
RESEARCH ARTICLE

Fragmentation mechanisms associated with explosive lava–water
interactions in a lacustrine environment

Erin P. Fitch1
& Sarah A. Fagents2 & Thorvaldur Thordarson3

&

Christopher W. Hamilton4

Received: 23 May 2016 /Accepted: 27 November 2016 /Published online: 10 January 2017
# Springer-Verlag Berlin Heidelberg 2017

Abstract Rootless cones form when partially outgassed lava
interacts explosively with external water. The explosions rep-
resent an end-member system that can elucidate mechanisms
of explosive magma–water interactions in the absence of mag-
matic fragmentation induced by outgassing. The proportion of
finely fragmented ejecta (i.e., ash), generated in rootless ex-
plosions, may contribute significantly to the energy of the
explosion even if the ash volume is small relative to coarser
ejecta. Laboratory experiments indicate that the degree of
melt–water mixing and energy release are proportional to the
abundance of blocky grains, fragmented by brittle disintegra-
tion, which effectively contribute thermal energy to the sys-
tem. To constrain the mechanisms and dynamics of rootless
explosive activity, we assess the nature andmodes of fragmen-
tation and ejecta characteristics through morphological, tex-
tural, and density analysis of rootless tephra associated with a
pāhoehoe lava flow in a lacustrine (lake basin) environment.

We observe strong correlations between the mean grain size
and the mass percentage of both blocky (negative power law
trend) and fluidal (positive logarithmic) tephra clasts of all
sizes. We interpret these trends as scale-dependent fragmenta-
tion behavior due to the decreasing efficacy of hydrodynamic
fragmentation as it occurs over finer scales, especially over the
ash size range. Additionally, all analyzed beds contain fine
ash-sized blocky and mossy clasts, which are thought to be
diagnostic of a high transfer rate of thermal to mechanical
energy, characteristic of molten fuel–coolant interactions.
These results agree with a recent model of rootless cone for-
mation, prior fragmentation theory, and scaled laboratory ex-
periments and therefore provide a field-based analog for fu-
ture experimental and modeling efforts.
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Introduction

In phreatomagmatic eruptions, explosive fragmentation of
magma by external water requires an additional transfer of
thermal to mechanical energy in the system that is difficult
to quantify but can affect the grain size distribution of the
resulting tephra (e.g., Houghton and Hackett 1984;
Houghton and Schmincke 1986; Morrissey et al. 2000;
Zimanowski 2001; Wohletz et al. 2013). Magma–water inter-
actions impart distinguishing grain morphologies that are ob-
servable within the resulting deposit (Walker and Croasdale
1971; Heiken 1972, 1974; Heiken and Wohletz 1985) and
have been reproduced in laboratory experiments simulating
molten fuel–coolant interactions (MFCIs; e.g., Wohletz and
McQueen 1981; Wohletz 1983, 1986; Büttner et al. 1999,
2002).
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In MFCI theory, fine-grained clasts are associated with
rapid conversion of thermal to mechanical energy during the
mixing of melt (“fuel”) and water (“coolant”) and fragmenta-
tion subsequent to the collapse of a vapor film between melt
and water (e.g., Wohletz 1986; Zimanowski et al. 1997). The
energy of the resulting explosion is proportional to the total
surface area of the finely fragmented ejecta, termed “active”
particles (Büttner and Zimanowski 1998). In contrast, larger
“passive” clasts are inferred to form from fragmentation of the
envelope of material surrounding the explosion site and do not
contribute significant thermal energy to the explosion.
Therefore, the proportion of ash generated in a melt–water
explosion, even if its volume is relatively small compared to
larger ejecta, may represent a significant contribution to the
explosion energy release (Zimanowski et al. 2003).

Although laboratory experiments have provided valu-
able insights, clast morphologies and surface textures ob-
served in MFCI experiments have yet to be compared to
the products of their closest natural analog, explosive in-
teractions between subaerial lava flows and water.
Rootless explosive activity takes place when largely
outgassed lava flows interact explosively with external
surface water (Thorarinsson 1951, 1953; Fagents and
Thordarson 2007; Belousov et al. 2011), and repeated
explosions can build cones of tephra which are termed
“rootless cones.” Therefore, we investigate the character-
istics of rootless tephra to determine the nature and modes
of lava fragmentation and thereby constrain the mecha-
nisms and dynamics of explosive activity in rootless
eruptions.

Study area

The Rauðhólar rootless cone group is located within the
ca. 5200-year-old Elliðaá lava flow of the basaltic Leitin
lava flow field (Sinton et al. 2005) southeast of Reykjavík
(Fig. 1). Here, tube-fed pāhoehoe passively inundated a
lake basin until inflation of the flow caused differential
subsidence into water-saturated sediment, fracturing the
basal crust and inducing dynamic mixing of molten lava
and wet lacustrine sediments, resulting in rootless erup-
tions (Thordarson and Höskuldsson 2002; Fagents and
Thordarson 2007). These rootless eruptions were
sustained events as each cone consists of multiple beds.
Detailed stratigraphic and grain size analysis was
subsequently performed by Hamilton et al. (2017) on
one particularly well-exposed cone, “Cone 53,” from
von Komorowicz (1912).

Hamilton et al. (2017) identified 68 basaltic tephra
beds containing lacustrine sediment, which is typically
in the form of baked clots. They divided the stratigraphic
log of Cone 53 into four units (Fig. 2) and identified

alternating fine-grained and coarse-grained paired beds
(i.e., bed-pairs). Unit 1 (0–2.01 m) contains nine bed-pairs
in addition to six interleaved finer grained beds, contain-
ing abundant lacustrine sediment (up to about 60% by
mass) and exhibiting low-angle cross-bedding and pinch-
and-swell thickness variations. Unit 2 (2.01–7.16 m) con-
tains five bed-pairs that tend to be thicker and coarser
grained than the beds in units 1 and 3. Unit 3 (7.16–
10.70 m) contains 11 bed-pairs, and unit 4 (10.70–
13.55 m) contains three bed-pairs, exhibiting different de-
grees of welding with the upper members of the bed-pairs
being more welded. Beds are named following an A.B.C
notation, where A is the unit number, B is the bed-pair
number, and C has the value of either 1 or 2 to denote
lower or upper bed-pair members, respectively.

Each bed-pair is interpreted by Hamilton et al. (2017)
to be the product of an explosion cycle forming first the
thinner fine-grained bed followed by the thicker coarse-
grained bed. This cycle is inferred to begin with a local
recharge of substrate water that fuels the next explosion,
resulting in the lower bed-pair layer. The explosion ener-
gy declines with time as the flux of external water de-
creases, resulting in the generation of the upper bed-pair
layers, which may have included spray-like jets, lava
fountains, or discrete bubble burst events (Mattox and
Mangan 1997; Greeley and Fagents 2001), and cessation
of activity (i.e., cycle coda) when the water is locally
depleted. The interleaved mud-rich layers are interpreted
to have been deposited by dilute pyroclastic density cur-
rents (PDCs; i.e., surges) and linked with the initiation of
new explosion sites within previously undisturbed water-
saturated sediment. The combination of (1) decreasing
abundance of lacustrine sediment and (2) increasing grain
size, with increasing stratigraphic height, is consistent
with a reduction in the efficiency of thermal energy trans-
fer from lava to water, thereby decreasing the energy
available for fragmentation and dispersal of tephra upon
eruption. This change in energetics most likely reflects a
reduction in water flux to the explosion center with time
(Fagents and Thordarson 2007).

These results help us begin to identify the range of energy
regimes during cone formation. The work presented herein
builds on that of Hamilton et al. (2017) by investigating the
morphologies, textures, and densities of tephra within Cone
53 to further constrain the explosion mechanism based on the
fragmentation regimes and ejecta characteristics associated
with explosive lava–water interactions.

Fragmentation mechanisms and tephra morphology

The aim of this study is to reconstruct the fragmentation
mechanisms acting on the molten lava over a range of
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scales. This is achieved by investigating the morphology
of the tephra clasts over a range of sizes (Fig. 3). We
therefore draw on theoretical and observational results
from the breadth of literature on fragmentation mecha-
nisms relevant to rootless explosions.

In MFCI theory, the finest grains (i.e., referred to as the
active particles) are involved in the most efficient and
rapid transfer of heat from the molten lava to the water
and thought to drive the explosive activity. Therefore, the
fragmentation mechanisms acting on a fine scale are tied
to the submillimeter-scale dynamics of the melt–water in-
terface. During MFCIs, a vapor film between melt and
water can collapse and generate a stress wave that propa-
gates into the melt, resulting in brittle fragmentation if it
exceeds the bulk modulus of the melt (termed “stress
wave fragmentation” by Wohletz 1983). This stress wave
produces blocky ash grains dominated by planar to
curviplanar surfaces intersecting at nearly right angles
(Heiken and Wohletz 1985). Fragmentation of stretched
walls in highly expanded bubbles can produce thin,
shard-like (flake-like or plate-like) ash dominated by
curviplanar surfaces. Quench-related or impact-related
spallation can also produce shard-like ash grains (Fisher
1968; Morrissey et al. 2000), and the term “limu o Pele”
has been used to describe flakes of basaltic glass generat-
ed during littoral rootless explosions (e.g., Mattox and
Mangan 1997). Hydrodynamic (ductile) disintegration of
the melt due to fluid instabilities (Rayleigh–Taylor and

Kelvin–Helmholtz) at the interface between melt and a
vapor film can result in (1) high-surface-area mossy ash
grains, when the clast surface cools faster than the time-
scale of surface tension effects (i.e., the melt behavior is
dominated by viscous effects), and (2) fluidal, elongate, or
drop-like ash (i.e., Pele’s hair and Pele’s tears, respective-
ly) when surface tension effects dominate melt behavior
(Wohletz 1983). Aggregate grains are masses of smaller
grains that are bonded by mineral precipitates or are tack
welded (i.e., agglutinated).

Although the fragmentation energy required to produce ash
is larger than that for lapilli or bombs, for an equivalent mass,
these larger (passive) clasts still require fragmentation energy
and contribute heat to the expanding gas envelope. The
morphology of lapilli and bombs depends on both the
available fragmentation energy, which is proportional to the
energy released by the explosion, and the rheology of the lava
flow, which ranges from solid to fluid over the flow profile.

Since the processes driving different fragmentation mech-
anisms vary over a range of scales, it is important to consider
the effect of scale on fragmentation, independent of MFCI
processes. Zimanowski et al. (2003) examined this topic with
a theoretical and experimental study and found that while
brittle fragmentation produced grains of all sizes through a
steady increase in strain, hydrodynamic fragmentation re-
quires an exponential increase of three orders of magnitude
in fragmentation energy as grain size decreases from coarse to
extremely fine ash. In other words, the production of blocky

Fig. 1 a The location of the
Rauðhólar rootless cone group in
Iceland, b Cone 53 of the
Rauðhólar rootless cone group,
and c the stratigraphic units of
Cone 53. The Cone 53 vent
location cannot be determined
precisely, but the closest exposed
crater is located approximately
20 m away from the location of
the stratigraphic section
(64.095116° N, 21.752074° W)
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ash (by brittle fragmentation) becomes energetically more fa-
vorable than the production of fluidal ash (by hydrodynamic
fragmentation) as grain size decreases. Therefore, we hypoth-
esize that the ash fraction of rootless ejecta will be dominated
by blocky grains, but the energy necessary to produce blocky
ash in the first place may still require an explosion mechanism
like MFCI.

Methods

Ash morphology

To determine the ash-scale fragmentation mechanisms in
rootless eruptions, we examined grain morphology over a
range of ash sizes. To examine differences or similarities
in clast morphology over the four stratigraphic units, as
well as differences between bed types (PDC and fine-
grained and coarse-grained beds of bed-pairs) within each
unit, nine beds were investigated. This includes two PDC

beds from unit 1 (beds S1 and S3), the first bed-pairs from
units 1, 2, and 3 (beds 1.1.1, 1.1.2, 2.2.1, 2.1.2, 3.1.1, and
3.1.2), and the lowest bed in unit 4 (bed 4.1.1). For each
bed, 100 juvenile grains were examined from three size
bins: 0.5–0 ϕ (1.41–1.00 mm, very coarse ash), 1.5–2 ϕ
(0.354–0.250 mm, medium ash), and 3.5–4 ϕ (88–62 μm,
very fine ash). These size bins enabled us to investigate
key changes in morphology with decreasing grain size,
including the very fine ash grade, which is the inferred
size range of active particles in MFCI experiments
(Büttner and Zimanowski 1998). Ash grains were classi-
fied, following the scheme of Heiken and Wohletz (1985),
in accordance with their dominant morphology as blocky,
fluidal, mossy, shard-like, or aggregate, as is summarized
in Fig. 3.

Lapilli morphology

Lapilli-sized and bomb-sized rootless ejecta are inferred to
be part of the passive clasts formed from fragmentation of

Fig. 2 Stratigraphic log of
Rauðhólar Cone 53 showing
alternating finer grained beds
(light gray) and coarser grained
beds (dark gray) of bed-pairs over
four units, with interleaved fine-
grained, lacustrine sediment-rich
beds (i.e., PDC beds) in orange.
The samples that underwent
morphology (lapilli and ash) and
density analysis are indicated by
black circles in the charts to the
right of the stratigraphic logs, in
order to show their distribution
over the stratigraphy
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the envelope of material surrounding the explosion site. To
assess the fragmentation mechanisms producing passive
clasts, coarse lapilli were analyzed because this is the coars-
est material present in the majority of the deposits and is
also the size range typically used for measuring vesicularity
(Houghton and Wilson 1989, see “Lapilli vesicularity and
component analysis” section). We analyzed lapilli from 31
beds, including unit 1 beds (total = 11 beds; three bed-pairs,
three PDC beds, and two other beds), unit 2 beds (total = 8
beds; three bed-pairs, one PDC bed, and one other bed), unit
3 beds (total = 10 beds; three bed-pairs and four other beds),
and unit 4 beds (total = 2 beds), which include the beds
involved in ash analysis. For all beds, except S1 and S3,
at least 100 coarse lapilli clasts from the size class between
−4 and −5 ϕ (16–32 mm) were classified according to the
dominant morphology as “blocky,” “mossy,” or “fluidal”
(Fig. 3). However, for S1 (n = 12) and S3 (n = 50), medium
lapilli clasts between −3 and −4 ϕ (8–16 mm) were exam-
ined since coarse lapilli were rare or absent. The proportions
of each morphology making up the surface of individual
lapilli grains were also estimated. For example, a grain dom-
inated by fluidal morphology, but with 20% of its surface
made up of fractured surfaces and 10% of its surface

morphology made up of a spinose, irregular morphology,
would be described as 70% fluidal, 20% blocky, and 10%
mossy.

Surface textures and lacustrine sediment

Ash adhered to tephra surfaces is common for phreatomagmatic
and rootless tephra (e.g., Heiken andWohletz 1985;Mattox and
Mangan 1997) and is considered evidence for a lower energy
“wet” eruption or explosion, where water is abundant in the
ejecta envelope and can act as an adhering agent prior to ce-
mentation by mineral precipitates (Morrissey et al. 2000).
However, tack welding of ash on the surface of melt fragments
prior to quenchingmay also take place if low-energy explosions
produce very fluidal ejecta. Additionally, rapid cooling and
contraction of the outer surface of still-molten tephra that comes
into contact with water may form quench cracks depending on
the amount of water in the ejecta envelope (Büttner et al. 1999,
2002). Therefore, we documented these features using a scan-
ning electron microscope (SEM) and optical microscope (cf.,
Zimanowski et al. 1997; Büttner et al. 1999, 2002).

The characteristics of lacustrine sediment contained
within the rootless tephra provide information on the

Fig. 3 Blocky, fluidal, and
mossy morphologies associated
with rootless lapilli and ash. Ash
grains are shown in backscatter
electron images
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pre-explosion sediment–melt mixing as well as interfacial
instabilities and subsequent fragmentation during lava–
sediment interaction. Building on the observations of
Hamilton et al. (2017), we recorded the abundance of
lapilli with significant coatings of sediment and the occur-
rence of lacustrine sediment within juvenile ejecta, during
lapilli morphology analysis (“Lapilli morphology”
section).

Lapilli vesicularity and component analysis

To obtain a robust, unbiased baseline of rootless tephra vesic-
ularity, we measured the density of 606 lapilli clasts from
samples of six randomly chosen beds from the samples that
underwent morphology analysis, using standard methods
outlined in Houghton and Wilson (1989). A preliminary test
of waterproof coating methods reviewed in Houghton and
Wilson (1989), for 100 grains, revealed that wax coating gives
density values 9% (σ = 3%) lower than spray coating, on
average, which is higher than the 1% or less found by
Houghton and Wilson (1989). Since we observe that much
more volume is gained using wax coating than is lost using
spray coating, we chose spray coating for Rauðhólar grains to
reduce the average error. We converted density to vesicularity,
using a dense rock equivalent (DRE) value of 2860 kg m−3,
since this value was the highest measured density. This value
is higher than the estimated DRE using standard calculations
(Gualda et al. 2012) and an average Leitin lava composition of
48% SiO2, 2% TiO2, 15% Al2O3, 12% FeO, 9% MgO, 12%
CaO, and 2% Na2O from Sinton et al. (2005). Additionally,
since viscosity and vesicularity change over different parts of
the lava flow profile, we investigated the source material of
rootless tephra from within the parent lava flow, using (a)
measured vesicularity, (b) qualitative observations of vesicle
size and spatial distribution, and (c) clast morphology data to
classify the tephra components, and compared our observa-
tions with field observations of tube-fed pāhoehoe lava.

Statistical correlation

To determine potential relationships between physical
processes associated with rootless tephra formation, we
calculated correlation (r) and determination (r2) coeffi-
cients between datasets. To identify significant correla-
tions, we conservatively interpret determination coeffi-
cient values from 0 to 0.30 as a negligible correlation,
0.31–0.50 as a weak correlation, 0.51–0.70 as a moder-
ate correlation, and 0.71–1.00 as a strong correlation.
Therefore, we interpret a correlation as strong if more
than 70% of the variance in the dataset can be
accounted for by the model.

Results

Ash morphology

We found that the rootless ash size fraction is primarily
composed of blocky, mossy, and fluidal grains, glassy
shards, and a minor component (≤2%) of aggregates of
smaller pyroclasts (Table 1). Typically, the proportions
are as follows: (1) The very coarse ash fraction contains
blocky (9–58%), mossy (8–36%), and fluidal (28–67%)
grains only; (2) the medium ash fraction contains
blocky (32–76%), mossy (9–39%), and fluidal (15–
43%) grains with a minor abundance of glassy shards
(≤8%); and (3) the very fine ash fraction is dominated
by blocky grains (53–80%), with lower shard (12–34%)
and fluidal (4–24%) components. The percentage of flu-
idal grains decreases with decreasing grain size, and the
percentage of blocky grains increases with decreasing
grain size (Fig. 4). Based on compositional analysis
using an energy-dispersive spectroscope (EDS), we
found that free crystals make up <1% of the ash frac-
tion, so the increase in blocky grains is not related to an
increasing free crystal component. Peaks in mossy ash
grain abundance occur exclusively between very coarse
and medium ash, and shards only begin to appear in
fine ash.

A series of paired-sample t tests were conducted to
determine whether there are significant differences in
the means of blocky, fluidal, and mossy abundances
(in %) over the coarse, medium, and fine ash analysis
size ranges (significance level α = 0.05; degrees of
freedom = 8). We did not find a significant difference
in the means of coarse and medium mossy ash
(p = 5 × 10−1), but all other sample pairs displayed a
significant difference in the means: (a) coarse and fine
blocky (p = 3 × 10−4), fluidal (p = 3 × 10−5), and
mossy ash (p = 2 × 10−4); (b) coarse and medium
blocky (p = 2 × 10−3) and fluidal ash (p = 1 × 10−3);
and (c) medium and fine blocky (p = 2 × 10−2), fluidal
(p = 1 × 10−4), and mossy ash (p = 4 × 10−4). These
results suggest that the patterns observed for fluidal and
blocky ash, with decreasing grain size, are significant.
Furthermore, we observe a strong positive linear corre-
lation (r = 0.84, r2 = 0.71) between mean grain size
and fluidal ash abundance, indicating that hydrodynamic
fragmentation is more prevalent among the coarser ash
fractions. Although a weak negative linear correlation
(r = −0.64, r2 = 0.41) is observed between mean grain
size and blocky ash abundance, a moderate negative
linear correlation (r = −0.81, r2 = 0.65) is present be-
tween blocky and fluidal ash-grade clast abundance, in-
dicating that brittle fragmentation occurs at the expense
of hydrodynamic fragmentation.

12 Page 6 of 16 Bull Volcanol (2017) 79: 12



Fluidal ash characteristics

Elongate fluidal grains are present in beds S3 (i.e., the medium
ash fraction) and 4.1.1 (i.e., the very fine ash fraction), but
they are more consistently present in the medium to very fine
ash fraction of the unit 2 beds (1–4%). Botryoidal grains,
made up of unbroken vesicles with smooth surfaces, make
up 2% of coarse and medium ash fractions in bed S1, but
<1% of all other beds. A very minor proportion (<5%) of
drop-like grains is present in the very fine ash fraction of all
beds examined except bed 1.1.1, which did not contain any
drop-like grains. Formation of drop-like grains that are
<200 μm in diameter requires, according to theory, very high
interfacial accelerations (Zimanowski et al. 2003), although
Wohletz and McQueen (1984) suggest that a metal oxide melt
could form grains smaller than 100 μm, due to lower surface
tension of the metal alloy. However, we analyzed five drop-
like, two blocky, and two other fluidal grains in the size range

of 88–62 μm with EDS, taking at least three shot points per
grain, and found that all have similar basaltic glass composi-
t ions , wi th an average composi t ion (nota ted as
average ± standard deviation) of 50 ± 2% SiO2, 2 ± 0%
TiO2, 13 ± 2% Al2O3, 11 ± 2% FeO, 7 ± 1% MgO, 11 ± 1%
CaO, and 4 ± 1% Na2O.

Blocky ash mass percentages

We estimated the mass percentage of juvenile ash
consisting of blocky grains (hereafter referred to as blocky
ash mass percent) for each bed analyzed, by multiplying
the average abundance of blocky grains (i.e., the number
of blocky grains in 100 grains, averaged over the three
size bins analyzed) by the mass percent of juvenile ash.
We found that PDC beds have three to four times the
blocky ash mass percent of finer grained beds of the
bed-pairs, which have two to eight times that of coarser

Table 1 Ash morphology
analysis results Bin size Bed Blocky Fluidal Mossy Shard Aggregate

−0.5 to 0 ϕ (1.41–1.00 mm,
very coarse ash)

S1 31 43 26 0 0

S3 57 35 8 0 0

1.1.1 43 28 29 0 0

1.1.2 34 30 36 0 0

2.1.1 26 58 16 0 0

2.1.2 18 68 14 0 0

3.1.1 30 40 30 0 0

3.1.2 9 56 35 0 0

4.1.1 33 33 34 0 0

Mean ± Standard Deviation 31 ± 14 43 ± 14 25 ± 10 0 0

1.5 to 2 ϕ (0.354–0.250 mm,
medium ash)

S1 49 30 16 4 1

S3 61 23 12 4 0

1.1.1 59 27 12 2 0

1.1.2 45 24 26 5 0

2.1.1 39 27 26 8 0

2.1.2 32 43 23 2 0

3.1.1 39 22 39 0 0

3.1.2 41 21 38 0 0

4.1.1 76 15 9 0 0

Mean ± Standard Deviation 49 ± 14 26 ± 8 22 ± 11 3 ± 3 1 ± 0

3.5 to 4 ϕ (88–62 μm,
very fine ash)

S1 59 5 0 34 2

S3 71 4 0 24 1

1.1.1 65 10 1 22 2

1.1.2 64 9 0 26 1

2.1.1 53 15 4 28 0

2.1.2 55 24 5 16 0

3.1.1 69 7 1 23 0

3.1.2 80 6 1 12 1

4.1.1 59 14 0 27 0

Mean ± st. dev. 64 ± 9 10 ± 6 1 ± 2 24 ± 7 1 ± 1
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grained beds (Fig. 5a). This is generalized by a strong
negative power law correlation (r = −0.98, r2 = 0.96) be-
tween mean grain size and blocky ash mass percent of
each bed, which follows the inherent negative power
law relationship between mean grain size and ash mass
percent (r = −0.96, r2 = 0.92) (Fig. 5b). In comparison,
fluidal and mossy ash mass percentages show, respective-
ly, strong (r = −0.89, r2 = 0.79) and moderate (r = −0.79,
r2 = 0.62) negative power law relationships with mean
grain size.

Lapilli morphology

We found that lapilli-sized clasts are dominated by fluidal
morphology (61–94%) with lower abundances of mossy
(5–32%) and blocky (1–25%) clasts (Figs. 4 and 6). Unit
1 displays the widest range of clasts consisting of more
than one morphology type, with a significantly larger

abundance of dominantly blocky clasts than the other
units, based on t tests assuming unequal variances, and
using data displayed in Fig. 6a (significance level
α = 0.05; p = 1 × 10−2 for both unit 2 and unit 3 against
unit 1). Units 2 and 3 display a tighter clustering of points
near the fluidal vertex, and unit 3 is almost exclusively
composed of dominantly fluidal and mossy clasts (Fig. 6).
These trends indicate a progressive shift from a broader
range of morphologies to a more tightly clustered, fluidal
distribution of morphologies over units 1–3. Unit 4, being
dominated by thick, welded beds, also follows this trend.
Despite unit-scale trends, there are no consistent differ-
ences >10% in the average abundance of each lapilli mor-
phology type (fluidal, mossy, blocky) among the three bed
types (PDC and fine-grained and coarse-grained beds of
bed-pairs) (Table 2). Additionally, negligible correlations
are observed between mean grain size and blocky, mossy,
and fluidal lapilli abundances. Furthermore, no consistent

Fig. 4 Graphical depiction of ash
and lapilli morphology analysis
results for fluidal, mossy, blocky,
and shard abundances. The ash bins
analyzed, −0.5–0 ϕ (1.41–
1.00mm, very coarse ash), 1.5–2ϕ
(0.354–0.250 mm, medium ash),
and 3.5–4 ϕ (88–62 μm, very fine
ash), are stylized as 0, 2, and 4 ϕ
along the horizontal axis. The lapilli
morphology analysis for the bed-
pairs, between −4 and −5 ϕ (16–
32 mm, coarse lapilli), and for the
PDC beds, between −2 and −3 ϕ
(4–18 mm, medium lapilli), is also
displayed for context

Fig. 5 a Histogram of blocky,
fluidal, and mossy ash mass
percent results and b mean grain
size plotted against blocky ash
mass percent and total ash mass
percent, with power law
trendlines
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patterns in the distribution of individual clast morphol-
ogies within each bed are present among the three bed
types (Online Resource 1).

Total fluidal and blocky clast mass percents

Fluidal grains dominate grain sizes larger than coarse ash;
therefore, we estimated the mass percent of ejecta that
underwent hydrodynamic fragmentation (hereafter referred
to as total fluidal clast mass percent), across all grain sizes.
For bomb-sized ejecta, based on field observations, we

estimate that all ejecta larger than −6 ϕ (64 mm) are >90%
fluidal clasts by mass. For medium to coarse lapilli (−6 and −2
ϕ; 64–8 mm), we used the results from “Lapilli morphology”
section, and for clasts smaller than −2 ϕ (4 mm), we used the
results from “Ash morphology” section. We then calculated
the fluidal mass percent as in “Blocky ash mass percentages”
section for beds S1, S3, 1.1.1, 1.1.2, 2.1.1, 2.1.2, 3.1.1, 3.1.2,
and 4.1.1. We found a strong, positive logarithmic correlation
between mean grain size and total fluidal clast mass percent
(r = 0.95, r2 = 0.90) (Fig. 7a), which is stronger (Δr2 = 0.11)
than the power-law correlation between mean grain size and

Fig. 6 a Ternary diagrams of the total lapilli morphology averages for
each bed analyzed within each unit (25 beds, 25 data points). Average
fluidal, mossy, and blocky percentages were taken over all clasts within
the sample set for each bed, based on the dominant morphology of each
clast. b Ternary diagrams, one for each unit, displaying the complete

combined data for three bed-pairs in each unit (six beds total), with
points “color weighted,” based on the number of clasts displaying the
same characteristics, i.e., darker colors represent larger numbers of
clasts occupying a given location on the ternary diagram, in order to
highlight overall trends

Table 2 Lapilli morphology
analysis results Bed-pair layer Blocky (%) Fluidal (%) Mossy (%) Number of beds

Unit 4.X.2 N/A (welded) N/A (welded) N/A (welded) N/A (welded)

Unit 4.X.1 1 ± 0 66 ± 2 34 ± 2 2

Unit 3.X.2 2 ± 2 80 ± 6 18 ± 6 5

Unit 3.X.1 2 ± 2 75 ± 7 22 ± 7 5

Unit 2.X.2 5 ± 5 74 ± 20 20 ± 15 4

Unit 2.X.1 2 ± 2 76 ± 5 22 ± 7 3

Unit 2.X.1 7 ± 4 72 ± 12 21 ± 14 3

Unit 1.X.1 10 ± 9 67 ± 12 23 ± 11 5

PDC beds 9 ± 5 63 ± 20 27 ± 24 4
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ash-grade fluidal clast abundance. Therefore, the former cor-
relation provides a better constraint on the relationship be-
tween hydrodynamic fragmentation and explosion energy.

We calculated the total blocky clast mass percent as above.
However, blocky clasts larger than −6 ϕ (64 mm) are rare and
therefore have a negligible effect on the total estimate. We
found a strong, negative power law correlation between mean
grain size and total blocky clast mass percent (r = −0.87,
r2 = 0.76) (Fig. 7b), but it is much weaker (Δr2 = 0.20) than
that observed between mean grain size and blocky ash mass
percent.

Surface textures and lacustrine sediment

Adhered juvenile ash grains are commonly found on rootless
tephra, although present in highly variable abundances. They
are typically associated with fluidal surfaces, which display
minor surface deformation at the contact between the ash and
the pyroclast surface. This suggests that juvenile ash grains are
largely tack-welded to partially molten tephra surfaces prior to
surface quenching. Localized polygonal cracks are observed
on clasts from all beds examined (Fig. 8), but not on ash
grains, in contrast to the quenched ash produced in MFCI
experiments (e.g., Büttner et al. 1999, 2002). Polygonal cracks
on lapilli clasts are not likely associated with the expansion of
volatiles (bread crusting), because they are localized and pres-
ent on both vesicular and very dense fluidal clasts. We found
negligible correlations between the abundance of clasts with
localized polygonal cracks and lacustrine sediment mass per-
cent or mean grain size, suggesting that they form independent
of explosion energy. Hamilton et al. (2017) observe that po-
lygonal cracks are typically found on the underside of clasts
and interpreted that they result from enhanced cooling on the
bottom of the clasts that occurs due to interactions with water
(or steam) in the post-depositional environment.

All pyroclasts show some degree of lacustrine sediment
coating (i.e., mineral grains and diatom fragments), confirmed
through SEM and EDS analysis, which gives the beds an
overall red-orange appearance (Fig. 8). The millimeter-scale
contact between a thick, hard sediment coating and the
pyroclast surface is irregular, and void size within the sedi-
ment decreases away from the interface (Fig. 9). Therefore,

the sediment may have been partly fused, cooling around
expanding gas trapped in the sediment. Small (<1 mm) frag-
ments of dark glass are embedded in the sediment, possibly
due to quench spallation of the tephra surface and subsequent
transport of spalled grains into the sediment as water at the
interface vaporized. Additionally, hardened aggregates of la-
custrine sediment, ranging in grain size from fine ash to coarse
lapilli, are found in all deposits. They contain up to 10–25%
blocky ash fragments and are also commonly embedded in the
tephra (Fig. 8). Where lacustrine sediment is confined within
the submillimeter folds of a fluidal grain (Fig. 10), these folds
are surrounded by vesicles along the boundary between sedi-
ment and the melt surface. Blocky and shard-like ash-sized
fragments from the melt surface appear to have been incorpo-
rated into the lacustrine sediment within the fold. The vesicles
may be vaporized water from within the pore space of the
lacustrine sediment, and the non-explosive growth of these
vesicles may have been preceded by fluid instabilities.

Lapilli vesicularity and component analysis

Lapilli clast density (a total of 606 clasts measured from six
beds) ranged from 1000 to 2900 kg m−3 (0–70% vesicularity)
and displayed a unimodal distribution with an overall mean of
1500 kg m−3 (51% vesicularity) and standard deviation of
300 kg m−3 (11% vesicularity) (Fig. 11). The mean density
of clasts from individual beds ranged from 1300 to
1600 kg m−3 (54–39% vesicularity) with standard deviations
ranging from 200 to 300 kg m−3 (7–10% vesicularity).

Based on the lapilli clast morphology of 31 beds (3071
clasts total) and vesicularity measurements of six beds (606
clasts total), we identified four types of clasts, described in
Fig. 12, types A, B, C, and D, in relation to their source
location from within the parent lava flow. We infer that types
A, B, and C are lava lithics, derived from the upper lava crust,
and make up approximately 1% of the ejecta by volume and
have a mean vesicularity of 14 ± 9% (11 clasts), with a max-
imum of 28%. Type A is likely sourced from the outer crust,
where rapid cooling trapped bubbles at an early stage of
growth, producing homogeneously sized and dispersed bub-
bles (27 ± 1%mean vesicularity; three clasts). Type B is likely
derived from the mid-crust, where heat from the lava tube, and

Fig. 7 a Mean grain size plotted
against total fluidal clast mass
percent, with logarithmic
trendline, and b mean grain size
plotted against total blocky clast
mass percent, with power law
trendline
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insulation from the outer crust, enabled bubbles to grow and
potentially coalesce before solidification (16% vesicularity;
only one clast measured). Type C is likely derived from the
dense inner crust prior to solidification, where bubbles can
migrate out into the mid-crust, but a viscosity difference im-
pedes the travel of bubbles from the lava tube to the inner crust
(8 ± 3% mean vesicularity; seven clasts). Type D is derived
from the molten material within the lava tube, producing flu-
idal or mossy surfaces and heterogeneously sized bubbles
(51 ± 10%mean vesicularity; 594 clasts). Fluidal type D clasts
with very low vesicularities (<20%) make up <1% of the
ejecta by volume and may have been sourced from material
located near the basal crust, where lava could have remained
hot, but gas bubbles would havemoved up and out of the basal
layer due to buoyancy and shearing. Some percentage of ejec-
ta is likely to have fallen back into the vent and subsequently
been recycled and re-expelled from the explosion site
(Houghton and Wilson 1989; Houghton and Smith 1993).
Although armored (i.e., cored) clasts are common among the
bomb-sized population, based on field observations made by
Hamilton et al. (2017), we did not find any obvious armored

lapilli during morphology analysis. However, we found that
approximately 3% (by volume) of lapilli are notably rounded
with abraded surfaces, which provides a minimum estimate of
the percentage of recycled lapilli.

Discussion

Scale-dependent characteristics of explosion ejecta

We observed strong correlations between mean grain size and
blocky ash mass percent (negative power law), total blocky
clast mass percent (negative power law), and total fluidal clast
mass percent (positive logarithmic) for the nine beds exam-
ined in detail (Figs. 5b and 7). This implies that at lower
fragmentation energies (larger mean grain sizes), an increase
in fragmentation energy results in a small increase in the per-
centage of blocky clasts and small decrease in the percentage
of fluidal clasts. Conversely, at high fragmentation energies
(smaller mean grain sizes), a small increase in fragmentation
energy results in a substantial increase in the percentage of

Fig. 8 (a) Evidence of lava and
lacustrine sediment intermingling
is clearly observable in these
lapilli from beds 1.1.2, 1.7.2, and
2.1.1. Sediment may be
embedded within the tephra,
affixed inside of vesicles, or coat
the outer surface of clasts. Note
also the prevalence of uncoated
fracture surfaces, for comparison
(b) Textural characteristics of
pyroclast surfaces include
shallow polygonal cracks and
adhered ash.

Fig. 9 The contact between lava
and lacustrine sediment is clearly
observable in this lapillus from
bed 1.1.1. This contact appears
sharp in a, but under an optical
microscope, in b and c, the
contact is irregular, with lava and
sediment interfingering over a
region typically smaller than
1 mm (marked by white dashed
line). Additionally, in b and c,
voids are clearly present in the
sediment and begin to decrease in
size away from the interface over
a 1 to 2-mm length
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blocky clasts (particularly ash) and significant decrease in the
percentage of fluidal clasts. This trend is consistent with scale-
dependent fragmentation behavior predicted by Zimanowski
et al. (2003), as outlined in “Fragmentation mechanisms and
tephra morphology” section. Therefore, the observations that
(1) coarser grained beds contain more fluidal clasts and a
lower percentage of blocky clasts (particularly in the ash frac-
tion) than the finer grained beds of the bed-pairs and (2) PDC
beds contain fewer fluidal clasts and a larger percentage of
blocky ash grains than both members of the bed-pairs are
consistent with scale-dependent fragmentation mechanisms

and the assertion that mean grain size is proportional to the
explosion energy. These trends are relevant for juvenile tephra
only, as juvenile mean grain size was calculated for samples
with >10% mass percent lacustrine sediment, and further-
more, the calculation of fluidal and blocky ash mass percent
utilized only juvenile material.

Modeling and laboratory experiments predict that fluidal
ash grains smaller than 100–200 μm are unlikely to be pro-
duced, because they require high interfacial accelerations
(Zimanowski et al. 2003). However, rootless ash contains flu-
idal grains as small as 88–62 μm, with a transition from
fluidal-dominated to blocky-dominated ash between 1410
and 88 μm. Given that no compositional differences were
detected that could affect melt surface tension, such as the
presence of higher metal oxide abundance, as suggested by
Wohletz and McQueen (1984), these pyroclasts were likely
sourced from lava that had undergone minimal cooling.

Implications for the explosionmechanism of rootless cones

Detailed analysis of rootless ejecta has revealed evidence of
dynamic interactions between lava and water–saturated sedi-
ment during rootless eruptions. The presence of lacustrine sed-
iment within tephra (Figs. 8 and 10) indicates a dynamic
mixing environment that was vigorous enough to allow water
and sediment to be incorporated into lava, confining water in a
way similar to the setup of MFCI experiments. Sediment

Fig. 10 Lacustrine sediment is confined within the submillimeter folds
of a fluidal grain, shown in a. In b, the folds are shown in a reflected light
image obtained with a petrographic microscope and are outlined with a
white dashed line. In c, orange lacustrine sediment is clearly visible in this
optical image of the same area as in b, obtained with a binocular

microscope. In d, a further magnified reflected light image displays a
fold surrounded by vesicles along the boundary between sediment and
the melt surface. Blocky and shard-like ash-sized fragments are also
visible within the lacustrine sediment filling the fold

Fig. 11 Vesicularity histograms of the six beds analyzed (606 clasts total)
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adhered to the surface of tephra, and between the layers of
armored bombs (Hamilton et al. 2017), demonstrates that abun-
dant lacustrine sediment was present in the ejecta envelope.
The presence of water-related quench cracks on rootless tephra,
in addition to the fact that some lacustrine sediment-rich PDC
beds contain bomb sags, suggests that the ejecta envelope must
have contained liquid water or condensing vapor during some
explosions. Lastly, the presence of ash, and especially fine ash,
in all beds indicates that some portion of the ejecta formed
under conditions of high heat transfer, which requires dynamic
mixing of lava and water.

The mass percent of ash in rootless beds displays a strong
negative power law relationship with mean grain size
(Fig. 5b), in agreement with MFCI experiments, which have
shown that explosion energy correlates negatively with mean

grain size (e.g., Wohletz and McQueen 1984). The energetic
significance of the fluidal, mossy, and blocky ash
morphologies recorded can also be assessed through MFCI
theory. Wohletz (1983) asserts that blocky ash forms through
stress wave fragmentation and drop-like and mossy ash form
through fluid instability fragmentation (as outlined in
“Fragmentation mechanisms and tephra morphology” sec-
tion), and since these morphologies are observed in rootless
ash, the triggering of lava–water explosions may involve both
mechanisms. Initial fluid instability fragmentation at the melt–
water mixing interface may have formed fluidal and mossy
ash, and as heat transfer increased via enhanced melt disinte-
gration, the sequential disruption caused by multiple collapses
of the vapor filmmay have initiated stress waves large enough
to overcome the bulk modulus of the melt (i.e., producing

Fig. 12 Clast material source
classifications
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“detonation” waves). This could have resulted in a shift to
brittle fragmentation, producing blocky ash grains and trigger-
ing an MFCI feedback loop of heat transfer and further fine
fragmentation.

According to this model, the fine blocky ash grains are the
main thermodynamic driver of the explosions, even though
mossy and drop-like morphologies may have been formed
prior to the generation of detonation waves. Blocky grains
dominate very fine ash 62–88 μm (3.5–4 ϕ). Other workers
also observe that blocky ash grains associated with MFCI
experiments (i.e., active particles) are typically smaller than
3 ϕ (125 μm; Heiken and Wohletz 1985; Wohletz 1986;
Büttner et al. 1999, 2002), and grains interpreted to be active
particles have also been observed in phreatomagmatic ash
smaller than 3 ϕ (Dellino et al. 1990; Dellino and La Volpe
1995; Büttner et al. 1999, 2002; Dellino et al. 2001).
Therefore, the presence of fine to extremely fine blocky ash
in rootless ejecta is consistent with previously studied prod-
ucts of natural and experimental explosive melt–water
interactions.

After initiation of an explosive MFCI, during vapor expan-
sion, fragmentation of the overlying lava column produces
coarser tephra with a range of morphologies, dependent on
lava rheology and fragmentation energy, and subsequent ejec-
tion of tephra from the explosion site occurs. Although fluidal
and mossy tephra dominates the ejecta, the presence of lava
lithics as well confirms that all parts of the parent lava are
ejected during a rootless explosion. Drop-like ash may have
also been produced during this stage, as suggested by
Zimanowski et al. (1997, 2001), as well as elongate fluidal
ash (Pele’s hair), as observed during littoral rootless explo-
sions (Mattox and Mangan 1997) and MFCI experiments
(Wohletz and McQueen 1984; Zimanowski et al. 1997;
Büttner et al. 2002). Finally, secondary breakage and abrasion
of ejecta through recycling may have contributed to the pro-
duction of blocky or rounded ejecta or armored clasts if the
recycled clasts fall into a pocket of molten lava in the vent
before being re-ejected in an explosion.

The shards observed in the medium–fine ash fraction of all
beds are likely to have been produced by quench-related or
impact-related spallation and (or) the fragmentation of botry-
oidal ash. Botryoidal ash and bubble-wall shards may form
concurrently to drop-like grains at the melt–water mixing in-
terface or may have formed during ballistic transport of ejecta
in free air. These seemingly fragile grains are likely preserved
because of their resistance to fragmentation from thermal
quenching (e.g., Patel et al. 2013).

Vesicularity of rootless tephra

Rootless lapilli at Rauðhólar range in vesicularity from 0 to
70% and are dominated by fluidal and mossy clasts with a
mean vesicularity of 51%, compared with 14% (28%

maximum) for lava lithics. The mean vesicularity of rootless
tephra at the pāhoehoe-fed Ice Harbor cone field in Idaho,
measured by Reynolds et al. (2015), is 23%, which does not
include lava lithics. This range of vesicularities is compara-
ble to the span of vesicularities observed in pāhoehoe lavas
(e.g., Wilmoth and Walker 1993; Cashman et al. 1994;
Gaonac’h et al. 1996; Herd and Pinkerton 1997; Robert
et al. 2014). Basaltic tephra from magmatic lava fountaining
events, by comparison, typically have an average vesicular-
ity greater than 50% and a maximum vesicularity greater
than 70% (e.g., Mangan and Cashman 1996; Polacci et al.
2009; Stovall et al. 2011, 2012). Although processes such as
shock-induced decompression (Carey et al. 2012) or inges-
tion of external water by lava (Edwards et al. 2013) may
increase vesicularity in rootless tephra, the analyses required
to quantify the effect of these processes are beyond the
scope of this work.

Conclusions

We conclude that rootless eruptions at Rauðhólar are like-
ly driven by processes similar to MFCI experiments,
which are associated with a high transfer rate of thermal
to mechanical energy, resulting in the generation of
blocky and mossy ash. Explosion ejecta of all sizes dis-
play scale-dependent fragmentation behavior, and there-
fore, the tephra morphology of coarse-grained and fine-
grained beds of bed-pairs, as well as PDC beds, is largely
dependent on explosion energy. These findings are con-
sistent with the model presented by Hamilton et al. (2017)
where bed-pairs form through a two-stage process involv-
ing a higher energy opening phase (forming the fine-
grained bed) followed by a lower energy phase (forming
the coarse-grained bed), continuing until water availabili-
ty diminishes. PDC beds represent even more energetic
explosions, based on the finer grain size of juvenile ash
and larger abundance of lacustrine sediment, and decrease
in number with time as the rootless cone is constructed.

The identification of processes similar to MFCIs as the
driving mechanism for lacustrine rootless eruptions asso-
ciated with a tube-fed pāhoehoe flow, based on tephra
analysis, is a testament to the value of fragmentation the-
ory and scaled laboratory experiments. In the same way
that our understanding of a natural system has benefited
from theoretical and experimental pursuits, our hope is
that this work informs future experiments and models, in
order to better constrain the energetics of natural analogs
of MFCIs.
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