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Abstract

The effects of external water during hydrovolcanic eruptions are difficult to quantify; however, research investigating the
explosive interactions between surface lava flows and water has provided new insights into explosion dynamics. Previous work
has focused on relatively low-energy lava—water explosions from a 100-m-diameter cone in the Raudholar cone group in Iceland.
For comparison, we study ejecta derived from higher-energy explosions at the 400-m-diameter Pu‘u Kiholo rootless cone in
Hawai‘i, one of the largest rootless cones on Earth. This comparative approach elucidates the effect of lava—water mixing
conditions and range of explosivity on ejecta characteristics. Utilizing grain size analysis, we found that Pu‘u Kiholo beds
typically have median grain sizes at the cone rim that are smaller than — 3 ¢ (8 mm) and are on average finer-grained than those
of the Raudholar cone. Ash-sized grains, the most energetically significant ejecta size fraction, typically make up >20% of bed
ejecta, with a maximum of 90%, both greater proportions than found in beds of the Raudholar cone. Utilizing grain morphology,
crystal texture, and surface feature analysis, we found that the abundance of ash-sized grains associated with high heat transfer
rates (i.e., active particles) increases at Pu‘u Kiholo as explosivity increases, which is an important consideration for energy
modeling. This dataset also includes ejecta from the finest-grained beds, and therefore highest-energy lava—water explosions,
studied to date.
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Introduction The inferred explosion mechanism associated with

magma—water interactions, molten fuel-coolant interaction

It is important to understand how external water increases the
energetics of phreatomagmatic eruptions to build effective
models for hazard assessment. However, explosive magma—
water interactions are difficult to quantify because juvenile
volatiles are also a factor in explosive energetics, and both
external water and internal gases within the magma contribute
to the generation and dispersal of tephra (e.g., Houghton and
Hackett 1984; Houghton and Schmincke 1986; Morrissey
et al. 2000; Zimanowski 2001; Wohletz et al. 2013).
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(MECI; outlined in Fig. 1; Colgate and Sigugeirsson 1973),
has been simulated in lab-scale to field-scale experiments
(e.g., Wohletz and McQueen 1981, 1984; Wohletz 1983,
1986; Lorenz 1987; Zimanowski et al. 1997a; Biittner et al.
1999; Biittner et al. 2002; Sonder et al. 2018). MFCI explo-
sion energy is proportional to the energy required to produce
finely fragmented grains, termed “active” (or “interactive”)
particles (Biittner and Zimanowski 1998; Biittner et al. 2002).

Interactions between largely outgassed lava flows and wa-
ter can also be explosive and produce “rootless” cones.
Rootless cones therefore provide a natural analog to MFCI
experiments, which typically use outgassed, re-melted tephra,
or lava fragments. As lava—water explosivity increases, melt
fragmentation and ejecta dispersal increases, producing finer-
grained beds and rootless cones with larger diameters
(Greeley and Fagents 2001; Fitch et al. 2017; Hamilton et al.
2017). Rootless cones range from 2 to 450 m in diameter
(Fagents and Thordarson 2007). Here, we investigate the stra-
tigraphy and ejecta characteristics of the ~400-m-diameter
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Lava-Water Mixing Pathways

Fig. 1 Littoral lava—water mixing pathways may be (a) confined, where
fracturing of the flow basal crust allows lava to mix with water within the
substrate pore space, or (b) open, where wave action forces mixing di-
rectly with the molten flow core. An MFCI explosion may then occur by
initial hydrodynamic (ductile) mixing and development of a vapor film
between the melt and water (phase 1), followed by a collapse of the vapor

littoral Pu‘u Kiholo rootless cone in Hawai‘i and compare our
results with a previously studied ~ 100-m-diameter lacustrine
rootless cone in the Raudhdlar cone group in Iceland (Fitch
et al. 2017; Hamilton et al. 2017).

Beds from these two cones likely formed over a wide range
of lava—water explosion energies and we compare them to
determine (1) the range of grain size distributions present
and (2) the relationship between the median grain size of beds
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film and propagation of stress waves through the cooling melt (phase 2),
with subsequent deformation and initiation of fine fragmentation and
escalating heat transfer at the finely fragmented lava—water interface
(phase 3), with final vaporization of the water and expansion through
the melt (phase 4)

and other characteristics indicative of explosion energy, such
as the mass percentage of ash-sized grains and active particles
(Biittner and Zimanowski 1998; Biittner et al. 2002). Since
Pu‘u Kiholo cone has a diameter close to the maximum
known for rootless cones, this work provides an opportunity
to highlight the characteristics of ejecta formed during high-
energy explosions. These cones formed in different settings
and are associated with different lava flow types, so the effects
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of differing (1) lava—water mixing conditions and (2) lava
flow properties on the characteristics of ejecta are also inves-
tigated. Therefore, this work provides a comparative dataset
that elucidates the conditions under which lava—water explo-
sions are generated, their qualitative range of explosivity, and
how explosion setting affects ejecta characteristics. These data
are important inputs for the estimation of lava—water
explosivity (energy per unit mass of ejecta), which may be
similar to the explosion energy of MFCI experiments and
explosive magma—water interactions.

Study areas

Within the Raudholar rootless cone group located outside of
Reykjavik, Iceland, a cone designated “cone 53” (64.094893°
N, 21.751814° W) by von Komorowicz (1912), was studied
in detail by Fitch et al. (2017) and Hamilton et al. (2017). It is
inferred to have once had a basal diameter of approximately
100 m, based on a regional map made before it was quarried,
and it has an approximately 60-m crater diameter. It is associ-
ated with a tube-fed pahoehoe flow and lava—water interaction
was inferred to have initiated by cracking of the basal crust of
the flow, which allowed molten lava to come into contact with
water-saturated lake sediment (Fagents and Thordarson 2007;
Hamilton et al. 2017). A proximal 14-m-high section was
studied and divided into 68 beds, 97% of which are dominated
by bomb- to lapilli-sized clasts. We hereby refer to this study
site as “Raudholar.”

In comparison with the Raudholar cone, this study presents
new data for Pu‘u Kiholo cone (19.020493° N 155.839506°
W), a large rootless cone in the Na Pu‘u a Pele littoral rootless
cone group in the Manuka Natural Area Reserve, on the south-
emn flank of Mauna Loa on the island of Hawai‘i. Lava flows
were emplaced during and after cone formation and they part-
ly obscure the cone morphology. However, based on the lo-
cation of lava pressure ridges and ponding high-stand levels,
we infer that it has a basal diameter of approximately 400 m,
and a 314-m crater diameter (Fig. 2). The northwest cone flank
is twice as high and wide as the southeast flank, a character-
istic common to three other cones in the group. This is likely
the result of tephra dispersal in winds from the east and south-
east, which are prevalent in this region (Xie et al. 2001).

The Na Pu‘u a Pele littoral rootless cone group is associated
with the Hapaimanu lava flows, approximately 240 + 60 years
old, generated by Mauna Loa flank eruptions from 1650-m-
and 1950-m-elevation vents (Trusdell and Lockwood in
press). These flows are recorded in a Hawaiian story in which
the goddess Pele sent lava flows down the southern slopes of
Mauna Loa, overwhelming two chiefs near the coast, who are
immortalized as the two halves of Na Pu‘u a Pele cone
(Westervelt 1916). Flows likely reached the coast within a
week based on the presence of wide channels, voluminous

rubbly pahoehoe flows, and large ‘a‘a flows with pressure
ridges, analogous to the 1960 Kapoho flows (Rowland and
Walker 1987). Many flows were confined on the coast behind
topographic barriers or impeded by shallower slopes. These
flows ponded, and then released, resulting in some flows en-
tering the ocean at high fluxes, making explosive mixing more
likely (Jurado-Chichay et al. 1996).

Methods
Stratigraphy and grain size analysis

To compare deposit characteristics between Raudholar and
Pu‘u Kiholo cones, we sampled at the crater rim, following
Sheridan and Wohletz (1983), at a radial section through the
southeast cone flank of Pu‘u Kiholo. We chose a 4.2-m-high
section, 159 m from the cone center, which is the closest
location to the crater rim that does not overlap a slumped
portion of the exposed cone (Fig. 3). The section comprises
17 fall beds and the uppermost three are also found at shallow
exposures into the surface around the entire cone.

Representative samples of each bed were taken, such that no
individual clast weighed > 5% of the total sample weight.
Medium bomb-sized clasts (—8 to —7 ¢; 256-128 mm) were
measured by hand and fine bomb- to coarse-lapilli-sized clasts
(—7to—4 ¢d; 128-16 mm) were sieved at 1 ¢ intervals. Medium
lapilli- to very fine ash-sized clasts (—4 to 4 ¢; 16 to 62 um) were
sieved using standard equipment and methods at 0.5 ¢ intervals.
For beds containing > 5% material < 4 & (< 62 um), the extreme-
ly fine ash component was analyzed using a Horiba Partica LA—
950V2 laser diffraction particle size analyzer and calibrated using
a basaltic refractive index of 1.66, following Horwell (2007).
Results were adjusted to reflect a dried sample weight and
grain size statistics were calculated by the Folk and Ward
(1957) method using the GRADISTAT program (Version 8),
as recommended by Blott and Pye (2001).

Ejecta morphology and secondary fragmentation

The resulting morphologies of lava—water explosion ejecta are
dependent on the rheology and stress state of the lava at the
time of fragmentation (Fig. 4(a)). Blocky and shard-like mor-
phologies result from brittle fragmentation of solid lava, or
molten lava that underwent high strain rates at the lava—
water interface (Diirig et al. 2012; Fitch et al. 2017). Fluidal
morphology results from hydrodynamic (ductile) fragmenta-
tion when surface tension effects dominate melt behavior
(Wohletz 1983) during phase 4 expansion (Mattox and
Mangan 1997; Zimanowski et al. 1997a; Fitch et al. 2017).
Spinose, or viscous, morphology also forms due to hydrody-
namic fragmentation, where viscous effects dominate melt
behavior over surface tension effects, producing irregular
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Fig. 2 (a) The estimated margins and crater of Pu‘u Kiholo cone. The stratigraphic section lies in the medial section of the cone, 2 m from the crater rim.
(b) The profile from A to A’ shows the inferred cone geometry (to scale) as well as an oblique perspective north of the profile

clasts similar to ‘a‘a clinker (Harris and Rowland 2015).
However, irregularly shaped mossy ash-sized grains are com-
posed of annealed smaller particles formed at the melt—water

e e - gy

Fig. 3 The southeast flank radial exposure of Pu‘u Kiholo cone. Measurements indicate the beds thin consistently in the distal direction, although they

interface and are therefore considered a form of an active
particle (Wohletz 1983; Zimanowski et al. 2015). Note that
previously, Fitch et al. (2017) use the term “mossy” to broadly

Southeast Cone Flank
Cone Rim
Approximate Cone Margin
oy - - O Stratigraphic Section
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appear thicker in the photograph because they are closer to the viewer. The inset image displays the southeast flank in an aerial view
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describe all clasts formed during a rheology regime dominated
by viscous effects, encompassing the grains we classify sepa-
rately as “spinose” and “mossy” in this work.

We classified 100 clasts from each of the bomb and lapilli
grain sizes of each bed as blocky, spinose, or fluidal. For beds
where bomb-sized clasts (—8 to — 6 ¢; 256 to 64 mm) make
up > 10% by mass, we visually estimated morphology per-
centages in the field. We classified 100 lapilli-sized clasts
from —5 to —4 ¢ (32-16 mm) and from —4 to —3 ¢ (16—
8 mm) which were present in sufficient quantities. For finer-
grained beds 1.3 and 1.5 (Fig. 5), we analyzed 100 clasts from
the—2to—1 ¢ (42 mm)and — 1 to —0.5 ¢ (2—1.4 mm) bins,
respectively. We classified ash-sized grains as blocky, fluidal,
spinose, or mossy (Fig. 4(a,e)), shard-like, aggregate, or free
crystals, following Heiken and Wohletz (1985) and Fitch et al.
(2017) (except bed 4.1). For each bed, 100 juvenile grains
were analyzed from each of three size bins: 0.5-0 ¢ (1.41-
1.00 mm, very coarse ash), 1.5-2 ¢ (0.354-0.250 mm, medi-
um ash), and 3.54 ¢ (88-62 um, very fine ash).

Following Fitch et al. (2017), we calculated the total mass
percentage of ejecta classified as blocky, spinose, and fluidal,
using the results of morphology analysis. Morphologies that
make up a minor portion of the ejecta mass, such as mossy and
shard-like ash are not included. For bomb-sized ejecta (— 8 to — 6
$; 256-64 mm), we use field estimates of bomb percentage
where possible, and lapilli morphology analysis for beds where
field analysis of bomb-sized clasts could not be made reliably
because they make up < 10% of the ejecta mass. For lapilli-sized
ejecta (—6to — 1 ¢; 642 mm), we use the medium lapilli (— 4 to
— 3 ¢; 16-8 mm) morphology analysis, except for the following
beds that did not contain enough medium lapilli to analyze: bed
5.2 (0.5-0 &; 1.41-1.00 mm; 100 grains), 4.1 (—5 to —4 ¢; 32—
16 mm; 25 clasts total), 1.5 (—2to— 1 ¢, 100 clasts), and 1.3 (— 1
to — 0.5 &, 100 clasts). For ash-sized ejecta, we use the average
morphology percentage over the three ash size bins analyzed. For
each size range, we multiplied the percentage of each morphol-
ogy by the mass percentage of ejecta within that size range for
each bed in order to obtain the total mass percentage of each
morphology for each bed.

Secondary fragmentation of ejecta, due to grain collisions
within the expanding, turbulent gas—particle envelope (Mastin
2007) or upon deposition, may be more prevalent in higher-
energy explosions. Therefore, we also estimated the percentage
of fluidal clasts that are highly abraded and/or fragmented, de-
fined as retaining less than 50% of the original fluidal surface
area, to assess the degree of secondary fragmentation. However,
any grain that displays a fluidal surface, even if it is not the
dominant morphology, was still classified as “fluidal.”

Ejecta crystal textures and surface features

Of particular interest is the abundance of active particles,
which are defined as blocky and mossy grains smaller than 3

¢, (125 wm), where blocky grains have distinctive surface
features such as polygonal quench cracks (sometimes known
as branching quench cracks) and stepped features (Fig. 4(f,g))
(e.g., Heiken and Wohletz 1985; Wohletz 1986; Biittner et al.
1999, 2002; Zimanowski et al. 2015). Active particles are
sourced from the molten flow interior and cool quickly,
resulting in a glassy groundmass, which distinguishes them
from blocky, crystalline lithics (Biittner et al. 2002), such as
grains sourced from lava crust. Therefore, we identified the
crystal textures (an indication of cooling rates) associated with
(1) molten lava and solid crust samples, and (2) polished sec-
tions of 100 ash-sized grains from each of three size bins: 0.5—
0 ¢ (1.41-1.00 mm, very coarse ash), 1.5-2 ¢ (0.354—
0.250 mm, medium ash), and 3.5-4 ¢ (88-62 um, very fine
ash), for each bed except 4.1, where the abundance of ash
could not be determined. With a scanning electron microscope
(SEM) using backscatter imagery (BSE) of carbon tape grain
mounts, we also analyzed the abundance of surface pitting
caused by alteration by hydrothermal fluids (Fig. 4(h)),
stepped features caused by intensive brittle fracturing, and
polygonal quench cracks over 50 blocky ash-sized grains from
each of the same three size bins as crystal texture analysis, for
select beds. We then estimated the mass percentage of active
particles of select beds using (1) size (we anticipate grains <2
¢, but also analyzed grains up to 0 ¢), (2) morphology
(blocky or mossy), (3) crystal texture (hypocrystalline), and
(4) surface features (quench cracks and stepped features).

Lapilli vesicularity and component analysis

Ejecta from rootless cones include clasts sourced from lava
crust, the molten core of the flow, and a minor component of
free crystals. The relative abundance of these components is
dependent on the rheology of lava at the time of fragmentation
and the degree and style of explosive lava—water interaction
(Mattox and Mangan 1997, Fitch et al. 2017). The character-
istics of ejecta sourced from the solid crust, termed “lava
lithics,” were constrained at Pu‘u Kiholo by comparing the
vesicle characteristics of ejecta with (1) those of the surround-
ing Hapaimanu lava flows and (2) easily identifiable blocky
lava lithics from a small, unnamed spatter-dominated rootless
cone (located at 19.02352° N, 155.85535° W) within the Na
Pu‘u a Pele cone group. We measured the density of the char-
acteristic (i.e., archetypal) lava lithics from these two sources,
in addition to 395 randomly selected lapilli from five Pu‘u
Kiholo beds, 1.1, 2.1, 3.3, 3.5, and 4.1, following standard
methods outlined in Houghton and Wilson (1989) and also
applied by Fitch et al. (2017). Density was converted to ve-
sicularity using a dense rock equivalent (DRE) value of
2910 kg m >, our highest measured density. A comparison
of clasts from these three sources allows us to constrain the
lava flow type associated with lava lithics within Pu‘u Kiholo
beds.
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Fig.4 (a) Blocky, spinose, and fluidal morphologies of bomb and lapilli-
sized ejecta at Pu‘u Kiholo cone. (b) Annealed and partially incorporated
grains <10 cm in diameter. (c) Local shallow polygonal cracks on the
surface of a fluidal bomb. (d) An armored bomb composed of a vesicular
lava-lithic block surrounded by dense material sourced from molten lava.
(e) Blocky, mossy, and fluidal morphologies of ash-sized ejecta at Pu‘u
Kiholo cone and associated surface features: (f) stepped features associ-
ated with active particles, (g) polygonal quench cracks, (h) chemical
surface pitting

Statistical correlation

Following Fitch et al. (2017), we interpret the coefficient of
determination (+%) values between datasets from 0 to 0.30 as a
negligible correlation, 0.31 to 0.50 as a weak correlation, 0.51
to 0.70 as a moderate correlation, and 0.71 to 1.00 as a strong
correlation. For example, a strong correlation occurs if more
than 70% of the variance in the dataset can be accounted for
by the model.

Results
Stratigraphy and grain size analysis

We group beds into five separate stratigraphic units based on
the grain size distributions of the beds. Specifically, there are
two very coarse units, numbers 2 and 4, with modal grain sizes
between — 8 and — 7 ¢, and three finer units, numbers 1, 3, and
5, with modal grain sizes between —3 and 3 ¢ (Fig. 5).
Explosive activity occurred near the Pu‘u Kiholo cone center,
as evidenced by beds at the study section thinning away from
it, and the lack of other cone centers within 650 m northwest
of'the study section. Beds are gray but display minor yellow or
red portions that do not follow bedding planes and likely re-
flect secondary alteration due to water vapor rising through
the beds of cooling ejecta. Beds commonly contain annealed
and/or embedded ash- to lapilli-sized grains (Fig. 4(b)) on the
surfaces of larger clasts, in particular beds 2.1 and 4.1, because
they contain a large percentage of fluidal, bomb-sized ejecta.
These beds also contain notable armored bombs (Fig. 4(d)),
which commonly display localized shallow polygonal cracks
on their otherwise fluidal surfaces (Fig. 4(c)), which are in-
ferred to be associated with surface quenching by external
water (e.g., Biittner et al. 1999, 2002; Fitch et al. 2017;
Hamilton et al. 2017).

Unit 1 contains beds with widely variable thicknesses and
grain sizes, but all beds lie between bed 2.1 and talus, because
no distinct beds were found during excavation into 6 m of
talus and beach material below bed 1.1. Beds 1.1 through
1.7 (=150, 6, 2, 16, 1, 5, 7 cm thick, respectively) are all
planar, display sharp contacts, and are massive in structure.
Beds 1.3 and 1.5 are both thin (2 and 1 cm thick, respectively),
ash-rich beds displaying minor lapilli sag structures due to
interstitial condensed water.

Bombs Lapilli Ash

M% '8 A— A \
50 .
30 /
10 "l 5.2
8642 0 2 4<ad|; -
)

Stratigraphic Height (m)

0 = rrrrruriuri \ Y 4
4 0-4-8 4 0-4-8
Modal Median Grain-Size
Grain and Mean Distributions
Size (¢) Grain Size (})

Fig. 5 Stratigraphic log of the Pu‘u Kiholo cone study section (17 beds)
with bed grain size distributions, and modal, median, and mean grain
sizes
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Unit 2 is comprised of only one bed, 2.1 (85 cm thick),
which is planar with sharp contacts, a massive structure, and is
dominated by bomb- to coarse-lapilli-sized clasts. The largest
clasts, typically up to 50 cm in diameter, are located near the
middle of the bed, including a segmented, long (107 cm by
20 cm), dense spatter bomb.

Unit 3 contains beds with variable thicknesses and grain sizes
(lapilli to ash dominated), but all beds lie between bomb- to
coarse-lapilli-dominated beds 2.1 and 4.1. Beds 3.1 through 3.6
(50, 12, 8, 3, 20, and 19 cm thick, respectively) are all planar,
display sharp contacts, and are massive in structure. Several large
(3060 cm), transitional (i.e., between pahochoe and ‘a‘a char-
acteristics) lava crustal blocks lie within unit 3, but associated
beds could not be identified due to slumping and lack of access.

Unit 4 is comprised of only one bed, 4.1 (10-30 cm thick),
which displays irregular contacts due to the fact that this bed is
very coarse-grained (bomb dominated with 70 cm largest
clast) with very little matrix material compared with that of
beds 5.1 and 3.6, above and below. Bed 4.1 is planar, massive,
and contacts are generally sharp.

Unit 5 consists of beds 5.1 and 5.2 (8 and 5.5 cm thick,
respectively) which are ash-dominated and cover the cone
surface. Beds are planar and massive, with sharp contacts.
Bed 5.2 is distinctly brown to orange colored, and its top
centimeter underwent post-emplacement cementation.
Additionally, bed 5.2 displays irregular, decimeter scale fluted
structures on the surface of the bed, and local, poorly pre-
served accretionary lapilli, both likely associated with con-
densed water in the ejecta envelope.

The Pu‘u Kiholo beds are finer grained on average than
Raudholar beds (— 3.9 and — 4.5 ¢ average median grain size,
respectively; Hamilton et al. 2017). For beds at Pu‘u Kiholo
with similar median grain size (and distribution shape) to
Raudholar beds, the Pu‘u Kiholo beds contain a larger per-
centage of ash (Fig. 6).

Ejecta morphology and secondary fragmentation

Within any given bed, ash-sized grains contain greater propor-
tions of blocky and shard-like grains, and smaller proportions
of fluidal and spinose grains, than larger grain sizes (Fig. 7).
This is consistent with the scale-dependent fragmentation be-
havior of grains observed at Raudholar (Fitch et al. 2017),
which occurs because hydrodynamic fragmentation energy
(which produces fluidal grains) increases exponentially with
decreasing grain size, while brittle fragmentation energy in-
creases linearly (Zimanowski et al. 2003; Diirig and
Zimanowski 2012). This means that the production of blocky
grains is energetically favored at fine grain sizes. Mossy ash-
sized grains were only found in the 3.5—4 ¢ bin and make up
< 1% of grains therein. Free crystals and cemented aggregates
of ash-sized grains make up an average of only 4 £3% and 1
+ 1%, respectively, of ash-sized ejecta.

In general, Pu‘u Kiholo beds are dominated by blocky
grains, and over 80% of ash-sized grains exhibit blocky mor-
phologies, compared with <65% for Raudholar beds
(Fig. 8(d)). The total mass percentage of blocky grains in
Pu‘u Kiholo beds is roughly 40% greater than Raudholar
beds, independent of bed median grain size (Fig. 9).
Additionally, we found positive correlations between median
grain size and both the percentage of blocky lapilli (moderate;
1 =0.66; Fig. 8(a)) and total mass percentage of blocky grains
(strong; 7 = 0.85; Fig. 9(a)). In comparison, Raudhélar beds
display less strong positive correlations between median grain
size and total mass percentage of blocky grains (moderate;
#*=0.67; Fig. 9(a)) and the percentage of blocky ash (weak;
=047, Fig. 8(d)). These results indicate that brittle frag-
mentation is an important fragmentation mechanism at Pu‘u
Kiholo, and furthermore, at both study sites, brittle fragmen-
tation is of greater importance in more energetic explosions
(which produce a finer median grain size). However, the

a b Pu'u Kiholo: Bed 2.1 Pu'u Kiholo: Bed 1.6
40| 40 |
100 : . X3 9.3% — 30 21.6% |
¢ Pu'u Kiholo o ® 20 20/
80 Raudhélar S f VS
R - 10 10|
2 0 : = 0 e .
g 60 8 6 -4 2 0 2 4 8 6 -4 2 0 2 4
= Grain Size (¢) Grain Size ()
5 40 .
< .¢
20 e 40 40
o g X 30, X 30 10.0%
0 +—&— ——— 1 820 820—— ———
9-8-76-5-4-32-101234 2, 4 ‘2,
Median Grain Size (¢) 0 0
8 -6 -4 2 0 2 4 8 6 -4 2 0 2 4

Grain Size () Grain Size (¢)

Fig. 6 (a) Ash mass percentages of Pu‘u Kiholo and Raudholar beds plotted against median grain size. (b) Total ash mass percentages for Pu‘u Kiholo

and Raudholar beds with similar grain size distributions
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Fig. 7 Graphical depiction of relevant morphology results for bomb-,
lapilli-, and ash-sized ejecta. The abscissa values correspond to the
smallest size associated with the analyzed size range (i.e., grain size
bin). For example, —3 ¢ data points correspond with the —4 to —3 ¢
range. On the ordinate, “percent” refers to the percentage out of 100
grains, except for bed 4.1 (=5 to —4 ¢; 32—16 mm; 25 clasts total)
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percentage of blocky lapilli displays a stronger correlation
with median grain size at Pu‘u Kiholo than the percentage of
blocky ash, and the reverse is true for Raudholar. The abun-
dance of fluidal ejecta follows similar, although negative, cor-
relations as blocky ejecta, because the percentage of spinose
ejecta displays negligible correlations with median grain size
(Figs. 8 and 9).

At Pu‘u Kiholo, many fluidal grains have undergone nota-
ble abrasion and/or breakage. An average of 67 + 11% of flu-
idal lapilli-sized clasts have undergone brittle fragmentation
over >50% of their surfaces and >95% of fluidal ash-sized
grains are fragmented. At Raudholar, by comparison, only 5 £
6% of fluidal lapilli-sized grains exhibit substantial abrasion
or breakage surfaces and intact fluidal ash-sized grains are
common.

Ejecta crystal textures and surface features

Three crystal textures were identified among lava—water explo-
sion ejecta (Fig. 10(a)). Type 1 and type 2 textures are

e Pu'u Kiholo-3 ¢ r2=0.62
e Pu'u Kiholo-4 ¢ n/a
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Fig. 8 Morphology results for lapilli- and ash-sized grains plotted against
median grain size for each bed. (a) through (c) display the average per-
centage of the morphology type over 100 grains taken from the lapilli size
ranges specified in key. Determination coefficients (+%) were not calcu-
lated for the —4 ¢ Pu‘u Kiholo dataset but these data points lie within the

Median Grain Size (¢)

Median Grain Size (¢)

same range as the —3 ¢ dataset. (d) through (f) display the average per-
centage (over the three size bins analyzed; 100 grains analyzed from each
size bin) of the morphology type. Because the abscissa is logarithmic (¢),
linear correlations are logarithmic correlations when associated with a
linear (m) abscissa, with the same determination coefficient ()
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Fig. 9 For each bed, the total mass percentages (summed over all clast

sizes) of blocky, spinose, and fluidal clasts are plotted against the median

grain size of each associated bed. Because the abscissa is logarithmic (¢),

linear correlations are logarithmic correlations when associated with a

linear (m) abscissa, with the same determination coefficient ()

holocrystalline (i.e., fully crystalline), containing olivine, pyrox-
ene, feldspar, and oxides. These textures indicate lava cooled
sufficiently slowly to form a crystalline groundmass and there-
fore solidified prior to fragmentation. Type 1 texture is associated
with vesicular or dense lava lithics derived from transitional

@ Springer

b e Type 3 r2=0.16
5 wn 80+ Type?2 r?=0.19 -
= e Type1 r’=0.18 o ° .
§-9- 60 ®
o< /.
Ch ] ° ©
2‘05 40 S e
Cw o vat—
2c 2 .\,;..:\.L'\'—
0 (X ] :

9-8-76-54-3-2-1012 34

Median Grain Size (¢)
Fig. 10 (a) The three crystal textures identified among ash-sized lava—
water explosion ejecta. Type 1 and type 2 textures are holocrystalline (i.e.,
fully crystalline) and type 3 texture is hypocrystalline, containing 5-50%
crystals (lighter and darker gray) within a glassy groundmass (middle-
toned gray). (b) A plot of the average percentage (over the three size bins
analyzed; 100 grains analyzed from each size bin) of each crystal texture
type against the median grain size of each associated bed. Determination
coefficient (%) values for all datasets are negligible, ranging from 0.16 to
0.19

flows (i.e., between pahoehoe and ‘a‘a characteristics), and type
2 texture forms below solid pahoehoe crust, in coarse lapilli to
bomb interiors, and in rubbly crustal fragments of transitional
and ‘a‘@ flows. Type 3 grains are hypocrystalline, containing
5-50% crystals of olivine, pyroxene, and feldspar within a glassy
groundmass indicating that they fragmented from a source that
cooled rapidly, such as the surfaces of ejecta and pahoehoe lava
flows, or the lava—water interface during MFCI (Fig. 1; Fitch
et al. 2017). A gradational transition from type 3 to type 2 tex-
tures can occur over a thickness of <2 mm in pahoehoe crustal
profiles. The percentage of each type did not differ much over the
three size bins examined for each bed, as indicated by a 4%
average (and 10% maximum) standard deviation over all beds.
Over the 17 beds analyzed, 36-79% (average of 54 +12%) of
ash-sized grains display type 3 texture, based on the average of
the three size bins analyzed. Although there is a slight increase in
the percentage of type 3 grains (out of 100 grains) with decreas-
ing median grain size of the associated bed, we found a negligible
correlation between these two values (Fig. 10(b)).

We analyzed the surface features of ash grains from two of
the finest-grained beds, 1.3 and 1.5, and one of the coarsest-
grained beds, 2.1, for comparison (Figs. 4 and 11(a)). We found
that grains with stepped features and chemical surface pitting
increase in abundance from the 1.5-2 ¢ (0.354-0.250 mm)
fraction to the 3.5-4 ¢ (88—62 um) fraction, often occur togeth-
er, and make up to 70% and 50%, respectively, of blocky ash-
sized grains within the bins analyzed. Polygonal quench cracks
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Fig. 11 (a) Results of the analysis of surface features associated with
interaction with water: stepped features, polygonal quench cracks, and
chemical surface pitting. Finer-grained beds 1.3 and 1.5, and coarse-
grained bed 2.1, have been analyzed. For each bed, 50 ash-sized grains
from each of three size bins were analyzed, which has been adjusted to
reflect the inferred abundance over 100 grains, for comparison with other
analyses. The abscissa values correspond to the smallest size associated
with the analyzed size range (i.e., grain size bin). For example, 0 ¢ data
points correspond to the — 1.5 to 0 ¢ range. (b) The total ash (<2 mm)
mass percent (in black; also presented in Fig. 6), hypocrystalline (type 3)
ash (<2 mm) mass percent in blue, and active particle (< 354 pm) mass
percent in red, plotted against median grain size for each bed. Active
particles are defined as mossy or blocky, where blocky grains are
hypocrystalline and display stepped features and/or quench cracks.
Because the abscissa is logarithmic (¢), linear correlations are logarith-
mic correlations when associated with a linear (72) abscissa, with the same
determination coefficient (+%)

occur on < 10% of grains but are important indicators of MFCI.
All three features are present in higher proportions in the ash
from fine-grained beds 1.3 and 1.5, compared with that from
the coarse-grained bed, 2.1. No stepped features, polygonal
quench cracks, or chemical surface pitting were noted on grains
from the 0.5-0 ¢ (1.41-1.00 mm) bin.

Based on our findings, we estimated the mass percentage of
active particles as grains smaller than 1.5 ¢ (354 um) that are
mossy or blocky, where blocky grains are hypocrystalline and
display stepped features and/or polygonal quench cracks. We
find that active particles make up 12% and 40% of the mass of
the fine-grained beds 1.5 and 1.3, respectively, compared with
1% for coarse-grained bed 2.1 (Fig. 11(b)). The mass percent-
age of active particles, within the three beds for which this has
been determined, displays a strong linear correlation with me-
dian grain size (% =0.76). The trend is somewhat similar to
those of hypocrystalline ash-sized grains (+*=0.80) and all
ash-sized grains (* =0.87) within all beds (Fig. 11(b)).

Lapilli vesicularity and component analysis

Using the morphology and vesicularity of known (archetypal)
lava lithics from three sources, we are able to identify lava lithics
from clasts derived from the molten core among Pu‘u Kiholo
lapilli, based on the morphology (13 beds; 1300 clasts total) and
vesicularity (Fig. 12; 5 beds; 395 clasts total) analyses performed
on these ejecta (Fig. 13). Lava lithics, derived from the brittle and
visco-elastic layer of the lava crust, display blocky morphology,
except where clasts retain a smooth pahoehoe crustal surface.
Outer pahochoe crust displays homogeneously sized and dis-
persed bubbles and a mean vesicularity of 57 +4% (7 archetypal
clasts). Conversely, the underlying middle and inner visco-elastic
layers have mean vesicularities of 30 =4% (3 archetypal clasts)
and 4+4% (3 archetypal clasts), respectively. The majority of
blocky lapilli at Pu‘u Kiholo have vesicularities < 30% (Fig. 12),
with a mean of 25+ 14% (214 clasts). Lapilli derived from the
molten core of the lava flow display fluidal or spinose (viscous)
morphologies and contain heterogeneously sized bubbles. The
majority of fluidal and spinose lapilli at Pu‘u Kiholo have vesic-
ularities >30% (Fig. 12), with mean values of 34+ 11% (152
clasts) and 35 + 9% (29 clasts), respectively. Only 13% of fluidal
clasts derived from the molten core have very low vesicularities
(<20%). Based on these results, it is likely that for blocky lapilli
(1) the 38% of clasts with >20% vesicularity are mostly lava
lithics, (2) the 57% of clasts with 20-50% vesicularity are mostly
fluidal or spinose clasts that have undergone significant breakage
and/or abrasion, and (3) the 5% of clasts with > 50% vesicularity
are mostly pahoehoe outer crust. Therefore, at Pu‘u Kiholo, not
all blocky lapilli are lava lithics and the percentage of lapilli
sourced from the interior makes up more than just the fluidal
and spinose lapilli.
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@‘660 sl b‘q}‘a’% 007"\1 '\6'\5:50\’\["5‘%6% gl 920 o
50 I I L L L L L L L )
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Fig. 12 Vesicularity histograms of all 395 clasts analyzed from Pu‘u
Kiholo cone, showing the relative contributions of blocky, spinose, and
fluidal clasts. On the ordinate, “percent” refers to the percentage of clasts
out of the total number analyzed for each morphology, with a total 0f214,
29, and 152 clasts of blocky, spinose, and fluidal morphologies,
respectively
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Clast Types Lava Profile Ejecta Characteristics

Surface

Morphology: Dominated by brittle
fragmentation surfaces but may have minor
fluidal surfaces

Vesicularity (mean = 57%)
+ macrovesicular; homogeneous distribution
+ dominantly <2 mm in diameter and round

Morphology: Dominated by brittle
fragmentation surfaces

Vesicularity (mean = 30%)

» macrovesicular; homogeneous distribution
* size: <5 mm in diameter

shape: round to elongate and irregular
vesicles may be more connected than
outer crust vesicles

Morphology: Dominated by brittle
fragmentation surfaces

Vesicularity (mean = 4%)

* macrovesicular; vesicles are rare
* size: <2 mm in diameter

» shape: elongate and irregular

Morphology: Dominated by fluidal and
viscous fragmentation surfaces

Vesicularity (mean = 34%)

* macrovesicular

homogeneous distribution of vesicles
vesicles dominantly <5 mm in diameter
vesicle shape is round to elongate

and irregular

13% of clasts have vesicularities <20%

Fig. 13 Ejectasource material classifications based on morphology and vesicularity analysis. A schematic lava profile is shown for comparison, with
vesicle (white) abundances and characteristics found in the corresponding ejecta

Discussion
Lava flow behavior

Ejecta characteristics at Pu‘u Kiholo and Raudholar enable us
to better constrain the properties and behavior of lava associ-
ated with rootless cone formation. At Raudholar, which is
associated with tube-fed pahoehoe, the percentage of blocky
lapilli-sized clasts is consistently low (average of 5 + 5%), and
correlations between median grain size and blocky, fluidal,
and spinose lapilli-sized clasts are negligible (Fig. 8). In a
tube-fed pahoehoe system, the solid upper crust is not me-
chanically coupled to the lava within the tube (cf.
Kauahikaua et al. 1998). Therefore, we infer that after the
original lava tube crust is removed during the initiation of
explosive activity, subsequent explosions contain very little
lava lithic material. In contrast, at Pu‘u Kiholo, the percentage
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of blocky lapilli correlates strongly with median grain size
(Fig. 8), and the total mass percentages of blocky clasts are
consistently higher as well (Fig. 9), which indicates that ex-
plosions expanded through a lava profile that included a crust
during every explosion. Therefore, the crust was likely me-
chanically coupled to the molten lava, consistent with lava
flowing in a channel (cf. Kauahikaua et al. 1998), which is
common in the Hapaimanu flow field and on the Mauna Loa
south flank coastal plain in general.

Previous workers have suggested that flows with disrupted
crusts may be more susceptible to explosive interactions be-
cause of greater crustal permeability (Moore and Ault 1965;
Fisher 1968; Mattox and Mangan 1997). Considering the
abundant evidence for wide channels, ponding, and high lava
flux among Hapaimanu flows, it is likely that flows associated
with the Na Pu‘u a Pele cones, including Pu‘u Kiholo, also
experienced crustal disruption. Lava lithic characteristics at
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Pu‘u Kiholo are consistent both with surrounding transitional,
rubbly pahochoe flows, and lava lithics from a small spatter-
rich cone associated with a transitional flow. Additionally, the
prevalence of embedded clasts and armored bombs with lava
lithic cores (see Fig. 13 for lava lithic characteristics) may
indicate pre-explosion core—crust mixing.

Lava-water mixing conditions

Based on the preservation of a partial ring of ejecta, explosions at
Pu‘u Kiholo may have originated at what was a discrete inland
location, or closely spaced set of locations, near the present cone
center (Fig. 14(a)). In this scenario, fracture (but not collapse) of
the water-saturated bench of lava fragments and flows (i.e., lava
delta) underlying the active flow brought molten lava in contact
with water, known as “confined mixing” (Mattox and Mangan
1997), initiating explosions (Fig. 1 (phase 4a) and Fig. 14b). This
model is consistent with the observations of two circular littoral
rootless cones on the island of Hawai‘i with large crater rim radii,

CONFINED MIXING
SCENARIO

OPEN MIXING
SCENARIO

ranging from 100 to 130 m, associated with tube-fed pahoehoe
flows with high volumetric flow rates (Jurado-Chichay et al.
1996). Alternatively, explosions at Pu‘u Kiholo may have also
originated at the ocean entry, with a partial ring of ejecta depos-
ited on an irregularly shaped shoreline (Fig. 14(c, d)). In this
scenario, explosions were likely initiated by vigorous mixing of
lava and water due to high lava flux and wave action, referred to
as “open mixing” (Mattox and Mangan 1997) (Fig. 1 (phase
4b)).

Hamilton et al. (2017) identified alternating finer- and
coarser-grained beds at Raudhdlar, interpreted to be associat-
ed with a higher-energy opening phase of an explosion
followed by a lower-energy phase, continuing until water
availability diminished. However, at Pu‘u Kiholo, we do not
see stratigraphic patterning or grading in beds and, therefore, a
combination of variable lava flux and variable crustal perme-
ability at the flow base, in the presence of unlimited water,
likely controlled the degree of lava—water mixing and explo-
sion energy.

LATER LAVA FLOWS

—_—

-

-

Lava Flow

Fig. 14 Possible formation scenarios of Pu‘u Kiholo cone. In a confined
mixing scenario, (a) fracturing the base of the lava flow causes molten
lava to come into contact with water within the lava delta, resulting in (b)
vigorous mixing and explosive detonation. In an open mixing scenario,
(c) lava enters the ocean and (d) explosions are initiated by vigorous

. Lava Delta

B Rootless Cone

e

Original Coastline

premixing of lava and water due to high lava flux and wave action.
After Pu‘u Kiholo cone was formed, later, lava flows (e) inundated the
area, surrounding and partially overtopping the cone, with (f) subsequent
collapse and erosion of the lava delta to produce the current coastline
dominated by vertical cliffs
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Ash formation mechanisms

Compared with Raudholar beds with similar median grain
sizes, Pu‘u Kiholo beds contain a larger mass percentage of
ash-sized grains, even though the study section is upwind of
the explosion site. The average percentage of blocky ash-sized
grains in particular is consistently higher for Pu‘u Kiholo beds
(90 +3%) than Raudhdlar beds (48 +9%), in agreement with
previous work on higher-energy MFClIs (Biittner and
Zimanowski 1998). However, almost three-quarters of fluidal
lapilli-sized clasts are dominated by secondary fragmentation
surfaces, including fine-scale abrasion. Therefore, collisions
among clasts during transport and deposition, in addition to
turbulent shedding of cooled rinds, may also produce blocky
ash-sized grains (Mastin 2007; Manga et al. 2011).

Previous work on lava—water explosions found that
hypocrystalline, blocky ash-sized grains can form at the interface
between lava and water, and they are interpreted to be active
particles (Fitch et al. 2017), especially those that have specific
surface features (this study). We therefore expect that as explo-
sion energy increases, the abundance of active particles produced
also increases. Correspondingly, we find that surface features
associated with active particles are more abundant among grains
from finer-grained beds (Fig. 11(a)) and we find a strong linear
correlation between active particle mass percentage and median
grain size (a proxy for explosion energy) (Fig. 11(b)). Active
particles associated with MFCI experiments are inferred to be
smaller than 3 ¢ (125 um; Heiken and Wohletz 1985;
Wohletz 1986; Biittner et al. 1999, 2002), because the abundance
of these very fine ash-sized grains is greater in experimental
MFCIs, compared with experimental explosions driven by
expanding gas only. However, we found grains with active par-
ticle characteristics in the 1.5-2 ¢ (354-250 um) size bin. This
highlights the importance of analyzing ash beyond an assumed
size range to determine the range of active particle characteristics
present over different systems.

Fluidal ash-sized grains, though not abundant at Pu‘u Kiholo,
may provide additional insights into explosion processes. A no-
table secondary peak of fluidal ash percentage in the 1.5-2 ¢
(354-250 pum) size bin occurs in beds 1.3 and 1.5, two of the
finest-grained beds in the section (Fig. 7(a)). This secondary
peak, composed of micro-spatter and Pele’s hair, may result from
greater fragmentation energy (per unit mass) (Zimanowski et al.
2003) and higher ejection velocities (Zimanowski et al. 1997a,
2015; Biittner et al. 2002; Grunewald et al. 2007).

Conclusions
Based on the structural, stratigraphic, and lava lithic characteris-
tics of Pu‘u Kiholo cone, we infer that its formation was associ-

ated with the interaction of a channelized, transitional, rubbly
pahoehoe flow with water either (1) from within the underlying
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lava delta or (2) at the shoreline during ocean entry (Figs. | and
14). Lava—water interactions at Pu‘u Kiholo occurred under con-
ditions of higher lava flux, more vigorous water influx and
mixing, and an abundance of water, and these factors contributed
to the generation of more energetic explosions (e.g., Wohletz and
McQueen 1984; Zimanowski et al. 1997b; Jurado-Chichay et al.
1996; Mattox and Mangan 1997) on average compared with
Rauoholar. Higher explosion energy at Pu‘u Kiholo, compared
with Raudholar, contributed to the greater (1) degree of fragmen-
tation of the lava, producing beds with finer median grain sizes
on average, and (2) dispersal of ejecta, producing an uncommon-
ly large-diameter rootless cone (Greeley and Fagents 2001;
Fagents and Thordarson 2007).

Beds generated by higher-energy explosions display finer
grain sizes and the finest-grained beds at Pu‘u Kiholo, 1.3, 1.5,
5.1, and 5.2, have median grain sizes ranging from 0.4-2.5 ¢
(0.6-0.2 mm). Based on the presence of lapilli sag structures
(beds 1.3 and 1.5), fluted surface structures, accretionary lapilli
(bed 5.2), and enhanced chemical surface pitting (only analyzed
for beds 1.3 and 1.5), these beds preserve evidence of condensed
water in the ejecta envelope that was either not preserved or not
abundant in coarser-grained beds, due to the scarcity of water and
low production of fines (cf. Mattox and Mangan 1997). These
fine-grained beds also have the highest mass percentage of
blocky grains, especially blocky ash-sized grains. Although all
beds contain ash-sized ejecta formed by secondary fragmenta-
tion, the average percentage of hypocrystalline (type 3) ash-sized
grains in these beds is slightly higher (67 +12%) than for
coarser-grained beds (50 +9%) and both the percentage, out of
one hundred grains, and the mass percentage of active particles
for beds 1.3 and 1.5 are higher than coarser-grained bed 2.1.
Furthermore, we find active particle characteristics over slightly
larger ash grains than previous work; therefore, it is important to
analyze a broader range of ash sizes to identify active particles in
natural systems.

This study provides additional insight into the processes as-
sociated with lava—water explosions and the characteristics of the
resulting ejecta, especially for those produced by higher-energy
explosions. Taken together, Fitch et al. (2017) and this work
catalog fragmentation mechanisms of lava—water ejecta over a
range of grain sizes, for a total of 85 rootless beds with median
grain sizes ranging from —7.2 to 2.5 ¢ (155 to 176 um). This
work paves the way for energy modeling of lava—water explo-
sions, which may then be used to understand and quantify pro-
cesses occurring during magma—water interactions, allowing us
to better constrain the energetics of hydrovolcanic eruptions.
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