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Abstract

We investigate the growth of a passive lava lake in Halema‘uma‘u crater during the December 2020 to May 2021 eruption
of Kilauea volcano, Hawaii. Fed by vents above their surfaces, the formation of passive lava lakes in topographic lows is
an important process in the growth of basaltic volcanoes. We captured visible and thermal images during 17 helicopter
overflights and applied structure-from-motion photogrammetry to create digital elevation models and orthomosaics of
Halema‘uma‘u. These data products allowed us to track eruptive activity and processes. The bulk time-averaged discharge rate
(TADR) in December 2020 initially exceeded 100 m> s~! but decreased to < 10 m? s! within seven days. By February 2021,
TADR was <2 m® s~! and continued to decrease until the eruption ended in May 2021. A total volume of 40.6+0.5 x 10°
m? of lava filled Halema‘uma‘u to a depth of 225 m. As TADR decreased, the lake progressively developed an immobile,
solidified crust, beginning with surfaces farthest from the vent. This immobile surface rose endogenously, whereas exogenous
surface rise occurred near the vent. Eruptive activity at a vent ended when the level of the lake surface exceeded that of the
vent, which we attribute to the effects of lava sitting above the vent on ascending magma. Regular helicopter overflights,
combined with field observations and the extensive monitoring network at Kilauea, generated an unprecedented density of
observations that provide insights into the emplacement of passive lava lakes and how these eruptions wane and end.
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Introduction

Basaltic shield volcanoes display a range of eruptive behav-
ior (Walker 1993). The style and duration of eruptions con-
trol how the edifice grows and potential hazards (National
Academies of Sciences Engineering, Medicine, 2017).
Understanding how different eruptive styles contribute to
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the growth of shield volcanoes and how eruptions begin and
end is important for assessing both the short- and long-term
hazards associated with these systems. Here, we describe the
first eruption to occur at Kilauea volcano (Island of Hawai‘i,
USA) following the 2018 lower East Rift Zone (LERZ) erup-
tion and summit caldera collapse (Neal et al. 2019). After
35 years of continuous activity followed by 2 years of no
eruptive activity, the 2020 eruption initiated a new eruptive
phase at Kilauea characterized by a series of comparatively
short-lived summit eruptions (Patrick et al. 2023).

On 20 December 2020, fissures opened on the walls of
Halema‘uma‘u crater within Kaluapele (Kilauea caldera)
and lava ponded in the topographic low, forming a passive
lava lake (see Sect. 1.1. for definition). The formation of
passive lava lakes is an important process in the growth of
shield volcanoes, filling collapse craters formed during pre-
vious eruptions (Swanson et al. 1972, 1979; Harris 2009).
However, there are only a few detailed descriptions of the
dynamics of these lakes as they form (e.g., Wright et al.
1968; Richter et al. 1970; Peck and Kinoshita 1976). Most
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previous studies of passive lava lakes described the cooling
of ponded lava following the end of an eruption (e.g., Wright
et al. 1976; Wright and Okamura 1977; Helz and Thornber
1987; Stovall et al. 2009a) or examined the sequence of lay-
ered lavas from an older passive lake exposed in the walls
of a newer crater (e.g., Harris 2009).

During the December 2020 to May 2021 eruption of
Kilauea, continuous monitoring from in situ stations and
frequent field observations by the U.S. Geological Survey’s
Hawaiian Volcano Observatory (HVO) collected the most
temporally dense set of observations to capture the forma-
tion and growth of a passive lava lake. This observational
record spans the eruption from start to finish and provides
insight into the processes controlling the progression and
end of the eruption. Frequent topographic surveys of the
lava lake surface as it filled recorded the surface expression
of lava flow dynamics within the lake. We present a detailed
description of the development of this passive lava lake at
Kilauea to highlight an important process in the growth of
basaltic shield volcanoes with implications for the dynamics
of ponded lavas and thick, stagnant flows, and the evolution
and cessation of eruptions.

Passive lava lakes

Lava lakes can be classified as either active or passive
(Swanson et al. 1979; Tilling 1987; Oppenheimer and
Yirgu 2002; Stovall et al. 2009a; Lev et al. 2019). Active
lava lakes represent the top of the magmatic conduit and
can persist for years or decades (Swanson et al. 1979; Till-
ing 1987; Lev et al. 2019). The 2008-2018 Halema‘uma‘u
lava lake at Kilauea (Patrick et al. 2018; 2021) and recent
lava lake activity at Erebus (Ross Island, Antarctica), Erta
Ale (Ethiopia), Nyiragongo (Democratic Republic of the
Congo), and Villarrica (Chile) volcanoes are examples of
active lava lakes (Lev et al. 2019). Passive lava lakes form
when lava collects in a topographic low below a vent and
slowly cools and eventually solidifies, due to there being
no external heat source to sustain it once lava is no longer
flowing into it (Stovall et al. 2009a). One mechanism for the
formation of passive lava lakes occurs when a vent opens in
the wall of a crater and lava flows down and ponds on the
crater floor. Examples of this type of eruptive phenomenon
at Kilauea include the Kilauea Iki eruption of 1959 (Rich-
ter et al. 1970), the 1963 eruption in ‘Alae Crater (Peck
and Kinoshita 1976), and the 1965 eruption in Makaopuhi
Crater (Wright et al. 1968). Passive lava lakes can also form
when lava flows into and fills existing pit craters. This pro-
cess has been described at Masaya volcano in Nicaragua
(Harris 2009) and at Kilauea during the Maunaulu eruption
(Swanson et al. 1972, 1979; Wright et al. 1976). A detailed
description of the passive filling of ‘Alae Crater during the
Maunaulu eruption based on field observations revealed a

@ Springer

complex, episodic sequence of filling and draining that even-
tually erased any trace of the crater (Swanson et al. 1972).

Eruptions forming passive lava lakes have been observed
to end or pause when the level of the lake surface surpasses
that of an active vent on the crater wall and “drowns” the
vent (Wright et al. 1968; Richter et al. 1970; Swanson et al.
1979). Each of the 17 eruptive episodes at Kilauea Iki ended
when the lake surface reached the vent (Richter et al. 1970).
Lava was observed draining back into the vent following the
end of the eruptions at ‘Alae, Makaopuhi, and Kilauea Iki
Craters (Wright et al. 1968; Richter et al. 1970; Peck and
Kinoshita 1976; Stovall et al. 2009a).

Past observations have shown that the appearance of
a stable, solidified surface crust on a passive lava lake is
controlled by the rate of inflow into the lake relative to its
surface area (Wright et al. 1968; Peck and Kinoshita 1976).
During the Makaopuhi and ‘Alae Crater fillings, the entire
width of each lava lake showed mobile surface flow dur-
ing periods of higher effusion rates. When the effusion rate
was lower relative to the surface area, lake surfaces furthest
from the vent would stagnate and develop a crust (Wright
et al. 1968; Peck and Kinoshita 1976). Stagnant areas were
characterized by crustal foundering, driven by the density
contrast between denser crust and less dense mobile lava
beneath and overriding the crust, causing the crust to over-
turn and sink (Stovall et al. 2009b). The surface of a passive
lava lake often slopes slightly downward, away from a high
point at the inflow source. Surface flow velocity is generally
highest at the inflow and decreases away from the source
as flow spreads semi-radially across the lake surface. The
lake can also become “perched,” where levees bounding the
mobile, molten surface form inset of the crater wall with
cooler, stagnant, solidified crust at a lower elevation between
the levee and wall (Wright et al. 1968; Richter et al. 1970;
Peck and Kinoshita 1976).

At Kilauea Iki, higher effusion rates caused lava from the
vent to overflow onto the existing lake surface crust (exog-
enous growth), whereas when the effusion rate was lower,
lava flowed into the lake beneath the crust, causing the lake
surface to slowly rise (endogenous growth) (Richter et al.
1970). Endogenous and exogenous surface rise also occurs
at active lava lakes (Orr, 2014; Patrick et al., 2014, 2024), as
does crustal foundering (Stovall et al. 2009b; Patrick et al.
2016). Patrick et al. (2016) observed larger crustal plates
and foundering at the active 2008-2018 Halema‘uma‘u lava
lake when surface velocities were relatively low and smaller
plates, with minimal (or no) foundering, when velocities
were higher. Crustal foundering also occurs in lava ponds
(generally differentiated from lava lakes by their smaller size
and absence of a confining crater) that form associated with
the emplacement of lava flows (Patrick and Orr, 2011; Orr
et al. 2022). Thus, investigation of the eruptive processes
driving observed activity at passive lava lakes can inform
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the behavior of lava lakes and ponds in general, and their
associated flow fields (e.g., Pedersen et al. 2022).

The 2020-2021 eruption of Kilauea volcano

Prior to the 2018 LERZ eruption of Kilauea, eruptive activ-
ity had been continuous at the summit in Halema‘uma‘u
since 2008 and at Pu‘u‘o°6 in the middle East Rift Zone
since 1983 (Wolfe et al., 1987; Patrick et al. 2021). Dur-
ing the 2018 LERZ eruption, the Halema‘uma‘u lava lake
drained. The floor of the summit caldera collapsed ~ 500 m
at its deepest point as magma withdrew from the summit res-
ervoir and fed lava flows in the LERZ (Anderson et al. 2019;
Neal et al. 2019). The end of the LERZ eruption in Septem-
ber 2018 marked the beginning of the first prolonged period
of inactivity at Kilauea in 35 years. Gravity surveys and
deformation monitoring indicated that magma was refilling
the shallow summit magma reservoir by early 2019 (Poland
et al. 2019). In July 2019, a small water lake formed in the
bottom of the crater and reached a depth of ~50 m over the
next 16 months (Nadeau et al. 2024) (Fig. 1).

A new eruption at the summit of Kilauea began within
Halema‘uma‘u on 20 December 2020, at approximately
21:30 (all times are reported in Hawaii Standard Time), fol-
lowing weeks of elevated seismicity and inflation. Multiple
short fissures (~50 m long) opened on the talus slopes that
made up the walls of the crater, and lava cascaded down
into the water lake at the bottom of the crater. The water
lake boiled off in ~90 min with no significant explosions
(Cahalan et al. 2023) as a passive lava lake formed. Also,
in the initial hours of the eruption, a buoyant mass of par-
tially submerged more vesicular material (~ 125 m wide
and ~ 200 m long) formed and rose with the lava lake, drift-
ing across the lake’s surface via the influence of currents in
the lava (Fig. 2a—d). We refer to this feature as an “island.”
While not technically an island due to its buoyancy, there is
a long record at Kilauea for calling similar features islands
(Perret 1913; Jaggar 1947; Richter et al. 1970; Wright and
Okamura 1977), and we chose to follow precedent. Activity
during the initial 24 h of the eruption soon focused at two
main locations: (1) a vent on the north wall of the crater that
was the dominant effusion source, and (2) a vent on the west

Fig.1 Halema‘uma‘u is located
within Kaluapele (the summit
caldera) at Kilauea volcano on S
the Island of Hawai‘i. Dashed 72
outlines within Halema‘uma‘u
show the extent of the water
lake prior to the eruption in
December (blue) and the loca-
tion of the 2008-2018 lava

lake (black). Red shading is

the final extent of the lava lake
from the 2020-2021 erup-

tion, yellow shading shows the
islands on the lake surface, and
brown shading shows the two
main vents. The basemap is a
hillshade of a DEM from 2019
(Mosbrucker et al. 2020), except
for the lava lake surface, which
is the a hillshade from the 8
June 2021 overflight DEM.

The horizonal black line is the
west to east profile line used for
Fig. 4
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Dec 26, 2:37 am

Fig.2 Photos from helicopter overflights and HVO cameras showed
the progression of the 2020-2021 eruption of Kilauea. a On 21
December 2020, erupting lava from both the west (W) and north (N)
vents flowed down the crater walls, forming the passive lava lake. The
main island (I) is the light brown shape sitting within the lava lake.
b On 7 January 2021, the north vent was no longer erupting while
the west vent remained active. The arrow indicates an active crustal
foundering event. ¢ The mobile surface area (dotted outline on image
from 26 March 2021) was relatively stable in February—April. d By
13 May 2021, only a small fraction (dotted outline) of mobile lava

wall of the crater that was the source of smaller flows and
spattering (Fig. 2a).

As the crater filled, the surface of the lava lake surpassed
the Level of the north vent on 23 December, and at approxi-
mately 03:00 on 26 December 2020, the north vent ceased
erupting. A brief period of lava drain back into the north
vent was observed and activity at the west vent increased
(Fig. 2e—g). The west vent was the only source of effusion
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surface remained. The look direction of images in a—d is between
northwest and north. The W-E (left-right) diameter of the lake is
565 m (a), 820 m (b), 900 m (c), and 910 m (d). The shutdown of
the north vent on 26 December 2020 was captured by a timelapse
camera on the south rim of Halema‘uma‘u (Fig. 1) showing the north
vent as the main active vent with minimal activity at the west vent
(e), both the north and west vents active (f), and the west vent as the
main eruptive source with minimal activity at the north vent (g). The
sequence shown spans 24 min

for the remainder of the eruption (Fig. 2b—d). The lake sur-
face continued to rise at a progressively slower rate as the
diameter of the crater increased with elevation and the effu-
sion rate decreased over time.

During the first week of the eruption (through 25 Decem-
ber 2020), the entire surface of the lava lake was mobile (i.e.,
the surface had visible incandescence and horizontal flow).
After 25 December, the effusion rate decreased and the lake
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surface area increased, portions of the lake surface more
distant from the erupting vent began to cool and develop
a solid, immobile crust. Crustal plates piled up at the lake
margins due to surface flow away from the vent, forming a
levee and creating a perched lake. As the effusion rate con-
tinued to decrease, foundering of crustal plates occurred on
the mobile lake surface in areas farthest from the location
of lava inflow to the lake. After a period of resurfacing due
to foundering lasting hours to days, the crust in the loca-
tions where the mobile surface was stagnating would fully
solidify and become immobile. We note here that we refer
to the portion of the lava lake surface with incandescent
and flowing lava as the mobile surface and the portion of
the lava lake with a solidified surface crust as the immobile
surface. We further note that mobility in this context refers
only to the horizonal direction; the immobile surface rose
vertically to accommodate the increasing volume of the lava
lake (endogenous rise).

The eastern half of the lake surface started to become
immobile around 6 January and was completely immobile
by 10 January 2021. The immobile surfaces were gener-
ally a few meters lower than the mobile lake surface but
continued to rise in tandem with the mobile portion as lava
flowed into the lake. The surface area of the mobile portion
of the lake surface slowly decreased until the eruption ended
in late May 2021 (Fig. 1d). No mobile lava was visible on
the surface after 23 May, and the last incandescence was
observed on 25 May.

Methods

HVO maintains a dense network of monitoring stations
around the summit of Kilauea, which include cameras, seis-
mometers, tiltmeters, and global navigation satellite systems
(GNSS) receivers (Shiro et al. 2020). During the 2020-2021
eruption, a Safran Vectronix LRF 7047 laser rangefinder
(1550 nm) was set up to continuously measure the rising
lava lake surface elevation (Fig. 1) (Younger et al. 2024,
2025). Additional cameras were also deployed to supple-
ment the existing network. HVO staff made field observa-
tions and measurements using a Safran Vectronix VECTOR
23 laser rangefinder with hourly-to-weekly frequency while
the eruption was ongoing and conducted daily-to-weekly
ground-based traverses underneath the eruptive gas plume
using a differential optical absorption spectroscopy (DOAS)
spectrometer (Ocean Optics SD2000) to measure the emis-
sion rate of SO, gas (Nadeau et al. 2023). Another key ele-
ment of HVO’s monitoring efforts was frequent helicopter
overflights of Halema‘uma‘u. During these flights, HVO
staff collected photographs using a digital single-lens reflex
(DSLR) camera and thermal images with a forward looking
infrared (FLIR) T1020 camera. In total, 17 overflights were

conducted between 21 December 2020 and 8 June 2021.
Overflights were initially conducted daily, but the frequency
decreased to weekly and then monthly as the eruption pro-
gressed and waned (Table 1).

We applied structure-from-motion (SfM) photogramme-
try (e.g.Snavely et al. 2008; Westoby et al. 2012; James and
Robson 2012) to create 3-D models, point clouds, digital
elevation models (DEMs), thermal maps, and orthomosaics
using the visible wavelength and thermal images taken dur-
ing the helicopter overflights. We used Agisoft Metashape
Pro v.1.8.1 and followed the workflow of Over et al. (2021)
for the SfM processing. Spatial information was added to the
models from each overflight using control points identified
in photos from two pre-2020 eruption overflights (8 April
2019 and 29 May 2020) and a 2019 lidar DEM (Mosbrucker
et al. 2020). We used photos from the pre-2020 eruption
overflights to build a pre-eruption model of Halema‘uma‘u
to use as a reference for the topographic differencing dis-
cussed below. DEMs and orthomosaics for each overflight
were exported at resolutions of 0.5 m and 0.25 m, respec-
tively (Carr et al., 2025).

We applied the M3C2-PM method (Lague et al. 2013;
James et al. 2017) within the open-source CloudCompare
software (www.cloudcompare.org) to difference the 18 point
clouds (the pre-eruption point cloud plus 17 from overflights
during the eruption). The M3C2-PM method calculates sur-
face normal distances between two point clouds and a 95%
confidence interval for that distance. The confidence interval
is determined using the point cloud precision values cal-
culated within Agisoft Metashape Pro following the work-
flow of James et al. (2020) and the registration error of each
cloud to its reference frame (i.e., the pre-eruption model).
We restrict the output of the differencing to only the verti-
cal component of the cloud-to-cloud distance to make the
result easily transferable to a raster representation of eleva-
tion change. For each co-eruptive point cloud, we difference
the cloud compared to: (1) the pre-eruption point cloud to
calculate the volume of the lava lake, and (2) the point cloud
from the previous overflight to calculate the elevation change
of the lava lake surface between flights. The cloud-to-cloud
vertical distances and their confidence intervals were raster-
ized at 0.5 m spatial resolution to create maps of elevation
change and measurement error.

The lava lake volume and the total measurement error
were calculated by summing the pixel values covering the
lava lake surface and vents in the elevation change and meas-
urement error maps, then multiplying by pixel area. Thus,
reported volumes represent bulk, as opposed to dense rock
equivalent (DRE), volumes. This bulk volume represents
significantly degassed lava accumulated in the lake between
overflights. Drilling of previous passive lava lakes at Kilauea
showed that vesicularity decreased to <5% by depths of
15-45 m and density approached DRE values for basalts

@ Springer


http://www.cloudcompare.org

1 Page 6 of 17

Bulletin of Volcanology (2026) 88:1

Table 1 Eruption parameters for the Halema‘uma‘u lava lake

Overflight Lava Lake Sur- Maximum Lava Total Sur- Mobile Volume Volume TADR (m®*s™)f TADR
Date face Elevation ~ Lake Depth face Area Surface Area (x10°m?®) ¢ Error, +(x 10° Error, + (m®
(m)* (m)® (m?) ¢ (m m’) )
2020/12/21 628.5 111 164,100 102,000 6.0 0.2 121.2 49
2020/12/22 658 140.5 243,300 196,700 11.6 0.4 64.4 6.9
2020/12/23 675.5 158 282,100 245,000 16.0 0.4 52.3 9.4
2020/12/26 695 177.5 332,600 258,900 21.8 0.6 22.9 3.9
2020/12/28 698 180.5 334,400 260,500 22.8 0.8 5.7 7.7
2020/12/30 702.5 185 342,800 255,100 244 0.4 9.0 6.8
2021/01/05 708.5 191 364,900 248,000 26.5 0.8 42 2.2
2021/01/07 710.5 193 366,400 241,700 27.2 0.5 3.9 7.1
2021/01/12 713.5 196 372,00 141,900 28.4 0.7 2.6 2.8
2021/02/01 726 208.5 408,000 92,900 334 0.7 2.9 0.8
2021/02/09 729 211.5 415,200 76,500 34.5 0.6 1.7 1.9
2021/02/16 730.5 213 420,100 68,000 353 0.7 1.3 2.3
2021/03/04 734.5 217 427,800 56,800 37.0 0.8 1.2 1.1
2021/03/26 737 219.5 441,400 35,100 38.1 0.4 0.6 0.7
2021/04/16 741 223.5 448,800 32,800 39.8 0.5 1.0 0.5
2021/05/13 742.5 225 448,700 1,800 40.6 0.5 0.3 0.4
2021/06/08 742 224.5 449,000 0 40.3 0.6 0.1 0.5

#Volume-averaged surface. For a given volume, the elevation of the lava lake surface in Halema‘uma‘u if the surface was perfectly flat. Calcu-
lated using a pre-eruption digital elevation model (DEM) (Mosbrucker et al. 2020) to the nearest 0.5 m

"Maximum depth is calculated as the distance between the volume-averaged surface and the deepest point in Halema‘uma‘u prior to the eruption

“Total surface area including both the lava lake and vent areas, rounded to the nearest 10°

9 Area does not include islands within the mobile lake perimeter, rounded to the nearest 10?

°Bulk volume (not dense rock equivalent (DRE) volume)

Time-Averaged Discharge Rate (TADR) is calculated over the time between overflights, using bulk volume

(Wright et al. 1976; Helz 1980; Johnson 1979; Mangan and
Helz 1986). As the lava lake exceeded 100 m depth on the
first day of the eruption, our bulk volumes are likely within
5-10% of the DRE volume, and DRE volume can be esti-
mated by reducing our reported values by that amount. This
is a much smaller DRE correction than for bulk volumes
for unconfined lava flow fields (e.g., Dietterich et al. 2021),
which must be corrected for vesicularity values that range
from 20-70%. Although lava vesicularity near the vent and
lake surface is certainly higher, we have no samples from
which to measure it. The majority of the measurement vol-
ume is degassed over the timescales of our observations, so
this 5-10% vesicularity correction, which also falls within
the measurement uncertainty of the bulk volume, can be
reasonably applied over the entire eruption to convert to
DRE. We calculated the observed time-averaged discharge
rate (TADR) by dividing the difference in erupted (bulk)
volume between overflights by the time between flights.
Surface areas (e.g., of the entire lava lake, mobile lava
lake surface, and islands) were calculated from polygon
shapefiles drawn in QGIS (www.qgis.org) around the perim-
eter of the features (Carr et al. 2025). Lava lake surface
elevation is reported using the “volume-averaged surface
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level,” which is, for a given volume, the elevation of a flat
surface across Halema‘uma‘u containing that volume below
it, calculated from the 2019 DEM (Mosbrucker et al. 2020).
This avoids local error from measuring elevation at a sin-
gle point, as was the case for the continuous rangefinder
(Fig. 1), which was sensitive to short-term (order of a few
hours) fluctuations in the elevation of the mobile surface
(Younger et al. 2025). Lake depth is reported as the distance
between the volume-averaged surface and the deepest point
in Halema‘uma‘u prior to the eruption.

Thermal images from helicopter overflights and a
ground-based thermal camera co-located with the continu-
ous rangefinder at Kilauea’s summit (Flcam, Fig. 1) looking
into Halema‘uma“‘u (Patrick et al. 2014, 2022) were used
to derive multiple data products for the eruption. Thermal
maps were created using helicopter overflight images fol-
lowing the thermal data-specific workflow of Patrick et al.
(2017) and Carr et al. (2021). Lake surface velocity was
calculated following Patrick and Orr (2018) using images
from Flcam, with the exception that we used the PIVIlab
tool in Matlab (Thielicke and Sonntag 2021), not the opti-
cal flow toolbox as in Patrick and Orr (2018). This method
calculates an array of motion vectors across an image by
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Fig.3 The bulk TADR (a; red, left axis in log scale), bulk erupted »

volume (a; blue, right axis), lava lake surface elevation (b; left axis)
and depth relative to the lowest pre-eruption elevation (b; right axis),
total lava lake surface area (c; black), mobile lava surface area (c;
red), island surface area (c; blue), lava lake inflow median daily sur-
face velocity (d), and GNSS vertical position change (e) show the
progression of the eruption over its five-month duration. Error for the
data in (a) is shown in Table 1. Errors for (b) and (c¢) are smaller than
the symbols representing the data. The low surface velocity values
in early February (d) are due to a short (2-3 days) stagnation of the
mobile surface potentially caused by a reorganization of outflow from
the vent and/or a brief decrease in the effusion rate. Data in (e) are the
daily averaged position from GNSS station “CALM,” located on the
main down-dropped block from the 2018 collapse in Kaluapele

identifying offsets of features between image pairs (Patrick
and Orr 2018). The vector located closest to the location
of lava inflow to the lake was used as the inflow velocity.
Velocity was calculated every two minutes, but to remove
effects of erroneous velocity values caused by atmospheric
interference and short timescale (e.g., tens of minutes) flow
variations, we use the daily median velocity for our analyses.
Data collection for surface velocity was only operational for
February—April 2021.

Results

Measurements of TADR, erupted volume, and lake sur-
face rise all show a rapid initial phase of the eruption that
decreased as it progressed. In total, 40.6+0.5x 10® m? of
lava (38.6+0. 5x 10° m® DRE using 5% vesicularity after
Helz 1980) filled Halema‘uma‘u during the 5-month-long
eruption (Table 1; Fig. 3a). The lava lake reached a depth
of 225 m with a surface area of 449,000 m? at a final eleva-
tion of 743 m (all elevations are relative to mean sea level)
(Table 1; Figs. 3b—c, 4). More than half of the total vol-
ume (21.8 +0.6 x 10® m? bulk) erupted in the first 5.5 days
when the north vent was still active. Due to the inverted
cone shape of the crater (Fig. 4), the initial 5.5 days also
accounted for over 75% of the lake’s depth (177.5 m deep
on 26 December, Table 1). TADR exceeded 100 m3s7!in
the initial 12 h of the eruption but decreased quickly over the
following days (Table 1; Fig. 3a). By 30 December (10 days
after the eruption began), TADR was < 10 m? s and by the
beginning of February TADR was~2 m? s™'. From February
through April, TADR was ~ 1 m? s~! before decaying in May
as the eruption ended.

As the effusion rate decreased, so did the area of the
mobile lake surface, in both measured area and relative area
as a proportion of the total lake surface, including immo-
bile portions (Fig. 3c). After reaching its maximum surface
area on 28 December, the change in the mobile surface area
followed trends observed in both TADR (Fig. 3a) and the
lake surface velocity near the inflow into the lake (Fig. 3d).

a
50
100
,.——4-—’.—_—.—__.400";
« P e
o 10 -~ 130 ©
3 ——TADR %
o —e- x
9: / Erupted Volume 120 g
E o I ]
o
J 110 =
0.1 , , , , , g
01/01/21 ~ 02/01/21 03/01/21  04/01/21  05/01/21  06/01/21
b
750 o= a 250
West Vent
€ 700 7; North Vent 1200 _
g £
S 650 1150 &
T °
> ()
600 1100 A
w e Field Rangefinder
550 —— Continuous Rangefinder | 4 50
—e— Qverflights
00 , , , ; ; — 19
01/01/21  02/01/21 03/01/21  04/01/21  05/01/21  06/01/21
C
5 x10°
e —* — — & — — ¢
4t et 1
o
“‘ES rd —e -Total Area 1
e —e -|slands
2 —e— Active Surface |
1 i
o WO — 0 —C——:g .9 —-—- - —-—- -
N ‘ ‘ ‘ : ‘
01/01/21 02/01/21  03/01/21 04/01/21  05/01/21 06/01/21
d
0.025 T T
. 'Y ® Median Daily Velocity
g 0.02 - Weekly Average Velocity | -
=
G 0.015 F f
8 2
=
8 0.01 | -: 4
£
3 0.005 [ q
0 . . . . . .
01/01/21 ~ 02/01/21 03/01/21  04/01/21  05/01/21  06/01/21
e
0.15
0.1} i
® 005 N
5] o %% o o
° L] IS,
g b & WIHIANLIE
. .‘. o0
o <
-0.05 |-® ﬂ“.’-‘.: s 4
o % | » CALM Vertical Position |
] L L 1 1 1

01/01/21 02/01/21  03/01/21 04/01/21  05/01/21 06/01/21

The TADR decreased sharply in January and then stabi-
lized from February through April, before declining to zero
as the eruption ended in May. Similarly, velocity was sta-
ble in February—April and declined in late April. From 20
December 2020 through March 2021, Halema‘uma‘u con-
tained the largest known lava lake in the world, temporarily
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Fig.4 Topographic profiles from the helicopter overflight derived
DEMSs across Halema‘uma‘u show the surface elevation rise (left
axis) and increasing depth (right axis) of the lava lake during the

surpassing the surface area of the long-lived active lava lake
at Nyiragongo (~20,000-50,000 m?, Burgi et al. 2014; Lev
et al. 2019).

Following the short-lived fissure opening phase on the
first night, lava erupted from two main vents at 680 m (north
vent) and 720 m (west vent) elevation (Fig. 3b). After the
lava lake surface reached the elevation of the north vent, the
vent cone became attached to the lake surface crust and rose
with the immobile surface. The remains of the north vent
cone were still visible in the DEM on 13 May (Fig. 5k) at an
elevation of 745 m. As the eruption continued at the west
vent, the vent cone continued to grow and remained above
the lake surface as spatter from fountaining accumulated
around the vent. The west vent cone reached a maximum
elevation of 762 m on 22 January 2021, more than 40 m
above the vent’s initial elevation and 20 m above the lake
surface elevation on 8 June (Fig. 4).

The rafted “island” of buoyant material initially had a
maximum prominence of ~ 15 m above the lake surface and
moved (i.e., floated) around the lake (Fig. 5). Following
shutdown of the north vent and brief draining of lava into
the inactive vent on 26 December, the lake surface dropped,
and a ledge of solidified lava ~ 7-m-high formed around the
island (Figs. 2, 4, 5). The island’s relative buoyancy in the
lake remained constant for the rest of the eruption, with the
highest point on the island at 22 m above the lake surface
(Fig. 4). The island stopped moving horizontally and became
“locked” in place by 12 January 2021 (Fig. 5).

The lava lake did not rise evenly across its surface
(Fig. 6). The elevation change of the mobile surface (with
incandescent flowing lava) often showed a gradient between
the vent and margin, generally with greater rise near the
vent (Figs. 6a; 6¢c—d), but also on occasion less rise near the
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eruption. The profile is from west (left) to east (right) and is shown as
a black line in Fig. 1

vent (Figs. 6b; 6f), depending on the eruptive activity that
occurred between the overflights. Most often, the mobile
lava surface rose more relative to the immobile surface
between overflights (Figs. 6a; 6d), promoting the growth
of Levees bounding the perched mobile lava surface and
a disparity in elevation of 5-10 m between the mobile and
immobile surfaces (Fig. 5). However, between 9 February
and 4 March, the mobile surface rose less than the immobile
surface (Fig. 6b—c). When the mobile surface area stabi-
lized in March—April (Fig. 3c), the mobile surface again rose
faster than the immobile surface (Fig. 6d).

The immobile surface rose broadly uniformly. The lake
margins (between the perched levees and crater wall) gener-
ally showed less rise than the rest of the immobile surface
(Fig. 6a—c), except for areas where lava ooze-outs or over-
flows from the mobile surface were frequent (Fig. 5j), in
which case these areas would rise more relative to the inte-
rior of the immobile surface (Fig. 6d). Areas where the lake
surface elevation decreased were surfaces that had recently
transitioned from mobile to immobile (Fig. 6).

Discussion
Passive lava lake dynamics

Growth of the passive lava lake in Halema‘uma‘u during
the 2020-2021 eruption of Kilauea volcano shared many
features with previous passive lava lakes at Makaopuhi
Crater, ‘Alae Crater, and Kilauea Iki Crater, but also dif-
fered because effusion of lava was continuous, unlike at
Kilauea Iki and Makaopuhi (Wright et al. 1968; Richter et al.
1970), and was sustained for many weeks, unlike at ‘Alae
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Fig.5 A selection of five / ; i
pairs of DEM hillshades (left ] :

column) and thermal maps
(right column) shows the
increasing surface area of the
lake (red outline in hillshades)
and the decreasing area of the
mobile surface (pink outline

in hillshades) as the eruption
progressed. The pre-eruption
hillshade (a) is from July 2019
(Mosbrucker et al. 2020). A pre-
eruption orthomosaic from a 29
May 2020 overflight is shown
in (b) and shows the water lake.
The colors for thermal maps

are relative within each image
and do not have the same scale.
“Hotter” colors in one image do
not indicate that surface temper-
atures were higher on that day
compared to other days. The 7
January 2021 thermal map (f)
shows an ongoing foundering
event on the east half of the lake
(hottest part of the surface, also
see Fig. 2b). The 1 February
2021 thermal map (h) shows

an overflow of the mobile lake
between the lake levee and the
north wall of the crater (red and
yellow colors along north edge
of the lava lake)
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Fig.6 Elevation difference between DEMs from subsequent over-
flights shows irregular rise of the lava lake surface. The mobile lava
lake surface is marked by pink outlines; the solid line is the perimeter
on the newer date, the dashed outline is the perimeter on the older
date. The DEM hillshade basemap is from the more recent of the two

and Makaopuhi (Wright et al. 1968; Peck and Kinoshita
1976). During the Kilauea Iki eruption, onset of new erup-
tive episodes following pauses were associated with higher
effusion rates that led to exogenous emplacement of lava
over the existing surface crust (Richter et al. 1970). The
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overflights. The mobile surface (pink outline) generally showed the
most rise with higher values near the vent. Newly immobile surfaces
(between solid and dashed outlines) show the least rise or surface ele-
vation decrease. The immobile surface (outside both outlines) shows
even rise across its surface

Halema‘uma‘u lava lake in 2020-2021 grew dominantly
through endogenous rise, with a mobile surface area around
the vents continuously accommodating newly erupted lava.
Similar to the ‘Alae, Makaopuhi, and Kilauea Iki lava lakes,
the mobile lake surface in Halema‘uma‘u sloped downward
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by 1-2 m from a high point where lava entered the lake from
the vent to the margins. In addition to the vent outflow, this
topographic high helped drive horizontal flow of lava away
from the vent, a process also observed at the active lava lake
in Halema‘uma‘u during 2008-2018, where upwelling lava
was observed creating a positive topographic feature that
drove stable flow across the lake surface (Patrick et al. 2016;
LeWinter et al. 2021).

The size of the mobile lava lake surface was controlled
by the timescale of advection of lava across the mobile sur-
face relative to the timescale of surface crust cooling and
thickening. When the crust was sufficiently rigid, it began
to buckle and overlap, forming levees that contained the
perched mobile lake surface (Fig. 5). Between 26 March
and 16 April 2021, when the mobile surface area was con-
stant (Table 1), surface velocity at the lake inflow was also
relatively steady at~0.013 m s™! (Fig. 3d). The length of
mobile surface flow between the vent and margin Levees
was 150-200 m (Fig. 5i—j), which required a travel time
of ~4 h. Similarly in mid-February 2021, the velocity
was~0.022 m s~! and the mobile surface was ~300 m from
vent to levee, also requiring a travel time of ~4 h. Follow-
ing work by Wilson and Parfitt (1993) for the formation of
perched lava ponds, the crust thickness (, in meters) can
be estimated as 6 ~ \/E and the flow thickness (D, i.e., the
thickness in meters of the horizontally flowing lava of the
mobile lake surface) as D = 1/8/42, where k ~ 10 m? 57!
is the thermal diffusivity, # (seconds) is the time since the
lava was erupted, ¢ is the ratio of crust to flow thickness
when motion stops, and ¢ ~ 1/300 was found empirically
by Hulme and Fielder (1977). For a cooling time of ~4 h,
this gives a crust thickness of ~ 12 cm and a horizontal flow
unit thickness of ~6 m. As TADR decreased throughout
the 2020-2021 eruption, the horizontal flow velocity also
decreased and the mobile surface area receded (Fig. 3), leav-
ing a series of abandoned levees across the solid, immo-
bile surface (Fig. 5). The mobile surface area was a good
approximation of relative TADR on a scale of days to weeks
(Fig. 3), a relationship that was previously described by
Wilson and Parfitt (1993), who suggested that the size of a
perched lava pond can be used to approximate the rate of the
eruption that formed it.

Elevation changes of the mobile and immobile surfaces
of the lava lake provide insight into the movement of lava
within the lake. The perched mobile lake surface rose as lava
accumulated within the confining levees. The mobile surface
area consisted of recently erupted lava flowing horizontally
that was vesicle-rich and had lower bulk density compared
to the older lava already in the lake. Previous studies of pas-
sive lava lakes show a sharp increase in density and decrease
in vesicularity from the surface towards the interior over a
distance of a few meters (Wright et al. 1976; Peck 1978). Orr
et al. (2022) show that for ponds in a perched lava channel,

vesicularity can decrease from > 50% at the surface to near-
zero at~3 m depth. We propose a model of surface flow
similar to that of Orr et al. (2022) and Peck and Kinoshita
(1976), with the mobile surface consisting of a relatively
thin layer (a few meters compared to the total lake depth of
hundreds of meters) of vesicular lava moving horizontally
above the relatively stagnant and dense lava below, and a
relatively sharp boundary between the two layers (Fig. 7).
This two-layer model is supported by our calculation of a
relatively thin mobile surface from the velocity-distance
timescale (Wilson and Parfitt 1993). Further evidence in
support of a thin, mobile surface layer is the observation of
islands in the mobile surface that remained stationary as lava
flowed around them. These island blocks were rooted in the
stagnant deeper layer, a process also observed and described
in Orr et al. (2022). As the flowing lava slowed, cooled,
and outgassed towards the margins of the mobile surface, its
density increased and the lava integrated with the stagnant
layer below, likely resulting in downwelling flow in the near
subsurface away from the mobile surface margins. A simi-
lar mechansim was proposed by Peck and Kinoshita (1976)
for the ‘Alae Crater passive lake. Occasionally, lava from
the mobile area was also emplaced exogenously onto the
immobile surface when the levee broke or was overtopped.

When a section of surface transitioned from mobile to
immobile as the mobile area retreated, the lava supply to the
area via horizontal surface flow stopped. Once the supply of
lava into an area ceased, the surface subsided from the level
of the mobile surface to the level of the immobile surface
(Fig. 7). This process caused newly immobile surfaces to
show the least surface rise or surface elevation loss in over-
flight data (Fig. 6). When the eruption ended and there was
no longer any horizontal flow, a shallow pit formed within
the levees that had contained the last zone of the mobile
surface (Figs. 5k, 6e—f). The 13 May to 8 June elevation
difference, a mostly post-eruptive time span, shows wide-
spread surface subsidence (Fig. 6f), a process also observed
at previous passive lava lakes at Kilauea, which has been
attributed to gas loss and thermal contraction (Swanson et al.
1972; Wright et al. 1976; Wright and Okamura 1977; Peck
1978).

The immobile surface, while static horizontally, rose
uniformly and endogenously by the continued accumula-
tion of erupted lava beneath the surface crust (Fig. 7). The
uniform rise and level surface elevation of the immobile
surface suggests that any horizontal lava motion beneath the
crust was decoupled from the immobile surface crust above
it. The lake margin between the levees and the crater wall
was filled by repeated overflows from the mobile surface or
ooze-out flows breaking through the levee or crust (Figs. Sh,
7), similar to the seeps observed at perched lava ponds (Pat-
rick and Orr 2012; Orr et al. 2022). As the crust within this
area rose endogenously, gaps formed between the crust and
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Fig.7 The mobile surface of the lava lake rises exogenously due to
horizontal flow from the vent as a relatively thin and gas-rich layer
above the denser, stagnant lava in the deeper lake. Immobile surfaces
rise endogenously due to upwelling from below. When a surface tran-
sitions from mobile to immobile, the surface drops as the horizontal

crater wall creating space for the ooze-outs to emerge and
fill in, so the elevation of the surface along the lake margins
rose exogenously as well (Figs. 5h, 5j, 6d, 7). The process
of ooze-outs filling the space between lava lake levees and
crater walls was also observed in passive lava lakes dur-
ing the Makaopuhi and Kilauea Iki eruptions (Wright et al.
1968; Richter et al. 1970).

Eruption waning and end

Previous passive lava lake eruptions were observed to pause
or end when the lake surface reached the level of the highest
vent, with lava often draining back down the vent (Wright
et al. 1968; Richter et al. 1970; Peck and Kinoshita 1976).
This suggests that lava sitting above the vent can signifi-
cantly buffer the driving pressure of bubble expansion and
escape from the erupting lava, thereby increasing lava den-
sity, slowing ascent, and promoting positive feedback mech-
anisms that decrease the mass flux rate and further slow or
completely suppress ascent (Wright et al. 1968; Bruce and
Huppert 1989; Wilson et al. 1995; Jones et al. 2017). The
north vent in Halema‘uma‘u stopped erupting—though not
immediately—after lava exceeded its elevation. Rangefinder
measurements of the surface elevation show that lake Level
reached that of the north vent up to 2.5 days prior to effu-
sion stopping and that as much as 15 m of lava was above
the vent when it stopped (Fig. 3b). A surge in lava effusion
was observed at the west vent ~ 15 min prior to activity at
the north vent ending, indicating that most of the ascending
magma rerouted from the north to the west vent (Fig. 2e—g).
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flow from the vent recedes. The surface in the area between the crater
wall and lake levee rises exogenously due to ooze-out flows breaking
out from the levee or crust. Overflows and ooze-outs from the mobile
surface would also occasionally emplace lava exogenously onto the
immobile surface. Figure is not to scale

We suggest that the vent switch occurred as increas-
ing lava overburden pressure at the north vent eventu-
ally suppressed magma ascent to the north vent, driving
it towards the west vent. The feasibility of this hypoth-
esis can be tested with a calculation of the difference in
hydrostatic head between the vents. In the near-surface,
ascending magma will take the path of least resistance
to the surface, so for the higher elevation west vent to
be preferred over an inundated but lower elevation north
vent, the ratio of the density of the erupting lava to the
density of the lava in the lake sitting above the vent must
equal the ratio of the depth of lava above the north vent
(15 m) to the elevation difference between the north and
west vents (40 m), a value of 0.375. If we assume a DRE
density of Kilauea basalt of 2800 kg m~ (from a likely
range of 2700-3100 kg m~; Greenland et al. 1988; Moore
2001; Sutton et al. 2003; Carbone et al. 2013; Dietter-
ich et al. 2021) and vesicularity of 75% for the erupting
lava (Sparks 1978; Greenland et al. 1988; Stovall et al.
2009b; Carbone et al. 2013), this yields an erupting lava
density of 700 kg m™ and a density of 1867 kg m™ (33%
vesicularity) for the near-surface mobile layer of lava in
the lake, both reasonable values based on previous studies
of erupted lava at Kilauea (Richter et al 1970; Wright and
Okamura 1977; Wolfe et al. 1988; Wilson et al. 1995; Car-
bone et al. 2013; Orr et al. 2015, 2022; Jones et al. 2017;
Dietterich et al. 2021). Thus, it is possible that a sufficient
mass of higher density lake lava sitting above the north
vent led lower density ascending lava to favor the higher
elevation, but unburdened, west vent.
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Numerous datasets (e.g., overflight photogrammetry, con-
tinuous rangefinder, lake inflow surface velocity, GNSS dis-
placement, SO, emissions, earthquake counts) show that the
eruption ended in May 2021 following a period of decreas-
ing activity that began in mid-April (Figs. 3; 6; 8). This
decaying phase of the eruption corresponded with the lava
lake surface elevation exceeding the elevation of effusion
from the west vent. It was not possible to directly observe
this because outflow from the vent had been crusted over
since February. However, in January, flow from the west vent
was observed at an elevation of ~745 m, measured in the
field with a laser rangefinder (Fig. 8a—b). From this observa-
tion, we infer the west vent cone developed an insulated con-
duit stretching ~25 m above the initial vent location on the
crater wall. The vent cone also reached its maximum eleva-
tion in late January, suggesting that increase of the vent out-
flow elevation also stopped around this time. The continuous
laser rangefinder on the rim of Kaluapele (Fig. 1) shows
that the mobile lava lake surface reached 744 m elevation in
mid-April (Fig. 8c—d). After the lava lake surface reached
this elevation, lake surface rise (Fig. 8d) and SO, emissions
(Fig. 8e; Nadeau et al. 2023) declined, whereas both infla-
tionary deformation (Fig. 8f) and the number of earthquakes
at the summit (Fig. 8g) increased from April into May. These
signals point towards a decreased rate of lava supply into
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Fig.8 In January, lava was observed flowing from the west vent at
an elevation of 744-746 m (a-b). In May, the lake level was at the
elevation of the observed flow in January (c, gray region in d). The
lava lake reached 744 m on 14 April (left dashed vertical line, d—g).
Emission of SO, decreased at this time (e) and the number of daily

Flow Source
744 m

the lake and increased accumulation of ascending magma in
the shallow storage region beneath Halema‘uma‘u without
erupting.

Monitoring data support an interpretation that the vent
was slowly drowned starting in mid-April and over the fol-
lowing 3—4 weeks (Fig. 8). During this time, the lake contin-
ued to rise above the vent outflow elevation, and the effusion
rate declined until the eruption stopped in late May, when
the mobile surface elevation was 746 m (Fig. 8d). While
2 m of lava above a vent may not seem to be sufficient to
suppress magma ascent, the density contrast between the
erupting and ponded lava is a key factor (Greenland et al.
1988), and previous works have shown that relatively small
ponding depths above vents can have a significant effect on
outflow. Wilson et al. (1995) and Jones et al. (2017) demon-
strated that <2 m of ponded lava over a vent can significantly
reduce eruption velocity and lava fountain height and that
this effect is enhanced for low mass flux eruptions. Magma
ascending in a dike also loses more heat as it slows, becom-
ing more viscous and moving even slower, a positive feed-
back process that can promote eruption stagnation (Bruce
and Huppert 1989). As TADR was 0.3 m® s~! between 16
April and 13 May, and 1 m® s™! in the 2.5 months prior
(Table 1), it is feasible that even a small amount of lava sit-
ting above the vent was sufficient to further slow ascent (by
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suppressing vesiculation and increasing lava density) and
initiate a month-long waning trend that resulted in the end
of the 2020-2021 eruption in late May.

The end of an eruption can also be explained by a simple
model of elastic strain relaxation in the crust surrounding
a shallow storage region (Wadge 1981). Eruptions of this
type have sharp onsets with effusion rate rapidly increasing
to a maximum and then a waning phase with an exponential
decline in effusion rate. During an eruption, if the maximum
effusion rate and at least one other effusion rate during the
waning phase are known, this pattern can be modeled to
predict the duration of the eruption (Wadge et al., 1981;
Bonny and Wright 2017). We apply this model of expone-
tial decay of effusion rate following the peak value (Eq. 7,
Wadge et al., 1981; egs. 1 and 2, Bonny and Wright 2017) to
our data for the 2020-2021 eruption of Kilauea. Our best-fit
model agrees well with the decline in effusion rate through
early January, suggesting that relaxation of strain built up
during pre-eruption pressurization can explain the effusion
rates during the first~2 weeks of the eruption. However, this
model underestimates the relatively steady TADR in Febru-
ary—April and predicts a much earlier end to the eruption
than was observed. Additionally, deformation at the sum-
mit of Kilauea does not show a steady deflationary trend as
would be expected from a strain relaxation process. Instead,
after a brief deflationary period between eruption onset
and shutdown of the north vent, the summit slowly inflated
until flattening out in April (Fig. 3e), suggesting a persistent
driving force to the eruption during this period. The TADR
during this steady period (~ 1-3 m? 57!, bulk) was less than
estimates for the background magma supply rate to Kilauea
(~3 m® s~ DRE; Swanson 1972; Dvorak and Dzurisin 1993;
Anderson and Poland 2016), so it is reasonable that the sum-
mit area could continue to inflate during an ongoing erup-
tion. This, along with the relatively constant mobile lake
surface area during the same period (Fig. 3c), suggests that
pressure conditions in the shallow storage region beneath
Halema‘uma‘u reached a steady state where a relatively low
rate of lava supply to the surface could be sustained.

We conclude that the likely explanation for the mech-
anism causing the 2020-2021 eruption to end is vent
drowning when the elevation of the lava lake surface sur-
passed the elevation of lava outflow from the vent. This
follows conclusions from studies of previous passive lava
lake and fissure eruptions that ended when ponded lava
rose above the vent level (Wright et al. 1968; Richter et al.
1970; Peck and Kinoshita 1976; Wilson et al 1995; Jones
et al. 2017). We cannot rule out the eruption ending due
to internal magma chamber or plumbing processes, but
monitoring data lack clear evidence for such a mechanism.
Elastic strain relaxation was an essential process during
the eruption, though it did not ultimately dictate the end
of the eruption. Pressure that built up in the 2 years prior
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to the eruption (since the 2018 eruption ended) had to be
released so that ascent could decline to a rate low enough
where the lava overburden at the vent could suppress con-
tinued effusion. Our conclusion further demonstrates that
detailed monitoring of TADR, crater geometry, and lava
lake elevation provide a means to anticipate the end of an
eruption by identifying when vent drowning may occur.
Using the TADR and lake surface elevation from 16 Feb-
ruary (Table 1) and projecting how long it would take to
fill Halema‘uma‘u to an elevation of 745 m yields a result
of 63 days, or 19 April, which is within a few days of
when the eruption began to wane. Using the values from
16 April (Table 1), yields a forcast end date of 13 May,
which is within a few days of when the eruption ended.

Conclusions

The 20 December 2020 eruption within Halema‘uma‘u cra-
ter at Kilauea volcano ended a 27-month period of inactivity
following the 2018 LERZ eruption. We used images col-
lected on helicopter overflights and SfM photogrammetry
to create a dense record of the growth of a passive lava lake
in Halema‘uma‘u during the 5-month-long eruption. Effu-
sion rates initially exceeded 100 m> s™! but declined to < 10
m? s7! about a week into the eruption and then stabilized
at~1 m’ s from February through April. This suggests
initial effusion was controlled by relaxation of pressure built
up due to magma accumulation in the Halema‘uma‘u shal-
low storage region prior to the eruption, before a relatively
steady state was reached at effusion rates equal to or less
than the background magma supply rate to Kilauea. The lava
lake consisted of two surface types, a mobile surface with
horizontal flow of lava away from the vent and an immo-
bile surface with a solid, stable crust. The mobile surface
was perched a few meters above the immobile surface and
was contained within levees. This surface was likely a thin
layer (a few meters) of relatively low-density, vesicular
lava recently erupted from the vent with a sharp boundary
between the denser, degassed, and stagnant lava below. The
addition of lava to the lake was accomodated beneath the
immobile surface crust and the lake grew endogenously
through vertical uplift of the crust. The area of the mobile
lake surface was a proxy for the TADR, as the area declined
rapidly in the first month of the eruption and then stabi-
lized in February—April. Multiple types of monitoring data
tracking the eruption showed a 3—4 week decline in activity
from mid-April through mid-May. The eruption ended when
the lava lake surface exceeded the elevation of lava outflow
from the west vent and drowned the vent. The eruption filled
Halema‘uma‘u with 40.6 +0.5x 10° m® of lava and the lava
lake reached a maximum depth of 225 m.
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