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» Variations in style are due to contrasting contiitms of the decoupled gas pockets, and
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» Total in-flight mass is an effective proxy for inty and provides an excellent record of
pulsations in Hawaiian fountaining eruptions.
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Abstract

Most basaltic explosive eruptions intensify abrypdillowing little time to document processes
at the start of eruption. One opportunity came whihinitiation of activity from fissure 8 (F8)
during the 2018 eruption on the lower East Rift Zoh Kilauea, Hawaii. F8 erupted in four
episodes. We recorded 28 minutes of high-defintioleo during a 51-minute period, capturing
the onset of the second episode on 5 NFagm the videos we were able to analyze the
following in-flight parameters: frequency and duvatof explosions; ejecta heights; pyroclast
exit velocities; in-flight total mass and estimatadss eruption rates; and the in-flight total grain
size distributionsVideos record a transition from initial pulsatingtgassing, via spaced, but
increasingly rapid, discrete explosions, to quastaned, unsteady fountaining. This transition
accompanied waxing intensity (mass flux) of theesR&otion. We infer that all activity was
driven by a combination of the ascent of a couphedure of small bubbles and melt, and the
buoyant rise of decoupled gas slugs and/or pockétsbalance between these two types of
concurrent flow determined the exact form of thep#ive activity at any point in time, and
changes to their relative contributions drove taegition we observed at early F8. Qualitative
observations of other Hawaiian fountains @aldea suggest that this physical model may apply
more generally. This study demonstrates the vdlire-tight parameters derived from high
resolution videos, which offer a rapid and highige-sensitive alternative to measurements
based on sampling of deposits post-eruption.

INDEX TERMSB8428 Volcanology: Explosive volcanism; 8414 Volclgy: Eruption
mechanisms,8434 Volcanology: Magma migration and fragmentation

KEY WORDSPhysical volcanologyKilauea 2018 eruption, Basaltic explosive volcanism,
Fissure eruptions, Eruption dynamics.

Plain L anguage Summary

We recorded the ‘birth’ of a ‘fountaining’ eruptiaf Kilauea volcano on 5 May 2018, using a
high resolution camera. The eruption passed frogmpllsing escape of bursts of volcanic gas to
(2) numerous close-spaced weak explosions ejeptrticles torn from the magma (molten
rock) in the vent, to (3) weak incandescent foumitay of particles and gas. Initially the behavior
was dominated by meter-sized gas bubbles escamely through slow-rising magma beneath
the vent. Rise of the magma and its mechanicallypleal smaller bubbles played an increasing
role with time and drove the switch to continuoogrftaining. Observations of many earlier
Kilauea eruptions suggest that this model may apgigi@lly to the initiation of this spectacular
form of volcanic eruption.
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1. Introduction
1.1. Basaltic Explosive Eruptions

Weak (or, ‘mild’) basaltic explosive eruptions &ighly dynamic, showing shifts in style and parkicly
intensity on time scales of minutes to hours (&gu;ioli et al., 2008; Harris & Ripepe, 2007; Baial.,
2013; Leduc et al., 2015; Gaudin et al., 2017)stis eruptions, a common feature dalea, Hawai'i,
are invaluable observational settings to fill dgag@s because, unlike single point-source ventg,dften
exhibit diverse styles and intensities over snialetand length scales (e.g., Orr et al., 2015; B et
al., 2015; Witt et al., 2018). However, while elioptepisodes at #auea are emergent, the time scales of
emergence are short, and they may reach peakiigtans height over just a few minutes to an hour
(e.g., Richter et al., 1979). For this reason,dlae no quantitative data for the initiation ofuritaining
episodes in Hawai'i. Qualitative records of theibagng (and end) of episodes often refer to initial
intervals of low, discontinuous ‘spattering’ of €@ (Richter et al., 1970; Swanson et al., 1979lf&\&t
al., 1988). We set out here, for the first timedmstrain how a fountaining episode evolves froitigin

passive outgassing at a fissure, into sustaindsiaing fountaining.

1.2. The 2018 LERZ Eruption

In 2018, Klauea experienced a major flank eruption and suroahitera collapse (Neal et al., 2019).
After a partial collapse at the Pu‘@“5 cone, on the middle East Rift Zone, on 30 Aprihgma
propagated down-rift as a dike toward the more ihepopulated lower East Rift Zon&ERZ). The first
of 24 LERZ eruptive fissure$igure 1) opened within the Leilani Estates subdivision hesfiore 17:00
Hawaiian Standard Time (HST) on 3 May and signiftcactivity ended on 4 August (Neal et al., 2019).
The eruptive fissures during the first week of tlidRZ eruption were up to several hundred meterg lon
and episodes were generally not sustained on timleslonger than minutes to hours. Spatter
cones/ramparts and lava pads accumulated adjactre fissures in early May but generally only \vith
a few tens to hundreds of meters of the ventsindg¢g up to six fissures were erupting simultangousl

Fissure 8 (F8) first erupted on 5 May with two shepisodes lasting until 7 May.
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Eruptive activity resumed at F8 on 27-28 May, disging a lava flow to the north before stopping. F8
reactivated several hours later, and soon wasdiménéint source of discharge. F8 became the solesfoc
of eruption on 12 July, and remained so until the ef the fountaining on 4 Augustiawaiian fountains
reached fluctuating heights of up to 80 m and fealéd channelized flow that ultimately entered the
ocean 13 km down-flow, near the eastern tip ofdlend (Neal et al., 2019). This study focuses amly

events at F8 between 20:32 and 21:12 on 5 Maynglthie first hour of the second episode.

1.3. Chronology of the Second Eruptive Episode at Fissure 8

The first two eruptive episodes at F8 were sheogediand occurred on 5-7 May, close to the statief
eruption. The first fountaining episode, which was$ well observed, took place between approximately
10:40 and 14:00 HST on 5 May, and constructeddascto 1.0 m high spatter rampart, and a smallreeph
blanket.The second fountaining episodédur e 2 andsupplementary videos) began eight hours later,

at 20:32 on 5 May, from vents along a 10-12 m seqmokthe episode 1 fissure. The second episode
continued through 6 May, as fountaining strengtdeared propagated westward to define a final fissure
some 90m long, generating the longest lava flowntp that point in the eruptior-{gure 1b). It had

ended by 11:30 on 7 May, by which time 29 housektigeen destroyed by lava flows from F8.

2. Approaches, M ethods and Constraintson data
2.1. Framework for Observations

Our study uses high resolution video footage tantifyethe changes in explosive activity across the
fissure segment by measuring: 1) frequency andidaraf explosions and pulses; 2) ejecta height; 3)
pyroclast exit velocity; 4) in-flight total grainze distribution (TGSD), and 5) in-flight total nsand

mass eruption rate (MER).

For convenience we define three principal phasestfity in the first hour of eruptiorT@ble 1). Phase
1, which lacked pyroclasts, was not analyzed qtediviely. Different parameters proved useful for

contrasting the activity in Phases 2 and 3. Dunatiaf these phases and of the time intervals agdlyz
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guantitatively are given ifable 1. Both have weaker initial and stronger subseqgperibds which are

described as 2A and 2B and 3A and 3B respectively.

2.2. Video Acquisition

We recorded the beginning of the second episode attEfnittently over a 51-minute period on the
evening of 5 May, with the first recording startiag20:21:04 and the last recording ending at 213.2
Approximately 28 minutes of footage was capturédgia Sony Handycam FDR-AX100 camcorder
filming at 30 frames per second (fps). Activity wasorded at a cluster of closely spaced ventgaon
4-meter portion at the western extremity of theuie segment. Eruption from a second cluster of
generally weaker vents to the east was also spidiecorded, but is not analyzed here. Advancing
‘a‘a lava from the base of the fissure forced us tfi pbiition regularly, so that the field of view
becomes progressively larger in each subsequest vithis, and the dynamics of the eruptive conajo
make exact correlation of vents difficult. In tHesance of a laser range finder, scales were ctdibizy
measuring pixel count for objects (s&gporting I nformation) of known length or diameter in, or close

to, the plane of the fissure. Pixel size rangethfibto 8 mm.

2.3.Video Analysis

In-flight eruption parameters were analyzed forét#l 2B from 90 second clips and 3A and 3B for 45
second clips. In Phase 2 longer times were analgeeduse of the lower frequency of explosions.mit a
time, 1-3 major vents were active along the fissagmentWe adopt the convention of numbering the

vents separately for Phases 2 and 3 in chronologridar.

Maximum heights were determined in phase 2 by maasthe distance from the vent to the maximum
height reached by the highest visible pyroclassnfall number of clasts were ejected out of oudf]
view; the maximum heights for these outlier clagtse estimated using exit velocity data. Pyroobét
velocities were tracked manually in ImageJ, (avitere software), using the MTrackJ plugin. Pyroclast
trajectories were mapped from the vent for a mimimaf 3 frames and a maximum of 6 frames,

equivalent to 01. to 0.2 seconds. The time intep¥&lacking is necessarily short so that we cdoutate

This article is protected by copyright. All rights reserved.



average velocities before significant influence@vitational deceleration. The scarcity of clastssent

in Phase 2 allowed us to track most clasts, asdgrthey were visible in at least three frame®Hase 3,
because of the abundance of clasts, we trackechtiypthe 10 fastest clasts over time intervalkee$

than 1 secondParticle velocity can be influenced by secondafgat$ such as secondary fragmentation,
particle—particle collisions (Vanderkluysen et 2D;12; Taddeucci et al., 2017), or local turbulercel
there can be confusion between overlapping andewljalasts, therefore we only present data for a

pyroclast if the standard deviation of its indivddlmneasurements is less than 15%.

To calculate ‘in-flight grain size’ and ‘in-flighbtal mass’ we adapted an automated routine frood{Ba
et al., (2014) that allowed us to measure all {@sflyroclasts larger than -3.5 phi (11 mm) in ausage

of frames. Because of the uncertainties associwaithdow counts and small particle sizes in Phasa?2
only applied this method to Phase 3. The first dietpcts the pyroclasts in each frame across k sfac
consecutive images. This is accomplished by enhgribie image contrast and then using an algorithm
that determines which features are in motion ard temoves the stationary background. The next step
applies a threshold to the stack of images totisdlee clasts from the background. If necessagy, th
images are cropped to exclude any unwanted featuaemay be detected during the thresholding
process. Clast area, perimeter, and the lengttieohajor and minor axes are measured. The mass of
each clast, in each frame, is estimated by muitiglyhe clast volume (calculated as the produthef
clast area and its minimum Feret diameter) by a@mame density of 1100 kgincalculated from a
sample of 100 measured pyroclasts from the eadgghof the eruption (following Houghton and
Walker 1989). The total mass in a frame is a coadime estimate of the total in-flight mass at that
instant in time as some clasts are out of the fi€liew and others are obscured by adjacent ¢lasts
incandescent gas, or features of the landscap€inFfiight grain size distribution’ of the partiet is
summed in ¥-phi bins, and median diameter and Irspaing coefficient are calculated from the size

data for each frame. Binning used the minimum Faisgheter of each cla#s a validation of the
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automated routine we also present data from twodsain Phase 3 in which each clast was manually

outlined and then measured using the same routine.

We also estimated in-flight MER. This was done gsirsimilar approach to the total mass determinatio
but rather than looking at the whole frame, wedelta small window above the vent, whose heiglst wa
equivalent to the median clast diameter for thatseh This approach minimizes the possibility of
interference from counting clasts multiple times$ ome smaller clasts may still be counted twiak an
some larger clasts may extend beyond the uppeloamdt limits on the box. We counted particles as/th
pass through this box over sequences of 30 congedtames so that the aggregate mass of particles

represented the flux over a time window of one sdco

3. Terminology

We apply the term ‘episode’ to the period from tinset of strong pulsating outgassing at 20:32 on 5
May until the end of mass discharge at c. 11:3ag 7. This c. 39-hour-long episode was preceded by
a 9-hour gap in eruption at F8, and was followe@ 20-day hiatus in F8 activity (Neal et al., 201®)is
use is thus consistent with the terminology appltedarlier Hawaiian fountaining eruptions (Fig@je
where widely spaced episodes each contain numshmutlived pulses (Richter et al., 1970; Wolfakt
1988). We divided the first hour of this episod®ithree eruptive ‘phases’ of consistently différstyle
and intensity All three phases of the eruptive @ggswere pulsatory in character, on sub-second to
second timescales, even the early outgassing isePharhe term ‘pulse’ has been applied to a rafige
explosive eruptive phenomena (e.g. Dominguez £2@1.6; Wolfe et al., 1988; Taddeucci et al., 20&2a
) and there is no consistent definition acrosslit@sature. Here, we use pulse to refer to thetskb
fluctuations in eruption vigor, usually rangingtna fraction of a second to a few seconds in dura#h
succession of pulses may form a single explosi®baerved in Phase 2 (this activity is rapid
StromboliansensuHoughton et al., 2016), or a sequence of longemger and more prolonged pulses,
without appreciable repose intervals, may formsianed but unsteady Hawaiian fountaining event, as

observed in Phase 4. Results
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The intensities during the episode were always miagally low and there were no instantaneous shift

between styles. For these reasons we use simpigpta® terms like pulse and explosion in thistget

4.1. Qualitative description of activity
4.1.1. Description

Phase 1Weak, continuous but pulsating outgassing, unaceoied by ejection of pyroclasts, was
taking place from the western end of the F8 fisswteen first observed at 16:00 hours. Three praicip
sites of gas jetting, visibly incandescent to hegif 0.2 to 1.3 m, were spaced along approximatety
of the fissure and rampart. Discharges at the tites were somewhat synchronized in that new dofst
outgassing were frequently simultaneous, but adtemor two sites would remain quiescent. By 19:00,
stronger partially synchronized, pulsating incacees outgassing was occurring from 3 tpdint

sources along this western end of the rampart.

Phase 2AThe pulsating outgassing increased in intensitgt, by 20:32, it was punctuated by pulsed
ejection of clusters of up to 10 incandescent liapdl heights of <2 m from up to three venisdure 2a).
The emission of pyroclasts was both sparse anedunémt at this stage. No pyroclasts were visible fo

80% of the time, and two or more clasts were wisfbl only 5% of the time.

Phase 2BThe eruption built into more rapid and closelycgzhbut still discrete explosive activity.
Pyroclasts were ejected to heights of up to 4#igufe 2b), in well-defined, pulsating explosions of often

100 or more pyroclasts.

Phase 3AThe activity became markedly stronger and semiagustl but highly unsteady with time (i.e.,
we no longer recognized clear reposes) and wasrempin video between 20:53:45 and 20:54:30 when
first one, then two, vents showed quasi-sustaibetpulsating, ejection of coarse lapilli and bombs

(Figure 2c) typically to 10 to 20 m height. Pulses were naimtd for intervals of several seconds, with

any pauses generally less than 1 s duration.
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Phase 3BActivity from the two principal vents (vents 1, ®as sustained for tens of seconds and
noticeably more intense than in 3A with rare outtilasts rising to 50 nmH{gure 2d), but was still

pulsatory, on time scales of seconds.

4.1.2. End of the episode
The field party returned to F8 at 21:55 when digtiad temporarily weakened but it strengtheneairag
to a major peak, from vents east of those studéed, tin the early hours of 6 May, and the fissure

extended further eastward to reach a final lenf§®0an. The episode ended on the morning of 7 May.

4.2. Frequency and durations of pulsesand explosions

Short-lived pulses are the most fundamental eroptiats recognizable, despite different time scales
throughout Phases 2 andT3able 2) and were also seen in the pulsating nature gfassing in Phase 1.

The latter were not documented in this study.

4.2.1. Results

Phase 2AWe recorded 150 pulses from the strongest ventdéwainutes of filming, with durations
ranging from 0.07 to 2.4 secondsable 2). This equates to a pulse frequency of G.6The pulses show
a tight log-normal distribution about a mean vadfi®.41 secondd{gure 4). We group the pulses into
36 explosions, some of which consist of a singhated pulse, others consist of multiple pulsesiwit
single explosion. Explosion duration ranges fro®do 11.7 seconds without a single well-defined

mode and a periodicity of 7 seconds. Repose intebhetween explosions range from 0.6 to 18.5 sexond

Phase 2BWe recorded 166 pulses in a 92 second videowith,durations ranging from 0.1 to 2.2
seconds, with a tight lognormal distribution abauhean of 0.41 secondsigure 4) and a pulse
frequency of 1.8 The pulses were grouped into 12 explosions ranigimuration from 0.17 to 21.6
second. Like 2A, these is no single mode for trenedurations and there are insufficient explostons
calculate meaningful statistics, although the mkisoapproximately 8 seconds. Repose intervalsdmw

explosions range from 0.7 to 2.2 seconds.
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Phase 3AThere are no significant reposes during 3A and é&crecognizable explosions. The eruption
does however pulsate, as is clear in the timeseshiewn later ifrigure 8. Ten pulses were recorded in

45 seconds of filming with durations from 1.8 t@ gecondsT(able 2, Figure 4).
Phase 3BWe recorded 59 pulses during 270 seconds of filmiitly a range of 1.9 to0 10.2 s.

4.2.2. Interpretation

Analysis of the data presentedrigure 4 shows that the durations of pulses are statistical
indistinguishable between Phases 2A and 2B (ANOMWAlpe = 0.929) and between Phases 3A and 3B
(ANOVA p-value = 0.752). In the case of Phase B llolds despite a 3-fold increase in the frequericy
pulses from 2A to 2B. The durations of pulses inadeh2 are statistically significantly differentrfro

those in Phase 3 (ANOVA p-value = 0.000). This ssgg that there is some fundamental property of the
system that tightly modulated the duration of psilagthin each phase, and which changed rapidly
between Phases 2 and 3. This is mirrored in tikigint data described below. No similar pattern is

observed in event duration.

4.3. Pyroclast Veocimetry

The exit velocities of pyroclastEigure 5) show a consistent and predictable pattern obame as the
eruption increases in intensity. We recorded threg@gsts associated with each of the three vents

separately in 2B. In Phase 3 we tracked two donimamts,other minor vents were active intermittently.

4.3.1. Results

Phase 2AThe few pyroclasts emitted BA showed consistently the lowest pyroclast exibeities.
These pyroclasts decelerated sharply on ejectidweene rapidly advected by the near-surface witgk T
majority of measured pyroclasts across all thregsvduring this phase had exit velocities of 3-8'm

(Table 2). The velocities were consistently highest at veah@ lowest at vent 3.

Phase 2BThere was a significant increase in average viglodgih respect to 2ATable 2), but little

change with time throughout 2B. The average vejogis 8 m S and the maximum 1% s (Figure
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5a). The data show that the activity at all 3 verdaeagally overlapped, even though the exit velaitie
were not identical. The onset of explosions at Bawhas often slightly delayed with respect to 1 and
and vent 3 exit velocities were consistently lovogtly 3-8 m €, average 5.6 m’. Velocities at vent 1
and vent 2 were more typically 7-12 i averaging 8.1 and 7.6 respectively. A non-linear decay of

ejection velocity signaled the end of well-defirgdction pulses.

Phase 3The onset of Phase 3 was marked by a rapid incnedlse number of fast moving particles. As
a consequence, very few slow-moving clasts (3—-5)mvere recorded and exit velocities clustered at 15
20 m s' (Figures5b, ). The average velocity was 18 rhfer both 3A and 3B, with maximum velocities
of 34 and 35 msrespectively Table 2). Vent 2 emerged with relatively low velocities3t s into 3A

but from 37 s vent 2 velocity essentially matcheat bf vent 1.
4.3.2. Interpretation

All measured exit velocities are low by comparisoistrombolian eruptions; e.g., exit velocitiesomssr
nine studies of normal explosions at Stromboli, ptiad by Bombrun et al., (201%)ave mean values of
22-136 m s. Taddeucci et al., (2012b) recorded ranges of 881 §' and 172—405 m’for mean and
maximum velocities respectively for six normal egibns on Stromboli in 2009. There are no
comparative exit velocities for other Hawaiian dromps at Klauea, although exit velocities of up to 100

m s* can be estimated for fountains reaching to heighi£0 m.

As expected, exit velocity increased from PhasePhase 3 as the eruption became more sustained. We

discuss relationships between exit velocity andother parameters in later sections.

4.4, In-flight Total Grain Size
4.4.1. Results

Phase 2The small number and fine size of pyroclasts iglsifirames from the Phase 2 footage

prevented us from calculating meaningful in-fligt&SD, but pyroclast sizes were typically 1-4 cm.
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Phase 3.Consistent TGSDs within single video clips werseved during Phase 3. For validation, we
hand-drew outlines and measured pyroclasts in tarnds from 3fandfour frames from 3BKigure 6;
Supporting I nformation). Automatically generated data and manually coits&thdata compare well

(Figure 6).

For the automated data sets, median diameters fiaomges to 12 cm (-6.1 to -7.3 phi), in 3Kifure
7a), increasing to 11 to 17 cm ( -6.9 to -7.5 phiBB (Figure 7b). All the data are very well sorted
(Figure 7c), with Inman sorting coefficients of 0.5-0.8 pliable 2). The manual data are tightly

clustered with median diameters of 10-11 cm antingpcoefficients of 0.7—-0.8 phi.

Fluctuations in median diameter with time are shawRigur e 8a, c. There are significant temporal
fluctuations in mediadiameter defining pulses for 34&iQure 8a) and 3B Figure 8c), which are
matched closely by the in-flight mass ddt&g(res 8b, 8d) discussed belovData points are color-coded
based on the total number of clasts counted wihih frame. There is no obvious correlation between
clast counts and grain size for either 3A or 3Benting that each image is a complex assemblageibf

rising, and falling pyroclasts erupted at slightifferent times.

4.5, In-flight Total Mass
4.5.1 Results.

We have calculated the total in-flight mass of glasts in single frames, using a similar approadié

grain size analysid=(gur e 8b,d).

Phase 2in-flight mass values are very low in Phase 2 aidm@n exceeded 1 kiyalues are subject to
significant error for this reason (and due to timal particle diameter), so we have not analyzedaige

from this time interval in detail.

Phase 3in-flight mass valuesTI{able 2) in 3A ranged from 20 to 800 kéigur e 8b), and between 500

and 4100 kg in 3BRigure 8d). The increase in the maximum in-flight mass arimum clast counts
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with time acros$igure 8b coincides with an observed rapid increase in thpt®n rate. There is a

strong positive correlation between in-flight massl clast count, for both 3A and 3B.

4.5.2. Interpretation

In-flight eruptive mass defines pulses during Ptg&asgceptionally wellkigures 8 b, d) and corelates

with MER. The three order-of-magnitude shift in eb&d in-flight eruptive mass between Phases Zand
is fully consistent with a step-wise escalation atabilization in the eruption that was observedrdess
than 1 minute at this point. A more gradual, ongeoiof magnitude shift in erupted mass occurs betwe
3A and 3B Figures 2c, d). A smaller progressive change is seen duringr8®raarks both waxing of
vent 1 and the addition of vent 2. Visual correlatof high clast numbers and high in-flight mass is
strong and demonstrates that clast number is agsinfluence on the value of in-flight mass anddeen

MER.

4.6. Estimates of MER and Eruption Intensity

4.6.1. Results

Phase 20ur focus here has been on the sustained actiwviipgl Phase 3, but the approximate values

arrived at for Phase 2 suggest very low MERs of than 1 kgs

Phase 31in 3A the minimum and maximum rates are 25 andi@p§"; minimum and maximum rates for
3B are 2000 and 8100 kg sespectively. The change from 2B to 3A represantapscaling of the

eruption by almost three orders of magnitude oveiraite.

4.6.2. Interpretation

It is difficult to make precise comparisons with REzalues from other studies because these data are
averaged over quite different, generally much lontgme scales, often over the entire durationrof a
explosion or an eruption episode. Nonethelessethembers would place the 2018 explosions as among
the weakest documented basaltic eruptions. Themtlyrdocumented weakest events, the 2008 explosive
eruptions of Halema‘'uma‘u, #auea (Houghton et al., 2013) also had MER valtid®e-1¢ kg s.

Estimates of MER for five normal explosions at 8tbwli in 2012, analyzed by Pioli & Harris (2019kar

This article is protected by copyright. All rights reserved.



7.4 x 16 to 6.5 x 10 kg s*. Strombolian paroxysms are two orders of magnihigker, e.g., 2.1 x £0
kg s* (Pistolesi et al., 2011) and 1.1 x'k@ s* (Rosi et al., 2006), and high Hawaiian fountaiag(

Figure 3) have time-averaged discharge rates of 6>gG&*to 1.5 x 16 kg s* (Wolfe et al., 1988).

5. Discussion
5.1. Temporal Variability: Characteristic Frequencies of Activity

Patrick et al. (2019) propose two time scales &oiations in MER based on observation of lava flows
during the later stages of the 2018 eruption. Tisétime scale is sporadic or intermittent pulsgtin

lava discharge on a timescale of 5 to 10 minuthe.Second is longer term surges of effusion rate o
timescale of 25 to 50 hours, driven by pressuregba triggered by small-scale collapse eventseat th

Kilauea summit. Patrick et al. relate the first tarayes in the efficiency of outgassing at the vent.

Our in-flight parameters suggest there are at leasshorter timescales (higher frequencies) duiéng
least, the first 2 days of the eruption. The fins short-lived pulses in MER, with a periodicify0o6 to
4.5 seconds, linked to increases in both pyroclasnts and in-flight total grain sizEigure 7). These
occurred throughout this early F8 episode, andaat mof the other earlier eruptive fissures. Theosdc
are explosions, with closely spaced pulses, witlogieities of 5 to 8 seconds, seen during PhasktRe
episode. We have witnessed this behavior alschat @018 vents, noticeably the western end of fisssu
17. We infer that the shorter time scale (pulsefigct the bursting of individual large bubblesatigh

the free surface of the magma. We interpret thgdoexplosions in Phase 2 as linked to the spaced

arrival of larger, ordered gas pockets, represgnightly grouped clusters of such large bubbles.

It is important to note that all three shorter tdluatuations seen during the 2018 eruption (tratsterm
pulsations in lava effusion (Patrick et al., 2048 our pulses and explosions) are not driven bytsh
lived shifts in magma supply rate. Rather they shtmmimportance of the frequency and timing of

decoupled gas pockets in influencing style andueegy of eruption.

5.2. Spatial Variability: Connectivity and Synchronicity
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There are three length scales operating alonggkeré during the eruption, which must map to the
patterns of fluid flow in the shallowest condidure 9). With increasing length scale there is,
predictably, less evidence of connectivity and &yanicity of phenomena. The shortest is between
adjacent vents within vent clusters like the ongligtd here on length scales of 1-3 meters. Verttsein
studied cluster were generally in simultaneoust@npr repose, and the strongest explosions often
begin in synchronicity at two or more vents. Howewehile pyroclast velocities are very consistent a
any single vent, there are at times consistentiffces between some vents. We suggest thatriit le
scale reflects the dimensions of the largest ddedugas pockets beneath the vent system. Because
pockets consist of closely spaced large bubblepragose that the variability between vents refldogs

separation of the large bubbles, and their paniitigg among the vents, at very shallow depths.

The intermediate length scale is the separatiaenf clusters on single fissures. For early F8cthster
that we have analyzed is 10 meters west of a sedaater of vents. This second cluster went into
eruption after the western cluster and initiallysveignificantly weakerKigure 9). It switched from
transient to semi-sustained eruption two minutéesr difie western cluster. Its intensity built, rlired the
western cluster at 21:00 and surpassing it by 2Z:B8se observations suggest that there is notdirec
connection between these clusters and we infethbatlusters are fed, at least at shallow levsis,
independent trains of gas pockdtsgure 9). The localization of trains of ascending gas gtsknay
arise from in-conduit convection: Pioli et al (201fbund that focussed bubble trains form as part o

along-strike convective cells in scaled analogbenatory experiments within a dyke-like geometry.

On the longest length scale, of several hundre@msethere is no apparent connectivity in termihef
flux of large decompled gas pockets between adjdis=ures. There is also no pattern of consistent,
down-rift opening of the fissure segments (F8 wjitgift of F7 and down-rift of F9) which if present
would have suggested that the melt phase asceadked surface in a progressive fashion from west to
east, down the rift zone. The eruptions of fissuney overlap partially in time but in a seemingipdom

pattern.
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5.3. TGSD and Implicationsfor Fragmentation Efficiency

Grain size measurements, and particularly totahgiae distributions (TGSD), are key input paraenet
for studies of both magmatic fragmentation andhiodels of pyroclast transport and deposition. In
explosive eruptions the available thermal energaigitioned principally between fragmentation tod t

magma and its host rocks, and kinetic energy dyithe dispersal of the pyroclasts.

TGSD remains the least quantified of source terseslun eruption models (e.g., Mastin et al., 2009).
There are very few TGSD for Strombolian and Hawapeoducts to compare with our data. Of twenty
well constrained TGSD for fall deposits cited bys@oet al. (2016), only four are basaltic, none are
Strombolian, and only two of these are from fouritaj eruptions. A range of different techniqueséhav
been applied to these different deposits, sofériffom clear how compatible the datasets are.
Furthermore TGSD can only be constrained from gilesampling of pyroclast deposits on the scale of
entire episodes or even complete eruptions; hey, tepresent very broad time-averages, of likein
constraining changing eruptive conditions duringseges or even extended eruptions. The only complet
TGSD for a Hawaiian eruption remains the pioneesitugly of Parfitt (1998) for the 1959IKuea Iki
eruption which required assigning an extrapolamihgsize distribution to the bulk of the ejectaieth

fell into the Kilauea Iki lava lake. This result is a TGSD whiclwe phi units coarser than any other
published data. It is also an average over a tdthb fountaining episodes of widely varying height
intensity, although biased towards the final (ie&y powerful) episodes. Nonetheless, its coaraing
size is consistent with the fact that 1959 wagaiicantly more powerful eruption than 2018, with
fountaining to 580 m (Richter et al., 1970). Mueb¢ al. (2019) calculated GSD for two parts of 1989
deposit but only used samples from the distal ephanket. These GSD are predictably significantly
finer than either our data or those of Parfitt @P%nalysis of the deposits of two fountaining@rans

at Mt Etna are also based on medial to distal sasrguhd are similarly fine-grained (Costa et al1&®0

The approach that we have adopted here has thatadeahat the entire clast population > -3.5(fpfi

mm) is captured and little affected by the size/andensity fractionation that is seen in the fidaposits
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of eruptions like Klauea Iki 1959 (Parfitt, 1998; Mueller et al., 2D1Other attempts at in-flight grain
size determinations have been made for Strombekptosions but not Hawaiian fountains. A variety of
approaches have been previously applied to detergin-flight TGSD for Stromboli and Yasur (e.qg.,
Gaudin et al., 2014; Bombrun et al., 2015; Pioldé&rris, 2019), mostly to video from infrared cangera
These show convincingly the shift in particle sfzel dynamics between single explosions but have a
lower size limit set by the pixel resolution of tte&meras (1.5-5 cm for these studies). Their data a
averaged across the longer time frames of entimertiolian explosions (duration 5 to 50 s) but sfille

very similar results to our work.

Our data show that, perhaps counter-intuitivelg, TIicSD of the eruption products coarsens from 3A to
3B. This suggests that the increasing eruptionnliggds to more widespread dispersal of the largest
clasts and perhaps less efficient, rather than mific@ent, primaryfragmentation of the erupting melt..

Within Phase 3, there is also a positive correfalietween eruptive mass and median diameter.

In Hawaiian and Strombolian eruptions unlike Plni@lcanism, the bulk of the erupted mass is
represented by near-vent, coarse-grained matedaké and spatter ramparts). For example, for the
Kilauea Iki 1959 eruption, less than 2% of the edipt@ss lies outside the 5 cm isopach (Klawonn.gt al
2014). Thus, any grain size sampling that underpsesror ignores the often inaccessible and welded
proximal products will greatly underestimate theSI%; as suggested by Parfitt (1998). Our data and
Parfitt's (1998) research suggest that TGSDs faymftholian and Hawaiian eruptions are both coarser
grained and better sorted than could be impliechfgoain size distributions calculated from integat

the sets of single sieved samples found in theighdd literature (e.gkigure 7c).

5.4. Relationship to Classical Strombolian and Hawaiian Styles

5.4.1. Current terminology

Two end-member styles of weak basaltic explosiBtyombolian (Mercalli, 1881) and Hawaiian
(Macdonald, 1972), have been recognized and uriilgdopted. The distinction lies primarily not in

the magnitude of the explosions but instead irr tthaiation (Houghton et al., 2016). Strombolian

This article is protected by copyright. All rights reserved.



eruptions are typically successions of spaced, ishmiexplosions (lasting seconds up to tens of
seconds), whereas Hawaiian activity is charactérimeemergent, sustained fountaining episodes
frequently lasting hours to days. (eldqughton & Gonnermann, 2008; Taddeucci et al., R0Mypical
average frequencies of ‘normal’ activity at Stroitnboe 4 to 27 explosions per hour (Taddeucci et al
2012a; Ripepe et al., 2008; Gaudin et al. 2017risland Ripepe, 2007; Patrick et al., 2007). More
recently, Houghton et al., (2016) introduced thentapid Strombolian’ to describe a variation on
normal Strombolian activity, involving much moreduent explosions where the repose time between
explosions approaches, or equals, the duratiomeogxplosions. Examples include 3 explosions per
minute seen at Villarrica in 2004 (Gurioli et &Q08) and 7 explosions per minute at Etna in 2012

(Pering et al., 2015).

5.4.2. Phase 2

Phases 2A and 2B are both clearly characterizesphged, transient explosions and both have a
frequency of approximately 9 events per minute.yTthes fit well with the few quantified examples of

rapid Strombolian activity (e.g., Bertagnini et 4990, Gurioli et al., 2008; Pering et al., 2015).

5.4.3. Phase 3

Phase 3 does not readily fit into a conventionakpart Strombolian-Hawaiian classification (e.g.,
Walker 1973; Houghton et al., 2016). We suggedtithaa true hybrid between impulsive, transient
explosivity and prolonged sustained fountainingiclthis perhaps not unique, but has not previousbnb
guantified. Similar behavior has been recognized at previassife eruptions in Hawaii (Swanson et al.,
1979; Wolfe et al.,1998; Orr et al., 2015) and ofteformally termed ‘spattering’'— weak activity tha

near-sustained, yet highly variable, and oftendihfo frequent bursting of large gas pockets.

5.5. How does a Sustained Fountain Begin?

This study is the first quantitative analysis dof gtart of a fissure-fed eruption episode #alea. The
episode begawith weakly pulsating emission of only outgassedymatic volatiles from several vents

over a 4-meter long length of a fissure formedieadn the same day (Phasd-igure 10a). We suggest
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that at this stage, the free surface of magma weksvthe ground surface, as a result of magma
drawdown at the close of the earlier episode. d@hasvdown is likely to have opened up significant
subterranean ‘head-space’ above the free surfagarg 10a) into which decoupled gas pockets would
have burst. In this model, any associated pyrachaste intercepted by the shallow conduit wallsand
fell back into the conduit such that only gas reakcthe surface. This decoupled phase was a cordrinat
of gas from bubbles of all sizes that reached e $urface. The discharge of clearly decoupled
magmatic gas remained a feature of the eruption after near-continuous fountaining was established

(Figure 10c).

As the flux of gas and melt increased with time, fitee surface rose within the conditgur e 10b).

The main eruption began with a phase of rapid dtscexplosions in which initially only the smallestd
fastest pyroclasts rose above the vent, to heaftafew metersKigure 10b). We interpret pulses during
this phase of the eruption as accompanying relefge largest and fastest moving, meter-sized gas
bubbles, which were able to eject pyroclasts thnaargy one of generally three vents. Eruptive pulses
remained remarkably consistent in their durationrduPhase 2, suggesting their dimensions were
governed by the conduit geometry and a criticalrgass, that was required for rapid decoupled ascent
but their frequency increased three-fold from 228 with both decreasing depth to the free surfauk
increased gas and magma fluxes. Pulses eitherredcgeparately or grouped into explosions tharoft
occurred synchronously across the vents typicalB/rheters apart, suggesting a similar width for the
maximum lateral extent of the gas pockets. Howesgrchronous explosions are not observed between
this studied cluster of vents and a second cludteents approximately 6—-10 meters to the west
suggesting that outgassing proceeded independamntlyis longer length scale. Relatively low meadure
velocities at this stage reflect both the vigothaf subterranean bubble bursting and, probably more
significantly, the fact that we are only seeing dipper portion of the trajectory of the pyroclastféer

substantial gravitational deceleration.
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The relatively rapid transition into quasi-sustaiteit unsteady fountaining (Phase 3) was markeal by
step-wise, 2—3 orders of magnitude increase in MEReaker coarsening of the pyroclasts, and a 2-3-
fold increase in recorded pyroclast exit velocitiess also the point at which the free surfacehef

magma is first seen at (then subsequently aboeg)ritvious ground surface. The gas pockets now burs
at, or above, the previous ground surface andesertkire pyroclast population of each explosiomo
visible. Higher velocities reflect both the incrieagsvigor of the explosions and the fact that wavno
tracked the full trajectory of the pyroclag®lses were again driven by the bursting of largebles

within gas pocketsHigure 10c) but we infer that significant volumes of smalembbles burst between
each gas pocket ensured a near-continuum of dékadtadge between peaks of mass discharge

represented as the pulses.

5.6. A Qualitative Fluid Dynamic Modé for the Eruptive Episode

Analog laboratory experiments conducted in an itréalor engineering context (e.g., Wallis, 196%9ftC
et al., 1978; Taitel et al., 1980), have been d&dd¢a the development of our understanding oftimul
phase fluid dynamics of basaltic explosive erumjatespite some obvious contrasts (i.e. the higher
viscosities, longer length scales, and lesser itapoe of surface tension in the latter). Earlydfui
dynamic interpretations of basaltic explosive e (e.g., Vergniolle and Jaupart, 1986, 1990)
proposed that styles map to single regimes of phatie flow seen in chemical engineering. Vergniolle
and Jaupart (1986) and Parfitt and Wilson (1996ppsed buoyant ascent of decoupled slugs or gas
pockets through largely stagnant melt to explamrBbolian explosions; in the case of Vergniolle and
Jaupart (1986) an explicit analogy is made withibeilcolumns used in engineering laboratory
experiments (Wallis, 1969; Taitel et al., 1980).gvie rise to form Hawaiian fountaining was interpdet
in two contrasting ways as an analogy to eitheutanrflow (e.g., Vergniolle and Jaupart, 1986; Jatp
and Vergniolle, 1988) or (coupled) bubbly flow (ftaaind Wilson, 1995; Parfitt, 2004). Seyfried and
Freundt (2000) propose a finer subdivision of faiming regimes into sporadic pulsating (single gas

slugs), periodically pulsating (slug flow) and gusteady (annular).
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Mudde and Saito (2001) consider the similaritieBuid dynamic behavior observed in laboratory
experiments for bubble columns (buoyant rise oftbedand gas slugs/pockets through stagnant fluid)
and for air lift reactors (bubbly pipe flow in whi¢here is bulk flow of the two-phase liquid driviepa
pressure gradient along the pipe). They concludk ifthe general case, bubbly flow in a vertjuigk is
essentially a superposition of the two processhkis. fieans that, in an ascending column of liquid
containing both small coupled bubbles, and largemdpled gas slugs/pockets, those two components can
be considered independently: a gas slug risingititran ascending column of bubbly liquid behaves as
it would in a stagnant column, but with an addiibvelocity component equal to that of the bubbly
liquid through which it rises. We propose thatdmalogy, these same two processes — the buoyartdfris
meter-scale gas slugs and/or pockets, and the dpwation of the coupled mixture of smaller bubbles
and melt — may operate simultaneously but someindapendently across the range of Strombolian and
Hawaiian activity seen at LERZ in 2018 and elsewhéithough Mudde and Saito (2001) consider a
cylindrical pipe geometry, the experiments of Patlal (2017) show that trains of bubbles and gas
slugs/pockets are focussed into a column by coiveeftow in a slot, which would allow the same
processes to operate in this dyke-like geometrg. Sitperposition of these two types of concurrent fl

at any point in time determines the exact formheféruptive activity and changes to their relative
contributions permits, for example, the transitinio Phase 3, where significant volumes of smaller
bubbles burst between each gas pocket, ensuringskgustained, near-continuum of clast discharge

between pulses.

6. Conclusions

All aspects of eruption dynamics, across all stglesarly F8, are tightly linked to patterns oérand
escape of large decoupled bubbles. Patterns @iselaf these gas pockets (rather than major bt sho
lived fluctuations of magma supply) drive variatyilof eruptive intensity and style on time scalés o
seconds to minutes and length scales of meteensodf meters. Variations in activity can most lgdse

explained by contrasting contributions of the budy#se of meter-scale gas slugs and/or pocketsttan
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upward motion of a coupled mixture of smaller belsbdnd melt, at different times and locations en th
fissure. A progressive rise of the free surfacthefmagma was driven by changing gas and meltaffick
in turn influenced the change with time in the faaken by the explosions, and promoted the tramsiti
to quasi-sustained fountaining. A positive feedblaetween flux and frequency of large bubbles and
disturbance and subsequent behavior of the coyapdlation of the smaller bubbles in the surrougdin
melt assists in promoting sustained eruption.

In-flight TGSD offers a rapid, accuraiaclusive alternative to analysis and integratibhwundreds of
spot samples collected in the field. Total in-flighass is both an effective proxy for MER and pdegi
an excellent record of pulsations in fountainingptions.
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TABLES

Table 1: Recorded start and end times for Phases 1, 3 afthe second episode of the F8 eruption
(note the end time for Phase 3 is not known), phisnates of their duration together, durationsstad
and end times for the analyzed videos. Video frérase 1, which discharged only gas, was not

guantitatively analyzed.

Phase Start - End Time (HST)  Time Analyzed (HST) Pixel Size Phase Description
(Duration in min) (Duration) (cm)
1 20:21:04 - 20:22:09 not analyzed n/a Pulsating outgassing from
(0:01:05) vents without accompanying
pyroclasts.
2 20:32:17 - 20:52:01 2A:20:32:17 - 20:33:47 2A:0.16 Transient, impulsive
(0:19:44) (0:01:30) explosive activity with
2B: 20:47:43 - 20:49:13 2B:0.26 pauses of up to 17 seconds.
(0:01:30)
3 20:54:13 - unknown 3A:20:54:13 - 20:54:58 3A:0.79 Continuous or near-
(>0:18:00) (0:00:45) continuous activity with no
3B:20:59:48 - 21:00:33 3B:1.30 pauses longer than 1 second.

(0:00:45)

Table 2: Values of key eruption parameters calculatedsfages of the early F8 eruption.

Min Max Mean
Exit Velocity (m/s)
2A 3 9 5
2B 3 15 8
3A 3 34 18
3B 5 35 18
Pulse Durations (s)
2A 0.07 2.4 0.41
2B 0.1 2.2 0.41
3A 1.8 7.2 3.6
3B 1.9 10.2 4.5
Median Diameter (cm)
3A 6 15
3B 10 16
Inman Sorting Coefficient (¢)
3A 0.5 0.8
3B 0.5 0.8
Total Mass (kg)
3A 10 850
3B 500 4000
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Figure captions

Figure 1: Location maga). Map of the island of Hawaifb). the lower portion of Puna district, with
Leilani Estates subdivision, and the 2018 LERZiiss. Fissures are numbered in chronological order
following Neal et al., (2019). The entire 2018 fléield is in white (after Patrick et al., 2019).dBarly
flow from fissure 8 as mapped on 8 May 2018 is shawred.

Figure2: Four images showing typical activity in phasesn® 3 of the eruptiona] 2A, (b) 2B, (c) 3A
and @) 3B. Hot pyroclasts appear bright white in colornt&eare labeled in red in chronological order.
Red circles outline several of the sparse cm-sgfecta in 2A and 2B. The images clearly reflect the
increasing vigor of eruption and coarsening ofdjeeta across the first hour of the episode. I ghase
vents are numbered in order of chronological apgresa.

Figure 3: Fountain height data from episodes 3 throughf2BeoPuu ‘O‘c eruption, (after Wolfe et al.,
1988) to demonstrate the use of the terms erupdigispde/event and pulse.

(a) Plot of the frequency and duration of episoded3Heights for each bar are the maximum fountain
height recorded during that episode.

(b) Detailed expansion of all fountain height datadpisode 20 showing the emergent and then pulsating
nature of the fountaining.

Figure 4: Box-and-whisker plots comparing log (duratiors@tonds) data for pulses during 2A, 2B, 3A
and 3B. Note that, despite the wide range of valuesch case, phases 2 and 3 are clearly stalfigtic
distinct.

Figure5: Plot of pyroclast exit velocities versus time: f@) 2B, (b) 3A, and(c) 3B. In (a) note the gaps
without data which represent repose intervals betvexplosive events. Bars represent the standard
deviation of measured velocities for any one pyastlin &) note that consistently lower velocities are
recorded at vent 3.

Figure 6: Comparison of grain size distributions for orenfie from each of the 3A and 3B phases,
derived using the automated and hand drawn appesdehand(d) plot cumulative grain size
distributions for 3A and 3B. Note {{l) the two curves almost coincid®) and(e) are histograms for the
manual data with the clasts binned in %2 phi intisra) and(f) present the automated data in the same
fashion.

Figure7: Plots of grain size data:
(@), (b) Median diameter vs Inman sorting for Phases 33

(c) Plot of available median diameter versus soffielgs derived from sieve analysis of Strombolian
and Hawaiian fall deposits (Houghton and Carey 20G8een field is the sum ¢&) and(b), i.e., all
inflight TGSDs for Phase 3 of this study.

Figure8:
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(a), (c) Plots of median diameter versus time for 3A and&pectively, derived from analysis of
pyroclasts captured in single frames. Data poirgsalor coded for the number of clasts capturezhbich
image. Note the contrasting scales due to the stemgly higher number of clasts in 3B.

(b), (d) Plots of inflight total mass versus time for 3Ada&BB respectively, derived from analysis of
pyroclasts captured in single frames. Note thengtarrelation in both plots of total mass andtclas
counts. Both sets of data show clearly the pulgatature of Phase 3, and the escalation of acfiagty
3A to 3B.

Figure9: Cartoon showing inferred relationship between goapdynamics and subsurface flow of
magma and a decoupled gas phase on contrastiny krajes along a single fissure in 2018. Here we
show two vent-clusters approximately 10 meterstapdwich are essentially independent in terms of
eruption frequency and intensity. Each cluster&ioist3 or 4 vents, and these vents are often in
simultaneous eruption and show correlations intarentensity. Orange and white arrows indicat th
relative flux of decoupled gas and magma respdgtive

Figure 10: Cartoon showing progressive evolution of the gompand subsurface flow in the shallow
conduit for Phases 1, 2 and(8) The magma-air free surface is below the grounfasarin Phase 1 and
only escaping decoupled gas reaches the sufface Phase 2, as the flux of gas and melt incrdhase,
free surface rises, and the smallest pyroclastsisitde above the fissuréc) A stepwise increase in
eruption rate and pyroclast size occurs in Phased3he free surface is now visible above the forme
ground surface. Pulses were again driven by thstingrof large bubbles within gas pockets but werin
that significant volumes of smaller bubbles buetileen each gas pocket ensured a quasi-sustained,
near-continuum of clast discharge between pulsss.Section 5.5 for detailed description. Orange and
white arrows indicate the relative flux of decoup@|gas and magma respectively. Width of field ofwis
approximately 4 m.
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(a) Phase 2A (b) Phase 2B
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(a) Phase 1
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