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Lava fountains are a common eruptive feature of basaltic volcanoes.Many lava fountains result from fissure erup-
tions and are associated with the alignment of active vents and rising gas bubbles in the conduit. Visual reports
suggest that lava fountain pulsesmay occur in chorus at adjacent vents. Themechanisms behind such a chorus of
lava fountains and the underlying processes are, however, not fully understood.
The March 2011 eruption at Pu'u 'Ō'ō (Kilauea volcano) was an exceptional fissure eruption that was well mon-
itored and could be closely approached by field geologists. The fissure eruption occurred along groups of individ-
ual vents aligned above the feeding dyke. We investigate video data acquired during the early stages of the
eruption tomeasure the height, width and velocity of the ejecta leaving eight vents. Using a Sobel edge-detection
algorithm, the activity level of the lava fountains at the vents was determined, revealing a similarity in the erup-
tion height and frequency. Based on this lava fountain time series, we estimate the direction and degree of cor-
relation between the different vents. We find that the height and velocity of the eruptions display a small but
systematic shift in time along the vents, indicating a lateral migration of lava fountaining at a rate of ~11 m/s
fromW to E. This finding is in agreement with a propagationmodel of a pressurewave originating at the Kilauea
volcano and propagating through the dyke at ~10m/s fromW to E. Based on this approach from videos only 30 s
long, we are able to obtain indirect constraints on the physical dyke parameters, with important implications for
lateral magma flow processes at depth. This work shows that the recording and analysis of video data provide
important constraints on themechanisms of lava fountain pulses. Even though the video sequence is short, it al-
lows for the confirmation of the magma propagation direction and a first-order estimation of the dyke
dimensions.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Fissure eruptions have been observed at Hekla (1947, 1970), Askja
(1961), Mauna Loa (1984), Kilauea (1983–2015, continuing), Dabbahu
(2005), Reunion (2006), Tolbachik (2013), and many other volcanoes
in past decades (Global Volcanism Project, 2016; Siebert et al., 2011).
Commonly referred to as “Hawaiian-type eruptions”, they are predom-
inant on ocean islands and at divergent plate margins but also occur at
convergent margins and in intraplate settings (Valentine and Gregg,
2008). Fissure eruptions can occur kilometers away from the volcano
summit to which they are connected via crustal flow paths rather than
forming a continuous fissure at the surface. At Mauna Loa (Hawaii), fis-
sure eruptions have opened at distances exceeding 15 km from the vol-
cano summit (Lockwood et al., 1985). The location of a fissure interacts
with the crustal stress field (Walter and Amelung, 2006). At Etna volca-
no (Italy), fissure eruptions may occur close to inhabited areas on the
lower slope of the volcanic edifice (Acocella and Neri, 2009). The end-
member mechanisms of these lateral and eccentric fissures are (i) hor-
izontal dyke propagation or (ii) divergence of a magma path at great
depth followed by predominantly vertical dyke ascent. Distinguishing
between these two mechanisms is often difficult (Acocella and Neri,
2003), which is why observation of a lateral-flow mechanism is so im-
portant to understanding the link between fissure eruptions and their
source region.

Here, we demonstrate the utility of video monitoring in the study
of fissure eruptions. We consider an exceptionally well-monitored
case example of a fissure eruption that occurred at Kilauea, Hawaii
(Poland, 2014). In March 2011, a fissure eruption occurred in the
East Rift Zone of Kilauea and was located at a distance of over
17 km from the Kilauea summit crater (Orr et al., 2013a). Specifically,
the eruption occurred along several aligned vents, which followed the
surface expression of a geodetically and seismically inferred dyke intru-
sion (Lundgren et al., 2013). A lateral magma flow is geometrically hy-
pothesized because the eruption vents formed at a significant lateral
distance fromKilauea (Lundgren et al., 2013). Additionally, fluctuations
in the lava lake level at Kilaueawere coincidentwith activity changes at
Pu'u 'Ō'ō (Poland, 2014), suggesting a hydraulic connection (Montagna
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and Gonnermann, 2013). However, to date, no direct observations have
tested or quantified the lateral magma flow concept based on vent ac-
tivity at an erupting fissure. Because fissures open sequentially and
show venting activity that appears to be correlated to those fissures
(Björnsson, 1985; Jackson et al., 1975; Mangan et al., 1995), lateral
magma propagation may continue to dominate the subterranean
system.

The pulsating behaviour of vents can be investigated in detail via
video analysis, as this study shows. Video analyses have been per-
formed elsewhere to investigate volcanic processes because camera
monitoring facilitates continuous footage at reasonable costs and in
high resolution (Diefenbach et al., 2011; Walter, 2011). This moni-
toring technique is flexible over a wide range of time scales and al-
lows both a broad spatial coverage and a precise measurement of
local surface processes (e.g., Bluth and Rose, 2004; Honda and
Nagai, 2002). However, for many applications, it has a lower preci-
sion than ground-based surveying techniques (Diefenbach et al.,
2011). The methods used for video monitoring are separated into
satellite-, aerial- and terrestrial-based methods (Walter et al.,
2013), in which quantitative image analysis, digital flow-field com-
putation, image sequence matching and other photogrammetric
and computer vision algorithms are applied (e.g., Baldi et al., 2000;
James et al., 2007; James et al., 2006; Julio Miranda and Delgado
Granados, 2003). Common applications in volcanology have includ-
ed the study of deforming craters (Patrick et al., 2010), extrusion
(Major et al., 2009) and collapse of lava domes (Walter, 2011),
changes in the volcanic topography (Cecchi et al., 2003), deforma-
tion patterns, displacement vectors (Major et al., 2009) and other
physical parameters, such as ejection velocities of pyroclasts
(Taddeucci et al., 2012a; Taddeucci et al., 2012b). Using thermal
cameras a lava flow flux variations (James et al., 2007), cyclic rising
and falling of a lava lake surface during unrest (Spampinato et al.,
2013), dome building (Schneider et al., 2008), fumarole activity
(Stevenson and Varley, 2008) and many other volcanic processes
can also be examined. Subsequent digital image correlation can
then be used to estimate the volume, extrusion rates, and other
quantitative information on the geomorphic evolution of volcanoes
(Walter et al., 2013).

Photogrammetric calculations can provide information on
changes in volcanic topography (Cecchi et al., 2003), deformation
patterns, and displacement vectors (Major et al., 2009). Therefore,
camera monitoring, both optical and thermal, combined with mod-
ern image processing algorithms might allow researchers to gather
valuable information on erupting fissures, as well. Volcanic fissures
and associated venting activity have frequently been recorded by
video systems, but a detailed analysis using modern techniques
has not yet been performed.

In this paper, we first summarize the mechanisms responsible for
Hawaiian lava fountains and the March 2011 Pu'u 'Ō'ō eruption.
Then, we describe the video data and the methods applied to analyse
the video images and explain the results of the image processing, in-
cluding vent activity levels and the correlation between adjacent
vents aligned along the Pu'u 'Ō'ō fissure. The results show a pulsation
behaviour that occurs chronologically at adjacent vents, often with a
clear phase shift. A reasonable dataset in space and time can provide
important clues on the formation of pulsating vents due to sub-sur-
face processes and indicate the direction of magma flow at depth.
This work highlights the scientific value of video analysis at fissure
eruptions and its possible use for obtaining information on processes
at depth.

2. Lava fountains and the March 2011 Pu'u 'Ō'ō eruption

Lava fountains develop when a magma-bearing fissure opens, lead-
ing to low-viscosity magma extrusion at the surface (Swanson et al.,
1976). Lava fountains are characterized by pulses and jets of a mixture
of magmatic gas, magma and pyroclastic products. The height of a foun-
tain can reach hundreds of meters. The dynamics of lava fountains may
be governed by gas bubble layers that either form duringmagma rise or
previously accumulate at depth and drive the intensity of the eruption
(Allard et al., 2005;Manga, 1996). So far, this description has considered
only the vertical dynamics, but fissure eruptions represent structures
with a considerable horizontal extent. Therefore, we attempt here to in-
vestigate the horizontal dynamics as well.

2.1. Hawaiian lava fountains and venting activity

The classic type of lava fountaining can be regularly observed on Ha-
waii and is therefore often referred to as “Hawaiian type”. Highly ener-
getic fountain pulses can reach heights of up to 1500 m (Allard et al.,
2005). Lava fountains are thought to be caused by the rise of a mixture
of gas bubbles and low-viscosity magma to the surface (Parfitt, 2004).
The gas bubbles may be formed at different depths due to volumetric
expansion of volatiles and may be trapped in storage regions prior to
eruption.

Different conceptual models of lava fountain dynamics suggest
different gas compositions (proportion of CO2 or H2O), formation
mechanisms and bubble accumulation zones (Parfitt, 2004). The
collapsing foam model (CF, e.g., Jaupart and Vergniolle, 1988;
Jaupart and Vergniolle, 1989; Vergniolle and Jaupart, 1986;
Vergniolle and Jaupart, 1990; Vergniolle and Mangan, 2000) as-
sumes that CO2 is the driving gas. Between the conduit and the
magma storage zone, bubbles form and become trapped. The bub-
bles accumulate as a foam (Parfitt, 2004) or a layer of gas (Allard
et al., 2005) at a significant depth, as much as 1.5 km beneath the
surface. Some bubbles collapse, coalesce or ascend as an annular
two-phase flow of gas and melt through the conduit, with the two
phases exhibiting significantly different flow velocities. The erup-
tion style depends on whether the foam is collapsing instanta-
neously or gradually and therefore on the viscosity of the magma.
In contrast, the Rise Speed Dependent Model (RSD, e.g., Fagents
and Wilson, 1993; Head and Wilson, 1987; Parfitt, 2004; Parfitt
and Wilson, 1994; Parfitt and Wilson, 1995; Parfitt and Wilson,
1999; Parfitt et al., 1995) assumes that H2O is the driving gas and
argues that the buoyant rise of the bubbles is coupled to the melt
because bubbles are slow relative to the melt phase. Consequently,
the bubbles are bound to the magma fromwhich they exsolved, and
the bubble-gas mixture behaves as a single phase (Parfitt, 2004).
During ascent, a highly vesicular foam is produced that is disrupted
when the bubble overpressure exceeds the tensile strength of the
bubble-separating film of melt (Houghton and Gonnermann,
2008). Due to the high degree of coupling associated with the as-
cent velocity of the bubbles, the eruption style (Hawaiian or
Strombolian eruptions) depends on the ascent velocity of the
magma beneath the eruption vent (Parfitt, 2004). These two con-
ceptual models are end-member models, a combination of these
two mechanisms, including both CO2 and H2O bubbles, most likely
contributes to the formation of lava fountains (Houghton and
Gonnermann, 2008).

During bubble and magma ascent, the pressure inside the bubbles
relative to the surrounding pressure becomes increasingly important
as the bubbles approach the surface (James et al., 2009). The bubbles
start to nucleate and grow via diffusion and expansion or via coales-
cence. The gas bubbles rise buoyantly and push the column of degassed
magma up the conduit. During ascent, further syneruptive nucleation of
bubbles in the magma surrounding the ascending gas bubbles occurs
(Polacci et al., 2006). The magma vesicularity increases with increasing
gas volume flow rates and decreasing conduit diameter until a thresh-
old value of 45 vol% is reached (Pioli et al., 2012). Viscous and inertial
forces hinder further bubble expansion, resulting in overpressurization
of the bubbles. However, the pressure is reduced by lengthening and
spacing of the bubbles (James et al., 2009) and by increasing gas flow
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rates, which are controlled by the vesicularity of themagma (Pioli et al.,
2012). Depending on the timing and depth of the formation and growth
processes of the bubbles, fountains can be low, intermediate or high
(Parcheta et al., 2013). Pulsating fountains may result from the forma-
tion of layers or waves of bubbles during ascent. The distance between
the layers is set by the balance between bubble growth and hydrody-
namic self-diffusion (Manga, 1996).

Studying lava fountain pulses might provide greater insight into
the flow processes of a bubbly magma. Previous studies have mainly
focused on flow processes that are directed upward in a vertical con-
duit (e.g., Manga, 1996; Parcheta et al., 2013; Polacci et al., 2006;
Slezin, 2003; Vergniolle and Jaupart, 1986). However, in a horizontal
dyke, magma flow processes also occur along the dyke. Therefore,
additional horizontal flow has to be considered.

Hawaiian lava fountains can develop in rift zones tens of kilometers
away from the conduit. Therefore, our testable hypothesis is as follows:
a lateral pulse of magma can be quantified by careful recording of the
pulsating behaviour of lava fountains.

2.2. The March 2011 Pu'u 'Ō'ō eruption

Pu'u 'Ō'ō is a cinder and spatter cone volcano located in the East
Rift Zone (ERZ) of the Kilauea volcano (Hawaii), which has erupted
almost continuously since 1983. The Pu'u 'Ō'ō crater, a 500 × 300 m
wide and up to 100 m deep depression, refilled after large eruptions
in early 2011 (Orr et al., 2013a). On 5th March 2011, the crater floor
collapsed along with increased seismicity, as shown by time-lapse
camera data (Orr et al., 2013a). Lava began to erupt between the
Napau crater and the Pu'u 'Ō'ō crater, marking the start of the 2011
Kamoamoa fissure eruption (see Fig. 1). In the beginning of the
Fig. 1.Maps of Hawaii, the Kilauea volcanic system, and the Kamoamoa eruption area – (a) Eas
Kilauea Caldera and Pu'u 'Ō'ō Crater. Lava flows are shown in red. (b) Region of the Kamoamoa
eastern segments of the fissure are highlighted. (c) Location of the eastern fissure with the pos
eruption on 5th March 2011, a single 100 m long fissure opened in
the eastern segment (E-segment), and lava fountains with estimated
eruption heights of approximately 20 m developed (Lundgren et al.,
2013). Over the next 12 h the eruption activity propagated bilaterally
to the north-east and the south-west, and reached a length of ap-
proximately 2.3 km (Orr et al., 2013a). On 6th March 2011, the foun-
tain heights increased to 25–30 m, as estimated visually (Orr et al.,
2013b). After some hours, the western segment (W-segment) be-
came active, while the area between the segments showed no activ-
ity (see Fig. 1b). On 8th March 2011, activity along the E-segment
decreased. In the evening of March 9th, 2011, the fissure eruption
also ceased along the W-segment, and the Kamoamoa eruption was
over after 4 days (Orr et al., 2015).

Although the Kamoamoa eruption (episode 59) occurred 17 km
away from the deforming Kilauea summit crater (Richter et al.,
2013), these distant sites are thought to be hydraulically connected
(Lundgren et al., 2013; Poland, 2014). A dyke (or pipe) possibly con-
nects Kilauea and Pu'u 'Ō'ō (and the associated fissure eruption)
(Lundgren et al., 2013; Orr et al., 2015). Satellite radar interferome-
try data revealed significant ground displacements associated with
the dyke, which was constrained to a length of approximately
15 km and a depth from the surface of 3–5 km (Lundgren et al.,
2013). The width of the dyke opening at the surface was found to in-
crease from nearly 1.5 m to over 2.8 m during the eruption, and was
constrained to b3 km beneath the surface (Lundgren et al., 2013).
Lava flows covered the surface immediately surrounding the vents,
which is why no geodetic data exist there and why the details of
the connection between the dyke at depth and the vents remain hy-
pothetical. The multiple pulses of the lava fountains remain to be
studied in this context.
t Rift Zone of the Kilauea volcanic system on the Island of Hawaii with the position of the
fissure eruption (episode 59) between the Napau and Pu'u 'Ō'ō craters. The western and
ition of the two cameras (Cam 1 and Cam 2) at the end of the eastern segment E3.
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3. Video recording and image analysis methods

3.1. Camera set-up

During the Kamoamoa eruption, two short videos (both ~30 s long)
were recorded at the easternfissure eruption segment E-3 on 5thMarch
2011 (see Fig. 1). The videos were made almost simultaneously but
from different viewing directions (Orr et al., 2015). The fissure started
erupting at 17:22 and appeared to stop propagating to the north-east
at 17:38 (all times are given in Hawaiian time). The camera observa-
tions suggest that the activity stopped orwas very low at 21:55. The fis-
sure reactivated at 2:42 thenext day andfinally stopped erupting before
3:00 (Orr et al., 2015).

The videos we usedwere recorded at a frequency of 30 frames/s and
at a resolution of 640 × 360 pixels. Video #1 records a view perpendic-
ular to the vents. It shows lava spattering at the vents, which started
erupting shortly before the start of the video (see Fig. 2 left – initial ac-
tivity at thefissure in the front, Fig. 1 CamA). Thefissure eruption can be
separated into two groups of vents, each with lava fountains at four in-
dividual vents (see Fig. 4). Video #1 is ideally suited for our investiga-
tion due to its field of view and geometry with respect to the fissure.
Video #2 was recorded in front of the propagating fissure with a view-
ing direction parallel to the fissure during fissure propagation at 17:31
(Orr et al., 2015). The video succeeds in capturing the fissure propaga-
tion from SW to NE; however, the field of viewmakes a more quantita-
tive analysis challenging.

The vents are identifiable in both videos and are arranged in a line,
which is indicative of a near-linear fissure at depth feeding these
vents. Two to three groups of fountains are distinguishable (see Fig.
2). Each group is defined by 3–5 vents that are closely spaced at b2 m.
The groups are separated by a nearly 4-m-long zone with nearly no
activity.
Fig. 2. Timing of fountain activity and frame example - (a) fountain activity along the western a
marked, and the time is in Hawaiian time. (b) Example frames from both cameras with a times
from the north of the fissure; the lower row depict frames of video #2 recorded by Cam 2 from
Scaling of the videos was performed by analysis of the falling parti-
cles, as detailed further below. The timing of the video images was re-
corded by an internal intervalometer.

3.2. Video analysis

The aims of the video analysis are to reliably measure the dynamics
of the fountains, its pulsating behaviour and to test if there is a relation-
ship between the different vents.

To analyse the video of the lava fountains, we develop a method to
measure velocity and height in the image time series. Before calculating
the height and velocity, each frame is converted into a grey-scale image
that is based either on one of the colour channels of the camera or on a
combination of colour channels. Theweight of the different colour chan-
nels is based on the setting and is chosen in such away as to visually im-
prove the contrast between the background, the steam and the
foreground. In our case the red channel was weighted the highest. The
velocity measurement involves a modified mpiv-Code (Mori and
Chang, 2003), a Matlab Particle Image Velocimetry toolbox. The code
is based on the Particle Image Velocimetry (PIV) method, which allows
the calculation of the difference between two images by cross-correla-
tion (Raffel et al., 2013; Westerweel, 1997). The image is divided into
several quadratic search windows, so-called subregions with side
lengths larger than the expected maximum displacement between
pairs of images. The subregions overlap by 50%. Based on the maximum
heights of the fountains (approximately 5 to 6 m), we expected a max-
imum displacement in the vertical direction of 17 pixels/frame. Due to
additional horizontal displacement we expect total displacements of
up to 20 pixels/frame; therefore, a sub-region size of 32 × 32 pixels
was chosen. Consequently, we have an overlap of 16 pixels. The dis-
placement of the correlation peaks of these sub-regions is calculated
in mpiv. Based on the spatial and temporal scaling, the velocities are
nd eastern fissures throughout the Kamoamoa eruption. The time of the recorded video is
tep of 5 s between the frames. The upper row show frames of video #1 recorded by Cam 1
the east of the fissure.

Image of Fig. 2
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computed between the images for each sub-region. Here, the falling
particle velocities are used for scaling only.

The height of the venting activity was measured using two entities,
the maximum height and the height of the main body of the lava foun-
tain. The maximum height Hmax is the height of the highest magma
clasts above the vent, whereas the height of themain body is the height
of the lava fountain before fragmentation near the vent becomes detect-
able in the video data (see Fig. 3). Due to this fragmentation, we differ-
entiate between the main body of the fountain and the spatters
(fragmented material).

The height measurements are achieved using a Sobel edge detection
algorithm (Vincent and Folorunso, 2009). This algorithmworks on two-
dimensional matrices; consequently, the algorithm is channel-based. As
the fountains show clear signals in the red colour channel, we based our
channel-based edge detection approach on that channel. After detecting
the edges of the eruption at each vent within each frame, the areas
surrounded by these edges are evaluated. All areas that have strong
edges are labelled by the regionprops algorithm of MATLAB. To select
the region of the maximum height of the fountain, the position of the
fissure vent in the image is manually defined as the reference level for
the lower edge of the main body of the fountains (see Fig. 3, red line).
This level also defines the lower edge of the fountains, whereas the
upper edge is the highest pixel among all the selected areas. Using the
edge detection method, the borders of the particles and the main foun-
tains are identified. Converting these edges to a binary file with filled
borders, the regionprops algorithm provides us with the properties of
each individual area. The maximum or main height can be calculated
Fig. 3. Processing scheme and height definition - (a) method flowcharts detailing the processin
heights: themaximumheight of particles ejected by the fountain (green), the height of themain
different heights are shown for the eastern group as an example.
based on the distance between the highest pixel and the lowest pixel
of all areas or specific areas, respectively. As a result, in the time series,
both the spatter and the main body of the lava fountains are detected
(see Fig. 3, green line). The reference level of the manually defined
vent location is used to identify the area of the main body of the foun-
tain. Because the level is defined as the lower edge of the main body,
all areas that include pixels associated with this reference level are con-
nected to the vent. Therefore, only the regions of these areas are
analysed to calculate the height of the main body of the fountain, i.e.,
hbody (see Fig. 3, blue line). By performing this procedure for all images
separately, a fissure height time series can be produced.

At high frequencies (N10Hz), the signal-to-noise ratio in the heights
is higher, resulting in limited imaging data information. On one hand,
the increase in the signal-to-noise ratio is likely due to both the stabiliz-
er of the camera and the JPEG compression, where blocks of 8 × 8 char-
acters are coded together, which leads to initial detection inertia (Tu et
al., 2013). Higher-quality cameras and videos (higher frame rates,
higher resolutions, and use of a calibrated lens) might improve these
limits. On the other hand, this limitation may arise from our definition
of the main body of the fountains. As the main body does not include
the spatters, we observe sharp decreases in the height when the spat-
ters become disconnected from the main body. To reduce the influence
of this effect, we use a 7th-order Butterworth low-pass filter with a cut-
off frequency of 3 Hz. Due to the transfer function of the filter, frequen-
cies larger than half the Nyquist frequency (½ fNy = 7.5 Hz) are
neglected. Thus, the filtering also reduces artefacts arising from the
camera resolution and frame rate. The very long- and short-term trends
g from video recording to velocity and height analysis. (b) Basic illustration of the different
body of the lava fountain (blue), and the pixels that define the level of the vents (red). The

Image of Fig. 3


48 T. Witt, T.R. Walter / Journal of Volcanology and Geothermal Research 330 (2017) 43–55
are filtered out by an additional 7th-order Butterworth high-pass filter
with a cut-off frequency of fL=0.15Hz,which is a tenth of themain fre-
quency. Consequently, we emphasize the pulses of the fountains, and
we canmeasure the height variation using a channel-based edge detec-
tion algorithm and a low-pass filter.

3.3. Statistical tests

To analyse the image time series, we calculate the frequencies and
the cross-correlation between the different fountains by utilizing the
channel-based edge detection results. As a first step, we calculate the
frequency content of the time series of each vent. This indicateswhether
the eruptive pulses at the different vents show similar patterns and are
thus somehow connected to each other. Then,we use themain frequen-
cy of the vents to calculate the range of frames per period N. The last
step is to correlate the pulses of the aligned vents with each other. We
correlate the whole time series to obtain a time shift between two
vents and to examine single pulses, which allows us to investigate the
temporal variations in the time shift (i.e., the time-dependent correla-
tion). Importantly, if the behaviour of the fountains is unstable and
changing,monotone pulses are not present. In the case of a time-depen-
dent correlation, we calculate the cross-correlation between the foun-
tains of two neighbouring vents. The correlation is based on N points
of the first time series with N + 2 ∗ Nshift (with Nshift mostly equal to
0.5 ∗ N) of the second time series. We assume that the time delay is
not more than one period forward or backward. Thus, we select the sec-
ond time series such that the sequence starts at tshift=Nshift/N ∗ T [s] be-
fore the first time series sequence and finishes at tshift after. As a result,
we obtain the correlation between two time series that aremeasured at
separated eruption vents.

3.4. Scaling

The videos are taken as a sequence of images at a known interval,
and the spatial scale of the field of view is measured in pixels. To esti-
mate a pixel-to-meter conversion, we use the PIV method. The method
gives us the velocity of particles, as described above, in pixels/s. There-
fore, by measuring the falling velocity of particles (spatters) over 10 to
15 frames, assuming free fall conditions, we are able to calculate the cor-
responding velocity in m/s. Based on the comparison of both velocities
of the falling particles (a measured velocity in pixel/s and a calculated
velocity in m/s), we can calculate the scaling factor. However, by
neglecting the friction and drag, we may overestimate the velocity
and consequently overestimate the height. Comparison with the maxi-
mumheightmeasured in the field (Orr et al., 2015), reveals that our cal-
culated scales are acceptable. To minimize the error, we analysed 25
particles, starting at their highest point and detecting their position dur-
ing the falling process. As a result, we obtain a scaling factor of 43.5 ±
2.6 pixels/m for video #1, and geometric distortions in the camera
field of view (FOV) were not corrected further. Video #2 was taken at
an oblique angle, and scaling was not possible. Similar scaling ap-
proacheswere used in other studies elsewhere, e.g., atMount St. Helens
(Voight et al., 1983).

The temporal resolution is given by the camera setting of 30 frames/
s. The spatial resolution depends on the accuracy of the edge detection
divided by the scaling factor, as determined above. Consequently, the
mean spatial resolution is assumed to be 7.8 cm. In terms of velocity,
we detected a maximum velocity of 52.0 m/s and an accuracy of
0.5 pixels; therefore, the velocity is limited to a resolution of 4.2 m/s.

The errors in the height variation are parameter based. Varying the
pre-processing parameters (such as the weighted sum of the R, G, and
B components to calculate the grey value and the threshold for the
edge detection) and the edge-detection parameters may affect the
error and precision. For example, the beginning of the eruption along
the western fissure features a relatively large error caused by heavy
steaming and therefore a lower contrast in the grey value between
background and the fountain in the foreground. In the following, we
demonstrate ourmethod by applying it to the Pu'u 'Ō'ō eruption. Details
on the limitations of the method and the context of the example results
are further elaborated in the Discussion section.

4. Results

Both videos show a variation in the height of the fountains. The data
sets are analysed with respect to their frequency content and by corre-
lation methods to evaluate vent pulsation.

Video #1 shows eight vents, four in each group. The maximum
height of the fountain eruption (Hmax) is ~5 m. The height of the
mean fountain body varies between 1.8 and 3.9 m for the different
vents. Due to the pulses, the mean height of the main body ranges
between 0.3 and 1.4 m. Video #1 shows a lower image structure
for the main body and a higher image structure for the spatters.
Therefore, the edge of the main body and the velocity of the spatters
can be well constrained. The trajectories of different spatters are not
oriented entirely vertically. Instead, we find a horizontal compo-
nent that is especially large for those vents located at the ends of
the fountain groups (the eastern group 1 and the western group
2). The mean value of the spatter velocity is 5.3 ± 1.4 m/s. The
upward detected velocity is between 0.1 and 15 m/s. The highest
velocities are observed for the spatters that have vertical trajecto-
ries. The horizontal component varies widely and is quantified to
between 36% and 196% of the maximum vertical velocity. Therefore,
the horizontal component is often much higher than the vertical
displacement component.

Video #2 shows three groups of fountainswith different activity. The
group in the front consists of relatively small connected vents that start
to fountain during the recording of the video. The fissure propagates to-
wards the observer, which is also why a longer video sequence is not
available (T. Orr, pers. comm. 2015). In the beginning, no activity is ob-
served along the vent, but abundant steam is present. After 10 s, lava
reaches the surface, and continuous lava fountain pulses are observed
2 s later. The central group (see Fig. 3, right frames) consists of three
vents and exhibits lava fountain activity throughout the remaining
video. During the first seconds of the video, the activity of the
fountaining increased, resulting in taller fountains. With the initiation
of fountaining in the front group, the activity decreases, and the height
slightly decreases. The activity of the farthest group of fountains, in
which two vents can be distinguished, appears to remain relatively
stable.

4.1. Height of the pulsating eruptions

The main fountain body height (hbody) can be calculated for each of
the eight vents separately. The results for the eastern group (group 1)
and the western group (group 2) are shown in Fig. 4. In both groups,
the two central vents (vents 2, 3 and 6, 7) exhibit the highest fountains
and themost activity. The eastern group (Fig. 4b) exhibits less activity at
the beginning (b0.75m), especially along the outer vents (b0.5m), and
then exhibits an increase in activity (N0.75m) after 15 s. In contrast, the
activity of the western group is high (~1.5–2.25 m) in the beginning of
the video and subsequently decreases (b1 m).

The maximum height calculation of the spatters shows a pulsating
behaviour. Nearly simultaneous height peaks are visible for the eastern
group at several times, such as at 6 s, 16 s, and 26 s, which are labelled
(i), (ii) and (iii), respectively. Notably, the almost simultaneous peaks
appear to occur slightly earlier at vents 4 and 3 than at vents 2 and 1. Ad-
ditionally, in the western group, we observe height peaks with only a
small time lag, such as the peak at 11 s (labelled (iv) in Fig. 4). The
vents on the western side appear to show this eruption peak slightly
earlier than the vents on the eastern side. To address this apparent
shift in more detail, we provide a detailed frequency and correlation
analysis in the following section.



Fig. 4. Height variations over time in video #1 - (a) the vents are named and separated into two groups. The camera was located north-northwest of the fissure segment E3. (b and c)
Smoothed height of the main body time series of video #1 for (b) the eastern group (vents 1–4) and (c) the western group (vents 5–8). Dashed lines link the time of maximum
eruption height at adjacent vents for several pulses.
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4.2. Frequency, correlation and velocity

4.2.1. Frequencies
Bandpass filtering allows us to emphasize the different pulses of the

fountains and to reduce artefacts arising from the camera resolution and
frame rate. The frequency spectrum over time for selected vents is
shown in Fig. 5 (further frequency spectra are accessible in the supple-
mentary material). From this analysis, we again observe an increase in
Fig. 5. Time vs frequency variation plots for vents 2 and 3 (eastern group) and for vents 7
and 8 (western group). The different pulses are clearly indicated by a high concentration
of frequencies of 3 to 5 Hz. Additionally, a lower activity of the fountains in the
beginning (eastern group) with respect to the end (western group) is also observable.
activity in the eastern group and a decrease in activity in the western
group.

In the frequency domain, we observe pulses, i.e., regionswith higher
energy, over a range of frequencies in comparison to the low-energy
background. Depending on the contrast with the background, we define
significantly higher values as high venting activity. During periods of
low venting activity, the contrast is lower, and the energy decreases
with increasing frequency.

Short venting pulses and repeated pulsation are identified as a
high-frequency pattern, e.g., at seconds 22–24 at vents 2 and 3.
Low venting activity and low pulsating behaviour are considered a
low-frequency pattern, e.g., at seconds 19–24 at vents 7 and 8. With-
in the groups (each with 4 vents), we observe a high degree of sim-
ilarity in pulsating behaviour. However, the pulsating behaviour of
the eastern group clearly differs from that of the western group.
The activity of the eastern group is higher in frequency at the end
of the video, whereas the activity of the western group is lower at
the end of the video.

The pulsating behaviour appears to be evident in terms of both
height (Fig. 4) and frequency (Fig. 5). Height changes are therefore asso-
ciated with frequency changes. We interpret this frequency increase to
be associated with a higher velocity, which leads to greater eruption
heights. Therefore, monitoring the frequency-dependent variations of
fissure eruptions provides a constraint on the eruption height and ejecta
velocity.

Counting the number of pulses for the individual vents, we find that
a total of approximately 50 pulses occur in the video, varying slightly
between 48 and 53 pulses for the different vents. A closer examination
reveals that the pulses that are observed at different vents do not
occur in chorus. Instead, a short temporal delay is observed between
vents farther to the west and vents farther to the east.

For the eastern fissure (see Fig. 5, upper row), all the vents (vents 1
to 4) show amain frequency of 1.47 Hz (T=0.68 s). For thewestern fis-
sure (see Fig. 5, lower row), the vents exhibit greater variations. In total,
the main frequency is calculated to be 1.57± 0.27 Hz, resulting in a pe-
riod of T = 0.63 ± 0.11 s. This information will be of use for the corre-
lation analysis below.

Image of Fig. 4
Image of Fig. 5
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4.2.2. Correlation
As we have shown above, the amplitude spectrum of each fountain

is similar to the amplitude spectra of the other fountains, and the
main frequencies are quite similar. Now, we discuss the correlation of
these pulsating behaviours. We perform a cross-correlation in time
and space, to analyse the behaviour of the eight vents in space and the
changes in time shifts between the pulses. The results are displayed in
Fig. 6. The cross-correlation matrix between all eight vents, shown as
a heat map (Fig. 6a), shows a high correlation within each group of
four vents. Among the 8 × 8 cells, we clearly identify four distinguished
quadrants, two of which have high correlations (shown by red colours)
and two with lower correlations (blue). This is evident for the entire
time series, although the correlation within thewestern group is higher
at the beginning of the time series, whereas the correlation within the
eastern group is higher in the second half of the time series.We observe
that nearby vents generally have a high correlation factor that decreases
with increasing vent distance. Therefore, vents belonging to the same
group show a similar lava fountaining behaviour. Proximal vents exhibit
amore pronounced synchrony than those that are farther away. The be-
ginning of the time series shows a generally stronger correlation of ad-
jacent vents than the second half of the time series.

By considering selected vents and shorter intervals,we can study the
cross-correlations in time. Fig. 6b shows the correlation between vent 8
and other selected vents (additional correlation figures are provided in
the supplementarymaterial). The illustration allows the visualization of
the time delay in the pulsating behaviour at these selected vents. We
find that a clear and systematic time shift in the pulsating behaviour
Fig. 6. Correlation analysis - (a) cross-correlation matrix between all eight vents for the first
correlation is the auto-correlation. (b) Correlation between neighbouring vents as a function o
3 (eastern group), 5 and 6 (western group). Changes in the correlation behaviour and a high
vents can be observed.
exists between the analysed vents. At 12 s, the vents that are closely
spaced (vents 6 and 8 in Fig. 6b) feature a dominant time lag of 0.2 s.
The vents that are farther spaced (vents 3 and 8 in Fig. 6b) feature a
dominant time lag of 0.9 s. This suggests that the time lag increases
with distance.

We also see episodes during which large changes in the correlation
behaviour occur and other episodes during which no correlation is evi-
dent. Large changes occur during periods of activity change in the two
groups, as identified earlier (Figs. 4–5). During these periods of activity
change, the venting frequency increases in the eastern group and de-
creases in the western group (e.g., at 12 s in Fig. 6b). During these
times, the correlation analysis reveals jumps in the time delay between
the different vents. The correlation between vents in different groups
decreases to nearly zero. The correlation between vents in the same
group increases, and no time lag is observed (e.g., at 16 s in Fig. 6b).

4.2.3. Velocity
Based on the time separation observed above and the distance be-

tween the identified vents (Table 1), we can estimate a velocity. To do
so, we consider the time lags of the identified correlated pulses for all
four vents within each group (eastern group = green, western
group = blue) and for all the vents between both groups (black). The
calculation paths and results are shown in Fig. 7.

In general, we find that those vents that are closely spaced display a
shorter time separation. The fissure eruption time separation for vents
adjacent to each other is generally b1 s. As the distance between the
vents increases, the time separation increases. Comparing the time
14 s of the video (left) and the last 14 s of the video (right). The diagonal band of high
f time. The correlations are between vent 8 (western group) and three other vents: vents
correlation between the vents at longer time delays with increasing distance between

Image of Fig. 6


Fig. 7. Time differences in eruption behaviour and resulting velocities - (a) time separation
between vents, with the calculation path given for all four vents within each group
(eastern group = green, western group = blue), and for all vents between both groups
(black). (b) Time delay between fountain pulses of distinct vents as a function of the
distance between these vents, calculated by correlating the main body heights of the
fountains. (c) The previously determined time delay is converted into velocity. Velocity
variations are greater for very small distances and distant vents.

Table 1
Distance between the vents – the calculated distance between the different vents in me-
ters. These distances are needed to calculate the velocities.

1 2 3 4 5 6 7 8

1 0.0 1.4 2.9 5.0 8.8 10.2 11.4 12.4
2 1.4 0.0 1.5 3.6 7.4 8.9 10.0 11.0
3 2.9 1.5 0.0 2.1 5.9 7.4 8.5 9.5
4 5.0 3.6 2.1 0.0 3.8 5.2 6.4 7.4
5 8.8 7.4 5.9 3.8 0.0 1.5 2.6 3.6
6 10.2 8.9 7.4 5.2 1.5 0.0 1.2 2.2
7 11.4 10.0 8.5 6.4 2.6 1.2 0.0 1.0
8 12.4 11.0 9.5 7.4 3.6 2.2 1.0 0.0
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separation for vents that are far fromeach other, we observe delay times
exceeding 1 s. The time separations within a group (Fig. 7b) exhibit
smaller standard deviations and, consequently, smaller variations
throughout the video. Thewestern group is more stable in terms of cor-
relation behaviour. The standard deviation of the time separations be-
tween the two groups increases with increasing distance between the
vents.

Based on the time separation, we compute the velocity. We refer to
this velocity as the apparent venting velocity, and the results are shown
in Fig. 7c.We find a remarkably stable velocity for the entire fissure. The
overall venting velocity calculated from the correlation is −10.6 ±
3.3m/s. Therefore, the vents in thewestern group erupt before the east-
ern vents. Despite relatively large velocity variations between nearby
vents, the velocity between the two groups is stable. The larger varia-
tions are due to the small time delay and its variations during the erup-
tion. We interpret this time lag between pulses to depend on the
spacing and timing of the eruption-triggering gas bubbles of the aligned
vents.

In video #2, the propagation of magma can be observed in the front
group (group 1; see Fig. 2b). First, steam rises from the distal edge of the
group and propagates to the proximal edge over the course of 21 s (from
second 3 to second 24). Then, magma starts to reach the surface. Based
on this observation, we can roughly estimate the velocity of fissure
propagation to be 0.23 ± 0.07 m/s. Consequently, the fissure propaga-
tion velocity at the surface is significantly lower than the apparent
venting velocity derived from correlated pulsating behaviour. The inter-
esting implications of this result are discussed further below.

5. Discussion

To test our method for video analysis, we applied it to a well-moni-
tored eruption. We observed pulsating behaviour in the lava fountains
occurring in chorus at adjacent vents. By analysing the height of the
vents in terms of frequency and the correlation between the vents, a
closer investigation revealed propagation of the pulses over time from
west to east. This rate of propagationwas found to be constant through-
out the investigated video sequence, which may imply that the condi-
tions leading to pulsating fountains also remained stable.

The connections among distinct groups in a fissure eruption are usu-
ally difficult to quantify. To analyse the connection between lava foun-
tains, we show that our photogrammetric method may allow the
investigation of adjacent vent connectivity. By analysing the correla-
tions of both height and frequency, we suggest that a coupling exists be-
tween vents that belong to a single group. In addition, we also find a
coupled relationship between vents in adjacent groups, although it is
less pronounced. This finding is in agreement with the geodetically
constrained subsurface model of Lundgren et al. (2013), where the fis-
sures are connected at depth by the same dyke. We observe that pulses
of higher and lower activity propagate from west to east. This west-to-
east propagation is observed from one fissure to its adjacent fissure, as
well as between the vents.

We observe that the correlation regime can change episodically and
sporadically. Based on analysis of the two videos, the pulsating nature of
the vents is obvious and is characteristic of the lava fountains. During
some periods, adjacent vents, separated by up to 12m, exhibit synchro-
nized activity. This behaviour sometimes features small temporal lags
(0.03 to 1.67 s) when one vent is somewhat behind its neighbouring
vent.

Image of Fig. 7
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Despite changes in the correlation regime, the lava pulse frequency,
the eruption frequency and the rest time between the pulses remain
similar for contiguous lava fountains, implying a controlling process in
the magma feeder system itself. Because the individual vents exhibit
the propagation,we conjecture that the root cause is related to the feed-
er dyke, similar to the larger-scale hypothesis based on geodetic and
geologic data (Lundgren et al., 2013; Orr et al., 2015). Before describing
the implications of these results further, we describe the limitations of
the observations and analysis techniques.

6. Limitations

Photogrammetric analysis contains various sources of errors – both
systematic and non-systematic. Potential error sources include
the design of the photogrammetric survey, optics and camera char-
acteristics, temporal and pixel resolutions, acquisition geometry,
precision of the measurements in the images, random factors
(such as atmospheric conditions, e.g., steam or cloud cover), and
operator errors occurring during recording (e.g., shaking or camera
position) and/or during image analysis (Diefenbach et al., 2013;
Major et al., 2009).

Difficulties in video analysis may therefore arise from technical as-
pects (an uncalibrated camera with poor resolution), from the travel
path (steam and hot air) and from user aspects (camera shaking), as
well as from the viewing geometry (obliquity to the target or distorted
field of view). One of themain sources of errors during data collection is
the camera itself. For instance, the lens can produce distortions of the
image, the impact of which is hard to quantify. These lens effects are re-
lated to the distance between the object and the camera and are depen-
dent upon the focal length (Formenti et al., 2003). Here, the cameras
were situated a few tens of meters from the vents; thus, the resulting
distortions are assumed to be small.

The videos were not recorded at exactly the same time, and the
timing and geometry of acquisition were not optimal. Both videos
are only ~30 s long; thus, we can only resolve short temporal dispar-
ities and small spatial variations. Although we observe very stable
results during this period, we cannot determine whether these vari-
ations remain stable over longer periods of time. An optimal config-
uration of the two cameras would show the same features from
slightly different viewing positions (here, features were hardly com-
parable because the camera positions were at ~90° with respect to
each other and because Cam 2 was perpendicular to the fissure).
However, although the videos were short, we demonstrated that im-
portant information can be retrieved.

Errors due the scaling may also propagate into velocity errors be-
cause there are no concrete measurements for the pixel size. There-
fore, we can only approximate a scaling factor. That means that the
height is not an absolute value and is instead a relative value. Addi-
tionally, accurate estimates of ground sample distances are difficult
to achieve from oblique photographs (video #2) because there is a
large difference in scale between the foreground and background.
As a result, pixels in different parts of an image can represent very
different heights (Diefenbach et al., 2011). Therefore, changes in
the fountain heights of distant groups (see Fig. 2B, groups 2 and 3)
cannot be observed quantitatively.

Sub-pixel variability, related to changes in the surface characteristics
(e.g., colour or shape) and to rotational movements of the irregular
spatters can affect the results of our imaging technique (Walter et al.,
2013). Especially in the velocity analysis, changes in the brightness
and shape of fragmented particles can result in an underestimation of
the particle parameters. With decreasing particle brightness (due to
cooling of the lava), the pixels can become categorized as background
and not as particles. Consequently, the size and height might be
underestimated. Therefore, we cannot rule out the possibility that par-
ticles with a higher brightness value will eventually lead to a higher
similarity. As a result, the calculated velocity may be underestimated
due to changes in the analysed particles. Furthermore, velocity underes-
timation occurs due to the simultaneous upward and downwardmove-
ment of two particles within one sub-area because the PIV technique
cannot distinguish between different particles within one window.
This method performs its search after the movement of the whole
sub-window. Due to the small area of the fountains and the relatively
large time step between the images, each fountain features only a few
velocity vectors. Consequently, the variation in the pixel values at the
bottom of the fountain might be too large to correlate, i.e., the velocity
of the rising gas bubbles cannot be approximated.

The eastern vents exhibit persistent steaming. As a result,
fragmented particles are more difficult to detect in this region
than in the western part. This mostly affects the results of the max-
imum height and velocity measurements. In the maximum height
measurements, magma ejected from adjacent vents is also detected.
Consequently, the pulses of one vent may interfere with the pulses
of adjacent vents, and the results of individual vents can be biased
by spatters from adjacent vents. Therefore, we analysed the maxi-
mum height of the entire group in total, and we use only this calcu-
lation as an approximation of the activity of the whole fissure.

In future work, the results of the maximum height might be im-
proved by recording at higher resolutions and by using Particle
Image Velocimetry to track particles starting from the vent and by
combining several views. The height of the main body of the lava
fountain analysed here shows the characteristic decrease in the
height as the lava fragments and falls as spatters. As a result, it
does not belong to the main body of the lava fountain anymore and
is considered a stable result. In addition, a comparison of the video
data and seismic data would be interesting. Based on the limited
video and seismic data available, only one earthquake with a magni-
tude N2 occurred nearby (half an hour before the video recording).
Therefore, we were unable to study this question. Additional data,
such as infrasound data, might be compared to the video analysis
to elaborate the dynamics of the described pulsating behaviour of
the fountains in greater detail.

6.1. Implications for pressure wave velocity and dyke width

We find amajor discrepancy between the velocity observed at the
surface by the propagation of the fissure (video #2) and the venting
velocity calculated by the correlation (video #1). The venting veloc-
ity is almost 50 times larger than the velocity of the surface cracking.
These rates represent different processes that are associated with
brittle failure and fluid flow. These findings may further support
the fact that the process controlling the venting velocity is rooted
more deeply.

Lava fountains occur due to rising gas bubbles, foams or layers of gas
(Allard et al., 2005; Parfitt, 2004; Vergniolle and Jaupart, 1986; Vergniolle
and Jaupart, 1990). Differences exist because present models mainly
consider the rise of gas bubbles within a centralized conduit. The fissure
eruption investigated here is fed by a 25-km-long dyke connected to the
conduit/chamber at Kilauea (Poland, 2014); thus, we conjecture that
heterogeneities in the bubbly melt are transported laterally. We assume
a vesicularity of 44–76 vol% (mean: 66 vol%). The bubbles are spherical
with diameters of 0.01 to 0.7 cm, which are homogeneously distributed
overall but locally clustered (Mangan et al., 1993), forming thin
layers of bubbles. These layers are seen as the heterogeneities and
differ slightly in bubble size distribution and vesicularity. A similari-
ty in the pulsating behaviour observed at adjacent vents may indi-
cate that the pulses are generated by the same heterogeneities in
the dyke. These heterogeneities may be due to different composi-
tions and/or relative proportions of volatile and melt phases, and
may have formed at depth before being transported vertically and
laterally. The exact nature of bubbly regions remains unclear, and
their characteristics may be revealed once longer video sequences
are available. During an eruption, the pressure changes markedly.
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Therefore, with longer video sequences and acquisitions at different
stages of an eruption, we might be able to identify such variations.
Furthermore, one could combine visible observations at the surface
with other data, such as seismic, infrasound or deformation data, to
produce physical models based on the independent observations.

The propagation direction of a dyke is of interest for understanding
many geophysical parameters. The paths of propagating dykes are con-
trolled by the surrounding stress field (Maccaferri et al., 2011), and the
paths of these dykes determines the location of volcanotectonic
earthquakes (Walter and Amelung, 2006). Previous studies have fo-
cused on understanding dyke ascent and propagation mechanisms
(Karlstrom et al., 2009; Segall et al., 2001; Spence and Turcotte,
1985; Weertman, 1970). The propagation of pressure variations
through the dyke in the East Rift Zone was called upon to explain
the delay times between the deflation/inflation of the Pu'u 'Ō'ō sum-
mit and the Kilauea summit during early eruptive episodes (1983–
1985) (Montagna and Gonnermann, 2013). Based on these changes,
the lateral velocities of magma pressure waves and the opening of
the dyke were calculated.

Montagna and Gonnermann (2013) show that one-dimensional
models of magma flow in an elastic-walled dyke can reproduce the
spatio-temporal pattern of the tilt. Based on the simplifying assump-
tions of idealized uniform dyke geometry and an incompressible
magma, the momentum and mass continuum can be reduced and
analysed. The eruption at Kilauea is an ongoing eruption; therefore,
we assume that a pre-existingdyke systemwas reactivated for the stud-
ied Kamoamoa eruption. Consequently, we use the same parameters as
Montagna and Gonnermann (2013), except for the parameters we can
calculate from the tilt data at Kilauea and Pu'u 'Ō'ō and the changes in
the lava lake level (Orr et al., 2015). With these parameters, we can
test whether a similar calculation is valid for the Kamoamoa eruption
and is confirmed by our optical images. First, we calculate the lateral ve-
locity of the magma pressure front to compare it with the velocity we
calculated from the image analysis. The delay time between the de-
crease in tilt signals at the Pu'u 'Ō'ō summit and the Kilauea summit
was approximately 25 min (Orr et al., 2015). This difference implies a
lateral velocity of the magma pressure wave of 10 m/s. This compares
well to our velocity of 10.6 ± 3.3 m/s, calculated from the video moni-
toring data and phase shifts of correlated pulsating venting activity. In
addition to the velocity, the calculated direction is also in agreement
with the directions from other studies. The dyke model of Lundgren et
al. (2013) suggests a dyke feeds the eruption and originates in the
west (see Fig. 8). The similarities between the results are remarkable,
allowing us to hypothesize that the time differences between the activ-
ity of adjacent vents can be used to detect lateral magma flow in a pre-
existing dyke due to pressure changes caused by changes in magma
withdrawal or supply in the magma storage region. The proportionality
constant between the magma flow rate and the pressure gradient,
which is a characteristic magma transport efficiency, is based mainly
on the dyke width.
Fig. 8. Conceptual model of the lateral propagation path in the East Rift Zone. (a) Cross section
Kamoamoa eruption. The magma feeder system is after Lundgren et al. (2013), and the cross-s
The velocity of themagma in the dyke is dependent on the diameter
of the dyke. Assuming only a variation in the dyke width, the velocity u
and dyke width b are related by

u ¼ −
b2

μγ
∂px

where μ is the magma viscosity, γ is the friction coefficient, and p is the
magma pressure (Montagna and Gonnermann, 2013). Based on the re-
sults of this study and the initial dyke width of 1.6 m proposed by
Montagna and Gonnermann (2013), we obtain a dyke opening of 1.36
to 2.37 m. A similar dyke opening was obtained from surface displace-
ment data (Lundgren et al., 2013), which yielded an opening of approx-
imately 1.5m to over 2.8m from the first day to the end of the eruption,
respectively. Although we only analyse a very short video that spans
only a small section of the whole eruption area, our estimated dyke
opening is in agreement with that result.

Video monitoring is a rapidly growing field in volcanology, and this
study shows that underlying physical conditions can be interpreted
from video data. In addition, the pulsating nature and associated feeder
systemmight be used to improve our understanding of why fissures ac-
tually exhibit a pulsating behaviour. Future studies will further elabo-
rate and test existing concepts of venting activity at Hawaii and
elsewhere, and video data might be compared to other independent
data sets in greater detail.

7. Conclusions

The Kamoamoa fissure eruption (episode 59)was recorded by video
cameras for only few tens of seconds. Nevertheless, the data allows us to
better understand the pulsating behaviour of eruptive vents and their
connections at depth. A frequency analysis was performed to test the
pulsating behaviour of eight vents. The analysis revealed a high degree
of similarity between vents that are closely spaced and a lower degree
of similarity between groups and fissures. Eruption vents that belong
to the same fissure exhibit a very high degree of similarity in the fre-
quency pattern and also feature pronounced eruption peaks that appear
to happen in chorus. A closer examination of this correlated behaviour,
however, reveals a small but systematic and significant phase shift. The
vents that are located closer to the volcano Kilauea, which supplies the
magma, show peaks in eruptions before the vents that are located far-
ther away. This pattern is highly systematic and stable over the period
of the video. Larger distances between the vents are correlated with
larger phase shifts in eruption activity. Based on the time lag, we calcu-
late a velocity of ~11± 3m/s, which is very consistentwith previous in-
dependent studies.

Despite small changes in the correlation regime, the frequency of
lava pulses and eruptions and the length of rest periods between the
pulses remain similar for adjacent lava fountains. These patterns imply
that the controlling process lies in the magma feeder system itself. If
through Kilauea and the East Rift Zone. (b) Close-up of the eastern fissure segment of the
ectional sketch has been modified from Orr et al. (2015).

Image of Fig. 8
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all individual vents show the same propagation, we conjecture that the
cause is rooted deeply in the feeder dyke and represents a hydraulic
connection. We propose a conceptual model of lateral flow of a bubbly
magma along a feeding dyke from west to east.

The study of the videos of the Kamoamoa eruption can be considered
as a promising example. The results demonstrate the high value of video
analysis, image correlation and edge detection for investigatingprocess-
es associated with lava fountains. Future work, and especially longer
and higher quality video sequences in combination with other data,
may potentially reveal further details on the similarity of fountains at
adjacent vents andmay aid our understanding of the geometric and dy-
namic characteristics of the subsurface magma feeder system.
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