the combined volume
of the lava flow and cone to be about 5.5 km3 or the largest
single eruption identified in Hawai i. Clague (1987) dated
PWW at 106 ± 6 ka using K-Ar, and Cousens et al. (2003)
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obtained a similar age of 113.5 ± 3 ka for PA using Ar-Ar,
confirming that the two were closely related in time.
Geochemical analyses also revealed that PA and PWW were
only marginally distinct with respect to bulk composition and
Pb isotopes (Cousens et al. 2003). Shamberger and Hammer
(2006) suggested that the PWW-PA trachyte magma originat-
ed via rapid differentiation (i.e., <20 ka in duration) of large
volumes of alkali basalt at 3–7 kbar during transition from
shield to post-shield magmatism at Hualālai.

Study objectives

The present study examines in detail the deposits of the
PWW cone and PA flow. Although both trachyte loca-
tions are considered to have originated from the same
vent during the same eruption, to date, no field relation-
ship has confirmed this interpretation. Through a com-
bination of field work, geochemical analyses, and tex-
tural characterization of the eruption deposits, this in-
vestigation examines the possible spatiotemporal link
between the two trachyte locations and provides new
constraints on magma ascent, degassing, and eruption
dynamics. The principal questions we aim to answer
are the following: (1) Are PWW and PA genetically
related? (2) What eruption styles formed PWW? (3)
How was the remarkable diversity of pyroclast textures
generated? (4) Are there changes in magmatic condi-
tions (i.e., fluctuations in magma composition, volatile

contents, crystallinity, overpressure, …) that may ex-
plain differences in the expression of trachyte volcanism
in Hawai‘i?

Methods

Field work and sampling

Field work on both PWW and PA was used to assess their
potential linkage and for sample collection. The complete
distribution of the PWW tephra is unknown due to the
presence of overlying lava flows (cf. Fig. 1a, b). Several
pits dug around the PWW cone showed that the deposits
mantling the base of the cone were talus and alluvium.
The presence of an old 20th C. quarry on the northern
side of the cone (Fig. 1b) allowed access to tens of meters
of proximal eruption deposits. While this location pre-
serves an important record of the eruption sequence, prox-
imal cone environments often contain deposits that were
remobilized during syn-eruptive granular flow and
slumping (e.g., Branney and Kokelaar 2002; Cagnoli
et al. 2015). Therefore, deposits were separated into six
large stratigraphic Bpackets^ that could be followed from
one location to another within the quarry, and sampling
was restricted to one to three continuous units from each
packet. Within the quarry, the combined thickness of the
six packets is about 24 m. Between 85 and 150 pyroclasts
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Fig. 1 a Geological map of the Pu‘u Wa‘awa‘a-Pu‘u Anahulu
surroundings with ages of more recent (<13 ka) basaltic lava flows
from Hualālai and Mauna Loa (modified from Shea and Owen 2016,
unit boundaries from Wolfe and Morris 1996 and Sherrod et al. 2007b).
Thick orange arrow shows the previously inferred connection between

the Pu u Wa awa a cone and the Pu u Anahulu flow. Upper left inset
shows a digital elevation model of Hualālai volcano, Hawai i, and loca-
tion of study area. b Aerial photo of Pu‘u Wa‘awa‘a cone and c side view
of Pu‘u Anahulu flow
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∼1–3 cm in size were collected within each selected units
using methods described in Shea et al. (2010a). As clast
textures were highly variable even within a single bed, we
attempted to avoid biased sampling (e.g., pumice over
obsidian) by iteratively picking the closest next lapilli
clast with a size >0.5 cm located laterally in the bed. A
total of 11 units were sampled in this fashion within the
six main packets defined.

PA samples were collected in both the most proximal and
distal areas. Since the blocky lava flow surface is significantly
altered, large blocks and boulders were usually broken up
until ∼10–20-cm pieces of the unaltered interior could be
sampled. In the more distal regions of the flow, deep gullies
allow access to fresh rock exposures. Nine samples were se-
lected for bulk chemistry and thin sections.

Density/vesicularity measurements

Pyroclast densities were measured using the Archimedes
method (e.g., Shea et al. 2010a). Briefly, clasts were
cleaned, sonified, dried, numbered by size, and weighed.
Clasts were then wrapped in wax paper and weighed
again under water to derive density. Two billets were cut
from holocrystalline and obsidian samples and weighed in
the same fashion to obtain bulk rock density for the tra-
chyte (average ∼2400 kg m−3). These billets were verified
to be vesicle free by examining associated thin sections.
The vesicle-free trachyte density was then used to calcu-
late vesicularity for each clast. Each clast was also cate-
gorized by its textural appearance in hand sample as
Bpumiceous,^ Bscoriaceous,^ Bcryptocrystal l ine,^
Bobsidian,^ or Bmicrobreccia.^ Thin sections were made
for 5–7 clasts spanning the range of density/vesicularity
distributions for each of the 11 sampled units.

Bulk rock chemistry

The 9 PA flow samples and 12 of the largest PWW clasts
were crushed for X-ray fluorescence (XRF) analyses.
Prior to crushing, the superficial 1–3 cm of each sample
was removed using a precision saw to discard potential
alteration fronts. Resulting slabs/billets were then crushed
using a tungsten carbide-plated hydraulic rock splitter,
sonified, dried, and powdered using an alumina mill.
Approximately 10–20 mg of each powdered sample was
used to prepare fused disks for analyses, carried out using
a Siemens 303AS fully automated, wavelength dispersive
XRF at the University of Hawai‘i. Details on standard
calibration and reproducibility can be found in Sinton
et al. (2005), and the data are reported in Table A1
(Supplementary Material).

Glass and feldspar chemistry

Glass and mineral (chiefly feldspar) analyses were conducted
using a JEOL-8500F field-emission gun Hyperprobe at the
University of HawaiHawai‘i. Spot analyses of glasses were
performed using an accelerating voltage of 15 keV, a 10-nA
beam current, a 6–10-μm beam diameter, and count times of
20 s (Si, Ti, Na, K, P), 30 s (Fe, Mn), and 70 s (Al, Mg, Ca,
Cl). Since Si gains and Na losses can be problematic for glass
analyses (e.g., Morgan and London 1996; Shea et al. 2014),
we adopted the time-dependent intensity method (i.e., where
intensities are compared at 5-s intervals) incorporated within
the Probe for EPMA software to correct for this problem. Four
to five spots were acquired for each glass analyzed, with stan-
dard glasses analyzed repeatedly to monitor for analytical
drift. Relative analytical precision is <1% (Si, Al), 1–3%
(Fe, Mn, Mg, Ca, Na), 5% (Ti, Cl), and 15% (P). Average
glass analyses are reported in Table A2 (Supplementary
Material).

A similar element setup was used for feldspar analyses,
except for a higher beam current of 30 nA, smaller beam
diameters of 3–6 μm, and longer counting times of 30 s for
Si, Ti, Na, K, and P. Mineral standards were used for calibra-
tion and to monitor drift, and analytical precision is similar to
that of glass analyses.

Phase abundance

Images acquired at the electron microprobe were used to de-
termine glass, vesicle, and feldspar abundances within sam-
ples analyzed for chemical composition. Manual thresholding
and outlining of the feldspars ensured that phases could be
well distinguished within grayscale images. The areas of each
phase (glass, vesicles, and feldspar) were divided by the image
areas to determine phase proportions.

Volatile analyses

Volatiles (H2O and CO2) were first analyzed within three
doubly polished obsidian chips from PWW using a
Thermo Scientific Nicolet 6700 Fourier transform infrared
(FTIR) spectrometer with a 20 × 20-μm aperture at the
University of Alaska Fairbanks. Transmission analyses
were obtained over the wavenumber range ν = 6500–
650 cm−1, with spectra consisting of 512 scans at a reso-
lution of 4 cm−1. Samples were placed on a NaCl disk
where background and sample analyses were acquired un-
der the same analytical conditions. Samples were then
transferred to a gold-coated mirror for reflectance mea-
surements. The refractive index was calculated using
Church and Johnson (1980) wafer thickness derived using
the inte r fe rence fr inge technique (Nichols and
Wysoczanski 2007), and a molar absorptivity of
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66.9 L mol−1 cm−1 (Behrens and Hahn 2009) was used to
calculate H2Ot from the 3570-cm−1 band.

Water was also measured in thin sections from the dif-
ferent clasts using microRaman spectroscopy (see
Supplementary Table A2). The technique requires calibra-
tion standards to attain sufficient accuracy; we used the
methods described in Le Losq et al. (2012) and Shea et al.
(2014). Five to eight spot analyses were collected in clasts
with different textures. An analytical profile was collected
within one sample showing textural heterogeneity, and
two additional transects and a map were acquired within
one obsidian sample close to the clast edge to check for
potential heterogeneity associated with rehydration rinds
(cf. Brehydration in the PWW pyroclasts^ in the
Supplementary Material).

Thermogravimetric analyses (TGA)were also performed on a
subset of samples to further evaluate the possibility of significant
rehydration by meteoric water (Giachetti and Gonnermann
2013). The methodology used is described in detail by
Giachetti et al. (2015) and in the Supplementary Material.

Results and interpretations

Field observations

Proximal stratigraphy of PWW deposits Previous quarry-
ing activity near the base of the PWW cone (cf. Fig. 1) ex-
posed about 10–15 m of stratified tephra on each side of the
quarry walls, typically dipping by about 20–25° (Fig. 2a, b).
The base of the deposits is not exposed, and the top of the
PWW sequence is overlain by a much younger (∼2 ka)
Hualālai lava flow (Fig. 2b). The most striking feature of the
tephra sequence is the overall lack of lateral continuity be-
tween beds and the pinching and swelling nature of the con-
tacts, making it difficult to follow a single layer further than
the scale of a 10-m wide outcrop. These characteristics, com-
bined with the lack of clear marker horizons, made defining
individual stratigraphic units challenging. Field work around
the proximal deposits therefore focused on defining Bpackets^
of units that could be identified from one location to another.
Despite the difficulties in correlating the finer units, a strati-
graphical reconstruction was made based on two opposing
quarry exposures (Fig. 3).

The topmost portion of the deposit (∼2.5 m, cf. Fig. 3) con-
sists of baked clay (formed during emplacement of an overly-
ing ∼2 ka lava flow, Fig. 2b) and altered ash overlying a series
of lenticular, discontinuous thin pumice lapilli-dominated units
that show clear evidence for small-scale erosion/gullying and
which we interpret as post-eruptive reworking of the deposits
and later soil formation. The eruptive sequence is dominated by
two repeated lithofacies (Fig. 3a, b). The first is a Bmassive
pumice/obsidian/scoria lapilli^ facies (abbreviated mL here

following Branney and Kokelaar 2002) consisting of clast-sup-
ported, fairly well-sorted, and typically reverse-graded lapilli-
dominated layers containing various proportions of pumiceous,
scoriaceous, cryptocrystalline, and obsidian clasts. This facies
is usually massive and more rarely faintly bedded and contains
a significant proportion of blocks and bombs (up to 1.5 m in
size) in some subunits (Fig. 2c). The second is a Bpoorly sorted,
coarse ash-lapilli cross-stratified facies^ (labeled BxsLT^) often
dominated by poorly vesicular scoria, cryptocrystalline clasts,
and obsidian, with typically less pumice (Figs. 2d and 3). These
units frequently include randomly scattered, dense blocks up to
50 cm of cryptocrystalline and obsidian material, most often at
their base. Diffuse bedding of coarse ash and fine lapilli is
common, frequently intercalated between cross-stratified thin
ash beds (1–10 cm) that pinch and swell at the outcrop scale
(Fig. 2d–g). The xsLT facies commonly transitions gradually to
mL,whereas contacts betweenmL and overlying xsLTaremore
abrupt (Figs. 2d–g and 3).

Repeated alternations between these two facies constitute
the bulk of the PWW deposits and are interpreted as fall de-
posits (mL) preceded by conduit clearing phases (xsLT). We
infer both facies to have undergone significant downslope
remobilization during deposition (i.e., syn-eruptive destabili-
zation). The lines of evidence supporting these interpretations
are discussed below.

Most of the lower units of the sequence examined (grouped
into Bpacket 6^, Fig. 3) display a light brown to reddish coarse
ash matrix, with clasts that also show brick red interiors when
broken. This coloring is likely associated with slow cooling
and oxidation of clasts. The bottommost unit from packet 6 is
dominated by oxidized welded spatter, confirming that the
sequence was cooled more slowly than deposits from packets
1–5, which rarely show signs of oxidation.

No unambiguous pyroclastic density current (PDC) de-
posits were found within the proximal PWW cone sections.
A ∼2-m trachytic ignimbrite sequence was discovered nearby
on top of the PA flows (the Hualālai ignimbrite HI, Shea and
Owen 2016), but no PWW tephra deposits were observed
above or below that unit. Either (1) the PWW fall sequence
was never deposited in this area (i.e., away from dispersal
axis) or (2) the fall sequence has been completely eroded from
the top of the PDCs or (3) PWW tephra preceded both the
PDCs and PA.

Pyroclast characteristics Pyroclasts from the proximal PWW
deposits fall within a spectrum encompassing four categories:
(1) Bpumiceous^ clasts are cream colored, lightweight, and
macro- to microvesicular (Fig. 4a, b); (2) Bscoriaceous^ clasts
are usually brown, denser, and moderately vesicular (Fig. 4c);
(3) Bcryptocrystalline^ clasts are dark brown, dense, generally
non-vesicular, and without visible glass (Fig. 4d); and (4)
Bobsidian^ clasts are dark and glassy with conchoidal or planar
surfaces (Fig. 4e). These textural end-members are rarely found
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pure but instead display gradual (e.g., Fig. 4f) or abrupt
(Fig. 4g) transitions from one to another, as well as intricate
banding and folding (Fig. 4h, i). No obvious accidental non-
juvenile clasts (e.g., basalts) were found in any of the PWW
deposits. Like Clague (1987), we found a few inclusions
(dunites) within three pyroclasts from packet 6.

The morphologies and textural attributes of smaller (lapilli-
sized) and larger (block/bomb-sized) pyroclasts are equally
variable within the proximal PWW deposits. Large flattened
cow dung, ribbon, frothy, or ovoidal bombs occur primarily in
the mL facies and often show pumiceous rinds with

scoriaceous to cryptocrystalline interiors (Fig. 5a–i).
Obsidian blocks are also common and typically display coarse
or fine-scale banding (Fig. 5d). Obsidian and densemicrocrys-
talline blocks are angular and can exhibit breadcrust
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Fig. 2 a Overview of the Pu’u Wa’awa’a quarry showing the >10-m
thick proximal sections exposed. b Northern section of the quarry with
part of the ∼110-ka Pu’uWa’awa’a tephra sequence overlain by alluvium
and a more recent (2 ka) Hualalai basalt flow. c Close-up of massive
pumice-rich lapilli-dominated units (pmL, see Fig. 3) from packet 3.
Note the presence of angular darker obsidian and microcrystalline clasts
and the faint inverse grading. d Two sequences from packet 2 of dark-
clast-rich coarse-ash-dominated cross-stratified basal beds (soxsLT, see
Fig. 3) transitioning towards coarser pumice-rich lapilli-dominated beds
(pmL). The basal beds are poorly sorted compared to the pumice-rich
beds and contain large, dense obsidian and cryptocrystalline lapilli and

blocks. e Near the base of units exposed within the quarry (packet 6),
clasts are enclosed within a finer, more oxidized, variably indurated ma-
trix. The bottommost unit exposed is an agglutinate of pumice and scoria
enclosed within a reddish coarse ash matrix. f Multiple repetitions of
cross-stratified coarse ash units reversely grading into pumice-rich lapilli
units within packet 2, illustrating the pinching and swelling nature of
stratification and the presence of discontinuous pumice lenses (white
dotted line). Note the presence of >50 cm cow-dung bomb. g
Section roughly along direction of maximum dip (26°) with units from
packets 5 and 6 displaying clear duplexing (white arrowsmark the start of
bed separation)

�Fig. 3 a–c Reconstructed stratigraphy of the Pu’u Wa’awa’a tephra.
Different units were sketched and reported Bas is,^ unless clear
evidence of duplexing was recognized (e.g., Fig. 2g), in which case, only
one of the duplexed units is shown. Due to this issue of unit repetition and
the presence of numerous pinch-and-swell structures, the units were
grouped into packets rather than labeled individually
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morphologies (Fig. 5g, j) with more vesicular interiors
(Fig. 5c–k). Pumice bombs are coarsely vesicular compared
to pumice lapilli.

Characteristics of the Pu‘u Anahulu flow Only the upper
∼10–15 m of the PA can be observed, exposed within gullies
that have incised through the superficial portion of the flow. The
interior of the flow is not exposed by road cuts, quarrying, or
faulting, meaning that our observations are restricted to the upper
surfaces. Most of the flow surface consists of dense crypto-to-
microcrystalline fractured/brecciated light to dark gray blocks
(Fig. 6b–d). The several meters of brecciated carapace are under-
lain bymore competent lava, with a very similar microcrystalline
texture to the surface blocks. Banding in the trachyte forms as
thin darker gray bands within lighter domains (Fig. 6b) and vice
versa (Fig. 6d). The blocky surface is variably altered, blocks
being often surrounded by an ochre-colored clay.

Volume of PA and PWW Because the medial and distal por-
tions of the PWW tephra are either covered by recent lavas
from Hualālai and Mauna Loa or largely eroded, only the cone
and the PA flow are considered for volume calculations. The
10-m USGS digital elevation model of Hawai‘i was used for
cone volume calculations. PA thickness varies substantially
(∼280 m at its thickest), and we used an average thickness of
120 m integrated across the area inferred for the flow (cf.
Fig. 1). These estimates yield minimum volumes of 0.35 km3

for PWWand 3.2 km3 for PA, which are probably conservative

in that both the tephra and lava flow are likely more extensive
and thicker under the more recent basaltic flow cover. These
volume estimates are lower than the 5.5 km3 previously in-
ferred by Moore et al. (1987), partly because our inferred PA
flow boundaries are more restricted in area.

Petrology and geochemistry of PWW-PA trachytes

The four main categories of PWW pyroclasts (obsidian, pu-
miceous, scoriaceous, and cryptocrystalline) and the PA flow
samples are compared here with respect to bulk chemistry as
well as glass and feldspar compositions to assess whether they
share a common origin or, alternatively, derive from different
magmas. These data are also compared with that for other
trachytes from Hualālai.

Sample mineralogy PWWmineralogy is dominated by feld-
spar microlites and microphenocrysts. Subordinate phases in-
clude titanomagnetite, apatite, and biotite, all as microlite
phases. Large resorbed olivine phenocrysts can be found in
glassy obsidian clasts or bands. These olivine grains have high
MgO (>Fo87, Fo = forsterite content Mg/[Mg + Fe]) and are
presumably from disaggregated dunite inclusions picked up
during magma ascent (c.f. Clague and Bohrson 1991). Other
than the rare xenocrystic phases, no obvious phenocrystic
phases (i.e., in the sense of crystals clearly larger than the
microlite-microphenocryst population that are cogenetic with
the host magma) were found in PWW thin sections.

1 cm

Pumiceous Scoriaceous Dense microcrystalline

sc ob

pm
sc

cc

sc

sc

pmpm

cc

Obsidian

1 cm

a

f g h i

b c d e

Fig. 4 a–e Diverse pyroclasts collected at Pu‘u Wa‘awa‘a ranked by texture/color type. f–i Textural gradations, banding, and folding within coarse
lapilli. pm pumice/pumiceous, sc scoria/scoriaceous, cc cryptocrystalline, ob obsidian/glassy. White dotted circles show cryptocrystalline inclusions
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PA samples comprise feldspar microphenocrysts (∼150–
200 μm along their long dimension), slightly larger on aver-
age than their PWW equivalents (typically ∼100 μm along
their long dimension). Minor phases include dark Fe-Ti ox-
ides, apatite, amphibole, pyroxene, and olivine and rarely ex-
ceed 100 μm in length. Small (<20 μm) melt inclusions are
sometimes preserved in larger feldspars and Fe-Ti oxides.

Bulk chemistry and glass compositions The lavas making
upmost of Hualālai’s surface are alkali and transitional basalts
(+ some Hawaiite). Subaerial tholeiites are less common but
have been recovered in submarine dives and dredges (Clague
et al. 1980; Moore et al. 1987; Moore and Clague 1992;
Lipman and Coombs 2006; Hammer et al. 2006; Hanano
et al. 2010) (Fig. 7a). A large compositional gap exists be-
tween the alkalic basalts and the trachytes of Hualālai.
Diorite xenoliths enclosed in recent basaltic eruptions are the
only known potential intermediate magma between the basalts
and trachytes (Shamberger and Hammer 2006). As previously
noted by Cousens et al. (2003), PWW and PA bulk composi-
tions differ in major and minor elements, with PWW samples
higher inMnO, K2O, and Na2O but lower in Al2O3, TiO2, and

MgO (Fig. 7b–d). These compositions also differ from the
Waha Pele (WP) and Huehue (HH) trachyte blocks (Clague
and Bohrson 1991; Cousens et al. 2003), which are more
SiO2, TiO2, and MgO rich, and FeO and Na2O poor than
PWW and PA. The four different trachyte compositions
(PWW, PA, WP, and HH) do not lie on any clear binary
mixing or differentiation trend.

Glasses from PWW cover a broad range in composition,
generally tracking the feldspar crystallization control line
(Fig. 7b–d). The PWW glass compositions are also distinct
from those of the Hualālai ignimbrites (HI) that overlie the PA
flow, which prompted Shea and Owen (2016) to assume dif-
ferent origins for these two units.

Mineral composi t ions Feldspar micro l i t es and
microphenocrysts in the PWW and PA samples are
anorthoclase (cf. Supplementary Material Fig. A1).
Microlites are usually fairly homogeneous in composition,
while microphenocrysts can display sector or boxwork zoning
patterns. Although feldspar compositions partly overlap,
PWW anorthoclase is typically more Ab rich while PA
anorthoclase is slightly more Or rich.

10 cm

5 cm 5 cm

5 cm
ob

pm

5 cm

5 cm

a b c

d

ih j k

e f g

Fig. 5 Variety of blocks and bombs observed in Pu‘uWa awa a tephra. a
Cow-dung and b ovoid bombs with thin finely breadcrusted pumiceous
rinds and denser scoriaceous interiors. c Angular breadcrusted obsidian
block with a more vesicular interior, forming an impact sag on the
underyling ash-rich bed. d Platy obsidian block with thin scoriaceous
bands. e Dense, angular obsidian block. f–h Frothy and/or breadcrusted

scoriaceous or pumiceous blocks and bombs. h Ribbon scoriaceous
bomb. j, k Top and cross section of breadcrusted obsidian block (ob) with
pumiceous interior (pm). Note the faint banding in vesicular region and its
relationship to obsidian rind suggesting vesiculation continued subse-
quent to crust formation
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Oxides in PWW and PA are almost exclusively
titanomagnetite (with ∼15 wt% TiO2), and a thorough search
for coexisting ilmenite failed to identify any grains that were
suitable for thermo-oxybarometry. Olivine in the PA samples
is MnO rich (i.e., ∼5 wt%), and fayalitic (Fo40). Amphibole
compositions correspond to Fe-rich edenite, and pyroxenes
are aegirine-augite.

Because the minerals are usually small and, except for larger
feldspars, unzoned, it is unclear whether any of the phases
present in these rocks could have formed during storage at
depth. Instead, we interpret the vast majority of crystals present
in the PWWand PA samples to have formed at shallow levels
during magma ascent, and, in the case of PA, during lava flow
emplacement. Considering that rapidly grown microlites or
microphenocrysts are likely to show disequilibrium composi-
tions (e.g., Martel and Schmidt 2003; Brugger and Hammer
2010), we did not apply thermo-barometers to these units.

Textural characteristics of pyroclasts

Componentry The four main classes of pyroclasts identified
(pumiceous, scoriaceous, cryptocrystalline, and obsidian) are
present within all the units sampled from the six packets.
Within packets 1–4 and the top unit of packet 5, pumiceous
clasts are most abundant (≥50% of the total number of clasts),
usually followed by cryptocrystalline clasts and similar

amounts of scoriaceous and obsidian end-members (Fig. 8a).
The bottom three units of the sequence (bottom of packet 5,
packet 6) contain less pumice (<50%) and comparatively
more cryptocrystalline, obsidian, and scoriaceous clasts than
the overlying units. Breccia clasts are found only occasionally.
From bottom to top of the sampled stratigraphy, there appears
to be a crude decrease in the abundance of dense clasts and
increase in pumiceous clasts (Fig. 8a).

Vesicularity and vesicle textures Vesicularities range from 0
to 85% in the PWW pyroclasts. The density distributions are
broadly bimodal (with the exception of unit 551), with modes
at ρ = 0.6–0.7 g cm−3 and ρ = 1.7–2.2 g cm−3 (Fig. 8b). The
visual classification of pyroclasts into four textural categories
corresponds well with vesicularity/density groupings, with
pumiceous clasts showing high vesicularity (40–85% vol.,
Figs. 8b and 9a, d), obsidian, and cryptocrystalline clasts be-
longing to the low vesicularity end of the spectrum (<30%
vol., Figs. 8b and 9b–i) and scoriaceous clasts having a wide
range of vesicularities (20–70% vol., Figs. 8b and 9g–h).

Vesicles in pumiceous clasts display a wide range of
shapes (equant to elongated), generally have smooth out-
lines, and are frequently coalesced (Fig. 9a, d). In con-
trast, vesicles in scoriaceous clasts and low vesicularity
obsidian have irregular shapes and outlines (Fig. 9b–h),
while those preserved in cryptocrystalline and obsidian

2 cm

a

c

b

2 cm30 cm

2 cm

d

Fig. 6 a Blocky brecciated upper zone of the Pu‘u Anahulu flow. b
Banded trachyte block. Thin dark bands consist of a finer grained
anorthoclase cryptocrystalline matrix whereas other regions are

microcrystalline and show diktytaxitic textures. c Light homogeneous
microcrystalline trachyte. d Dark banded trachyte similar to b but with
dark regions dominant
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clasts are very small (generally <10 μm) and equant
(Fig. 9c–i). Vesicularities and vesicle shapes can be highly
variable at the clast scale, which, in combination with
heterogeneous distribution of microlites, produce macro-
scopic banding of the pyroclasts (cf. Supplementary
Material Fig. A2). Heterogeneity in pumiceous clasts also
takes the form of localized shear zones.

Crystallinity and feldspar textures Feldspar abundances
vary widely between different PWW samples. Obsidian and
pumiceous samples contain the fewest microlites/
microphenocrysts (0–15% vol. with an average of 6.5% vol.,
Fig. 9a–d), followed by scoriaceous (∼10–40% vol. with an
average of 21% vol., Fig. 9e–h) and cryptocrystalline clasts
(25–50% vol. with an average of 36% vol., Fig. 9f, i).
Feldspars are generally tabular, with maximum lengths

≤250 μm and widths ≤20 μm. In high-crystallinity samples
or high-crystallinity regions of heterogeneous clasts, webs of
thin filamentous feldspars connect the larger microphenocrysts
(Fig. 9i). Heterogeneity in PWW samples is often expressed as
microlite enrichment zones, with a variably intense band-
parallel alignment of feldspars (Fig. A2). In samples or bands
that lack a clear fabric, crystals are often arranged as
microspherulites or axiolites. Banding is also produced by var-
iably deformed inclusions, blebs, or even entire zones of mi-
crocrystalline trachyte. Breccia clasts consist of agglomerated
particles of various sizes that display the entire spectrum of
crystallinities observed in the four different textural categories.

PA samples are holocrystalline, consisting mostly of feld-
spar and small oxides as interstitial phases. Samples display a
classical Btrachytic^ texture (Fig. 9j–l), with generally parallel,
imbricated tabular anorthoclase crystals ≤700 μm in length.
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The larger feldspars often exhibit sector or patchy zoning (e.g.,
Fig. 9l). Banding is also common, with darker bands/regions
corresponding to zones with smaller microphenocrysts com-
pared to lighter bands, each zone having different preferred
crystal orientation. Within the set of samples collected at dif-
ferent locations across the flow, crystal sizes or morphologies
do not show systematic differences.

Relationship between vesicularity and crystallinity
Samples analyzed for feldspar abundance show at least two dif-
ferent behaviors with respect to vesicularity (Fig. 10a). One set of
clasts follows a high vesicularity path, where crystallinity in-
creases as vesicularity decreases from 83 to 40%. A second set
of clasts defines a low vesicularity path, where a steep decrease in
vesicularity with increasing crystallinity is followed by a path of
nearly constant low vesicularity (∼0–10% vol.).

Vesicularity alone is not a good measure of magma
degassing/outgassing processes because low values can corre-
spond either to the initial vesiculation stage or final stages of
gas escape and bubble collapse (e.g., Shea et al. 2012;
Giachetti and Gonnermann 2013). The extent of microlite-
microphenocryst crystallization is a more robust indicator of
how long a magma has spent near the surface after
decompression-induced devolatilization (e.g., Hammer et al.
1999). With this in mind, the two decreasing crystallinity vs.
vesicularity trends (Fig. 10a) mostly track the outgassing pro-
cess (bubble interconnection and collapse). The low vesicu-
larity path potentially records a Brapid^ outgassing path where
permeabililty development and foam collapse are rapid (i.e.,
vesicularities reach 0–10% after <10% vol. feldspar crystalli-
zation), whereas the high vesicularity path records a history
marked by slower outgassing (termed Bslow^ outgassing,
Fig. 10a). Both outgassing paths are ultimately effective in
that both obsidian and cryptocrystalline clasts attain near zero
vesicularities, but microlite content clearly distinguishes them
in terms of outgassing paths and probably rates. The major
element chemistry of interstitial glass in PWW samples is also
consistent with this degassing-induced crystallization history.
Low crystallinity samples (pumiceous and obsidian) show
low to moderate K2O enrichments, while highly crystalline
samples (scoriaceous and cryptocrystalline) occupy the high
K2O end of the spectrum (Fig. 10b).

Volatile contents

NoCO2was detected by FTIR (only obsidian clasts analyzed) or
Raman (all types of clasts). Glass H2O measured by
microRaman varies between 0.15 and 2.1 wt% (Fig. 10c).
High concentrations (>1 wt%) are only measured in scoriaceous
and pumiceous samples, which also display the largest variabil-
ity. Obsidian clasts typically have less than 0.5 wt% H2Otot and
cryptocrystalline samples around 0.5–1.0 wt%. A transect per-
formed across a banded obsidian-cryptocrystalline clast confirms
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that cryptocrystalline textures correspond to slightly higher
H2Otot values (Fig. 10d). Transects andmaps acquired at the edge
of an obsidian sample, combined with TGA measurements,
clearly demonstrate that rehydration has affected all pyroclast
glasses and, in the worst cases, increasing measured H2O to
>2 wt% (see Supplementary Material and Figs. A3 and A4).

The high H2O in cryptocrystalline glasses relative to obsidian
samples (Fig. 10c, d) cannot be easily explained by processes
of secondary hydration, however. The low vesicularity (<15%),
the large separation between vesicles, and the presence of
microlites near glass where H2Owasmeasured together preclude
significant incorporation of meteoric water in the glass by
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Fig. 9 Backscatter electron images and microphotographs from Pu‘u
Wa awa a (a–i, rows sorted by decreasing vesicularity, columns by
increasing crystallinity) and Pu‘u Anahulu (j–l) trachytes. The fairly
homogeneous grayscale in most PWW microlites and microphenocrysts

indicates little compositional variation in the major elements, while larger
microphenocrysts (mp) in PA lavas regularly display complex zoning
patterns
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diffusion. Instead, we propose that the relatively high H2Otot

contents in highly crystalline samples result from microlite crys-
tallization and enrichment of the residual melt in water without
reaching the point of exsolution and secondary boiling.

Discussion

Our results shed light on the volcanological history of the
enigmatic Hualalai trachytes and provide the basis for several
major discussion points. We first show that contrary to previ-
ous interpretations, PWW and PA were not produced during
the same eruption. We then examine the eruption dynamics at
PWW, incorporating the evidence provided by deposit

architecture and by the textural information supplied by ex-
tremely varied pyroclast populations.We develop a transition-
al violent-Strombolian-Vulcanian eruption model that is con-
sistent with the various observations. We then consider the
implications of these new findings for the diversity of trachyte
eruption styles in Hawai i and examine some key differences
between trachytes and other evolved magmas.

Are Pu‘uWa‘awa‘a and Pu‘u Anahulu related to the same
eruption?

The Pu‘u Wa‘awa‘a tephra sequence and the Pu‘u Anahulu
flow were never found in stratigraphic contact. Bulk and in-
terstitial glass compositions from Pu‘u Wa‘awa‘a pyroclasts
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tion likely affects the more vesicular samples. Water enrichments in low
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differ from the composition of the Pu‘u Anahulu flow. Clasts
with PA mineral textures or compositions were not found as
wallrock in the cone deposits, intimating that the PA flows had
not yet been erupted when the PWW cone formed. This hy-
pothesis is also supported by the lack of PWW deposits on top
of PA or the Hualālai ignimbrites that postdate PA (Shea and
Owen 2016). The small compositional difference between
PWW and PA could indicate a zoned trachyte reservoir.
However, the bulk compositions of PWWand PA do not align
along obvious fractional crystallization trends (i.e., they can-
not be obtained by crystallization of a single parental magma),
meaning that compositional zoning in the reservoir would
have to result from injection of a different trachyte (Fig. 7).
We favor instead the idea that PWWand PA tapped indepen-
dent reservoirs and were erupted separately in time and space.
More generally, the lack of clear association between PA and
PWW magmas supports the hypothesis that at least four
Hualālai trachytes (PWW, PA, the Hualālai ignimbrites, and
the Huehue trachytes) were erupted from compositionally dis-
tinct reservoirs (Shea and Owen 2016).

Pyroclastic density currents or syn-eruptive
remobilization of proximal fall deposits?

Pinch-and-swell stratification is common in both PDC de-
posits and proximal fallout facies that undergo downslope
remobilization (Branney and Kokelaar 2002). Distinguishing
between the two is not straightforward as both processes
involve lateral movement of tephra, making deposit interpre-
tations more challenging in near vent regions. Within the
PWW sequence, the presence of pinch-and-swell structures,
lenses, and the poor sorting seen in many subunits can there-
fore be read as evidence for either pyroclastic density cur-
rents or remobilization of fall layers. Similar lithofacies and
reverse grading can be found in scoria cones and have been
termed grainflow or granular flow deposits (Branney and
Kokelaar 2002; Valentine et al. 2005; Alvarado et al. 2011;
Cagnoli et al. 2015). We interpret most of the PWW units to
also reflect syn-eruptive remobilization and fall deposits on a
near repose-angle slope. It is unlikely that rapidly moving
PDCs would preserve pumice angularity within the well-
sorted lapilli units or the integrity of breadcrust or cow-
dung bombs (Fig. 5a, b). The presence of impact sags under
large dense bombs (e.g., Fig. 5c) suggests that some large
clasts fell as beds were remobilized downslope. Blocks and
bombs within the cross-stratified base of PWW fall units,
interpreted as ballistic clasts, may have also enhanced remo-
bilization and grainflow following their impact. Although
large-scale PDC deposits were not found within the PWW
quarry, two to three poorly sorted, slightly indurated ash-rich
layers in packet 6 may have formed from small, fairly dilute
PDCs (Figs. 2g and 3).

Origin of textural variability of Pu‘u Wa wa a pyroclasts

The striking textural diversity of PWWpyroclasts with respect
to color, vesicularity, microlite content, and banding (Fig. 4)
has several possible origins: (1) mixing/mingling of different
magmas (e.g., Sigurdsson et al. 1990; Klug and Cashman
1994; Polacci et al. 2001; Rosi et al. 2004; Wright et al.
2011), (2) highly variable magma degassing paths in space
and time within the conduit (e.g., Hammer et al. 1999;
Lautze and Houghton 2007; Neill et al. 2010; Giachetti et al.
2010; Shea et al. 2012), and/or (3) recycled material from
prior explosions forming additional rheological layers at the
top of the conduit as underlying magmas reheat the deposited
pyroclast pile (e.g., Gurioli et al. 2014; Leduc et al. 2015).
Bulk compositions of PWW pyroclasts are similar for differ-
ent textural end-members (Fig. 7 and Table A1, Shea and
Owen 2016). Glass compositions are largely controlled by
feldspar crystallization (Figs. 7b–d and 10b). Both observa-
tions argue against significant magma mixing or composition-
al changes during magma ascent. While some amount of ma-
terial was probably recycled from each explosion and possibly
reheated by underlying magma, this material would not pro-
duce glassy, microlite-poor obsidian clasts or pumice.
Therefore, we suggest that this textural diversity was mostly
related to magma degassing/outgassing processes likely oc-
curring in the conduit.

In the absence of measured CO2, we infer that vesiculation
and microlite crystallization were controlled by loss of mag-
matic H2O from the melt (e.g., Geschwind and Rutherford
1995; Hammer et al. 1999; Clarke et al. 2007). The remark-
able variety of pyroclast textures can be reconciled by variable
decompression paths (Fig. 11):

1. Pumiceous clasts represent the earliest stage of degassing
recorded in our pyroclast collection.

2. Obsidian clasts, with very low H2O contents and crystal-
linities (Fig. 10a), are inferred to derive from permeable
outgassing (bubble coalescence and collapse) of initially
vesicular, microlite-poor magma. For the glassy textures
to be preserved, obsidian clasts must have cooled rapidly
and/or had short residence times in the conduit after bub-
ble collapse.

3. Scoriaceous experienced protracted degassing and
outgassing, allowing for substantial crystallization
(Fig. 10a). The coarse irregular vesicles in scoriaceous
clasts and their moderate to high crystallinity suggest they
preserve a record of slower outgassing compared to
magmas that formed the obsidian.

4. Cryptocrystalline clasts resided the longest at high temper-
atures in the conduit and may have formed by crystalliza-
tion of the same crystal-poor magma that generated obsid-
ian or by further outgassing and crystallization of scoria-
ceous clasts. Those two paths towards formation of
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cryptocrystalline clasts are here termed Brapid^ and Bslow^
outgassing paths (Fig. 10a). During rapid outgassing, gas
loss precedes most crystallization whereas during slow
outgassing, gas loss and microlite formation are coeval.

5. The color of different pyroclast types is controlled by
vesicle and feldspar contents, Fe-Ti oxides, and Fe3+ vs.
Fe2+ in the glass (e.g., Paulick and Franz 1997). Raman
spectra clearly show an increase in the Fe3+ content of the
glass from the microlite-free and pumiceous clasts (low
relative Fe3+/Fe2+) to the scoriaceous and cryptocrystal-
line clasts (high relative Fe3+/Fe2+) (Di Muro et al. 2009,
Di Genova et al. 2016; cf. Fig. A5 in the supplementary
material). The higher Fe3+ content in microcrystalline and
scoriaceous clasts also suggests that they either derived
from regions of slower cooling rates in the shallow upper
conduit under oxidizing conditions. Dense clasts may
have oxidized further after emplacement in the cone as
the deposits slowly cooled.

Although few small-volume trachyte eruptions have been
analyzed for pyroclast characteristics, tephra from the
trachyphonolitic AD1538 Monte Nuovo eruption (Campi
Flegrei, Italy) displays a similar range in textures (D’Oriano
et al. 2005; Polacci et al. 2014). There, clasts also include small
pieces of obsidian, microlite-rich scoria, and pumice that are all
indistinguishable in composition and were interpreted to reflect
variable lateral extents of degassing and residence times in the

conduit. Diverse pyroclast textures, including the presence of
variably microlite-rich pyroclastic obsidian and darker and
lighter pumice, have also been observed in rhyolitic pumice
cones (e.g., Monte Pilato, Davì et al. 2011), although such
tephra seems to lack microlite-rich scoriaceous and cryptocrys-
talline end-members. At the other end of the compositional
spectrum, pyroclasts from basaltic or basaltic-andesitic cinder
cones (e.g., Croscat, Cimarelli et al. 2010; Paricutin, Pioli et al.
2008) share scoriaceous and dense cryptocrystalline textures
but rarely contain substantial amounts of microvesicular pum-
ice and lack glassy obsidian. Pu‘u Wa‘awa‘a is therefore un-
usual in encompassing pyroclast characteristics from the entire
compositional range of cone-building eruptions.

Eruption dynamics at Pu‘u Wa‘awa‘a

Inferring an eruption style is a challenge without a clear
picture of how the PWW tephra is distributed or how grain
size varies away from the cone. Our inferences about erup-
tion dynamics are therefore based exclusively on proximal
deposit architecture and pyroclast characteristics. An ade-
quate eruption model for PWW needs to account for (1)
the textural diversity of pyroclasts and their inferred
degassing/outgassing history (Figs. 8, 10, and 11), (2) the
repeated pattern of cross-stratified, dense-juvenile-rich
lithofacies overlain by well-sorted pumice lapilli beds
(Fig. 3), (3) the presence of breadcrust and other types of
bombs within the cross-stratified subunits (Fig. 5), and (4)
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Microlite content

outgassing
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Fig. 11 Interpretive sketch of
how pyroclast textures (density,
vesicularity, and microlite
contents) may relate to H2O
degassing and outgassing. All
samples had the same starting
melt. Pumice clasts represent here
the earliest records of the
degassing process, and all
samples with lower vesicularities
preserve the subsequent
outgassing history. The upper row
shows a Brapid^ outgassing path
(see Fig. 10a) where bubble coa-
lescence, collapse, and permeable
outgassing occur rapidly, before
microlites can crystallize to a sig-
nificant extent (ultimately
resulting in crystal-free or crystal-
poor obsidian). Bottom row
shows the Bslow^ outgassing path
where crystallization and
outgassing occur at the same time
(resulting in scoriaceous clasts).
Both paths can lead to crypto-
crystalline textures with sufficient
time
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the absence of basaltic wallrock or other lithic components.
In this section, each key observation is discussed in the
context of potential eruption dynamics.

The broad, often bimodal pyroclast density/vesicularity
distributions throughout the exposed PWW sequence are sim-
ilar to deposits of Vulcanian eruptions involving domes or
cryptodomes (Kilian 9400 BP; Chachimbiro 3640–3510 BC;
phase 4 of Novarupta 1912 AD; Bezymianny 1956 CE;Mt. St
Helens 1980 CE; Hoblitt and Harmon 1993; Adams et al.
2006; Belousov et al. 2007; Neill et al. 2010; Bernard et al.
2014; Colombier et al. 2017), or conduit plugs (Soufrière Hills
1997 CE; Formenti and Druitt 2003; Giachetti et al. 2010).
These deposits also revealed large variabilities in vesicularity
and microlite crystallinity, with dense material linked to an
outgassed, more microlite-rich dome or plug and vesicular
microlite-poor material with underlying volatile-rich magma
(e.g., Clarke et al. 2007; Neill et al. 2010; Giachetti et al.
2010). The abundance of dense juvenile clasts and their tex-
tural and volatile characteristics suggest a similar conduit con-
figuration for Pu‘u Wa‘awa‘a with the added requirement of
having both outgassed microlite-free (obsidian) and microlite-
rich (cryptocrystalline) magma erupted simultaneously.

The repeated transition in the PWW deposits from
poorly-sorted units rich in dense clasts to well-sorted
pumice-rich units is also consistent with an eruption style
that involves clearing of a dense, partly solidified magma
column followed by ejection of frothy magma. Breadcrust
obsidian and cryptocrystalline blocks found within the
cross-stratified facies are also similar to ballistics found
in Vulcanian deposits (Wright et al. 2007; Giachetti et al.
2010). The residual water contents of obsidian clasts from
PWW (H2Ot ∼0.15–0.20 wt%) correspond to very low
equilibrium solubility pressures of <5 MPa (Di Matteo
et al. 2004) and quenching depths <150 m, assuming a
lithostatic pressure gradient. In addition, while microlites
often display preferential alignment within PWW obsidi-
an, the lack of alignment or elongation of vesicles indi-
cates sufficient time for bubbles to relax following ascent-
related shearing/stretching. Similar non-dynamic condi-
tions are also required to explain the microspherulite tex-
tures observed within some of the obsidian clasts.

Unlike most Vulcanian eruptions studied to date, however,
deposits of the PWW eruption show no clear evidence for
large pyroclastic density currents. PDCs produced during
Vulcanian eruptions can be generated by collapse of extruded
domes or cryptodome explosions (e.g., Hoblitt and Harmon
1993; Belousov et al. 2007) and can also accompany fallout
plumes during explosions involving plugs that are restricted to
the conduit (e.g., the Soufrière Hills explosions of August and
September 1997; Druitt et al. 2002). More importantly,
Vulcanian eruptions rarely construct tephra cones, which are
more typical of violent Strombolian or Hawaiian eruptions
(e.g., Valentine et al. 2005; de Silva and Lindsay 2015).

The PWWeruption did not involve significant interactions
with non-magmatic water. The only non-juvenile materials
found within the entire PWW sequence are a few <1-cm du-
nite inclusions (see also Clague and Bohrson 1991) and ba-
saltic wallrock—likely ubiquitous around and underneath the
PWW vent—or foreign trachyte is lacking. Therefore, we in-
fer that the cone was formed during a purely magmatic erup-
tion, although we cannot discard the possibility of earlier
phreatomagmatism, common during opening phases (e.g.,
Laacher See, Schmincke et al. 1999; Monte Nuovo,
D’Oriano et al. 2005).

In light of the key observations addressed above, we envi-
sion that the Pu‘u Wa‘awa‘a tephra was produced by a domi-
nantly magmatic eruption, transitional in style between violent
Strombolian (i.e., prolonged through several months or more,
with high enough overall eruption rates to build large cones,
pulsatory, e.g., Valentine et al. 2005; Pioli et al. 2008;
Andronico et al. 2009; Di Traglia et al. 2009) and Vulcanian
(i.e., transient, including formation and disruption of a conduit
obstruction; e.g., Druitt et al. 2002; Clarke et al. 2015). Each
eruption cycle at PWW began with overpressurization and dis-
ruption of a conduit plug that was at least partly solidified
(Fig. 12). Material from the plug was first evacuated and pro-
duced the lithofacies at the base of the sequence rich in obsidian
and cryptocrystalline clasts. Vesicular magma shortly followed
to generate pumice-lapilli-rich fall units. Ascent rates progres-
sively decreased in concert with conduit overpressure. The top
of the magma column became largely permeable and outgassed
quiescently (e.g., Eichelberger et al. 1986) potentially through
localized shear zones and/or fractures (e.g., Edmonds et al.
2003; Cabrera et al. 2011; Schipper et al. 2013; Lavallée et al.
2013). The top of the column (and possibly fallback material)
solidified into an obsidian-rich outgassed carapace. The interior
of the plug cooledmore slowly and crystallized, later producing
the cryptocrystalline clasts. Deeper magma with more residual
gas outgassed less rapidly and produced magma that
fragmented to scoriaceous clasts during the next
overpressurization sequence. The lack of significant PDC de-
posits indicates that no significant dome was constructed be-
tween explosive cycles and that the eruption column did not
experience significant destabilization. Compared to other teph-
ra cones constructed during mono- or polygenic violent
Strombolian activity (e.g., Paricutin, Mexico; Cerro Negro,
Nicaragua), the Pu’u Wa’awa’a edifice is significantly larger
(cf. Fig. A6 in the Supplementary Material), consistent with a
slightly higher intensity and/or a longer eruption. Comparisons
of PWW deposit characteristics (deposition modes, pyroclast
types, and textures) with other trachyte cones are difficult be-
cause the only example thoroughly examined involves a
trachyphonolitic magma (Monte Nuovo 1538 AD, D’Oriano
et al. 2005; Piochi et al. 2005). PWWand Monte Nuovo erup-
tions were similar in that they both produced extremely diverse
pyroclast types (D’Oriano et al. 2005). The Monte Nuovo
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eruption differed in having emplaced large PDCs in addition to
a few fallout phases and showing a clear compositional and
eruptive style transition (phreatomagmatic to magmatic) from
the lower to the upper members. Both PWWandMonte Nuovo
eruptions, nonetheless, involved cyclic formation and destruc-
tion of conduit plugs.

The influence of viscosity and melt water content
on eruption style

The inferred intermediate eruption dynamics between cone-
building violent Strombolian and Vulcanian at PWW may be
related to the low viscosity associated with a fairly unusual

trachyte composition. Compared to Monte Nuovo 1538 AD
and other arc and rift trachytes that produced domes and/or
large PDCs, the Pu‘u Wa‘awa‘a trachyte is richer in alkalis,
particularly in Na2O, slightly less aluminous, and less pheno-
cryst-rich, resulting in lower melt viscosities. To provide a
more general comparison, magma viscosities were calculated
for other compositions spanning a range in eruption styles
(violent Strombolian, Vulcanian, subplinian, and Plinian)
and for which compositional, temperature, and textural (i.e.,
phenocryst content) constraints were available (c.f. Takeuchi
2011; Andujar and Scaillet 2012). For each eruption, melt
viscosities were recalculated using the model of Giordano
et al. (2008) and the crystal-bearing magma viscosities using
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Fig. 12 Inferred explosion cycle at Pu u Wa awa a and Btextural^
profiles across the conduit. At the end of each explosion, residual
magma is no longer highly overpressurized and ascends slower (left).
Permeability development and bubble collapse produce magma, which
is largely microlite and vesicle poor, that develops an obsidian cap at the
top. Outgassing and bubble collapse may be enhanced towards the

conduit edges, resulting in banding. As the cap solidifies into a plug,
completely or partially outgassed magma crystallizes (future
Bcryptocrystalline^ and Bscoriaceous^ clasts, respectively) (center).
H2O-rich magma repressurizes the system from below (later forming
Bpumiceous^ clasts) up to plug disruption and explosion (right)
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Mader et al. (2013). To isolate the effects of composition and
crystal content from water contents, all magmas were given a
pre-eruptive H2O content of 2 wt%, assumed representative of
a shallow magma close to eruption. Although the bubble con-
tent of a magma can affect its viscosity significantly (e.g.,
Llewellin and Manga 2005), we surmise that to a first order,
all the magmas considered had negligible pre-eruptive vesic-
ularities. A tentative temperature of 850 °C was chosen for
PWW based on phase equilibria arguments (cf. next section).
The pre-eruptive viscosity of the PWW trachyte (∼104.6 Pa s)
lies at the low end of the bounds defined by trachytes and
phonolites on a viscosity vs. temperature plot (Fig. 13a).
PWW is therefore unique in that unlike other trachytes (e.g.,
Giordano et al. 2004), its viscosity is lower than that of most
phonolites. In the realm of alkalic magmas, only the viscosi-
ties of trachyandesites fall below values for PWW, but they
were all likely hotter magmas. Eruptions that involved viscous
domes and/or substantial Vulcanian activity (Chopine, Kilian,
Novarupta, Pinatubo) involved magmas that were more vis-
cous than PWW. Aside from differences in melt composition,
the higher viscosity of these magmas is also associated with
higher crystal content, particularly for the calc-alkaline exam-
ples. In contrast, the basaltic andesite magma from the end-
member violent Strombolian eruption considered (Paricutin)
has only a marginally lower viscosity than PWW. As sug-
gested by Cashman and Sparks (2013), crystal content likely
plays an important role in shifting eruption styles towards
lower (Strombolian, violent Strombolian) or higher intensities

(Vulcanian). Subplinian eruptions involving crystal-poor rhy-
olites (Chaiten, Newberry, and Monte Pilato) all have signif-
icantly higher viscosities than PWW. The relatively low vis-
cosity compared to other intermediate and evolved magmas
worldwide may be one factor to explain why the PWWerup-
tion did not reach the intensity of larger Vulcanian or
subplinian eruptions. Instead, the resulting deposits possess
transitional lithofacies and pyroclast characteristics between
those of violent Strombolian and Vulcanian eruptions, with
high explosion frequency and pulsatory behavior (e.g.,
Dominguez et al. 2016).

Viscosity is clearly not the only parameter that dictates
eruption style, considering the various instances that attained
Plinian intensities despite involving less viscous magmas
(Fontana Lapilli, Etna 122 BC, Cerro Hudson 1991 AD,
Tambora 1815 AD, Campanian Ignimbrite). Andujar and
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2008, Takeuchi 2011). Diffusivity models: Rhyolites: Ni and Zhang
(2008); Dacites: Ni et al. (2009); Andesite: Behrens et al. (2004);
Haploandesite: Zhang and Ni (2010); Phonolites: Schmidt et al. (2013);
Trachytes: Fanara et al. (2013)
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Scaillet (2012) proposed that pre-eruptive H2O content at the
storage level may exert the dominant control on the
explosivity of phonolites and trachytes. The exact relationship
between pre-eruptive H2O and explosivity is, however, still
unclear because (1) the vast majority of studied phonolite and
trachyte eruptions are explosive and the more effusive end-
members are underrepresented, and (2) there are clear outlier
examples of eruptions involving magmas with very high ini-
tial H2O (e.g., Chaîne des Puys trachytes with ∼8 wt% H2O,
Martel et al. 2013) that produced Vulcanian eruptions much
smaller in volume than Plinian eruptions involving magmas
with lower inferred initial H2O (e.g., Campanian Ignimbrite
with ∼6 wt% H2O, Marianelli et al. 2006) associated with
Plinian eruptions by two orders of magnitude larger in vol-
ume. Below, we discuss factors other than viscosity and initial
H2O content, including the propensity of trachytes to degas
and crystallize faster than other magmas.

Trachyte: a Breactive^ magma?

Within the realm of magmas at the end of their differentiation
paths, alkalic magmas (phonolites and trachytes) differ nota-
bly in vesiculation and crystallization behavior compared to
their calc-alkaline counterparts (dacites and rhyolites).
Feldspar crystallizes faster in trachyte magma than in
rhyodacites or rhyolites at similar P and T conditions (Arzilli
and Carroll 2013). The tendency of trachytes to respond to
perturbations (e.g., H2O degassing) by crystallizing rapidly
is reflected in the extreme variability of microlite contents
within the different textural end-members of the PWW
pyroclasts. Most phenocryst-free rhyolites are comparatively
sluggish and typically have low microlite abundances after
eruption and quenching. For instance, rhyolite lava flows gen-
erally preserve a microlite-poor obsidian carapace (e.g., Fink
1983; Manley and Fink 1987), a feature that is absent from the
thick, holocrystalline Pu‘u Anahulu flow.

Experimental studies of vesiculation in phonolite and tra-
chyte melts have also shown that they respond rapidly to de-
compression, and their vesicularity and H2O content track
values predicted at equilibrium more readily than rhyolites
(Larsen and Gardner 2004; Larsen 2008; Mongrain et al.
2008; Shea et al. 2010b; Preuss et al. 2016).

The propensity of evolved alkalic magmas to crystallize or
vesiculate more readily than their calc-alkalic counterparts is
likely a consequence of faster H2O and crystal-forming cation
diffusion (e.g., Behrens and Hahn 2009; Fanara et al. 2013),
which control bubble/crystal nucleation and growth.
Degassing kinetics are partly controlled by H2O diffusion in
the melt, and existing studies have shown that water diffusiv-
ities are higher in trachytes than in other magmas (Fig. 13b).
Thus, degassing may occur at faster rates in trachyte, main-
taining lower levels of supersaturation and potentially conduit
overpressure compared to dacites and rhyolites. On the other

hand, fast degassing kinetics coupled with relatively rapid
crystallization rates in trachytes may favor formation of crys-
talline subregions and plugs within the conduit and the build-
up of overpressure like at PWW or Monte Nuovo (e.g.,
D’Oriano et al. 2005). Notwithstanding, the emerging picture
from experimental constraints on the intrinsic properties of
trachytemagmas coupled with observations on the remarkable
textural diversity of natural trachyte samples suggests that
they are kinetically more Breactive^ magmas compared to
their less alkaline differentiated equivalents.

The highly variable eruption styles of Hawaiian trachytes

The Pu‘u Wa‘awa‘a cone, the Pu‘u Anahulu flow, and the
Hualālai ignimbrite sequence form the three principal trachyte
eruptions now recognized on Hualālai volcano. These three
distinct events ranging in eruption style from effusive (Pu‘u
Anahulu) to highly explosive (Hualālai ignimbrites) involved
petrologically similar magmas (i.e., very few or no pheno-
crys t s , g roundmass of anor thoc lase mic ro l i t es /
microphenocrysts, magnetite, and apatite) despite the slight
differences in bulk compositions. Obsidian, scoriaceous, and
cryptocrystalline clasts are also found within the coarser units
of the Hualālai ignimbrites (Shea and Owen 2016), suggesting
that conduit obstruction and formation of dense plugs may
have played some role as well. In contrast to Pu‘u
Wa‘awa‘a, however, the eruption column that produced the
ignimbrites was likely significantly larger and never fully
stable.

Based on the compositional similarity and the comparable
mineral assemblages in the groundmass, we infer that the dif-
ferences in eruption styles did not result from fundamental
differences in magma characteristics in the storage area (i.e.,
temperature, viscosity, water saturation). Although no phase
equilibria experiments exist for Hawaiian trachyte composi-
tions, aMELTS-generated P-Tmineral equilibria diagram ten-
tatively indicates temperatures of ∼800–850 °C for all three
trachytes (Fig. A8 in the Supplementary Material). Storage
pressures cannot be constrained because similar phases crys-
tallize over a wide range in pressure. The contrasts in eruption
dynamics may therefore be related to (1) varying storage
depths and hence ascent times or (2) other external factors that
allowed the different magmas to outgas more or less easily.
External factors could include differing vent dimensions or
geometries (larger or extended/elongate vent may facilitate
magma outgassing compared to a smaller point source) or
differences in the geometry of the feeder system (e.g.,
Wilson et al. 1980; Legros et al. 2000). The magma that fed
the voluminous Pu‘u Anahulu flow may therefore have resid-
ed deeper than those that produced the Pu‘uWa‘awa‘a cone or
Hualālai ignimbrite, giving enough time for degassing and
outgassing to progress under near equilibrium conditions dur-
ing ascent. Alternatively, Pu‘u Anahulu may have been fed by
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a larger/more extended fracture system and/or erupted along a
fissure. The latter possibility would also explain why the PA
feeder vent system may have been topographically subdued
enough to be covered by subsequent basalt flows, whereas the
more central PWW vent was more prominent and largely pre-
served from burial.

Conclusions

The field, textural, and chemical investigation of Pu‘u
Wa‘awa‘a and Pu‘u Anahulu erupted during the ∼110-ka
period of Hualālai volcano provides several key pieces
of information to understand trachyte volcanism in
Hawai‘i:

– In contrast to what has been assumed previously, the Pu‘u
Wa‘awa‘a cone and the Pu‘u Anahulu flow were likely
erupted during two separate events. A third eruption pro-
duced the Hualālai ignimbrites, which largely covered the
Pu‘u Anahulu flow. The lack of Pu‘uWa‘awa‘a tephra on
top of or below the ignimbrites and the slight differences
in composition between the three eruption products alto-
gether confirm that various trachyte reservoirs probably
existed on Hualālai ∼110 ka. Detailed regional geophys-
ical surveys (gravity, seismic) are needed to constrain the
distribution of the PWW tephra under the recent basaltic
lava flow cover. Modern dating techniques (Ar40/Ar39)
could also aid in testing whether these three events (in
addition to the trachytes found at Waha Pele and
Huehue) were separated in time.

– The PWW cone was built during an eruption transitional
in style between violent Strombolian and Vulcanian. The
deposit architecture has characteristics similar to those of
large basaltic scoria cones (e.g., heavy proximal remobi-
lization), while pyroclast textures show evidence for con-
duit plug formation. The Hualālai ignimbrites studied pre-
viously were likely produced during a larger, higher in-
tensity explosive eruption while the large-volume Pu‘u
Anahulu flow was erupted effusively. Therefore, tra-
chytes erupted at Hualālai provide evidence for important
contrasts in eruption dynamics that are unlikely to have
been related to differences in intrinsic magmatic parame-
ters but rather associated with differing conditions of
magma ascent. Further investigations of vesicle and
microlite textures (e.g., number density, size distribu-
tions) may help estimate variations in ascent and/or exso-
lution rates.

– The astonishing variety of pyroclast morphologies,
colors, textures, and interstitial glass compositions at
Pu‘u Wa‘awa‘a can be related entirely to the extent of
magma degassing and outgassing within the conduit.

Post-eruptive meteoric rehydration appears to have con-
trolled H2O concentrations in pyroclasts with >40% vol.
porosity (likely a consequence of the high vesicle con-
nectivity), meaning that only clasts with lower vesicular-
ity can be used to make inferences on primary magma
water contents and degassing.

– Trachytes increasingly appear as kinetically faster
magmas compared to rhyolites or even dacites with re-
spect to crystallization and, potentially, degassing. The
combination of low viscosity with the propensity for the
PWW trachyte to degas and crystallize microlites rapidly
probably led to the hybrid eruption style between violent
Strombolian and Vulcanian. Future experiments investi-
gating vesiculation and/or crystallization of trachytes un-
der decompression may help determine whether faster
H2O and feldspar-forming cation mobilities in the melt
can explain those differences adequately.
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