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Abstract

The 1823 CE Keaiwa lava flow in the Southwest Rift Zone (SWRZ) of Kilauea volcano is unique
for its expansive pahoehoe sheet flow morphology and lack of constructive vent topography,
despite having a similar tholeiitic basalt composition to other lavas erupted from Kilauea. This
lava flow issued from a ~10 km-long continuous fissure known as the Great Crack, and has an
unusually thin sheet flow-like morphology with margin thicknesses of ~15—110 cm (average of 42
cm). Based on field observations of the lava flow at its fissure vent (e.g., drain-back features), we
propose that the Great Crack formed, or at least significantly widened, syn-eruptively during the
1823 CE eruption. The absence of pyroclastic or scoria cones indicates that the eruption consisted
of a rapid outpouring of relatively degassed lava as the fissure unzipped. This rapidly moving lava
flow overtopped pre-existing tumuli and scoria cones (e.g., Lava Plastered Cones) up to ~10 m
tall. Glass and whole-rock chemistry yield homogeneous compositions for the lavas erupted from
the Great Crack, with glass compositions of 6.40 + 0.10 wt. % and whole-rock compositions of
7.39 + 0.07 wt. % MgO. A shorter western fissure system is richer in mafic minerals (e.g., olivine
and clinopyroxene), and therefore the lavas from this fissure are slightly more MgO-rich (7.79 +
0.05 wt. %). MgO-in-glass thermometry was used to calculate eruption temperatures of 1153+
13°C from spatter from the Great Crack fissure. These temperatures are typical of Kilauea lavas,
thus the extensive sheet-like lava flow morphology is not a direct consequence of unusual
magmatic or rheological conditions (i.e. low viscosity). Instead the flow morphology is associated
with high effusion rates caused by sudden drainage of uprift magma through the Great Crack. Lava
flow modeling using VolcFlow on a 2 m DEM indicates that a minimum bulk effusion rate of
~11,200 m3/s (~6,700 m*/s dense rock equivalent, assuming ~40 % vesicularity) and a minimum
flow velocity of ~11 m/s are required for the lava to overcome the Lava Plastered Cones. These
effusion rates are amongst the highest inferred for eruptions in Hawai’i. This study sheds light on
an anomalous eruption style that occurred from the unique fissure that is the Great Crack and the
dynamics involved in its lava flow emplacement; providing new insights into potential risks and
hazards during basaltic eruptions from Kilauea and possibly Mauna Loa. An eruption similar to
1823 CE with a time frame shorter than an hour, high effusion rates, and rapid flow front velocities
would not easily allow for evacuation.



Introduction

Lava flow morphology is intimately linked with the physics of lava emplacement. Lava flow
geometries, internal structures, and surface morphology record intrinsic (e.g., composition,
temperature, crystallinity) and extrinsic (e.g., topography, effusion rate, flow velocity) parameters
that operate during emplacement (i.e., Cashman et al., 1999; Harris and Rowland, 2015).
Quantifying these parameters is useful in the case of eruptions that were not witnessed or
monitored firsthand, particularly as flow morphologies are useful indicators of emplacement
characteristics that can help characterize lava flow hazards at frequently active volcanoes. Kilauea
is one such frequently active shield volcano on the Island of Hawai‘i that is dominated by eruptions
of tholeiitic basalt. Effusive lavas erupted from Kilauea have variable flow morphologies that
include pahoehoe and its sub-types (e.g., toothpaste, sheet, slaby, shelly) and ‘a‘a lavas (Holcomb,
1987; Walker, 1999; Harris and Rowland, 2015).

Pahoehoe lava flows commonly have smooth, hummocky surfaces, and can be as thin as a few
centimeters upon initial emplacement before reaching several meters thick after repeated breakouts
and inflation (Macdonald, 1953; Rowland and Walker, 1987; Harris and Rowland, 2015). These
flows initially propagate as lobes of lava forming a thin crust that act as an insulator and retainer
to incoming lava from upslope. This process forms pahoehoe toes at their flow fronts. The internal
pressure of lava deforms the skin plastically, allowing the toe to swell before rupturing to form a
newer toe ( Hon et al., 1994; Cashman et al., 1999) This repeated process leads to the formation
of complex flow fields with networks of tubes, frontal lobes, and toes. Pahoehoe lava flows are
thus commonly compound flows that accumulate generations of branching tubes, breakouts, and
sub-units (Mattox et al., 1993). They are considered the morphological hallmark of low viscosities
and effusion rates ( Rowland & Walker, 1990; Cassidy et al., 2018). ‘A‘a lava flows on the other
hand have a rough, auto-brecciated surface covered by clinker (Harris and Rowland, 2015). ‘A‘a
flows typically range from 0.5 to 20 m thick, and are characterized by a core sandwiched between
two layers of variably thick clinker or breccia. While ‘a‘a flows can initially propagate as a simple
sheet-like unit, the velocity difference causes formation of more central channels and stalling along
flow edges (Harris and Rowland, 2015).

Extensive pahoehoe sheet flows, defined as simple flows consisting of one, or a few extensive
but thin sheets, emplaced within a short time frame, are less common at Kilauea. Their surface is
still smooth, but much less dominated by intricate, ropy surfaces traditional of slowly advancing
pahoehoe flows. Observed instances of active sheet flows during the 1969—71 Maunaulu or 1983—
2018 Pu‘u‘o°0 eruptive phases were emplaced close to their vents, at locally high effusion rates
and velocities. These sheet flows only extended a few hundred meters from their vents ( Swanson,
1973; Mattox et al., 1993). A more extensive, several kilometer-long pahoehoe sheet flow formed
at Krafla (Iceland) in 1984 during its initial high effusion phase (Rossi, 1997), but observed
instances are otherwise scarce.

Here, we investigate the 1823 CE Keaiwa lava flow from the Great Crack in the lower
Southwest Rift Zone (SWRZ) of Kilauea volcano. The lava flow produced during this eruption is
anomalous compared to others from Kilauea in that it is comprised of an unusually thin (typically
<1 m), several kilometers-long sheet flow morphology that has a pahoehoe-like proximal surface
and more distal ‘a‘a lava morphologies. This lava erupted along a remarkably continuous and
extensive fissure called the Great Crack that lacks any constructional vent features (e.g., scoria
cones, spatter ramparts). Stearns (1926) was the first to conduct a detailed study of this lava flow,
and noted it as being unique when he stated ‘ Although similar, perhaps, in texture and composition
to some other flows, it is unusual because of its source, the manner of its extrusion, and its



thinness.” Additionally, the anomalous behavior of this flow is recorded in the fact that it
overtopped a set of pre-existing cones called the Lava Plastered Cones, the tallest of which stands
~10 m above the surrounding lava plain (Stearns, 1926; Soule et al., 2003). Overtopping of this
topography is thought to indicate either rapid flow and high effusion rates or ponding against the
cones and drainage ( Stearns, 1926; Baloga et al., 1995; Guest et al., 1995; Soule et al., 2003).

We conducted fieldwork to obtain measurements to constraints on the near vent and more distal
flow features. We measured lava flow thicknesses at the fissure, kipukas, margins, tree molds, and
at ramp-up features. Petrographic and geochemical characterization of samples from this eruption
were undertaken to determine if this lava is rheologically anomalous compared to other tholeiitic
basalts at Kilauea. These data were combined to provide realistic input parameters for VolcFlow
modeling to better understand the effusion rate and velocities. Specifically, we aimed to tackle the
following questions: (1) What caused this eruption? Was the rift system overpressurized or
responding to an extensional rift opening event? (2) Did the Great Crack form during the 1823 CE
eruption, and if so, what does the lack of constructional vent features indicate about the style and
underlying cause for the eruption? (3) Did the lava flow pond against or override the Lava Plastered
Cones, and what does this imply for emplacement velocity? (4) Given the new field, geochemical,
rheological, and numerical modeling constraints, what are plausible ranges in effusion rates and
emplacement timescales for large scale sheet flows at Kilauea?

Geological Background

Southwest Rift Zone

About 90% of Kilauea’s surface area is covered by lava flows younger than 1,500 years old as
a result of its high eruption frequency (Sherrod et al., 2021). This is a reflection of the high magma
supply of the Hawaiian hotspot that feeds Kilauea’s magma reservoirs at a rate of at least
0.1 km®/yr (Poland et al., 2014). The summit region of Kilauea currently hosts two long-lived
magma reservoirs; the deeper and larger South Caldera reservoir at 3—5 km depth with an estimated
volume of 3—20 km?, and the shallower Halema‘uma‘u reservoir at 1-2 km beneath Halema‘uma‘u
Crater with estimated volumes of 0.2—-8 km? (Poland et al., 2014; Anderson et al., 2019). These
reservoirs supply magma to the summit as well as to the two rift zones that radiate from the summit:
the East Rift Zone (ERZ) and SWRZ. The ERZ is ~130 km long, with more than half located
below sea level. It has been the most active of Kilauea’s rift zones for at least the last ~200 years.
The subaerial SWRZ extends ~35 km from the summit to the coast, and extends only a few
kilometers offshore (Holcomb, 1987). The trend of the SWRZ changes by ~30° from southwest to
south-southwest at the Pu‘ukou bend, which is situated about halfway between the summit of
Kilauea and the coast (Hazlett et al., 2019b).

The SWRZ is divided into two primary strands, the deeper seismic SWRZ and the shallower
volcanic SWRZ (as defined by Holcomb, 1987; Poland et al., 2014) (Fig. 1). The seismic SWRZ
extends as far as the Kamakai‘a Hills, and is marked mostly by earthquakes and seismic swarms
related to magmatic intrusions. The volcanic SWRZ is delineated at the surface by an alignment
of fissures, scoria cone alignments, faults, and ground cracks. The most prominent feature is the
~15 km-long Great Crack, which consists in a Skm-long, purely tectonic opening on its northern
extent, and a ~10 km of eruptive fissure responsible for the 1823 CE eruption.
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Fig. 1. Location of Kilauea volcano (inset map) and lava flows within the Southwest Rift Zone that erupted from post-1790 CE to
its most recent eruption in December 1974 (modified from Sherrod et al., 2021). For reference the recent eruptions (2020-23)
within Halema‘uma‘u Crater are shown, as is the 1 m isopach of the ~1500 to early 1800s Keanakdko‘i Tephra (Swanson et al.,
2014; Swanson and Houghton, 2019).

Southwest Rift Zone Eruptive Record

The historical record of eruptive activity within the SWRZ is generally proposed as beginning
after the 1790 CE unit I explosive eruption of the Keanakako‘i Tephra sourced from
Halema‘uma‘u Crater (Swanson et al., 2014; Swanson and Houghton, 2019). The ~1500 to early
1800s Keanakako‘i Tephra created an easily identifiable composite marker horizon within at least



15 km of Halema“‘uma‘u Crater for dividing older (Observatory shield era) from younger historical
lava flows (Swanson and Houghton, 2019) (Fig. 1), with unit I at 1790 CE being particularly easy
to identify due to its accretionary lapilli-bearing nature. Hazlett et al. (2019) documented the
stratigraphic position of the 1790 CE unit I tephra, confirmed via radiocarbon dating, in
relationship to historical lavas within the middle SWRZ to demonstrate that eruptions occurred
from the Kealaalea Hills and Kamakai‘a Hills after 1790 CE. The Kealaalea Hills lava flow is in
turn covered in places by the 1823 CE lava flow, prompting Hazlett et al. (2019) to interpret both
the Kealaalea Hills and Kamakai‘a Hills as erupting sometime between 1790 and 1823 CE (Fig.1).
Eyewitness records and stories do not exist for these two eruptions; however, the 1823 CE lava
flow was visited shortly after its eruption and was stated to still be hot to the touch, steaming, and
incandescence was still visible within its source fissure (Ellis, 1827).

The SWRZ’s next eruption occurred ~45 years later, in 1868 (Coan, 1868), and subsequently
erupted in 1919-1920 (Rowland and Munro, 1993), 1971 and 1974 (Holcomb, 1987; Neal and
Lockwood, 2003; Sherrod et al., 2021). Since December 1974, the SWRZ has been volcanically
quiet, although geophysical signals (i.e., seismicity, geodetics) indicate periods of magmatic unrest
within the South Caldera and upper SWRZ regions.

1823 CE Eruption and Great Crack

The 1823 CE eruption occurred within the lower SWRZ in a part of Kilauea called the Ka‘a
Desert due to its arid, sparsely vegetated surface. This eruption produced a sheet-like lava flow
that covers an area of ~12.4 km?, with ~6.4 km? of pahoehoe-like proximal morphology, ~6 km?
of slabby ‘a‘ad to ‘a‘a (primarily present at >1 km away from the fissure vent), and ~0.01 km? of a
phreatic debris field presumably from magma interacting with shallow groundwater near the coast
(Fig. 2). Nowhere do the flows become well channelized, although proto-channels lacking levees
appear in the transitional pahoehoe-to-‘a‘a dominated regions in satellite imagery.

This eruption has the distinction of being the first documented by an expedition of non-
Hawaiian visitors. Based on eyewitness accounts from local inhabitants, Ellis (1827) reported:

‘The people of Kearakomo also told us that no longer than five moons ago Pele (Hawaiian
goddess of volcanoes) had issued from a subterranean cavern, and overflowed the lowland of
Kearaara (sic. Kealaalea) and the southern part of Kapapala. The inundation was sudden and
violent, burnt one canoe, and carried four more into the sea. At Mahuku the deep torrent of
lava bore into the sea a large rock, according to their own account near a hundred feet high,
which, a short period before had been separated by an earthquake from the main pile in the
neighborhood. It now stands, they say, in the sea, nearly a mile from shore, its bottom
surrounded by lava, its summit rising considerable above the water.’

Ellis (1827) continues by stating of the lava:

‘It was highly scoriaceous, of a different kind from the ancient bed of which the whole valley
was composed, being of a jet-black color and bright variegated lusters, brittle, and porous;
while the ancient lava was of a gray or reddish colour, compact, and broken with difficulty.’

Stearns (1926) later provided detailed descriptions of this lava flow and its source fissure. He
also noted that the mapped location of the 1823 CE lava flow, its source fissure, and in some cases
source volcano changed significantly (see; Donn, 1901, Baldwin and Wright, 1907; Hitchcock,



1909, 1911) in the almost 100 years between the visit by Ellis (1827) before correcting the record
with his own investigation (Stearns, 1926).
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Fig. 2. Map showing the study area and an aerial view of a small portion of the fissure called the Great Crack. Included are the
locations of field measurements and collected samples.



The 1823 CE lava flow erupted from a fissure that makes up 2/3 the Great Crack (originally
referred to as the Ponahohoa by Ellis, 1827). The lava predominantly flowed to the southeast. The
eruptive fissure part of the Great Crack is >10 m wide and >10 m deep for most of this length, and
completely lacks constructional vent features (e.g., ramparts, scoria cones) (e.g., Stearns, 1926).
The Great Crack extends a further 5 km uprift from the first appearance of the 1823 CE lava.
However, this amagmatic segment is not as deep or wide as the 1823 CE magmatic portion. An
additional, ~230 m-long fissure system occurs ~180—400 m west of the Great Crack, the West
Crack (Fig.2). This fissure system consists of a set of four aligned (~200 m long), < 50 cm-thick
lava flow pads along its northern extent, and a separate segment ~820 m to the south (~200 m long
and aligned with the older Pu‘u‘ula‘ula fissure vent). The small lava flow erupted from the
southern end of the west crack connects with the flows emitted from the Great Crack.

Numerous kipuka are stranded across the 1823 CE lava flow, often displaying ramp-up features
on their fissure-facing sides. This is an indication that the lava flow was moving fast enough to run
up their slopes and, in some cases, overtop them entirely. The lava flow also mantles a line of
scoria cones known as the Lava Plastered Cones, which are aligned roughly perpendicular to flow
direction (Fig. 3A). The largest of the Lava Plastered Cones is completely covered by lava on its
western side (the side facing the Great Crack) with the lava draping the outer and inner slopes of
this scoria cone and showing some ponding in its interior (Fig. 3B). However, its eastern side
(facing away from the Great Crack) shows no 1823 CE lava covering it.

Several small ballistic fields produced by phreatic explosions occur at the southern extent of
the Great Crack (Stearns 1926). The ballistic fields are ~15—-60 m in diameter with ejecta up to 60
cm in diameter. Stearns (1926) identified blocks being held tight by the underlying 1823 CE lava,
which he interpreted as evidence that these phreatic blasts occurred before the lava had time to
sufficiently cool and solidify (i.e., within hours or less of the lava erupting).
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Fig. 3. Lava Plastered Cones. A) The photo shows the northernmost Lava plastered cones surrounded by the 1823 lava flow,
yellow arrows show the direction of the flow perpendicular to the cones alignment, and B) shows the tallest cone covered by the
1823 lava flow.

Methods

Fieldwork and Sample Collection

To better characterize the features along the eruptive fissure part of the Great Crack and 1823
CE lava flow, we conducted detailed fieldwork and collected 48 samples for petrography and
whole-rock, glass, and olivine chemistry. We documented morphological features to help



understand the emplacement of the 1823 CE lava flow and its relationship to the Great Crack. Lava
flow features documented and measured include near-vent lava flow surface morphology, fissure
drain-back features, tree molds, lava balls, and sporadic spatter from sloshing of lava against the
fissure walls. We measured thicknesses of proximal and distal lava flow margins, tree molds (pre-
and post-draining), lava flows around kipuka margins and along the length of the Great Crack
(Fig. 2). We also measured the run-up heights and angles of ramp-up features (e.g., tumuli, Lava
Plastered Cones, ramparts). Additionally, while the year of eruption of the 1823 CE lava flow is
not in question, four charcoal samples were analyzed to place it within the context of previously
analyzed charcoal samples from other SWRZ eruptions that occurred in the early 1800s. Field,
chemical, and petrographic data all provide key inputs for understanding and modeling the
rheological behavior of the 1823 CE lava flow, as detailed below.

Chemistry

Wavelength Dispersive X-Ray Fluorescence (WD-XRF) Spectrometry

A total of 26 samples were analyzed for major-oxide and trace-element chemistry by
wavelength dispersive X-ray fluorescence (WD-XRF) spectrometry. Samples consist of near-
fissure glassy spatter (n = 10), the surface of the pahoehoe-like sheet flow (n = 11), transitional
pahoehoe to ‘a‘a flow surface crust and clinker (n = 2), and the highly vesicular and glassy juvenile
interiors of lava balls (n = 3). A single sample (K21-DD56 R) was run twice as a duplicate analysis
to check for internal precision and accuracy.

Samples were ultrasonicated in distilled water for an hour to remove adhering sulfur species,
and ~25 g of material was sent to the Hamilton Analytical Laboratory at Hamilton College in
Clinton, New York, USA for analyses (using the methods of Johnson et al., 1999). Fresh rock
chips were powdered in an Al-swing mill, diluted with a flux of di-lithium tetraborate (Li2B4O7)
at a 2:1 ratio (flux to rock), and fused to a bead at 1000°C. The bead was powdered, refused,
polished to provide a smooth surface, and analyzed on a Thermo ARL Perform’X spectrometer
for 10 major-oxides and 30 trace-elements. Loss on ignition (LOI) is measured for all samples by
heating overnight in silica crucibles at 900°C. Each run included analysis of BHVO-1 standards,
for which accepted values can be found in Jochum et al. 2016. All WD-XRF analyses are reported
as 100% anhydrous with original analytical loss on ignition (LOI) and totals given.

Electron Probe Microanalysis (EPMA)

Glass and mineral (i.e, olivine) chemical analyses were performed on 11 samples of glassy
spatter using the JEOL 8500F Field Emission Gun Hyperprobe at the University of Hawai‘i at
Manoa, Honolulu, USA using the Probe for EPMA software (Donovan and Tingle, 1996). Spot
analyses of glasses were performed using an accelerating voltage of 15 keV, a 10 nA beam current,
a 6—10um beam diameter, and count times of 20 s (Si, Ti, Na, K, P), 30 s (Fe, Mn), and 70 s (Al,
Mg, Ca, CI). Eight spot analyses were acquired for each glass sample, with glass standards
analyzed repeatedly to monitor for analytical drift. The accuracy of the method is less than 0.5%
for SiO, ALO3 and P>0Os, less than 1% for FeO and MgO and greater than 1% for TiO2, MnO,
Ca0O, NaO; and K»>O. The precision is less than 1% for Si0,, Al,O3, FeO, MgO and CaO, less than
5% for TiO; and NaxO and greater than 5% for MnO, P20Os and K»O.

Olivine spot analyses were done using a 20 keV accelerating voltage and a 200 nA beam
current with a diameter of 10 pm. Count times were 40s (Si, Na, Ni), 30 s (Fe, Mn), 50 s (Ti, Ca,
K, Cr), and 56 s (Al, Mg). Core and rim regions were analyzed to check for possible zoning.



Standards used for glass and olivine calibrations include Verma Garnet (Mn), San Carlos and
Springwater olivine (Si, Fe, Mg), Sphene glass (Ti), Lake County plagiocalse (Ca), synthetic
olivine from CalTech (Ni, Ca, Mn), Durango apatite (P), and two glasses were used as check
standards (A-99, VG-2). The accuracy of the methods is less than 1% for SiO; and MgO, less than
5% for FeO and MnO and greater than 5% for Cr2O3. The precision is less than 1% for Si0, FeO
and MgO, less than 5% for MnO and greater than 5% for Cr203.

Radiocarbon Dating

Four samples of charcoal were analyzed by accelerator mass spectrometry (AMS) at
DirectAMS in Bothell, Washington, USA. These samples underwent pre-treatment and were
analyzed on a National Electrostatics Corporation (NEC) 1.5 SDH Compact Pelletron
Accelerator Mass Spectrometer (Tate et al., 2023).

Modeling

Lava flow modeling was conducted using the VolcFlow computer software (Kelfoun and
Druitt, 2005; Kelfoun and Vallejo Vargas, 2015). VolcFlow has been widely use to model
rheology, dynamics, deformation, and emplacement of different volcanic products and processes,
including lava flows, dense and dilute pyroclastic flows, debris avalanches, and tsunamis
(Charbonnier et al., 2013; Gueugneau et al., 2021; Kelfoun, 2021; Kelfoun and Vallejo Vargas,
2015; Marquez et al., 2022). VolcFlow is a depth averaged model that uses an x and y coordinate
system parallel to a topographic surface to simulate various rheologies (e.g., plastic, viscous,
Coulomb, etc.) ( Kelfoun and Druitt, 2005; Kelfoun and Vallejo Vargas, 2015). The mathematical
model incorporates shallow-water equations (SWEs), assuming that flow is shallow compared to
horizontal distance (Kelfoun and Druitt, 2005; Cordonnier et al., 2015; Hager et al., 2019).

Other models such as FLOWGO were initially considered to solve for potential lava flow
emplacement velocities, because it incorporates downflow cooling and the ensuing rheological
changes (Harris and Rowland, 2001, 2015). However, that code is designed for channelized,
cooling-limited flows. As argued further below, the flow was likely volume- rather than cooling-
limited and never developed well-formed channels. In addition, downflow cooling of the 1823 CE
lava flow has been inferred to be relatively small (Soule et al., 2003). For these reasons we opted
to use VolcFlow.

To model 1823 CE eruption, VolcFlow uses topography, volume, time, yield strength,
viscosity and density to simulate the direction, velocity and momentum of the lava flow. The
momentum is amount of mass that is moving at a certain velocity. In this case, we used the current
topography, after 1823 eruption, due to the short and constant thickness it has. The Keaiwa lava
flow mantles very well the pre-existing topography, and was emplaced in a single pulse.

Results

Field Observations and Measurements

We measured lava flow thicknesses throughout the extent of the 1823 CE flow field.
Thicknesses range from 15 to 110 cm along the margins of the flow, 13 to 64 cm along the length
of the Great Crack, and up to 312 cm (pre-draining) and 160 cm (post-draining) for tree molds
within the interior of the flow field (Fig. 4). These thicknesses illustrate how unusually thin the
1823 CE lava flow is over its entire ~12.4 km? extent. By comparison, pahoehoe and ‘a‘a lava



flows from Kilauea typically achieve thicknesses of tens of meters (e.g., Katz and Cashman, 2003;
Harris and Rowland, 2015; Neal, 2019). This does not account for lava that flowed into the ocean,
nor any potential underwater vents that may have formed if the dike intrusion extended into the
submarine realm. Finch (1940) noted that the 1823 CE eruption likely corresponds with ~500 X
10° m? of summit caldera subsidence at Halema‘uma“u, although this estimate is much larger than
the 10 x 10® m® erupted volume that he noted for the 1823 CE flow field.
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Fig. 4. The sketch shows the criteria used to measure tree molds.

Near-vent features and field relations

Field observations helped in documenting volcanic features, such as lava drain-back, ramp-up
features, lava balls, and glassy, air-quenched spatter situated proximal to the Great Crack (within
~50 m) (Fig.5). Furthermore, extensive sections of the walls of the Great Crack are coated by thin
drain-backs of the lava into the fissure system. The 1823 CE lava consistently covers the walls of
the Great Crack fissure system along most of its length. Lava balls also occur along much of the
length of the fissure part of the Great Crack. These lava balls generally consist of older, ripped-up
wall rock coated in 1823 CE lava, as well as highly vesicular, juvenile glassy 1823 CE lava that is
coated in a shell of denser 1823 CE lava. The lava balls are mostly exposed within the walls and
along the top of the Great Crack, but some have been ejected up to 5 m away from the fissure.
Additionally, sparse and localized juvenile glassy spatter (1-5 cm thick) occurs along the fissure
part of the Great Crack, having been ejected as much as 50 m away. This fluidal spatter was too
sparse to build any constructional vent features.

Ramp-up structures have been documented around the entire area covered by the 1823 CE lava
flow, but most of them are in the northeastern part of the 1823 CE flow field. These structures can
be used to estimate the velocity of the flow front (e.g., Baloga et al., 1995; Guest et al., 1995).
Previous reports state that the Lava Plastered Cones stand up to ~10.5 m tall from the flow top
(Stearns, 1926; Guest et al., 1995). Our field measurements and digital elevation models confirm
this, show an angle between 26-28°, and a flow thickness of ~11 cm at the top of the Lava Plastered
Cones. We measured ramp-up features on previously emplaced tumuli and scoria cones, which
yield run-up heights of 4-10 m at angles of 30—50°. The slope of much of the rest of the topography
that encompasses the 1823 CE lava flow is generally <5°, although it is steeper closer to the
coastline.
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Fig. 5. Photos showing volcanic features that interacted with the 1823 CE lava flow. A) pahoehoe-li
thickness at the inner wall of the Great Crack, C) transitional lavas that cover a transitional area between A and B, D) lava drain-
back features that cover lava balls and the fissure part of the Great Crack, E) sequences of lava balls along the fissure wall, F)
ramp-up of 1823 CE lava that covers a pre-existing tumuli, G) Kipuka of older lava that has been partially overrun and surrounded
by the 1823 CE lava flow, and H) tree molds with charred wood and one that is hollow.
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Petrographic Characteristics

Lava from juvenile, glassy spatter and flows of the 1823 CE eruption are generally crystal-
poor (< 5%). Phenocrysts and microphenocrysts consist in olivine, clinopyroxene, and plagioclase.
Millimetric gabbroic crystal clots (plagioclase + pyroxene + olivine) are commonly found in
1823 CE samples but not in samples from the preceding eruption (Kealaalea Hills). The lava flows
that originated from the west crack are richer in crystals than those that originated from the Great
Crack.

Chemistry

Whole-Rock Chemistry

Major-oxide and trace-element abundances from the 1823 CE lava overlap with other tholeiitic
basalt compositions erupted from Kilauea (e.g., Easton and Garcia, 1980; Wolfe and Morris, 1996;
Pietruszka and Garcia, 1999; Garcia et al., 2000, 2003, 2021; Thornber et al., 2015; Gansecki et
al., 2019; Pietruszka et al., 2021). Samples from the west crack are slightly more mafic with MgO
at 7.86 £ 0.05 wt. % (average + standard deviation) compared to the 7.44 + 0.07 wt. % MgO
analyzed from Great Crack erupted samples. Incompatible elements also show a slightly difference
between both sites. Samples from the west crack contain 2.45 + 0.01 wt. % TiOz, 0.46 + 0.004 wt.
% K20, and 11 £ 0.05 wt. % CaO, slightly lower than Great Crack samples that contain 2.51 +
0.01 wt. % TiOz, 0.45 + 0.005 wt. % K20, and 11.15 £ 0.07 wt. % CaO (Fig. 8).

Glass Chemistry

Glass chemistry was only performed on juvenile, glassy, air-quenched spatter samples
collected only the length of the Great Crack. These were used as they are the most rapidly quenched
lavas from the 1823 CE lava flow, and therefore their glass compositions are the least affected by
microlite growth during slow cooling. Our glass analyses yield MgO abundances of 6.40 + 0.10
wt. % which are less mafic than Kealaalea Hills lavas (6.80 = 0.04 wt. % MgO), Halema‘uma‘u
1832 eruption (7.55 + 0.10 wt. % MgO), and Halema‘uma‘u 1877 eruption (6.79 + 0.05 wt. %
MgO), and Great Crack MgO is more mafic than Unit L4 from Keanakako‘i tephra which has 5.91
+ 1.60 wt. %.

MgO abundances were used to calculated eruption temperatures of 1,153 = 13°C (using the
MgO-in-glass thermometer of Shea et al., 2022). These temperatures are similar to the ~1,150°C
for the 1823 CE lava flow that were calculated by Soule et al. (2003). Additionally, Soule et al.
(2004) calculated a temperature decrease of 6 + 1°C/km away from the Great Crack, although
these temperatures vary more based on their lava flow morphologies with an important temperature
boundary being 1,140 + 1°C between pahoehoe and ‘a‘d morphologies. In all cases, our glass
analyses confirm that the 1823 CE lava flow was a typical tholeiitic basalt with a common eruption
temperature for Kilauea.

Olivine Chemistry

Olivine compositions range between Fo7s6 and Fogs s (n = 78) in cores and rims. Olivine core
compositions from the 1823CE eruption are in the range Fo7s.1-83.8, with a peak at Fo7gs. Rim
compositions range from Fo7s.6-g1.6 with a peak at Fors 3.

To understand the spatial and temporal context of the 1823 CE eruption, we compare its olivine
phenocrysts to that of other SWRZ and Halema‘uma“‘u Crater olivine from the Keanakako‘i Tephra
period and the early 1800s (Fig. 6 and 7). Olivine core compositions from Kealaalea Hills eruption
(erupted sometime between 1790-1808 CE; Downs et al., 2023) from the SWRZ have slightly
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higher Fo contents overall, with a range Fo77.,-gs54, and a peak at Fog> 3. Rim compositions are also
slightly higher than in 1823 CE lavas (Fo76.3-s4.7 with a peak at Foso.s). Both 1823CE and Kealaalea
olivine compositions show much lower Fo than summit lavas from the same period. Olivine core
compositions from the Halema‘uma‘u Crater in 1832 CE have Fog7.7-90.0 with a peak at Fogo.1, and
rim compositions of Fog» 2877 with a peak at Fogs 3. Olivine core compositions from Keanakako‘i
Tephra unit L4 (erupted in the early 1800s CE from Halema‘uma‘u Crater) have Foga.g gs.7 with a
peak at Fogs.6, and rim compositions of Fo793-57.0 with a peak at Foga.1.

In general, summit eruptions during the Keanakako‘i Tephra explosive period from ~1500 to
the early 1800s CE are dominated by high-Fo olivine (Fogo-90, see Lynn and Swanson, 2022). Lynn
and Swanson (2022) propose that there is a clear difference in olivine core and glass compositions
after periods of caldera collapse or small-scale crater collapse at Kilauea. Ellis (1827) states that
the lava lake at the summit in Halema‘uma‘u Crater had drained by >100 m not long before his
arrival at the summit, based on the appearance of a glassy, black ledge to the summit lake may
have drained in conjunction, or in response, to the 1823 CE eruption. However, the Fo contents of
1823 CE olivine phenocrysts cores are lower than those typical of fresh, summit-derived magmas.
Despite that, temperature obtained from glass analysis for the 1823 CE eruption lies on the typical
range of temperature for basaltic lavas at Kilauea, so does its viscosity.
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Fig. 6. Comparison of the Forsterite percentage of the Keaiwa lava flow and Keala‘alea hills compared with other Kilauea eruptions
that occurred around the same period of time at the summit and SWRZ. The symbols are larger than the analytical errors for the
data (Fo from the Great Crack). Chemical data shown for comparison are from Garcia et al. (2003), Lynn et al. (2017), Lynn and
Swanson (2022) and Downs et al. (2023).
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VolcFlow Modeling

Effusion rates and flow front velocities

We ran approximately 250 models to calculate the minimum effusion rate and velocity
necessary for a lava flow originating from the Great Crack to overtop the Lava Plastered Cones
(~10 m) and ramparts within the southwestern region of the 1823 CE lava flow. Yield strength and
viscosity are key inputs to the model, and are approximated as being constant for the duration of
the flow. We justify this approximation by noting that lava flow thickness at the margins varies
little along the Great Crack and from proximal to distal regions. A melt viscosity of ~140 Pa/s was
calculated using the model of Giordano et al. (2008) with glass compositions measured by EPMA
and a maximum temperature of 1153 + 13°C calculated using the MgO-in-glass thermometer of
Shea et al. (2022). A bulk viscosity of up to 250 Pa/s was then obtained from the equations by
Phan-Thien and Pham (1997) using a crystallinity of 5 vol.%, a vesicularity of 40 vol.%, and
assuming bubbles and phenocrysts have roughly the same size. Given that our modeling objective
is to explore the lower bounds of effusion rates and velocities required for the 1823 CE lava flow
to overtop pre-existing cones and ramparts, we tested a bulk viscosity range of 100—200 Pa/s in
the models. Testing higher values of viscosity would only lead to requiring higher effusion rates
and velocities to overcome the same topographic barriers. The retarding stress component for lava
flows is yield strength and controls the final thickness of the modeled flows. We adopted a yield
strength (ty) of 500 Pa, which resulted in a final flow thickness comparable to those that we
measured in the field (Fig. 9). Additionally, due to the importance of the resolution of the digital
elevation model (DEM) when testing the accuracy of any terrain-dependent model, we first used
the USGS 1 m-resolution lidar DEM, which was not feasible in terms of simulation time. Thus,
we reduced its resolution to 2 m, which provided reasonable simulation times (ranging from a few
minutes up to 1 hour per run depending on the model parameters used).
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Fig. 9. Comparison between thicknesses obtained from VolcFlow and thicknesses measured in the field.
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We tested a parameter grid of volume and eruption duration in the code while keeping them in
the range of the total erupted lava field (12 x 10°® m*)(Stearns, 1926). We ran models for volumes
between 3 x 10° to 12 x 10° m®, and durations from 100 to 2,000 s, which cover a wide range of
effusion rates (5 x 103 to 18 x 10° m3/s) along the length of the fissure (Fig. 10). However, we
focused the simulations on accurately replicating the coverage of the 1823 CE lava flow over the
highest structures in the flow field, the Lava Plastered Cones.
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Fig. 10. Results from lava flow modeling. Linear relationship between time vs volume show the minimum effusion rate (boundary
between the squares and the triangles) required for the lava flow to cover the Lava Plastered Cones.

Three main model outputs were examined: a video of the simulation showing the fraction of
the Lava Plastered Cones covered by the 1823 CE lava flow, as well as two plots of velocity
(maximum velocity across the flow field, Vmax, and local flow velocity just north of the largest of
the Lava Plastered Cone, Vcone). Simulation results were marked as successful when the lava flow
completely covered the area of the Lava Plastered Cones as shown in the orthophoto and verified
in the field (Fig. 11). Conversely, a lava flow that did not overcome the Lava Plastered Cones or
left patches uncovered were marked as unsuccessful. The models that provided very narrow or
small uncovered patches were assigned as almost complete and were used to mark the limit of
effusion rate needed for the lava flow to overtop the Lava Plastered Cones.
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Fig. 11. Lava Plastered Cones in VolcFlow. The 2 m DEM's show the criteria used to classify the models. White squares show the
area used to classified wheter the flow is succesful or not. Black arrows show flow direction.

The minimum bulk effusion rate needed for the 1823 CE lava flow to completely overcome
the highest (~10 m) of the Lava Plastered Cones is 10,000—11,000 m>/s for volumes of >4 x 10°
m?® with a velocity of 11 m/s (Fig. 12 and 13). Assuming a vesicularity of 40 vol. %, dense rock
equivalent effusion rates are 6400—-6800 m3/s. Guest et al. (1995) calculated velocities of 12—15
m/s assuming a lava flow thickness that was 2 m thicker than the evidence of tree molds they had
at that time. Our model results in a maximum thickness between 2 and 2.5 m total, similar to the
average thickness meassured at tree molds in the interior of the flow. Our models can replicate
near perfectly the 1823 CE actual flow field and its momentum around the Lava Plastered Cones
which provides confidence about the accuracy of the simulations and our assumption of the
eruption mechanism (Fig.14).
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Fig. 14. The complete extent of the VolcFlow simulation for the 1823 CE eruption. It shows a good fit of the simulation within the
actual flow field outline. Black lines are topographic contour lines.

Comparisons to eruptions worldwide show that high eruption rates can occurr (Fig. 15).
Eruptions with high effusion rates occured at Kilauea during Mauna Ulu eruption in 1969, and
Pu‘u‘co in 1984 and 1985 ( Lipman & Banks, 1987; Rowland & Walker, 1990; Dietterich et al.,
2021). However, these eruptions occurred during a longer period of time, and their lava flows did
not go too far from the vent. The eruption of Nyiragongo volcano in 1997 (Favalli et al., 2006;
Tazieff, 1977) had effusion rates alike to the ones obtained for the 1823 eruption, however the
volcanic edifice and the type of eruption are not similar to the Great Crack structure. Thus, the
Great Crack eruption and its Keaiwa lava flow is a unique scenario where the effusion rates
overpassed other big eruptions worldwide in a short timeframe.
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Fig. 15. The plot shows a comparison between the VolcFlow model results and other eruptions that occurred worldwide in terms
of effusion rate vs time. The black arrow shows the tendency of the VolcFlow models in time. Eruption rates shown for comparison
are from (Acocella & Neri, 2009; Andronico & Lodato, 2005; Calvari et al., 1994; Coltelli et al., 2007; Coppola et al., 2017; Dietterich
et al., 2021; Favalli et al., 2006; Harris & Neri, 2002; Lipman & Banks, 1987; Staudacher et al., 2009; Tazieff, 1977; Vicari et al.,
2007)

Discussion

Formation of the Great Crack

The Great Crack is one of many ground cracks documented within a 3 km-wide belt the SWRZ,
many coinciding with eruptive fissures. North, and <500 m uprift of the 1823 CE lava flow, the
Great Crack quickly and noticeably becomes a less continuous feature, dispersing into many
shallower ground cracks. The Great Crack is unique in that it hosts the 1823 CE lava flow along a
~10 km-long continuous stretch. This is unusual for a Hawaiian fissure eruption of tholeiitic basalt,
which tends to occur as multiple distinct en echelon fissures over many kilometers (e.g., 1955 and
2018 lower ERZ eruption; Macdonald and Eaton, 1964; Neal et al, 2019).

The walls of the Great Crack are coated with a thin (few centimeters) veneer of 1823 CE lava
along much of its length. Many locations along the walls of the Great Crack contain abundant
spherical lava balls coated in 1823 CE lava. These lava balls can reach >2 m in diameter but most
are <1 m in diameter. Many coat angular clasts ripped up from previous lava flows exposed within
the walls of the Great Crack, however some contain a light, highly vesicular, and glassy pumiceous
lava of recycled 1823 CE material. These lava balls were likely formed by pieces of wallrock and
recycled juvenile material being transported downflow inside the Great Crack while rotating and
acquiring their coating. As they sank the lava balls continued to accrete into spherical masses, and
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when they floated up again were caught on the edge of the Great Crack where they are exposed
today.

New evidence indicates that the Great Crack opened or widened syn-eruptively during the
1823 CE eruption. A crucial piece of evidence for demonstrating this is that the 1823 CE lava flow
shows drain-back features into the Great Crack from the molten core of flow units that was capped
by an already cooled and solidified crust. Additionally, some of the wall blocks that spalled from
the margins of the Great Crack show drain-back features on both sides of the spalled blocks. This
indicates that these blocks, some several tens of meters long by multiple meters across and with
overthickened lava flows, were breaking from the margin and slumping down while the flows were
still hot. The Great Crack therefore at the very least widened as the 1823 CE lava was erupting.

While the latter evidence does not necessarily indicate that the Great Crack formed entirely
syn-eruptively during the 1823 CE eruption, evidence from immediately older lava flows helps to
clarify our argument. The Kealaalea Hills erupted sometime between the 1790 CE Keanakako‘i
Tephra unit I and the 1823 CE lava flow (Hazlett et al., 2019), and this lava flow is present on both
the eastern and western sides of the Great Crack where it is uprift of and underlies the 1823 CE
lava flow (Fig.16). Unlike the 1823 CE lava flow, Kealaalea Hills lava flows display typical
pahoehoe emplacement structures and morphologies indicative of low effusion rate. These lavas
are brittlely fractured at the margins of the Great Crack immediately uprift of the 1823 CE lava
flow and completely lack drain-back features Therefore, the Great Crack was not a substantial
ground crack when the Kealaalea Hills eruption occurred sometime between 1790—-1823 CE.

Additionally, Ellis (1826) in his book stated that residents of Puna district reported that there
was a great earthquake around the same time as they reported having seen an eruption in the
Southwest Rift Zone. We therefore conclude that the Great Crack unzipped suddenly, and
unleashed an outpouring of largely degassed magma without significant overpressure and
explosive activity. Without further evidence, it is only possible to speculate as to what caused the
unzipping of the Great Crack. This distal subaerial portion of the SWRZ marks the end of the
Hilina Fault system, a series of normal listric faults bounding the down dropped southern flank
blocks of Kilauea Volcano (e.g. Denlinger & Morgan, 2014). The opening of the 1823 CE fissure
may have occurred subsequent to an important southward flank movement, and may therefore
have been tectonically triggered. Such a scenario would be problematic in the context of eruption
forecasting because the onset of eruptive activity would not necessarily be preceded by detectable
intrusive activity or overpressure in the magmatic system below the SWRZ.

| #Kealaalea Hills flow 4
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Fig. 16. Great Crack where it breaks the Kealaalea Hills lava flow — erupted less than 33 years p shows no syn-eruptive
widening or drain-back features. Also shows that the Great Crack is not as deep in the northern portion as it is down to the
southwest.
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Magma Source

Geochemical data shows that 1823 CE lavas have a typical rift tholeiitic basalt composition at
Kilauea. Comparisons to other lavas that occurred nearly the same period of time indicate that
lavas from the Great Crack have slightly lower MgO and started fractionating plagioclase and
clinopyroxene in addition to olivine, without obvious recent input of mafic magma (i.e., olivine
Fo is 76-82 on average, close to equilibrium with typical evolved rift magmas). The 1823 CE
lava flows are thus unlikely to have originated from the summit magma reservoir shortly prior to
eruption. The 1823 lavas are compositionally more similar to the Kealaalea Hills lavas which
preceded them by at most three decades. Thus, we suggest that lavas from the Great Crack comes
from the leftover of Kealaalea Hills through crystallization.

Emplacement Rate and Lava Flow Velocity

Field observations, such as ramp-up features of 1823 CE lava overtopping tumuli and scoria
cones (e.g., Lava Plastered Cones) from previous eruptions, minor spatter, and a lack of pyroclastic
material, indicate that the 1823 CE eruption from the Great Crack was emplaced with an unusually
high effusion rate and flow velocities. Additionally, many kipuka formed when the pre-existing
topography was overrun by the 1823 CE lava on a relatively gentle topography of <5°. This lends
support for the 1823 CE lava having been emplaced quickly from its fissure at the Great Crack.

Soule et al. (2003) undertook a comparison of the distribution of surface lava flow morphologies
(i.e., pahoehoe, ‘a‘a, and transitional) of the July and December 1974 lava flows in addition to the
1823 CE lava flow, which they state has a similar composition, pre-eruptive topography, and
eruption temperatures. Their investigation suggested that all of these lava flows were emplaced at
similar effusion and flow advance rates of 300 m>/s and 1-3 m/s, respectively. These are typical
Hawaiian tholeiitic basalt eruptions and much lower than previous estimates from the run-up
height at the Lava Plastered Cones (Baloga et al., 1995; Guest et al., 1995), which they used to
calculate a flow front velocity of 15 m/s and an effusion rate of 21,000 m®/s. Soule et al. (2003)
calculated velocity from cooling, and obtained a slower flow front velocities of ~6 m/s. They use
a measured cooling with distance and an assumed cooling with time. Our VolcFlow modeling
results indicate that the 1823 CE lava flow would need a flow front velocity of ~12 m/s and an
effusion rate of ~6,700 m?/s to overtop and cover the parts of the Lava Plastered Cones that we
observe in the field (Fig. 11). These velocities are not unusual for channels near active vents (e.g.
Lipman and Banks 1987), but highly unusual for flow fronts in Hawai‘i. Hawaiian lava flows can
reach high effusion rates as it occurred at Pu‘u‘6‘o (1985, 1984) and Mauna Ulu (1969), however,
these eruptions have occurred in hours to days, and within a short distance from the vent. From
modeling, 1823 CE occurred in minutes, and the vent structure is a long continuously fissure of
12 km long. Time and area occupied by this rapid lava flow would represent a catastrophic
scenario.

Conclusions

The Keaiwa lava flow erupted from the Great Crack in 1823 in the lower SWRZ, and was the
first volcanic event in Hawai‘i in being recorder by westerners in a report published by William
Ellis in 1926. This was a unique event of Kilauea volcano because of its eruptive mechanism and
the morphology characteristics of the flow. We propose that this eruption occurred syn-eruptively
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with the formation of the Great Crack, evidenced by the presence of a thin layer of 1823 lava that
coats the walls of the fissure along much of its length. On the other hand, the Keaiwa flow is an
unusual lava flow due to its thin-sheet like morphology, and its very rapid emplacement. This lava
flow exhibits a sudden release of non-volatile magma that occupied an almost flat area of ~12 km?
in a very short time. And, it shows no differences in geochemical composition or unusually high
temperatures compared to other Kilauea eruptions. Despite of this, the 1823 CE lava flow climbed
up the pre-existent Plastered Cones, suggesting high effusion rates and velocities of emplacements.

Such unusually behavior in the future would imply a very short time for eruption response.
This implies that some tholeiitic basalt eruptions from Kilauea and Mauna Loa volcanoes can have
the majority of their flow fields emplaced in a matter of minutes to hours.
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CHAPTER 2

Analog models to promote Geosciences in the Hawaiian Islands

Andrea Tonato', Tom Shea!
ISOEST, University of Hawai‘i at Manoa, Honolulu HI, USA

Introduction

Geosciences involve topics and processes that can be hard to comprehend and visualize within our
human time and spatial scales. These include plate tectonics motion, earthquakes, magmatism, and
metamorphism, among others. Geological processes occur over all timescales, from building of
new vents and lavas within hours to months, to over thousands or even millions of years (e.g., The
formation of the Hawaiian Islands that may last 4 to 6 million years)(HVO, n.d.). It thus can be
complex to visualize how geological processes evolve through time, and what were the
intermediate steps to form current landscapes. Geoscience educators continuously look for
techniques or methodologies that can help students conceptualize better geologic phenomena.
Verbal descriptions are generally effective at explaining methodologies, and instructions. Visual
representations, on the other hand, help to translate difficult verbal descriptions into
comprehensible visual images (Libarkin & Brick, 2002). However, students have different level
of cognitive skills when talking about spatial visualization. Some studies thus suggest that a
combination of observation and hands-on interaction help students to construct a mental imagery
of unfamiliar geometry or spatial domain (Kastens, 2010; Smith, 2001). Therefore, representing
geological processes through analog models or experiments can enhance students learning in a fun
an easy way. In this project, I focus on teaching dike propagation and caldera collapse using analog
models that enable local students to connect geological processes with their surrounding
landscapes and environment. These processes are common to all volcanoes that form the Hawaiian
Islands and have occurred throughout most of their eruptive history. Although the efforts described
here still require a significant amount of testing in classroom environments, qualitative assessment,
and verbal feedback is thus far encouraging.

Dike Propagation

A dike is a tabular or sheet-like body of magma that intrudes into the crust (through small existent
cracks, or along the areas of lowest stress) until they get to the surface, and then they cool (Fig.
17A). Fine-grained intrusive dikes are usually more resistant to weathering and erosion, which
allows them to stand out in nature (Fig.17B).
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Fig. 17. The image A shows how dike propagates from a source, and B shown how a dike looks like in nature
(Taken from Malmeyer et al., 2013).

Gelatin has been widely used in lab experiments to create a simplified dynamic representation of
the Earth’s crust. Analog models using gelatin help geologists understand the kinematics and
dynamics of shallow crustal processes such as dike propagation, emplacement of laccoliths, and
formation of sills (Di Giuseppe et al., 2009; Hyndman & Alt, 1976; Muller et al., 2001; Pansino
& Taisne, 2020; Takada, 1990). Although most of these analog models tackle important and
complex rheological questions about the behavior of the Earth’s crust and enriched our
understanding of different rock body emplacements, few studies have focused on leveraging their
use for education and outreach to cover the basics of dike propagation under volcanoes.

I propose to apply and improve the techniques and methods used in previous experiments to create
a consistent, reproducible dike propagation experiment that will be easy to replicate by whoever
is interested in learning and teaching the basic concept of diking. This analog model setup can also
be used to develop more complex projects for volcanologists who want to improve our
understanding of dike propagation dynamics.

Caldera Collapse

Caldera collapse is a process that deforms the surface of a volcano downwards when the magma
chamber empties during and after large eruptions. Eruptions can happen at the summit or when
lava breaks through vents or fissures on the sides of the volcano. The volcanic edifice weakens
due to the lack of magma in its chamber, the land surface subsides and the area above the shallow
magma reservoir collapses (National Park Service, 2023). One example of this process occurred
in early May 2018, when the Halema‘uma‘u crater at the summit of Kilauea volcano drained as
eruptive fissures opened in the lower East Rift Zone (Tepp, 2021). The summit caldera collapsed
from mid-May, and continued after the end of the eruption in early August (Fig. 18).
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Halema‘uma‘u Subsidence

June 12th, 2018

Fig. 18. Caldera collapse during the Pu‘u‘O‘o eruption in 2018. Photos show a deformation of the Halema‘uma‘u crater at the
summit of Kilauea volcano. Photographs belong to the U. S. Geological Survey.

In this project, we built an analog model that replicates the caldera collapse that occurred in 2018
at Kilauea Volcano. This is an analog model that can be replicated, and carried out to school
exhibitions to help students understand about Hawaiian volcanism.
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Methods

Dike propagation

To develop this model, we divided our approach in four different stages, design, gelatin
preparation, trials, and outreach. We started choosing all the materials (Fig. 19) and selecting the
most appropriate dimensions for a glass container. It had to be light-weight, transportable, and as

safe as possible in case of brakes.
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Fig. 19. Main materials used in the setup of the analog model for dike propagation.

We designed the container on Autodesk fusion to have an idea of the length, width and height.
Then, we used plexiglass of 0,5 mm thickness to build the tank, it is a strong thermoplastic that
has optical clarity, and is resistant and safe to carry. Additionally, it is relatively easy to cut, sand
and glue each piece together. This is important as the container will have a tiny whole at its base.
The dimensions we suggest to replicate this model are: 30 cm x 18 cm x 21 cm (Fig. 20). This

container fits 12 liters of liquid gelatin.

Hole
(0.5 cm diameter)

T
T s

Fig. 20. Dimension of the tank made of plexiglass showing the hole at the base of the container.
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We used industrial gelatin at 1.5, 3 and 5 % concentration as suggested in past experiments
(Hyndman & Alt, 1976; Muller et al., 2001; Takada, 1990). We also add two caps of bleach to the
gelatin mixture to prevent fungus growth. We let the gelatin cool and set at temperatures of 20°C
during 24 hours in the plexiglass tank (Fig. 21).

= = ‘ L -

Fig. 21. Gelatin after 24 hours. It shows how to add the layer of flour, and where to place the polarized sheets.

To simulate our magma, we used water and two options of red coloring, food coloring, and acrylic
paint. We mixed our color in cold water, and hot water to see the differences when injecting the
liquid in the gelatin. For the injection, we used a 300 ml syringe.

Before injecting the water in the gelatin, we created two scenarios: (1) a gelatin with a pre-existing
incision of approximately 4 cm long from the bottom to the top of the tank, and (2) a gelatin
without the incision.

For extra observations, we also added a thin layer of flour at the top of the gelatin when it was set.
When the liquid is being injected, the flour helps to visualize deformation on the top of the gelatin
(Fig. 21).

All these experiments were done after placing two polarized sheets on two parallel sides of the
glass tank and lights to see the stresses caused by the force when liquid is intruding the gelatin.
We took pictures, and filmed the experiments with normal cameras, and with lidar camera, to
measure differences in height of the surface. These measurements can therefore be tailored to lab
activities at high school and college level.

Caldera Collapse

For these experiments, we designed a triangular tank with a small ramp. We used sand, flour, a
ballon, a system of plastic tubes and red water coloring to simulate fissure eruptions and caldera
collapse. The tank is also built of plexiglass due to its resistant, safe properties. To create a
deformable volcanic edifice we use sand, and covered the top with a thin layer of white flour to
improve the observations of the surface deformation. The ballon plays the role of a magma
chamber inside the volcano edifice, and the magma inside is represented by water with red
coloring. The ramp of the set up is used as the flank of the volcano and has four small water faucets
that will allow to drained the magma chamber, as eruptive vents in the rift zone would do.
Everything is connected by a system of 74-in tubes and drip irrigation fittings (Fig. 22).
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Small faucets

Fig. 22. Image shows dimensions and every item used to build the set up of the caldera collapse model.

Results

Dike Propagation

The gelatin at 5 % concentration was the best option for us, it will be hard gelatin, that wouldn’t
brake when transporting, and at the same time, it keeps its viscoelastic properties that simulate
well the plasticity of the Earth crust. We also colored our gelatin to simulate different layers of
strata, however, color diffusion in the gelatin messed all the colors, blocking the clarity of the
gelatin when our magma liquid is being injected (Fig. 23). Thus, our best option was transparent
gelatin.

Fig. 23. The set of photos show two layers of gelatin that diffused, and impede to clearly see the intrusion of colored water.
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The syringe of 300 mL had the right amount of liquid to create an eruption in a gelatin tank of the
suggested dimensions. To simulate magma, we use water and coloring. Food coloring diffuses
very well in the water, and keep a transparent touch in the liquid that doesn’t leave a strong trace
when it is injected in the gelatin. By contrast, acrylic paint changes a little the consistency of the
water, and will leave a better trace of the color in the gelatin for observations due to its opacity
(Fig. 24). On the other hand, temperature of the water-color mixture will only affect the eruption
result. Hot water injection will create a tiny pressure of water vapor while being injected, ending
in a tiny eruption with fountaining. No extraordinary observations were made after cold water
injection.

A different set of experiments were done by creating a small incision of approximately 4 cm from
the bottom to the top of the gelatin. Injecting water without a previous crack in the gelatin will
make it brake randomly until it reaches the surface and will cause a normal eruption. Conversely,
if we make a crack, we have more control of the direction and reproducibility of the experiment.
Therefore, that was the best option for this model. It is an analog model that will be replicated as
many times as possible, and that has to be constitently reproducible for teaching purposes.

Fig. 24. Differences between using water with food coloring, and water with acrylic paint.

Caldera Collapse

This model results are very visual for all audiences. The setup emulates well the eruptive vents on
the flank of the volcano. It is easy to track how the magma chamber drains, how the upper portions
of the volcanic edifice weaken, and the progressive formation of a caldera at the top.

A typical model sequence is as follows: First, all the faucets are open until we fill the tube system
with magma (water with red coloring), and all the air pressure has gone out of the system (Fig.
25). Then, we close all the faucets, and keep injecting magma. All the water will inflate the balloon,
and will instantly show how the surface deforms, and radial cracks form on the flour.
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Fig. 25. Sequence of photos show (from left to right) the faucets of the system closed, while red water is being injected creating
radial cracks at the summit of the modeled volcano.

The small faucets represent the vents on the flanks of a volcano. When one of the faucets is opened,
colored water comes out simulating a lava flow, and the surface starts to cave in, ring faults appear
and a caldera structure forms (Fig. 26).

We noticed that the order in which we open the faucets matters. If we open the faucet closest to
the summit, it will cause a smaller caldera collapse than opening the lower elevation faucet. This
model does a great representation of flank eruptions, and simulates accurately the processes
occurring at the summit when eruptions occur at different elevations on the flanks.

Fig. 26. From right to left, the photos show the red water flowing down from the tube system creating a caldera collapse at summit
of the volcano.

Conclusion

The analog models for dike propagation and caldera collapse are great simulations of these
volcanic processes. We applied these models to different students from three years old children to
high schoolers. Each model showed to be visual and entertaining, and complemented very well to
videos such as the caldera collapse of Kilauea volcano in 2018. The analog gelatin dike model
results are very colorful and handy for kids, who always wanted to touch the end product. Drawings
we received subsequently from the Montessori school allows us to qualitatively measure that our
school visit and analog model leaves an important impression in their minds (See Appendix A).

These are analog models that help to understand volcanism of the Hawaiian Islands, and they are
easy to replicate. Therefore we started creating an instruction video, and pamphlet about the dike
propagation model for schools, teachers, and whoever wants to use the set up to teach (see
Appendix B).
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