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Abstract The 1959 summit eruption of Kīlauea volcano
produced the highest recorded Hawaiian fountain in
Hawai‘i. Quantitative analysis of closely spaced samples
from the final two high-fountaining episodes of the eruption
result in a fine-scale textural study of pyroclasts and
provide a record of postfragmentation processes. As clast
vesicularity increases, the vesicle number density decreases
and vesicle morphology shifts from small and round to
larger and more irregular. The shift in microtexture
corresponds to greater degrees of postfragmentation expan-
sion of clasts with higher vesicularity. We suggest the range
of clast morphologies in the deposit is related to thermal
zonation within a Hawaiian fountain where the highest
vesicularity clasts traveled in the center and lowest traveled

along the margins. Vesicle number densities are greatest in
the highest fountaining episode and therefore scale with
intensity of activity. Major element chemical analyses and
fasciculate crystal textures indicate microlite-rich zones
within individual clasts are portions of recycled lava lake
material that were incorporated into newly vesiculating
primary melt.
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Introduction

High-fountaining Hawaiian eruptions

Hawaiian eruptions produce incandescent fountains of
molten pyroclastic material that can reach hundreds of
meters in height. They occur at basaltic volcanoes such as
Etna in Italy (Polacci et al. 2006; Andronico et al. 2008;
Bertagnini et al. 1989) and Kīlauea in Hawai‘i (Heliker and
Mattox 2003; Richter et al. 1970; Swanson et al. 1979).
Fountaining eruptions typically begin as fissure-fed dis-
charges, focusing with time on one or more point sources,
increasing in intensity over several cycles, and reaching
maximum discharge and fountain height later in the
eruption. Early activity in the 1983–1986 Pu‘u ‘Ō‘ō
eruption of Kīlauea, Hawai‘i produced average fountain
heights of ∼170 m in the first 23 episodes before eruption
rates increased and fountains consistently reached >400 m
high (470 m maximum) until the 39th episode (Heliker and
Mattox 2003). Similar activity occurred in 1969 during the
first 6 months of the Mauna Ulu eruption, Kīlauea, Hawai‘i.
Relatively low initial fountaining episodes increased to
540 m height in the ninth episode (Swanson et al. 1979).
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The eruption of Kīlauea Iki in 1959 also started from a
fissure and displayed low fountaining before producing the
highest fountain ever recorded at Kīlauea (580 m) during
the 15th of 17 episodes (Richter et al. 1970). At Etna, lava
fountaining activity ranges from sustained episodes (e.g.,
Alparone et al. 2003) to discrete, outbursts (e.g., Andronico
et al. 2008) with fountain heights up to 800 m (Alparone et
al. 2003). The commonality among individual episodes of
activity at all of these volcanoes is that lava fountaining
ceased abruptly with little waning activity.

Kīlauea Iki 1959 eruption

The 1959 eruption of Kīlauea Iki (Fig. 1) began on
November 14 and lasted 36 days (Fig. 2). A steep-sided
cone and a tephra blanket were deposited southwest
(downwind) of the main vent. Because the vent was on
the wall of an existing collapse crater, effusive products of
the eruption formed a ∼37×106 m3 crater-filling lava lake.
Each episode filled the lake to the point where it flowed
back into the vent. Typically, low fountaining began each
episode and then the intensity increased to produce a higher
and more powerful fountain. Fountaining ceased soon after
the lake reached the level of the vent and lava immediately
poured back down the vent into the conduit system to reach
the magma storage region beneath Kīlauea’s summit (Eaton
et al. 1987). Throughout the course of the eruption,

episodes became shorter and typically more closely spaced
in time. The last two significant episodes, 15 and 16
(Fig. 3), were among the three highest of the entire eruption
(Fig. 2).

Purpose

This paper examines the vesiculation history of melt erupted
in very high-fountaining Hawaiian eruptions, using episodes
15 and 16 as case studies. A secondary aim is to determine
what effect, if any, melt draining back from the lava lake
into the conduit had on fountain and eruptive behavior. This
study also compares these later episodes with the opening
episode of the Kīlauea Iki eruption (Stovall et al. 2011) in
order to understand why some episodes reach exceptional
fountaining heights and others do not, and what factors lead
to the termination of Hawaiian fountaining episodes.

Background and previous work

Chronology of episodes 15 and 16

Richter et al. (1970) give a detailed account of the events of
the 1959 eruption and is the basis for the following
summary of episodes 15 and 16. The 15th episode lasted
for slightly more than 4 h beginning at 11:10 AM
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December 17, 1959 with low fountaining (Fig. 3a). During
the first 2 h, small fountains 8–15 m high erupted while a
lava stream drained from the lake into the vent. Just before
2 PM, activity increased and within 12 min the fountain
reached ∼580 m (Fig. 3b, c), the highest of the eruption.
Activity was sustained at this peak for only a few minutes
before fountain heights decreased to ∼220 m, where they
remained for ∼30 min. Then the fountain surged to ∼330 m
for ∼45 min. In the final minute of fountaining, lake lava
began to drain into the vent. Hawaiian fountaining activity
ceased rather abruptly at 3:32 PM while lava continued to
pour into the vent from the lake. Drainback continued
throughout the day on December 18 with decreasing flux,
and during draining, occasional non-eruptive splashing was
observed at the vent.

On December 19 at 2:40 AM, after a 35-h pause in
fountaining, the 16th and last high-fountaining episode of
the Kīlauea Iki eruption began. The 16th explosive phase
started similarly to the 15th phase, but the early low
spattering lasted only 20 min before the fountain height
increased over 25 min to a height of ∼460 m. While the
fountain reached and maintained this great height for
several minutes, lava also surged into the lake from the
base of the fountain. The remaining 170 min of explosive
activity were limited to weaker fountains no more than
240 m high (Fig. 3d). At 6:16 AM on the same day,
fountaining ceased abruptly and drainback of lake lava into
the vent began immediately as a ∼60 m-wide funnel-like
flow encircling the vent.

Significance of episodes 15 and 16

Unlike the first episode of the eruption (Richter et al. 1970;
Stovall et al. 2011), fountaining at the start of later episodes
cleared the conduit of any relatively outgassed lava that
drained back into the vent at the close of the previous
episode. Episode 15 produced the highest fountain at
∼580 m (Fig. 3b) and this was the episode preceded by
the smallest volume of drainback lava (1.0 million m3),

over 7 h 8 min. Episode 16 produced a ∼460 m-high
fountain and was preceded by 3.2 million m3 of drainback
lava over 26 h after the end of episode 15. The coupling of
such high-fountaining activity with variable quantities of
recycled, drained-back lava make the later episodes of the
Kīlauea Iki eruption, and especially these short-lived high-
fountain producing episodes, an intriguing case study for
mechanisms driving Hawaiian fountaining eruptions.

Techniques

All methodologies associated with sample collection and
analysis are consistent with the study of the first
episode of the Kīlauea Iki eruption (Stovall et al.
2011). Samples of episodes 15 and 16 tephra were
collected at ∼5 cm intervals through the entire ∼80 cm
deposit at the reference site (Fig. 4a). Samples were field-
sieved to select at least 100 clasts in the 16–32 mm size
fraction (Houghton and Wilson 1989), which were dried in
an oven at 112°C for 24 h to remove water. In addition, we
analyzed the glass matrix of clasts following the discovery
of heterogeneous zones of contrasting vesiculation and
color within single clasts.

Samples ρ01, ρ03, ρ05, ρ07, and ρ09 (Fig. 4) were
chosen for quantitative analysis of vesicle and crystal
populations. This selection includes coarse-grained samples
from the peak of each episode and those deposited at the
end of each episode. Polished thin sections were made of
clasts from the mode and extremes of the density
distributions for these samples to ensure capture and
quantification of the full vesicularity range of the ejecta.
For only clasts with homogeneous textures, nested images
were captured with three magnifications: scan using
1,200 dpi on an HP flatbed scanner and 25× and 100×
backscatter images on a JEOL-5900LV SEM operating at
15 kV and 1 nA beam current. Image processing and
quantitative vesicle analyses were conducted using the
methods outlined in Shea et al. (2009).
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Clast morphologies

Componentry of the juvenile clasts was conducted in the
laboratory and six morphological classes defined, but not
every type was found in every sample (Fig. 5a). Pumice,
fluidal, and transitional textures (Fig. 5b, d and c,
respectively) are as defined for the 1959 episode 1 tephra
(Stovall et al. 2011). Clasts labeled TO contain domains of
reddish oxidized material (Fig. 5e). Clasts labeled TB are
transitional clasts with a bread-crusted exterior surface.
Large spatter bombs (i.e., the maximum-sized clasts)
always fall into this category and are typically either cow
dung or ribbon bombs (Fig. 5f, g). These bread crust bombs
have interiors with vesicles up to 10 cm diameter.

Electron microprobe analysis

To quantify and compare major-element chemistry
within individual zones or domains in heterogeneous
clasts (Fig. 6), electron microprobe analysis was con-
ducted on the JEOL JXA-8500F Field Emission Hyperp-
robe at the University of Hawai‘i at Mānoa. Measurements
were taken using a 15 kV and 10 nA with a 10 μm
defocused beam to ensure minimal Na loss. Total counting
times for each element were: Na=20 s, Si=30 s, Ti=20 s,
Al=30 s, Fe=15 s, Mn=20 s, Mg=40 s, Ca=30 s, K=
30 s, P=30 s, and S=30 s. Backgrounds were measured on
both sides of the peak, each at half the counting time of
the peak.

Results

Deposit characteristics

Stratigraphy

The Kīlauea Iki tephra stratigraphy has been logged in
numerous pits that extend up to 5 km downwind of the
Pu‘u Pua‘i cone (Fig. 1). Existing collapse pits provide
sections through the upper ∼1 to 2 m of the deposit and
expose stratigraphy that is reconcilable at multiple loca-
tions. The tephra stratigraphy exposed in the upper pit walls
must be associated with the last high-fountaining episodes
(Fig. 2).

Figure 4 includes the stratigraphy with sample positions,
grain size and maximum clast data, and selected density

a

b

c

d

�Fig. 3 Photographs of Kīlauea Iki fountain during episodes 15 and 16
(photos by J. Eaton from the HVO library archives). a Lava fountain
at the start of episode 15, ∼30 m high. b Top of episode 15, ∼580-m
high fountain. c Lower portion of ∼580-m high fountain and cone with
rheomorphic lava flows on cone flank. d Episode 16, ∼240-m high
fountain
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distributions for the upper ∼80 cm of a pit 685 m from the
vent (Fig. 1). The pit was chosen because it is located along
the dispersal axis for episodes 15 and 16 fountaining and
because tephra in this location is relatively proximal and yet
not welded (as it is within ∼450 m of the vent along the
axis). In the upper ∼80 cm of tephra (Fig. 4a), two
distinctive normally graded sequences are separated by a
∼3–4 cm markedly finer-grained layer rich in achneliths
(Walker and Croasdale 1972) with a sharp lower contact
and weakly gradational upper contact. The uppermost
40 cm package contains minor fine ash and grades
downward from predominantly 3 mm to 4 cm diameter
golden to light brown, highly vesicular clasts to greater
proportions of black shiny clasts, and vesicular spatter
5 mm to 8 cm in diameter. Between 20 and 40 cm from the
top, large spatter clasts reach up to a maximum of 25 cm in
diameter and are flattened or elongate, whereas smaller
spatter clasts are equant. The fine-grained achnelith-rich
layer at 40–43 cm (Fig. 4a) contains clasts between 3 mm
and 2 cm diameter but lacks fine ash. The second graded
sequence extends from 43 cm from the top to ∼78 cm depth
and is similar to the upper one, except that the largest
spatter clasts in the lower portion of the sequence reach
only 20 cm diameter. The lower contact of this graded
sequence is marked by disappearance of large spatter and
appearance of a zone dominated by pumice. Based on
investigations in multiple pits, the similarity of the two
sequences and the achnelith parting between them, we infer

that the upper-graded sequence, including the achnelith-rich
layer, was deposited during episode 16 and the lower-
graded sequence is the product of episode 15 fountaining
(Fig. 4).

Grain size

Five bulk grain size samples were collected, sieved, and
measured prior to this study. The median grain size
(Fig. 4b) of the samples ranges between −2.6 and −3.9 ϕ
(6–15 mm). At five stratigraphic levels, the three dimen-
sions of the five largest clasts were measured and averaged
to yield the mean–maximum clast size (Fig. 4b). Maximum
clast diameters within the upper portion of each normally-
graded sequence are about 60–80 mm, whereas the lower
portion of each sequence contains much larger clasts
between ∼150 and 200 mm in diameter.

Density, bulk vesicularity, and componentry

The range of clast density measurements from episodes 15
and 16 is broad and varies by 1,000–1,200 kg m−3 for every
sample (Fig. 4c). The least dense clasts, with highest
vesicularity, can be classified as pumice, and the most
dense clasts as TO (oxidized transitional) or fluidal.
Transitional clasts span an overlapping and intermediate
range of vesicularity from ∼90% to ∼55%; in samples ρ03,
ρ05, and ρ09, there are few fluidal clasts and transitional
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ρ

Fig. 4 Kīlauea Iki episodes 15
and 16; a stratigraphy with
sample locations, b median
grain size and maximum clast
diameter, and c density distribu-
tions for samples taken from
locations labeled in stratigraphy.
The dots above histograms in-
dicate mean density, and bars=
1 SD. Maximum clast diameters
are calculated from the average
of three axes for each of the five
clasts
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clasts are the least vesicular (densest) clasts used for
quantitative microtextural analysis.

Density distributions for episode 15 samples (ρ11, ρ09,
and ρ07; Fig. 3c) are all similar with broad peaks and mean
densities of 500–620 kg m−3 (82–78% vesicularity).
Sample ρ07, erupted at the end of episode 15, has the
greatest diversity of clast types (Fig. 5a) as well as the
highest mean density (Fig. 4c).

Episode 16 samples (ρ05, ρ03, and ρ01; Fig. 4c) have
distributions shifted toward higher densities than those of
episode 15. The range of mean densities, 670–900 kg m−3,
corresponds to 76–68% vesicularity. The densest clasts in
this study are in sample ρ01, deposited during the last high
fountain of the eruption. It is the only sample from either
episode containing all six clast morphologies and has the
greatest abundance of fluidal clasts (Fig. 4a).

ρ

ρ

ρ

ρ

ρ

ρ

Fig. 5 Componentry and clast
photographs for episode 15 and
16 samples. a Juvenile clast
componentry for episodes 15
and 16 Kīlauea Iki tephra; clasts
correspond to labeled strati-
graphic position in Fig. 4. Top
bar is from episode 1 to assist
comparison between eruptive
episodes. Clast-types with 1 cm
bar for scale: b pumice P, c
transitional T, d fluidal F, e
oxidized transitional TO (f and
g) transitional breadcrust bombs
TB. Componentry data are de-
rived from processing samples
of at least 100 clasts of diameter
16–32 mm
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Qualitative microtexture observations

There are no significant qualitative microtextural differences
between clasts from episode 15 (Fig. 7) and episode 16
(Fig. 8). Vesicles are mostly round and variably sized
between 5 μm and a few centimeters diameter and the largest

vesicles are the most irregularly shaped (e.g., Fig. 7d, 8d).
Olivine phenocrysts are present in all except the most
vesicular clasts and their abundance seems unrelated to
vesicle number or size distribution (Fig. 7 and 8). On fresh
surfaces, most moderately to highly vesicular clasts have a
thin vesicle-poor rim (Fig. 7d and 8g). Homogeneous clasts

ρ ρFig. 6 Thin section scans for
heterogeneous clasts with a
zones of variable vesicularity
and b dark, microlite-rich zones
within light, microlite-free glass.
Standard microprobe images
showing c fasciculate microlite
textures

ρ ρ ρ
Fig. 7 Grayscale processed
images for homogeneous epi-
sode 15 clasts. a–c Low-
vesicularity, fluidal clast, d–f
intermediate-vesicularity transi-
tional clast, and g–i high-
vesicularity, pumice clast. Thin
section scans in the top row,
SEM ×25 magnification images
in second row, SEM ×100 mag-
nification images in third row.
Vesicles are black, glass is
white, and crystals are gray

Bull Volcanol (2012) 74:441–455 447



contain even distributions of vesicles with a diversity of sizes
(Fig. 7a and 8a) separated by glass walls that thin with
increasing vesicularity (e.g., horizontal transition in Fig. 7b,
e, h and 8b, e, h). The least vesicular clasts (Fig. 7a–c and
8a–c) contain round vesicles separated by relatively thick
walls. Highest-vesicularity pumice clasts (Fig. 7g–i and
8g–i) have foam-like textures, with micron-thick vesicle
walls that are flattened against nearest neighbors (e.g.,
Mangan and Cashman 1996).

Heterogeneous clasts come in two varieties characterized
by either (1) mingled more-vesicular (MV) and less-
vesicular (LV) zones (Fig. 6a) or (2) sharply delineated,
opaque microlite-rich (MLR) zones within golden, translu-
cent microlite-free (MLF) glass (Fig. 6b). In the former
(Fig. 6a), the MV regions have thinner walls and more
amoeboid vesicles. LV regions contain larger numbers of
smaller round vesicles. In MLF versus MLR zones, vesicle
abundance and size are often approximately the same;
within the microlite-rich zones, however, there are more
amoeboid vesicles. Also within MLR regions, vesicle walls
are less smooth and appear slightly irregular (Fig. 8f) in
comparison to vesicle walls in MLF glass (Fig. 7c and 8c).

There are two distinct types of microlite textures, thin
stringers and intergrown, fasciculate patches (Fig. 6c).

Stringers are elongate 30–100 μm wide bands of pyroxene
microlites that appear most commonly in transitional to
fluidal clasts. The edges are sharp and defined by prismatic
terminations of radiating spherulites or dendrites that
originate at the centerline of the stringer. They sometimes
separate MV and LV zones but are also located within
otherwise uniformly vesicular clasts. MLR zones contain
clusters of microlites with fasciculate (Fig. 6c) texture
comprised of intergrown plagioclase and pyroxene crystals
that range in length from 0.1 to 0.4 mm. The MLR regions
are ∼1 to 15 mm in diameter and the crystal morphology at
the boundary of MLF glass is similar to the point-centered
radiating pyroxene dendrites of the stringers. At the MLR
zone boundaries, there are occasionally rounded lobes of
slightly darker golden glass that protrude into the adjacent,
lighter golden MLF zone.

Quantitative microtexture observations

Quantitative microtextural analysis of episodes 15 and
16 tephra adds to the study of Kīlauea Iki’s opening
episode (Stovall et al. 2011) and gives further insight
into processes occurring in Hawaiian eruptions. Vesicle
volume distributions (VVDs) for homogeneous clasts

ρ ρ ρ
Fig. 8 Grayscale processed
images for homogeneous epi-
sode 16 clasts. a–c Low-
vesicularity, transitional clast,
d–f intermediate-vesicularity
transitional clast, and g–i high-
vesicularity, golden-pumice
clast. Thin section scans in the
top row, SEM ×25 magnifica-
tion images in second row, SEM
×100 magnification images in
third row. Vesicles are black,
glass is white, and phenocrysts
are gray
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(Fig. 9) are organized according to trends in gas to melt
ratio (VG/VL; after Gardner et al. 1996) and changes in the
number density (VND), i.e., number of vesicles per unit
volume of melt, NVtot

m (Fig. 10, Table 1). Clasts with
vesicularity <75% contain significant numbers of vesicles
with equivalent diameter smaller than 10 μm (Fig. 11).
These small vesicles account for only minor volume
fractions and, therefore, do not appear on VVD plots in
Fig. 9.

VVDs for all clasts are bi- to trimodal. Low VG/VL clasts
(ρ03–T59, ρ07–F1, and ρ09–T42) have the smallest modal
diameters (0.1 mm, left column in Fig. 9) and also contain
the largest NVtot

m (Fig. 10). In general, as vesicularity and
therefore VG/VL increase, the smallest diameter volume

peak coarsens in size and the second mode near 1.0 mm
increases in volume. Additionally, increasing vesicularity
results in generally larger vesicles (Fig. 11) and a dominant
second mode between 1.0 and 2.5 mm (right column P-
clasts; Fig. 9).

Episode 15 clasts have generally higher vesicle number
densities (Table 1) and span a wider vesicle size range
(Fig. 9) than do episode 16 clasts. For this highest-
fountaining episode, number densities (NVtot) are 2.4×105

to 6.4×106 cm−3 with melt referenced values (NVtot
m)

between 3.9×106 and 1.8×107 cm−3. In comparison to
other basaltic explosive volcanism (Table 1), vesicle
number densities for episode 15 are higher than those of
the 1983–1986 Pu‘u ‘Ō‘ō tephra (Mangan and Cashman

Fig. 9 Vesicle volume distribu-
tions for homogeneous episode
15 and 16 clasts. Distributions
of volume fraction of vesicles
within a specific size range
(VVD) arranged according to
vesicle number density (NVtot

m)
and vesicle to melt ratio (VG/VL;
see also Fig. 10). Sample num-
ber, vesicularity, and vesicle
number density per cubic centi-
meter are included with each
histogram (also found in Ta-
ble 1). Dark to light gray shad-
ing corresponds with
vesicularity grouping. Vertical
lines are drawn at 1.0 mm ves-
icle diameter to assist
comparison
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1996), 2002 Stromboli lapilli (Lautze and Houghton 2007),
and recent Strombolian and Hawaiian products from Etna
(Polacci et al. 2009; Polacci et al. 2006). There is partial
overlap in number density with 2004 products from
Villarrica volcano (Gurioli et al. 2008) and the basaltic
plinian eruption of Etna in 122 BC (Sable et al. 2006). The
ranges of NVtot

m for episodes 15 and 16 and episode 1 are
nearly the same, though episode 15 contains more clasts
with number densities ∼107 cm−3.

Glass chemistry

Chemical analyses of glass in MLR versus MLF and MV
versus LV zones (Fig. 6) of tephra from the late high-
fountaining episodes of Kīlauea Iki are included in Table 2.
MV and LV glasses are compositionally identical. Relative
to the MLF zones, the matrix glass within MLR regions is
slightly higher in TiO2 and FeO and slightly lower in MgO
and CaO.

Interpretation

Interpretation of macroscopic data

Deposits from episodes 15 and 16 have similar stratigraphy
(Fig. 4a) and both are dominated by transitional material
(Fig. 5a) but variations arise in the concentrations of other

clast types (Fig. 5a) and in the density distributions of clasts
within samples (Fig. 4c). We interpret the transitional
material with an oxidized core (TO, Fig. 5e) as material
from the cone that was observed tumbling back into the
vent, where it mingled with melt and subsequently re-
erupted as pyroclasts. After being erupted, some clasts (TB,
Fig. 5f, g) quenched on the exterior while the interior of the
clast continued to expand, imparting a cracked, breadcrust
surface to the clasts. Some degree of expansion probably
occurred within the fountain but must have also occurred
after external surface quenching. This interior expansion,
therefore, may have taken place either after clast exteriors
was quenched in flight or, for the largest clasts, after
deposition of clasts. Bomb-sized clasts are significantly
larger than lapilli and take longer to quench completely
(Tait et al. 1998).

In episode 15 (samples ρ11, ρ09, and ρ07; Fig. 4),
minor variations in density (Fig. 4c) and componentry
(Fig. 5a) correlate with the median grain size, maximum
clast size, and increasing stratigraphic height (Fig. 4b).
Density distributions for ρ11 and ρ09 (Fig. 4c) are similar,
with a mean near 500 kg m−3 and correspond to the two
coarsest intervals in episode 15 (Fig. 4b). Mean density
shifts to slightly higher values at the end of the eruptive
episode (sample ρ07, 650 kg m−3). As episode 15
progressed, there was a slight increase in abundance of
both pumice and TO clasts, the latter suggesting an
increasing proportion of cone material failing and sliding
into the vent.

The stratigraphic break at ∼43 cm depth is inferred to
represent the first material deposited during episode 16.
Low spattering in the vent lasted only 20 min at the start of
episode 16 before the fountain reached heights sufficient
(∼100 m) to result in deposition at the study site (Fig. 1).
The volume of lava that drained back into the vent after
episode 15 was ∼3.2 million m3 (Richter et al. 1970), some
of which must have been cleared from the conduit during
this first 20 min of low fountaining in episode 16. However,
outgassed drained-back lake lava was probably still being
expelled from the vent when high fountaining ensued. The
fountain steadily increased from ∼100 to 460 m in height
over 25 min, producing the layer between 40 and 43 cm
depth (Fig. 4a). Clasts from this stratigraphic level contain
the greatest frequency of (80%) and largest (up to 1.5 cm
diameter) MLR regions.

Episode 16 samples (ρ05, ρ03, and ρ01; Fig. 4) vary
more than episode 15 in componentry, grain size, and
density. The earlier-erupted samples, ρ05 and ρ03, have
mean densities of ∼700 kg m−3 and correspond to grain size
maxima. However, mean density increases to near
∼900 kg m−3 and grain size decreases (Fig. 4b, c) at the
close of this last high-fountaining phase of the entire
eruption. Clasts in the last erupted sample include the full

ρ

ρ
ρ

ρ

ρ

ρ

ρ ρ

ρ ρ

ρρ

ρ
ρ

ρ

Fig. 10 Volume ratio of vesicles to melt versus vesicle number
density (NVtot

m) for episode 15 and 16 clasts. Data points are labels of
clast name and green line represents trend of data for episode 1 clasts.
Inset graph depicts vesiculation trends originating at X proceeding via
growth only (G), growth plus nucleation (G+N), growth plus
coalescence (G+C), coalescence only (C), and vesicle loss (L) with
the dashed arrows representing the potential range between adjacent
vesiculation processes. Our study indicates low VG/VL ratio and high
NVtot

m clasts most closely preserve the textures of melt at the time of
fragmentation with further vesiculation processes proceeding in the
fountain
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range of clast morphologies indicating a greater variety of
thermal histories for individual clots of magma. At the close
of the high fountaining, film footage shows the lava lake
interacting with the fountain, resulting in large fluctuations
in height and therefore, greater variety in residence times
for clasts.

Interpretation of microscopic data

Similarities in clast vesicle data

Although clasts vary in vesicularity and morphology, they
were all derived from the same parent magma (Table 2) and

Table 1 Vesicularity data for episode 15 and 16 clasts

Study Density ×1,000
(kg/m−3)

Density-derived
ves%a

Crystal corrected
ves%b

NAtot
c (cm−2) NVtot

d (cm−3) Nm
Vtot

e

(cm−3)

Kīlauea
Kīlauea Iki Episode 15

ρ09-P1 0.17 93.9 93.9 2.1E+03 2.4E+05 3.9E+06

ρ09-T10 0.33 88.2 88.8 6.7E+03 1.2E+06 1.1E+07

ρ07-T11 0.62 77.9 82.0 1.0E+04 2.0E+06 1.1E+07

ρ09-T9 0.53 81.1 81.1 1.3E+04 2.7E+06 1.4E+07

ρ07-F1 1.13 59.6 64.6 1.9E+04 6.4E+06 1.8E+07

ρ09-T42 1.11 60.4 62.5 1.5E+04 5.6E+06 1.5E+07

Kīlauea Iki Episode 16

ρ05-P11 0.29 89.6 90.8 3.3E+03 5.6E+05 6.2E+06

ρ03-P2 0.27 90.4 90.4 2.7E+03 4.3E+05 4.5E+06

ρ01-P1 0.36 87.1 88.3 3.0E+03 8.1E+05 6.9E+06

ρ03-T20 0.32 88.6 89.2 4.0E+03 7.3E+05 6.7E+06

ρ05-T14 0.75 73.2 76.2 7.7E+03 2.0E+06 8.5E+06

ρ01-T19 0.94 66.4 71.2 9.6E+03 2.0E+06 6.9E+06

ρ03-T8 0.85 69.6 70.6 6.3E+03 2.0E+06 7.0E+06

ρ03-T59 1.15 58.9 59.5 1.5E+04 5.9E+06 1.5E+07

ρ05-T50 1.21 56.8 58.0 1.1E+04 3.9E+06 9.2E+06

Kīlauea Iki epi 1

Chapter 4 0.34–1.5 50.0–87.9 53.8–87.9 2.6E+03–1.2E+04 6.3E+05–6.8E+06 3.8E+06–1.2E+07

Pū‘ū Ō‘ō
Mangan and
Cashman 1996

77–97 1.1E+02–1.8E+07

Stromboli 7.1E+02–6.9E+03 9.3E+04–1.3E+06 1.9E+05–3.4E+06
Lautze and
Houghton 2007
Villarrica 9.3E+02–8.5E+03 6.4E+04–2.1E+06 7.4E+05–1.4E+07
Gurioli et al. 2008 0.23–1.4 47.8–88.8

Etna

Hawaiian 3.0–9.0E+02

Polacci et al. 2009 52.0–81.0

Strombolian 1.0–4.0E+02

Polacci et al. 2009 52.0–73.2

Basaltic Plinian
Sable et al. 2006

2.6E+06–6.1E+07

a Vesicularity calculated from density and DRE of 2,800 kg m−3 computed using formula of (Bottinga and Weill 1970) based on known
composition of episode 1 Kīlauea Iki lava (Richter et al. 1970)
b Vesicularity calculated from density of clast minus percent density of olivine. Percent of olivine determined by amount of clast containing olivine
in thin section
cNAtot values are the sum of bins from 0.005 to 40 mm
dNVtot is the number of vesicles per unit volume of clast matrix, phenocrysts subtracted
eNVtot

m is referenced to melt only, calculation based on phenocryst corrected (e) or NVtot-derived (f) vesicularity.
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exhibit some common characteristics. Vesicle number
densities (Fig. 10) span less than an order of magnitude
(3.9×106 to 1.8×107 cm−3; Table 1), indicating similar
history of bubble nucleation within the conduit. The
dominance of spherical vesicles in all clasts suggests that
most vesicles were able to relax back to spherical forms
prior to quenching, although coalescence likely contributed
to relatively larger vesicle sizes.

Variability in clasts across the range of vesicularity

Stovall et al. (2011) interpret high number densities and low
vesicularities of fluidal clasts from episode 1 at Kīlauea Iki
to indicate relatively rapid quenching that preserves a
record of the vesiculation state of magma near the time of
fragmentation. High vesicularity, pumiceous clasts (Fig. 5b)
with fewer and larger bubbles underwent significant
postfragmentation expansion, presumably in the thermally

insulated core of the fountain. Transitional clasts are
interpreted as representing quenching at intermediate points
along a postfragmentation path of growth and coalescence
of bubbles within the interior of clasts in the fountain. The
episodes 15 and 16 clasts follow similar trends on the
number density versus VG/VL diagram (Fig. 10), and thus
we infer a comparable interpretation applies to clasts in the
episodes 15 and 16 deposits. The populations of smallest
vesicles are in low-vesicularity clasts (Fig. 11), which we
infer quenched before high-vesicularity clasts that lack
small vesicles and contain relatively abundant larger-
diameter vesicles. Pumice (Fig. 5b) forms the highest-
vesicularity clasts (∼85–93%) in the products of the 1959
eruption and are only slightly less vesicular than reticulite
(≥95%) from Pu‘u ‘Ō‘ō in 1983–86, inferred to have
expanded within the core of Hawaiian fountains (Mangan
and Cashman 1996; Stovall et al. 2011). Assuming these
high-vesicularity clasts were fragmented with similar NVtot

m

Equivalent diameter (mm)
0.01 0.1 1 10

Lo
g 

N
1e-6

1e-5

1e-4

1e-3

1e-2

1e-1

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

Low ves. 
Intermediate ves. 
High ves. 

Fig. 11 Number of vesicles (N)
per equivalent diameter bin for
episode 15 and 16 clasts. Low-
vesicularity clasts represented
by the black line contain the
smallest vesicles of all clasts and
intermediate- to high-
vesicularity clasts contain the
most abundant large vesicles

Table 2 Chemical analysis of
glass matrix in heterogeneous
zones

aN=number of analyses and
italics numbers are standard
deviation
bLess (−) evolved and more (+)
evolved analyses represent
extremes in the fractional crys-
tallization trend within matrix
glass of ML-rich zones

Zone MV LV ML free ML rich − Evolvedb + Evolvedb

N=11a N=14a N=12a N=10a

SiO2 49.33 (0.26) 49.26 (0.33) 49.69 (0.34) 49.76 (0.39) 49.82 49.56

TiO2 2.75 (0.09) 2.76 (0.09) 2.73 (0.10) 3.00 (0.20) 2.89 3.00

Al2O3 13.39 (0.07) 13.39 (0.09) 13.44 (0.14) 13.45 (0.21) 12.94 13.64

FeO 11.18 (0.13) 11.25 (0.12) 11.12 (0.20) 12.04 (0.54) 11.46 12.19

MnO 0.16 (0.03) 0.17 (0.02) 0.17 (0.02) 0.17 (0.03) 0.16 0.16

MgO 7.15 (0.07) 7.14 (0.08) 7.04 (0.31) 6.28 (0.55) 7.69 5.89

CaO 11.47 (0.07) 11.52 (0.08) 11.43 (0.07) 10.90 (0.51) 12.08 10.63

Na2O 2.20 (0.07) 2.26 (0.03) 2.16 (0.11) 2.30 (0.09) 2.09 2.25

K2O 0.56 (0.02) 0.56 (0.02) 0.56 (0.02) 0.68 (0.06) 0.54 0.67

P2O5 0.28 (0.02) 0.28 (0.02) 0.28 (0.04) 0.32 (0.03) 0.28 0.33

Total 98.48 98.59 98.59 98.91 99.95 98.31
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to low-vesicularity clasts, some coalescence must have
occurred after fragmentation in the fountain (Stovall et al.
2011), producing lower NVtot

m at the time of quenching
(Fig. 10).

Interpretation of vesicle number densities

Vesicle number densities are, on average, lower in clasts
from episode 16 than episode 15 (Fig. 9, 10, NVtot

m in
Table 1), and both are higher than episode 1 clasts. This
assessment strengthens the argument that vesicle number
density scales with intensity of activity (Polacci et al. 2006;
Sable et al. 2006) since independent observations confirm
that episode 15 produced the highest fountains.

Glass chemistry and microlite textures

Major element analyses of heterogeneous zones defined by
contrasting vesicularity and lack or presence of microlites
yield very similar glass compositions (Table 1). MV, LV, and
MLF glass chemistries are identical and represent the same
batch of magma. Additionally, these chemical analyses are
strikingly similar to a robust study conducted on Kilauea Iki
pumice by Helz (1987). Because the chemistry is identical in
MV and LV zones, we cannot correlate these regions to two
separate batches of magma with varying initial volatile
contents. The variation in values between glass in MLR and
MLF regions can be explained by crystallization of cognate
plagioclase and pyroxene microlites.

The two distinctive microlite textures observed in
episode 15 and 16 materials may be interpreted in the
context of kinetic effects arising from variable cooling rates
as explored in laboratory experimental studies. Dynamic
cooling experiments on lunar picritic (Walker et al. 1976)
and quartz normative basalt (Grove and Raudsepp 1978)
indicate feldspar formation is dramatically suppressed
relative to pyroxene at high cooling rate and less sup-
pressed during slower cooling. As a consequence, rapid
cooling causes pyroxene to crystallize alone over a large
temperature interval, while slower-cooling causes pyroxene
and plagioclase to co-crystallize and even intergrow to form
fasciculate textures (Walker et al. 1978). Although the
quantitative relationship between cooling rate and plagio-
clase suppression is dependent upon melt composition, the
comparison is expected to provide a qualitative constraint
on relative cooling rates experienced by the two textural
types observed in episode 15 and 16 clasts.

In order to form fasciculate intergrowths of pyroxene
and plagioclase microlites (Fig. 6c), MLR regions cooled
slowly enough that pyroxene grew in combination with
plagioclase due to limited supercooling and a reduced
temperature separation between the two phases (Walker et
al. 1978). We interpret this to have occurred in the lava

lake, where extended cooling times resulted in coprecipita-
tion of both minerals. Lava lake material that drained back
into the vent mingled with hot, previously unerupted,
magma and was re-erupted during later fountaining. The
incorporated lava lake material must have been still hot and
fluid when mixed with conduit magma because blobs of
melt from within MLR zones intruded into the adjacent
MLF melt. Furthermore, to maintain similar vesicle textures
between the two zones, drained-back melt must retain a
largely unmodified vesicle population in addition to
residual dissolved H2O that can undergo further outgassing
when re-erupted (Gerlach 1986).

Microlite stringers contain only dendritic or spherulitic
pyroxene, which can be attributed to rapid cooling and
crystallization relative to the slower-cooled MLR fascicu-
late textures. The dendritic pyroxene microlites along the
edges of MLR zones indicate rapid crystallization relative
to the interior and are likely to have formed when cooler
MLR patches contacted and cooled the MLF melt, inducing
pyroxene dendrite crystallization.

Discussion

Contrasts between extremely high (episodes 15 and 16)
and high (episode 1) fountains

Variability in clast componentry and extent
of postfragmentation expansion

There is a greater variety of clast types in deposits from
episodes 15 and 16 than in those from episode 1 (Fig. 5).
Episode 1 tephra has proportionally fewer pumice and more
fluidal clasts indicating relatively rapid cooling times for
these clasts. For episode 1, fountain heights never reached
more than ∼380 m and averaged near ∼250 m for most of
the episode. However, episodes 15 and 16 produced
fountains that peaked at ∼580 and ∼460 m, respectively,
and were sustained near 300 m height. Higher fountains
yield a prolonged period of thermal insulation for clasts
resulting in greater production of pumice in episodes 15
and 16. The higher fountains also transport larger clasts to
higher elevations (Richter et al. 1970) where they become
breadcrusted due to continued vesiculation in the interior of
the bombs. Higher fountains and longer fountain residence
times for episodes 15 and 16, even for the clasts located
around the fountain perimeter, resulted in enhanced post-
fragmentation vesiculation and few clasts with fluidal
textures. The absence of TO clasts in episode 1, and their
occurrence in the latter episodes, is a simple consequence
of the over-steepened geometry of the much larger late-
stage cone, which resulted in frequent sliding of inner-wall
material back into the vent to be re-erupted.
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Variability in vesicle size for similar vesicularity clasts

In the highest fountaining episodes, the dominant vesicle
size is smaller and VG/VL is larger. The lowest vesicularity
clasts from episode 1 tephra have a dominant vesicle
diameter of ∼0.25 mm, whereas similar vesicularity clasts
from episodes 15 and 16 tephra have vesicle size mode at
0.1 mm. To account for this difference, we propose that
greater degrees of thermal insulation and therefore post-
fragmentation expansion occur during the extremely high
fountains.

Controls on extremely high fountaining behavior

To achieve the high fountain heights of the 1959 Kīlauea
Iki eruption, the magma must have been erupted at great
velocities. Fountain height increases with the mass fraction
of exsolved volatiles (Polacci et al. 2009; Sparks et al.
1997) but can be limited by the degree of coupling between
the gas and melt phases (Parfitt and Wilson 1995) or by the
influence of an overlying lava lake (Wilson et al. 1995).
VNDs for the Kīlauea Iki eruption are high and indicate
sufficient exsolved volatiles to drive the observed fountains
to sustained heights between 200 and 400 m (Richter et al.
1970). NVtot

m for episode 1 is lower on average than for
episodes 15 and 16 (Table 1). Overall, NVtot

m values are
highest for episode 15, the highest-fountaining episode of
the eruption. Therefore, it appears that higher-fountaining
episodes are associated with greater degrees of nucleation
driving higher conduit ascent rates.

Conclusions

This study of the last two high-fountaining episodes of the
1959 eruption gives further evidence of the pervasiveness
of postfragmentation processes occurring within Hawaiian
fountains (Mangan and Cashman 1996; Stovall et al. 2011).
Vesicularity correlates inversely with VND across both
episodes (Fig. 10), which indicates that the number density
of vesicles decreases as a result of an extended period of
coalescence when erupted material experiences postfrag-
mentation expansion within the fountain. Additionally,
episode 15 and 16 clasts contain varying percentages of
fasciculate-textured, microlite-rich inclusions, inferred to
represent material recycled through the lava lake.

A question remains regarding the factors leading to
termination of fountaining episodes at Kīlauea Iki and other
Hawaiian eruptions. It has been assumed that encroachment
of partially degassed lake lava into the vent at Kīlauea Iki
added sufficient overpressure to the conduit to inhibit
further vesiculation of magma (Eaton et al. 1987). Wilson
et al. (1995) use parameters from the Kīlauea Iki eruption to

model the effect of vent-confining lava ponds on fountain
height and determined that fountain height decreases as
overlying pond depth increases. During Hawaiian activity,
the fountain also entrains relatively outgassed, higher
density lava as it erupts through the ponded material.
Therefore, continued eruption and deepening of lava
overlying the vent at Kīlauea Iki could have suppressed
the fountain sufficiently so that gas exsolution from primary
magma could no longer overcome the confining pressure
imparted by the entrainment of increasing amounts of high-
density material. However, this does not explain why
cessation of fountaining in episodes 15 and 16, as well as
in other episodes, occurred abruptly rather than gradually.

Based on this and the study of episode 1 tephra (Stovall
et al. 2011), the relatively small and mechanically coupled
vesicle population preserved in lapilli originates from late
exsolution of volatiles, principally H2O (Gerlach 1986;
Wilson et al. 1995), which is the controlling factor for the
rate of late-stage ascent and high fountaining. Assuming
that exsolution of this gas phase occurred within the last
∼120 m of the surface (Mangan and Cashman 1996), we
must presume that another process transported the magma
to this depth from the storage region.

Melt inclusions are found within olivine phenocrysts that
formed in the upper part of Kilauea’s summit reservoir
(Anderson and Brown 1993) shortly before erupting (Helz
1987). Analysis of these inclusions indicates that pre-
eruptive bulk CO2 contents of parental magma were near
0.22 wt.%, which provides sufficient buoyancy to the
magma to rise into and mix with cooler, stored magma
shallow in the Kilauea summit–storage region (Anderson
and Brown 1993). Eaton et al. (1987) suggest that between
Kilauea Iki fountaining stages, reservoir exsolution of CO2,
and the resulting formation of a gas phase, would reduce
the density of reservoir magma by 5–10% resulting in
buoyant rise of gas-rich magma. Between fountaining
stages, reservoir pressure was enhanced by the influx of
volatile-rich magma from depth, the resulting formation of
CO2-rich bubbles, and also by drainback of lava from the
lake. If initial magma rise was most affected by the
exsolution and decoupling of an earlier exsolved volatile
species, it is possible that a stage of fountaining comes to
an end when the supply of this gas is exhausted. However,
excess pressure within the reservoir was also relieved as
magma was erupted during each episode. At this stage, it is
unclear which of these factors, or perhaps some combina-
tion of encroachment of lava into the vent, exhaustion of
primary exsolved gas phase, or decrease in reservoir
pressure, resulted in the termination of fountaining at
Kīlauea Iki.

It has been proposed that, later in the eruption, enhanced
reservoir pressure resulting from the combined drainback
from the lake lava and continued influx of magma from
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depth caused intrusion into the upper east rift zone (Eaton
et al. 1987). As the Kīlauea Iki eruption proceeded and the
reservoir pressure built, more lava was forced into the east
rift zone (Eaton et al. 1987) during later stages of
drainback. Presumably by the end of the final episode, this
pathway was being utilized as the dominant magma passage
away from the summit reservoir. The Kīlauea Iki conduit
ceased to be utilized and the eruption ended. In mid-
January, the east rift zone erupted at Kapoho.
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