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In this paper we present novel observations of internal structures of Pele’s tears
and spheres revealed from SEM studies of particles formed within Kilauean lava
fountains. Partially weathered Pele’s tears from eruption episodes in 1969 include
a crust, or rind, of material that is smooth on the external surface. However, once
this crust is peeled away, it reveals a sub-crustal surface within the tear that is
morphologically complex. This surface is characterized by a network of ridges and
valleys that warp around radial structures with pores at their centers. The ridges
and valleys are interpreted to represent the differential cooling and shrinkage of
the external surface of the spheres and tears relative to the interior upon exiting
the lava fountain and chilling in ambient air. The radial structures are interpreted to
be formed as result of chemical zonation within the cooling at locations where a
vesicle contacts the external crust. An additional feature is observed on the
underside of crust that is peeled off each tear. This surface has a roughly
polygonal network of tubes that surround pores at the center of many of the
polygons. The tubes are hollow and some contain solid material within, possibly
the remains of the crushed top of the tube where the SEM can peer inside. The
origin of this tube network is a puzzle remaining to be solved.
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Introduction

Pele’s tears are common pyroclasts produced during Hawaiian-type volcanic eruptions
in the form of lava fountains, and their morphology can provide insights regarding eruptive
processes (Moune et al., 2007; Porritt et al., 2012; Wygel et al., 2019). Lava fountains are
produced by the rapid exsolution and expansion of H2O bubbles from a melt (Gerlach, 1986;
Head &Wilson, 1987; Wilson et al., 1995). After fragmentation of a magmatic foam in a lava
fountain, continued exsolution of H2O and other oversaturated volatiles produces additional
bubbles within Pele’s tears after these droplets have formed (Proussevitch & Sahagian, 1996;
Porritt et al., 2012; Thivet et al., 2020). Tears and spheres form from fragments of bubble
walls and Plateau borders during viscous relaxation due to surface tension before quenching.
In extreme cases of shear strain prior to solidification, fragments may stretch to become
Pele’s hair (Moune et al., 2007).

While adiabatic cooling of gas bubbles within Pele’s tears may assist in cooling the outer
portions of the tear below the glass transition temperature (Namiki et al., 2021), Pele’s tears
can only be preserved intact when the center of the tear is fully cooled below the glass
transition temperature before gas bubbles inside can expand to the point of fracturing the
tear (Porritt et al., 2012). However, post-fragmentation evolution and deformation is still
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observed in tears as well as in larger pyroclasts (Browning et al.,
2020; Tuffen et al., 2022) and breadcrust bubbles (Quane and
Andrews, 2020).

Previous work regarding the interior of Pele’s tears (Porritt et al.,
2012) and hair (Cannata et al., 2019) from Hawaiian volcanoes
focused on bubble vesicle properties and distributions. In an
exploratory investigation of lava fountaining and Pele’s tear
vesicularity, we examined material collected in the proximity of
Mauna Ulu, approximately nine kilometers southeast of the main
Kīlauea caldera in Hawai’i. Unexpected structures were observed
beneath the glassy surface rind of the tears, positioned among an
interior matrix of complex textures not previously described in
detail. In addition, a perplexing network of tubes has been observed
on the underside of the glassy rind. These textures may provide
insights regarding the processes that occur within lava fountains and
related effusive eruptions of basaltic volcanoes.

A potential interpretation of some of the structures observed
beneath the surface of Pele’s tears is that they are spherulitic textures
created by radial crystal growth as a result of chemical zonation
during the cooling of the tears. Previously observed examples of
spherulites in Hawaiian basalts have been dendritic overgrowths on

plagioclase crystals from Makaopuhi crater (Lofgren, 1971a).
Spherulites are most common in Archaean basalts, but are found
in modern examples as well (Fowler et al., 2002). Spherulitic textures
consisting of quartz, clinopyroxene, or feldspar crystals radiating
outward from a central point or pore space have been observed in a
variety of glassy or microcrystalline volcanic rocks (Chisholm, 1911;
Lofgren, 1971a; Shtukenberg et al., 2012). Spherulite crystal growth
is initiated due to a low temperature impurity at the interface of the
growing crystal phase (Lofgren, 1971a) and is indicative of rapid
crystallization (Dietrich & Skinner, 1979) due to undercooling of the
melt (Kirkpatrick et al., 1979), as would have been the case of Pele’s
tears in a lava fountain.

To test the hypothesis that the structures observed in Pele’s tears
are spherulites, point chemical analysis was performed to determine
if there is a significant difference in the chemical compositions of the
radial textures and the surrounding matrix material. A significant
difference would support a spherulitic mechanism, noteworthy
because previous descriptions of spherulitic textures have been at
a scale of millimeters or greater (Smith et al., 2001; Fowler et al.,
2002; Shtukenberg et al., 2012) as opposed to the μm scale observed
in Pele’s tears and spheres.

FIGURE 1
Location of sample pits with respect toMauna Ulu and other nearby features. Kīlauea is approximately nine kilometers northwest. Red square in inset
map indicates study area.

Frontiers in Earth Science frontiersin.org02

Moyer and Sahagian 10.3389/feart.2023.1184027

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1184027


Methods

The tears examined for the present study were collected from
permitted sample pits approximately nine kilometers southeast of
Kīlauea in Hawai’i Volcanoes National Park, in coordination with
the Hawaiian Volcano Observatory (Figure 1). The collected
pyroclasts come from deposits associated with the 1969 eruption
of Mauna Ulu. This eruption began in May 1969 and lasted until
December 1971, but the main lava fountaining episodes occurred
during the first phase of the eruption from May to December 1969
(Swanson et al., 1979; Parcheta et al., 2012; Parcheta et al., 2013). The
majority of the tears in question were collected from the upper
8 centimeters of their respective sample pits, with a few exceptions.
Consequently, their exteriors are weathered to varying degrees and
are stained orange by oxidation in some patches, potentially from
leached iron and other metals (Wygel et al., 2019). The sample pits

are designated as MU-2, MU-3, and MU-4. Pele’s tears were
collected from a depth of 7–8 centimeters from Pit MU-2, from
6 to 8 centimeters from Pit MU-3, and from 0 to 2 centimeters from
Pit MU-4. Based on ashfall maps of the 1969 eruption published by
Parcheta et al. (2013), these tears were produced during lava
fountaining episodes 10, 11, and 12 of the 1969 eruption.

Eleven examples of Pele’s tears were examined under a Phenom-
XL scanning electron microscope (SEM). The length of the long axis
of tears ranged from one to three mm with a maximum aspects ratio
of 2:1. During initial mounting of the tears, they were rolled on the
sticky pad of the SEM stub so that the glassy crust of the tears might
be peeled away. A series of images was obtained at varying levels of
magnification, so that detailed pictures of individual features could
be acquired along with their relative positions. Chemical analysis
using energy dispersive X-ray analysis (EDX) provided general
comparisons between the observed structures and the

FIGURE 2
Top: Examples of the radial structures visible when the exterior crust of the tears peeled away. The images in (A, B) clearly show the crust peeling
away, confirming that these radial structures are a feature which sits within the tear itself and not a texture which has developed or grown on the exterior
of the tear. They sit in a matrix which displays a texture similar to corn on the cob (left) or ridges and valleys (right). Bottom: Examples of the branching
networks of tubes observed on the undersides of the glassy crust of the tears. These tears were sampled from the uppermost eight centimeters of
sample pits MU-3 and MU-4. The red arrows in (C) point to some pores that fully penetrate the glassy crust. The red rectangle in (D) highlights an area
where the interior of a tube is visible.
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background materials. A series of points were examined in the
matrix material, on the radial structures, and on the top and
underside of the glassy crust. Sample size was 24 points for the
matrix material and 20 points for the radial structures. Chemical
composition was interpreted using the Phenom Pro Suite software
available with the SEM.

Additional physical and chemical examinations were carried out
on a Zeiss EVO-25 scanning electron microscope. These were
completed after the samples of Pele’s tears were coated in gold to
increase conductivity and reflectivity. Gold was consequently
disabled in the element identification software of the SEM. No
artifacts due to the coating were observed, and while the weight
percent compositions found using this machine are somewhat
altered due to the overprinting of gold, the relative ratios of
elements present in the tears should remain accurate.

Results

Textural analysis

Viewed under the SEM, it could be seen that portions of the
glassy crust of one of the tears has peeled away, revealing structures
beneath the surface (Figure 2). These structures are generally radial
features centered around a core divot or pore. The size and
elongation varies with each feature. The smallest are on the order
of 20 μm in diameter and are generally circular. The largest radial
structure to be measured has a long-axis diameter of 154 μm.

Separating the radial features is a matrix which displays small
ridges and valleys, arranged in varying geometries. In some areas the
ridges form parallel segments, while in others they take on a mud-
cracked or scaly texture. The individual ridges are generally a
single μm wide and separated by a valley about 5 μm across. In
areas where vesicles intersect the surface of the tear, it appears that
the ridge features are warped around the vesicle itself, so that ridges
and valleys did not intersect the vesicle. Ridges also warp around
radial structures, suggesting either that the ridges post-date the
structures, or that they were sufficiently fluid at the time the
structures developed to deform. Subsequent examinations of
several more tears revealed similar features, although two of
these tears are severely weathered and the structures are poorly
preserved. In place of the ridge and valley texture observed in the
initial tear, some of these other tears showed portions of matrix
texture similar to corn on the cob (Figure 2).

Portions of the glassy crust which had been stuck to the SEM
stub were exposed such that their undersides could be examined.
Interestingly, these crusts have a branching network of tubes along
their undersides (Figure 2). From images obtained on the SEM, the
interior diameter of the largest of these tubes is estimated to be
3.5 μm. In some places where the tubes have cracked open, solidified
material could be seen inside. This material resembles a single row of
the corn-cob-textured matrix seen elsewhere in the tear. In other
areas where the interiors of the tubes were exposed the tubes just
contain empty space. The interior diameter of the cracked tubes is
generally 2 μm across. Where pores penetrate all the way through
the glassy crust, the network of tubes circumvents these areas and
avoids contact with the pores. The network appears to branch in two
dimensions only, with no obvious tubes facing up towards the

receiver (corresponding with a tube penetrating deeper into the
tear).

Chemical analysis

Point analysis of chemical composition using EDX shows
considerable variation between the different regions observed. An
unpaired t-test indicates that there are significantly different weight
concentrations of iron and silicon in the matrix material compared
to the radial structures. The p-value is 0.0072 for both iron and
silicon, indicating the values are significantly different.

The average weight concentration of iron is 19.33% in the matrix
and 12.24% in the radial structures, while the average weight
concentration of silicon is 18.43% in the matrix and 21.18% in
the radial structures. Plotting the iron composition as a function of
silicon content, there is a strong negative correlation in matrix
material (R2 = 0.71), while iron content is constant and independent
of silicon in the radial structures (Figure 3).

Additional element mapping performed with the Phenom-XL
SEM and chemical profile analysis performed on the Zeiss EVO-25
SEM generally confirmed these findings (Figure 4). Analysis of
several linear profiles along the surface indicated for the most
part that silicon content increases as the profile passes over
portions of the radial structures.

Discussion

The morphology and chemical distribution of the radial structures
suggests a spherulitic texture caused by radial growth of clinopyroxene
and/or plagioclase feldspar crystals following sub-surface chemical
zonation (Chisholm, 1911; Lofgren, 1971a; Shtukenberg et al., 2012).
It is unlikely that differential cooling or melt flooding of near-surface
vesicles caused the observed textures. The observed structures are
similar to spherulites in that generally they appear to be made of
thin crystals radiating outward from a central cavity (Chisholm, 1911;
Lofgren, 1971a; Shtukenberg et al., 2012). If the inverse were true and
moltenmaterial was penetrating a vesicle before solidifying, there would
probably not be such a consistent pattern of crystal growth (Phillips,
1973). Spherulites can also be produced by the devitrification of glass as
it continues to cool below its glass transition temperature (Lofgren,
1971b). When this is the case there are often cracks associated with the
spherulites (Monecke et al., 2003). Since there are no obvious cracks
associated with the spherulites observed in these samples of Pele’s tears,
it follows that the spherulites formed from the primarymelt rather than
devitrification of the glass. Additionally, no spherulites have been
observed in the glassy outer crust of Pele’s tears but instead appear
just below the surface. Devitrification of the glass would likely affect all
layers of the tears. Further, examination of Pele’s hair indicated no
evidence of spherulites or valley-ridge textures beneath portions of
peeled crust. Had devitrification been the mechanism for formation of
spherulites found in tears, it would have also occurred in Pele’s hair.We
interpret the apparent absence of these textures in Pele’s hair to be due
to the extreme shear strains involved that would have stretched out any
textures to beyond recognizability.

The branching network of tubes on the underside of the crustal
material and radial structures between valley-ridge morphology
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observed in the matrix material are probably made by different
mechanisms. Voids can be created in larger pyroclasts like lava
bombs due to tensile forces produced by uneven cooling over time
(Johnson & Chandrasekar, 1992). Differential cooling may be
responsible for the ridge/valley and corn-cob textures observed in
the matrix material of the tears, but the examinations carried out do
not preclude other explanations. As for the network of tubes,
differential cooling fails to explain why the tube network exists
only just beneath the surface, or why some of the tubes on the
underside of the crust are hollow and empty while others contain
solid material. A potential mechanism for the network is that the

tubes are the expression of the foamy interior of the tears butting-up
against the glassy exterior crust. The interiors of Pele’s tears from
Kīlauea and nearby volcanoes may be particularly foamy due to the
high polydispersivity of bubbles in Hawaiian basalts (Colombier
et al., 2021). As vesicles contact the crust during expansion, they may
flatten out in a disc shape and collide with each other, at which point
surface tension forces shape them into a more stable tube
configuration. The tubes containing solid fragments of material
may be segments of this network which collapsed in on
themselves during cooling. Ultimately, from these examinations
alone it is unclear if the network of tubes plays a role in

FIGURE 3
Concentrations (wt%) of iron plotted against concentrations of silicon for each point analyzed on Pele’s tears from Mauna Ulu. There is an obvious
negative correlation between iron and silicon in the case of the matrix material (R2 = 0.71), but this same correlation is not evident among the points
examined in the radial structures. A value of nearly 50% Fe suggests the presence of micro-crystalline magnetite or other iron oxides that dilute Si in the
matrix but not in the radial structures that show greater variability in Si than Fe.

FIGURE 4
(A)Map of iron content through a radial structure, with a notable donut-shaped void where the structure itself sits. (B)Map of silicon content around
that same radial structure, showing consistently higher concentrations in the structure. Surface topography may affect apparent concentrations outside
the radial structure, but the relative concentrations of Fe vs. Si are not influenced.
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transporting gasses or yet-molten material within the tears during
cooling within or beyond the lava fountain. Further, there is no
obvious correlation between the morphology of the sub-crustal
surface and that of the undersides of the crust.

Basalts from Kīlauea typically have about 10–14 wt% iron
(Payne & Mau, 1946), so the measured values of iron may be
anomalously high due to buildup of iron oxide from the
environment on the surfaces of these tears during weathering.
Indeed, some of the tears examined are visibly stained orange,
probably by iron oxides. The origin or role of a central divot or
cavity is not clear, although work byMoune et al. (2007) showed that
areas of Pele’s tears that were fractured displayed a deeper layer of
zonation. The central divots displayed in these radial structures may
be the expression of a bubble which became trapped beneath the
newly cooled glassy crust of the tear, potentially with a vent leading
to the surface. Through this vent the hot material inside the tear
would be able to exchange gas with the atmosphere as predicted by
Moune et al. (2007). The exchange of cold atmospheric gases would
serve as the cooling front necessary to initiate spherulitic growth of
silica-rich minerals. Additionally, the cavity is in keeping with the
spherulite interpretation, as previous investigations have indicated
that spherulites sometimes have a crystal or cavity in their centers
(Chrisholm, 1911; Shtukenberg et al., 2012).

It is important to note that these spherulites must have formed
in a very short time. After exiting the column of hot gases associated
with the erupting lava fountain, the centers of Pele’s tears with a
radius of 2 millimeters would have fully cooled below their glass
transition temperature after only 0.25 s (Porritt et al., 2012). If the
radial structures observed beneath the chilled crust in Pele’s tears are
indeed spherulitic textures caused by crystal growth and chemical
zonation as the composition data indicate, they must have formed
within this brief cooling time. It is likely the spherulites did not form
before exiting the vent and lava fountain during the eruption, since
temperatures of lava fountains in the proximity of Kīlauea have been
observed to range from 1060° to 1190 °C (Ault et al., 1961). Models of
spherulite formation in mid-ocean ridge lavas assume the formation
of clinopyroxene spherulites begins between 1107° and 950 °C
(Gardner et al., 2014). Assuming the upper range of temperatures
in the lava fountains is indicative of the temperature of the melt
upon exit from the vent, minerals would not begin to form
spherulites in Pele’s tears until they exited the vent and were
higher in the lava fountain.

Our interpretation of the results provided by this study and the
work of others lead us to postulate the following timeline of
spherulite formation in Pele’s tears: as magma made buoyant by
the nucleation and growth of exsolved bubbles ascends through the
vent, lava fountaining is triggered as the expansion of bubbles leads
to fragmentation that converts the magma from a bubbly liquid with
a continuous liquid phase to a gassy spray of droplets entrained in
continuous gas medium (Housley, 1978; Head & Wilson, 1987;
Shimozuru, 1994; Wilson et al., 1995; Jones et al., 2019). Upon
exiting the vent, the melt is between 1060° and 1190 °C (Ault et al.,
1961). The entrained melt fragments from bubble walls and Plateau
borders in the hot gas column of the lava fountain round themselves
under surface tension forces as they ascend, subsequently developing
a glassy crust upon exiting the fountain and becoming exposed to
comparably cold atmospheric air (Porritt et al., 2012; Wygel et al.,
2019). This glassy crust, and possibly vesicles that penetrate the

surface, act as a cooling front to initiate spherulite growth. Spherulite
growth may begin while the tear is still in the lava fountain, but no
spherulites have been observed in the glassy crust of any tears. After
0.25 s of exposure to an ambient air temperature of 25°C, Pele’s tears
with diameters up to 2 millimeters will have completely cooled to
below glass transition temperature (Porritt et al., 2012). Any
subsequent generation of spherulites in Pele’s tears beyond this
point would be through devitrification of the glass, but no distinct
evidence has been found for this in the samples observed from
Mauna Ulu since the spherulites are found only beneath the surface.

The lack of any spherulites that penetrate the glassy outer crust
of the tears likewise indicates spherulite formation does not begin
until after the tear exits the lava fountain and its surface has chilled.
Further, prior to fragmentation in the lava fountain, the bubble walls
and Plateau borders within the erupting magmatic foam would have
had a completely different geometry than the spheroids resulting
from surface tension-induced relaxation prior to cooling. The
potential influence of pre-fragmentation configuration on the
position of radial structures and sub-crustal tubes remains
unexplored. As such, the process that created the tubes on the
underside of the crusts and the textures observed in the matrix of the
tears represents a new knowledge gap and will require further
targeted experimentation to be described with confidence.

Conclusion

The radial structures observed beneath the glassy surface of
Pele’s tears from Mauna Ulu are likely the result of chemical
zonation occurring within the tear as it cooled, potentially
associated with micro-crystallization. This interpretation is
consistent with observed element mapping and by linear profile
chemical analysis. The textures observed within the matrix of the
tears may be caused by tensile stresses imparted within the tears as
they cool from the outside in, or by another mechanism entirely.
This phenomenon and the network of tubes on the underside of the
crust are a puzzle and represent an area for future research and
experimentation.

Investigators who wish to close this knowledge gap regarding
the nature and origin of the network of subsurface tubes
discovered in Pele’s tears during this exploratory study may
take advantage of synchrotron X-ray sources to create high
resolution 3-D models of tears between 30 and 200 μm in
diameter with structures in the 1–10 μm range (beyond the
resolution of standard X-ray sources). Such models should
enable investigators to map the tube network in place and
determine how it interacts with both the surfaces above and
the deeper interior of the pyroclasts below. In the end, this
should lead to a more complete understanding of the eruption
dynamics of lava fountains, the lava flows that emerge from them,
and the associated volcanic hazards to neighboring communities.
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